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Abstract

Rapid progress in genome sequencing technology has put us firmly into a postgenomic era. A key 

challenge in biomedical research is harnessing genome sequence to fulfill the promise of 

personalized medicine. This Review describes how genome sequencing has enabled the 

identification of disease-causing biomolecules and how these data have been converted into 

chemical probes of function, preclinical lead modalities, and ultimately U.S. Food and Drug 

Administration (FDA)-approved drugs. In particular, we focus on the use of oligonucleotide-based 

modalities to target disease-causing RNAs; small molecules that target DNA, RNA, or protein; the 

rational repurposing of known therapeutic modalities; and the advantages of pharmacogenetics. 

Lastly, we discuss the remaining challenges and opportunities in the direct utilization of genome 

sequence to enable design of medicines.

Graphical Abstract

1 Introduction

The dissemination of the first draft of the human genome in 2001(1) provided unprecedented 

amounts of genetic information and, with it, the potential of uncovering the causes of human 

disease. Indeed, the ability to sequence whole genomes has revolutionized the field of drug 

discovery and initiated the promise of personalized medicine. In this Review, we discuss 

how genome sequencing is beginning to fulfill this promise, from the identification of new 

disease-causing mutations and aberrant gene expression to the development of disease 
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biomarkers and the design of lead therapeutic modalities. The remainder of the Introduction 

is dedicated to the history of sequencing (section 1.1) and the first examples of disease 

caused by genetic mutations (section 1.2). We then turn our attention to therapeutic 

modalities for targeting nucleic acids, using both oligonucleotides (section 2) and small 

molecules (section 3), as well as proteins (section 4). Lastly, the rational repurposing of 

known drugs (section 5) and the potential of pharmacogenetics (section 6) are discussed.

1.1 History of Sequencing

Surprisingly, the first biomolecule to be sequenced was RNA, not DNA. RNAs that could be 

obtained in large quantities from extracts and purified, such as transfer (t)RNAs or ribosomal 

(r)RNAs, were treated with various ribonucleases (RNases) known to cleave RNA at specific 

sites. Using this method, Holley and colleagues produced the first sequence of yeast alanine 

tRNA in 1965.(2) At the same time, Sanger and colleagues developed a two-dimensional 

fractionation procedure for separating RNA fragments to determine sequence.(3) Using this 

procedure about a decade later, Fiers and colleagues sequenced the first protein coding 

RNA, the 3569 nucleotide bacteriophage MS2 RNA.(4)

After these initial sequencing techniques, Sanger and Maxam and Gilbert separately 

developed novel DNA sequencing procedures using a single separation via polyacrylamide 

electrophoresis rather than 2D fractionation. Sanger’s first DNA sequencing technique, the 

plus and minus method, used DNA polymerase to incorporate radiolabeled nucleotides 

followed by two-second polymerization reactions. The “plus” polymerization reaction 

contained only a single deoxynucleotide triphosphate (dNTP) while the “minus” reaction 

contained the other three dNTPs. DNA sequence could then be inferred from extensions 

ending with the base in the “plus” reaction.(5) This method was used to determine the 5375 

nucleotide genome sequence of the ΦX174 bacteriophage in 1977.(6) At the same time, 

Maxam and Gilbert developed chemical techniques to sequence DNA using reagents such as 

dimethyl sulfate (DMS) and hydrazine to modify specific bases.(7) Modified bases were 

then chemically cleaved at phosphodiester bonds, producing fragments that were separated 

by gel electrophoresis.

Sanger later developed the dideoxy method of sequencing, which uses dideoxynucleotide 

triphoshpates (ddNTPs) that lack the 3′ hydroxyl group required for extension.(8) Four 

different reactions, each containing a different individual ddNTP combined with the other 

three dNTPs, determines a DNA sequence based on chain-termination sites. The human 

mitochondrial genome was sequenced in this fashion in 1981,(9) and the Sanger dideoxy 

method became the most common way to sequence DNA with improvements contributed 

over time. Fluorescence detection soon replaced radiolabeling(10) and capillary 

electrophoresis(11) replaced other separation methods, allowing for the creation of the first 

automated DNA sequencers.(12) To sequence large lengths of DNA, shotgun sequencing 

was developed, where DNA is broken up into smaller fragments and overlapping fragments 

are reassembled postsequencing.(13) Technologies such as DNA cloning in the 1970’s(14, 

15) and polymerase chain reaction (PCR) in the 1980’s(16, 17)further advanced DNA 

sequencing, and the first commercial dideoxy sequencer, the Applied Biosystems (ABI) 

Prism, was introduced in 1986.(18) On the basis of Leroy Hood’s work, this instrument 
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enabled the sequencing of the yeast(19) and worm(20) genomes in 1992 and 1994, 

respectively.

Perhaps the most important advances in sequencing technologies have occurred in the past 

decade, particularly with the development of next-generation sequencing (NGS) which 

enabled massively parallel DNA sequencing. Next-generation sequencing methods begin 

with a DNA library formed by ligation of library-specific DNA adapters onto the ends of the 

DNA fragments to be sequenced. The library fragments are then amplified, although the 

amplification surface and method is different for each platform. These platforms include the 

use of pyrosequencing (Roche/454) or chemically blocked fluorescently labeled dNTPs 

(Illumina and ABI SOLiD).(21–23)Because of their higher output per run, next-generation 

sequencers have reduced the cost of sequencing per genome to ~$1,000 (Figure 1).(24) 

Next-generation methods to sequence RNA (RNA-seq) and corresponding bioinformatics 

approaches to analyze sequencing data have greatly expanded the data that can be obtained 

from a single sequencing run.

1.2 Sequencing and the Promise of Personalized Medicine

Before DNA sequencing was developed, many diseases, such as sickle cell disease,(25, 26) 

were known to be genetically inherited; however, the exact genetic cause of the disease was 

largely unknown. One of the first human diseases that could be linked to a specific defective 

gene was Huntington’s disease (HD), an ultimately fatal neurological disorder that causes 

progressive deterioration of both movement and cognition. In 1983, a polymorphic DNA 

marker on chromosome 4 was discovered to be the location of the genetic defect that causes 

HD.(27) It took another 10 years for the exact nature of the genetic defect to be defined as 

an expanded CAG repeat located within the open reading frame (ORF) of the huntingtin 

(HTT) gene.(28) Around the same time, other triplet-repeat mutations contributing to 

disease were discovered, including a CGG expansion in the 5′ untranslated region (UTR) of 

the fragile X mental retardation 1 gene [fragile X syndrome (FXS) and fragile X-associated 

tremor ataxia syndrome (FXTAS)],(29, 30) a CAG expansion in the ORF of the androgen 

receptor [spinal and bulbar muscular atrophy (SMBA)],(31) and a CTG expansion in the 3′ 
UTR of the dystrophia myotonica protein kinase (DMPK) gene [myotonic dystrophy type 1 

(DM1)].(32) In 1989, the most common genetic mutation (p.F508del) that causes cystic 

fibrosis was identified,(33–35) and other mutations causing disease have since been 

identified.(36) More recently, whole-genome sequencing revealed genetic variants in rare 

diseases, including Charcot-Marie-Tooth Disease,(37) Miller syndrome,(38, 39)and Kabuki 

syndrome.(40) Although identifying the causative agents of these diseases has not yet led to 

a treatment, these discoveries have already enabled a better understanding of disease 

pathology and potential targets for therapeutic intervention.

One example in which the discovery of a genetic abnormality led to an approved therapeutic 

for a disease is chronic myeloid leukemia (CML) and the Philadelphia chromosome. The 

Philadelphia chromosome is generated by a reciprocal translocation of genetic material 

between chromosomes 9 and 22, resulting in a fusion gene between the breakpoint cluster 

region (BCR) gene and Abelson leukemia virus (ABL) gene; the encoded fusion protein is 
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an unregulated tyrosine kinase.(41) Imatinib (Gleevec), which will be discussed in detail in 

section 4.1, inhibits the tyrosine kinase, providing an effective treatment for CML.(42)

Perhaps one of the most interesting aspects of the Human Genome Project was the revelation 

that the majority of the human genome is transcribed into RNA but does not encode protein.

(1)Later studies on these “non-coding” (nc) RNAs revealed that they have important 

implications in disease. The discovery that short ncRNAs, including microRNAs (miRNAs), 

regulate gene expression(43, 44) and that their aberrant expression contributes to many 

diseases(45) has provided an entirely new class of drug targets. Collectively, advances in 

genome sequencing have broadened our understanding of complex diseases and opened new 

pathways for treatment of these diseases.

2 Oligonucleotide Therapeutics

Seminal work studying oligonucleotides, including the first use of complementary DNA to 

decrease production of viral proteins,(46) the discovery of RNA interference (RNAi),(43) 

and the development of aptamers,(47–49) suggested their potential as therapeutics. Indeed, 

oligonucleotide-based modalities have recently made their way into the clinic and many 

more are in clinical trials. There are many advantages to oligonucleotides, including their 

ease of design by using simple Watson–Crick base pairing rules, their ability to recruit 

endogenous cellular machinery to induce cleavage of the target mRNA, and available 

modifications that increase metabolic stability and/or increase thermal stability of the 

oligonucleotide-target complex. Because oligonucleotides must form a complex with the 

RNA target for activity, they are most effective when targeting unstructured regions.(50)

Despite their promise, oligonucleotides suffer from various limitations including their 

metabolic instability, high molecular weights, and anionic charge that reduce cellular and 

tissue permeability, as well as their nonspecific stimulation of the immune system.(51) Thus, 

much energy has been invested in improving metabolic stability and in creating efficient 

oligonucleotide delivery systems. Naked or unmodified oligonucleotides are quickly 

degraded in vivo by cellular nucleases. Various modifications to the phosphodiester 

backbone and ribose moieties have been developed(52) to improve stability, including 

phosphorothioate backbones,(53) locked nucleic acids (LNAs),(54) 2′ modifications,(55) 

and morpholino oligomers(56) (Figure 2A). Phosphorothioate backbones confer metabolic 

stability by binding to plasma proteins, preventing renal filtration and facilitating tissue 

uptake,(57) while also maintaining the ability to recruit endogenous nucleases to cleave the 

RNA target. Gapmer oligonucleotides, which often contain a stretch of phosphorothioate 

nucleotides flanked on both sides by nucleotides with 2′ modifications, are often employed 

to further increase metabolic and thermal stability.(58)

Various oligonucleotide delivery systems have also been developed, including cationic 

lipids, such as cholesterol, which form lipid nanoparticles (LNPs) that are often coated with 

a neutral polymer such as polyethylene glycol (PEG) (Figure 2B).(59, 60) The nanoparticles 

are usually trafficked to the liver and thus have been an effective delivery system for liver-

specific therapies.
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Other targeted delivery approaches for oligonucleotide therapies have also been developed,

(61, 62) including conjugation to antibodies(63) or receptor-targeting small molecules (Table 

1).(64)Perhaps the most successful and well-developed targeted delivery system is 

conjugation with multivalent N-acetylgalactosamine (GalNAc) for targeted delivery to the 

liver (Figure 2C).(65, 66)Extensive reviews of oligonucleotide modifications and delivery 

systems can be found elsewhere.(67–70)

2.1 Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) were first discovered when Zamecnick and colleagues 

found that complementary, or antisense, DNA oligonucleotides inhibited translation of Rous 

sarcoma viral proteins.(−46, 71) Subsequent studies revealed that ASOs form DNA-RNA 

hybrids that recruit RNase H, resulting in cleavage of the RNA strand. The cleaved 

fragments are then degraded by the cell’s RNA surveillance/quality control system, in 

particular members of the XNR (5′-3′ exoribonuclease) and Dis3 (exosome 

endoribonuclease and 3′-5′ exoribonuclease) families.(72)ASOs can target a disease-

causing transcript by one of two different mechanisms, RNase H-mediated cleavage, as 

discovered by Zamecnick (Figure 3A) and RNase H-independent hybridization to the RNA 

target (Figure 3B).

Many modifications to the phosphodiester backbone and deoxyribose moieties often change 

the overall structure of the oligonucleotide:mRNA complex, such that it is no longer 

recognized by RNase H. In such cases, the antisense oligonucleotide acts as a steric block 

for repressing translation of the message. In 1993, Kole and colleagues expanded the use of 

steric-blocking antisense oligonucleotides to inhibit the spliceosomal machinery (Figure 

3C).(73) In this case, a 2′-OMe RNA (Figure 2A) ASO was used to block a cryptic splice 

site caused by a mutation in human β-globin gene, restoring proper pre-mRNA splicing 

patterns.(74, 75)

Four ASOs have been granted FDA approval, with many more in early and late stage clinical 

trials. The first antisense oligonucleotide to be FDA-approved was Vitravene (fomivirsen) in 

1998 to treat cytomegalovirus (CMV) retinitis in immunocompromised patients.(76–78) 

CMV is among the most common opportunistic infections in immunocompromised patients, 

particularly those with acquired immunodeficiency syndrome (AIDS), and can result in 

blindness. Vitravene, administered by intraocular injection, is a 21-nucleotide 

phosphorothioate (Figure 2A) ASO that is complementary to UL123 viral mRNA, which 

encodes intermediate early protein 2 (IE2). Although a successful treatment for CMV, 

Vitravene was discontinued in 2006 as CMV was no longer a significant complication of 

AIDS due to improved antiretroviral AIDS therapies.

It took another 15 years before the FDA approved another ASO, Mipomersen (Kynamro), 

which treats homozygous familial hypercholesterolemia, a genetic disorder characterized by 

high cholesterol levels. Mipomersen is a 20-nucleotide gapmer ASO with phosphorothioate 

and MOE (2′-O-methoxyethyl) modifications (Figure 2A) that targets apolipoprotein B 

(ApoB) mRNA.(79–87)ApoB is a structural component of low-density lipoprotein (LDL) 

and its metabolic precursor, very-low-density lipoprotein (VLDL).(88) As such, ApoB is a 

desirable target to lower LDL cholesterol levels, which are difficult to reduce using standard 
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care, such as statins, in patients with homozygous familial hypercholesterolemia.(89, 90) 

Although this drug is approved for use in the United States, it was rejected twice by the 

European Medicines Agency over concerns about liver toxicity and cardiovascular effects.

(91, 92) The market for Mipomersen diminished significantly following approval of the 

small molecule drug lomitapide.(93, 94)

The two most recently approved ASOs regulate the splicing of pre-mRNAs (Figure 3C) 

associated with Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA), 

two rare diseases. DMD, which is characterized by progressive muscle degeneration and 

weakness, is caused by mutations in the dystrophin gene, resulting in a complete loss of 

dystrophin production or production of a dysfunctional dystrophin protein that causes 

destabilization of muscle fibers during contraction.(95–97) Although these mutations vary 

across patients, they usually cause frame shifting or premature truncation of protein. Despite 

the broad differences in mutations, DMD phenotype is largely uniform due to nonsense-

mediated decay of the mutated transcript.(98) In a later-onset and more mild form of 

muscular dystrophy, Becker muscular dystrophy, mutated transcripts are not degraded by 

nonsense mediated decay, and thus, a partially functional dystrophin is produced. One 

therapeutic strategy for DMD is to take advantage of the normal cellular process of 

alternative pre-mRNA splicing; that is, if an exon of a proper size can be skipped to restore 

the proper reading frame, a partially functional dystrophin could be produced and alleviate 

disease. Indeed, the morpholio (Figure 2C) ASO Eteplirsen treats DMD caused by deletion 

of exons 45–50 by inducing skipping of dystrophin exon 51 and reframing the transcript to 

produce a partially functional dystrophin. As only a partially functional dystrophin is 

produced, DMD symptoms are not completely reversed but are rather mitigated to resemble 

those observed in the less severe Becker muscular dystrophy.(99) Interestingly, the clinical 

trials and eventual approval of Eteplirsen were quite controversial. Clinical efficacy, as 

measured by the 6 min walk test, was questioned as the treated cohort was compared to a 

group that began as placebo for 24 weeks but switched to treatment at week 25.(100) 

Further, increases in dystrophin expression as measured by immunohistochemistry and 

Western blotting were quite small and not observed in all patients (15.9–29.0% increase in 

dystrophin positive muscle fibers in patients treated with 30 mg/kg over 24 weeks).(100, 

101) It is unclear if a small increase in dystrophin levels would lead to an improved clinical 

outcome. Thus, the drug has been granted provisional approval pending the results of a 

larger, ongoing phase III clinical trial.(102) Only ~13–14% of DMD cases are caused by the 

exon 45–50 deletion;(103) however, up to 80% of DMD patients have deletions that cause 

frame shifting that could be helped by such an approach.

Spinal muscular atrophy (SMA) is caused by mutations in the survival motor neuron 1 

(SMN1) gene, resulting in a loss of protein function.(104) The major clinical features are 

muscle weakness and atrophy.(105) A second SMN gene, SMN2, is present in the human 

genome; however, it differs from SMN1 by a single nucleotide. This single nucleotide 

change results in exon 7 exclusion in the majority of SMN2 transcripts.(106, 107) The lack 

of exon 7 decreases the half-life of SMN2 protein by ~2-fold and thus it is unable to 

substitute functionally for SMN1.(108) Disease severity (four grades) varies with the 

number of copies of the SMN2 gene, where more copies result in a less severe form of 

SMA.(109) Type 0 SMA is the most severe with a life expectancy of less than 6 months. 
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Infants with SMA type 1 usually develop respiratory failure prior to two years of age. 

Children with SMA type 2 are never able to walk on their own, while patients with SMA 

type 3 are able to walk unassisted at some point during their lifetime. One therapeutic 

strategy, first put forward by Adrian Krainer’s laboratory,(110) to treat SMA is to use ASOs 

to direct alternative splicing to include exon 7 in SMN2 transcripts (Figure 4).(111, 112) 

Indeed, Nusinersen, a 2′-MOE phosphorothioate ASO (Figure 2A) administered via lumbar 

puncture, binds a region of intron 7 in SMN2 to induce exon 7 inclusion.(113, 114) Phase III 

trials of Nusinersen showed that 40% of treated patients achieved a motor milestone 

response. The results from this interim analysis led to accelerated FDA approval in late 2016 

while the clinical study is ongoing.(115) Ongoing use of the drug will fully reveal the 

effectiveness of Nusinersen for treating SMA; however, this ASO shows promise for treating 

an incurable rare disease.

2.2 RNAi Therapeutics

In 1998, Fire and Mello reported the silencing of an endogenous mRNA by a double-

stranded (ds)RNA, dubbed RNA interference or RNAi (Figure 5A).(43) In RNAi, a long 

dsRNA activates the cytoplasmic nuclease Dicer,(116) which cleaves it into 21–22 

nucleotide fragments with 3′ overhangs, as discovered by Tuschl and colleagues.(117, 118) 

These fragments, or small interfering (si)RNAs, are separated into a passenger (degraded) 

and guide strands, the latter of which is loaded into the RNA-induced silencing complex 

(RISC). Although the exact composition of RISC has yet to be fully defined, it is known that 

the Argonaute (Ago) protein family is essential for function. Using the guide strand, RISC 

identifies complementary mRNAs and cleaves them via Ago2.(119, 120) MicroRNAs 

(miRNAs), which will be discussed in detail in section 2.3, are also an important component 

of the endogenous RNAi pathway (Figure 5B). Indeed, the RNAi pathway is critical for 

developmental timing(121) and immune response against viral RNAs.(122, 123)

The discovery of the RNAi pathway provided an additional therapeutic strategy to eliminate 

RNAs that encode dysfunctional proteins. The feasibility of RNAi therapeutics has primarily 

been investigated using exogenously administered siRNAs (Figure 5A), however, short 

hairpin RNAs (shRNAs) that are transcribed from exogenously administered gene vectors 

can also be used. Although RNAi therapeutics suffer from the same limitations as other 

oligonucleotide-based modalities, one advantage of siRNAs is that the active strand is stable 

within RISC, albeit diluted with every cell division.(124) Thus, the same siRNA molecule 

can target multiple transcripts in a nondividing cell, limiting the number of siRNAs that are 

needed for efficient knockdown per cell. Therapeutically, siRNAs are chemically modified 

to protect from nuclease digestion, prevent immune response, and limit off-target effects. 

Like antisense oligonucleotides, siRNAs can be modified at the 2′-position of the ribose, or 

modified to locked nucleic acids (LNAs; Figure 2A).(125, 126) Structural modifications, 

however, are limited to those that allow incorporation into RISC.

There are multiple siRNAs currently in phase I–III clinical trials for ocular diseases, liver 

diseases, dermal conditions, diseases affecting the gastrointestinal tract, cancer, and 

infectious diseases.(127–129) Ocular diseases are particularly favorable for an RNAi 

approach, as siRNAs can be administered naked (no modifications) and locally without 
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major off-target effects or inflammatory response.(130) There are currently four therapies in 

clinical trials for ocular diseases. Targets for these therapies include transient receptor 

potential vanilloid 1 (TRPV1) to treat chronic dry eye,(131) adrenoceptor beta 2 (ADRB2) 

to reduce intraocular pressure associated with optic nerve degeneration in glaucoma,(132) 

apoptosis stress-response gene (RTP801/REDD1) for wet age-related macular degeneration,

(133) and caspase-2 to reduce retinal ganglion apoptosis in glaucoma and nonarteritic 

ischemic optic neuropathy (NAION).(134) The most advanced therapeutic is the siRNA 

targeting caspase-2 for NAION, which is currently in phase III trials (NCT02341560). In the 

phase I/IIa study, the siRNA, which is administered via intravitreal injection, was well-

tolerated with no serious adverse events, and 52% of patients had improved best-corrected 

visual acuity.(135)

Liver disease is another attractive therapeutic target because of the ease of delivery of 

siRNAs to the liver with lipid nanoparticle delivery systems and GalNAc chemistry (Figure 

2C). In particular, phase I trials for siRNAs that treat hypercholesterolemia,(136) 

hemophilia,(137) and hepatic fibrosis(138) are currently underway. Patisiran (Alnylam) is in 

phase III clinical trials for treatment of familial amyloidotic polyneuropathy due to 

transthyretin amyloidosis (ATTR), a rare genetic disease causing autonomic dysfunction for 

which the only therapeutic option is liver transplant or management of symptoms. ATTR is 

caused by a mutation in the transport protein transthyretin (TTR) which is mainly 

synthesized in the liver and misassembles into amyloid fibrils.(139) Patisiran is a LNP-

siRNA that is administered subcutaneously to silence defective TTR.(140) In phase II trials, 

Patisiran knocked down ~80% of TTR over 9 months, and patients saw improved 

neuropathy impairment scores.(139)

Because of limited treatment options and the high rate of mortality of some cancers, RNAi 

therapeutics have garnered much interest, the most advanced of which is FANG (phase III) 

for treatment of ovarian cancer. FANG is unique from other RNAi therapeutics in that 

plasmid DNA drives expression of two shRNAs.(141) These shRNAs target furin, a protease 

required for maturation of transforming growth factor beta (TGF-β) that is overexpressed in 

cancer cells. The plasmid is delivered to tumor resections by electroporation and then 

reintroduced into the patient. In phase I trials for treatment of ovarian cancer, patients 

survived more than double the time span compared to patients with other treatments. Phase 

II trials for ovarian cancer are ongoing, and a phase III trial for high-risk ovarian cancer has 

been initiated.

Other RNAi therapeutics that have passed phase I trials include TKM-PLK1 and siG12D 

LODER. TKM-PLK1 is an siRNA against polo-like kinase (PLK) to reduce cell division in 

multiple types of cancers. TKM-PLK1 is delivered via LNP and is currently in phase II 

clinical trials.(142) SiG12D LODER is currently undergoing phase II/III trials for pancreatic 

cancer and is unique in that it is administered via an implanted matrix embedded with RNAi 

triggers that release the naked siRNA over time.(143) The siRNA in siG12D LODER targets 

a mutant of the Kirsten ras oncogene (KRASG12D), which is associated with increased cell 

proliferation of pancreatic cancer cells and is coadministered with chemotherapeutics.
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RNAi has also been an attractive therapeutic option for skin disorders as therapeutics could 

be administered intradermally. The first of two RNAi therapeutics in the clinic for skin 

disorders is TD101 in phase I trials for pachyonychia congentia, an orphan disease in which 

a keratin mutation disrupts the organization of keratin filaments, resulting in a painful 

thickening of nails and skin.(144) The second, RXI-109, is in phase II trials to improve scar 

healing. RXI-109 targets connective tissue growth factor, which is associated with keloid 

and hypertrophic scar formation.(145) Both are administered via intradermal injection.

siRNAs are also in clinical trials for infectious diseases and diseases of the gastrointestinal 

tract. One siRNA therapeutic, CEQ508, has been granted fast-track status for familial 

adenomatous polyposis, an orphan disease caused by an adenomatous polyposis coli (APC) 

mutation that leads to the formation of adenomatous polyps, or abnormal growths, in the 

epithelium of the large intestine.(146) Infectious diseases are another popular target of RNAi 

therapeutics, with an shRNA therapeutic in phase I trials to target hepatitis C virus (HCV)

(147) and two siRNAs in phase I/II clinical trials to target hepatitis B virus (HBV).(148, 

149) Interestingly, there is also an siRNA in development to combat Ebola.(150) Clinical 

studies of this siRNA are under fast-track status and fall under the animal rule where clinical 

effectiveness is measured in animals, but safety studies are conducted in humans. The Ebola 

siRNA was administered to emergency patients and was well-tolerated; however, phase I 

safety studies have been halted after higher doses caused high cytokine levels.(62)

With many RNAi therapeutics progressing in clinical trials, it will be interesting to see if the 

first RNAi therapeutic is approved in the next few years. While there have been some 

successes in clinical trials, issues with delivery technology and stability in order to optimize 

maximum therapeutic dose still need to be addressed. Despite these issues, RNAi 

therapeutics offer promise for treating genetic disease and are invaluable tools for studying 

disease pathology.

2.3 MicroRNA-Targeting Therapeutics

In 1993, Victor Ambros and colleagues discovered a small, single-stranded, nonprotein-

coding regulatory RNA molecule in Caenorhabditis elegans named lin-4.(44) In 2000, let-7, 

another C. elegans small RNA regulatory molecule, was discovered by the Ruvkun lab.(151, 

152) As let-7 is conserved in many species, including vertebrates, it is considered to be the 

first mammalian miRNA discovered. Extensive studies based on these discoveries unveiled a 

new mechanism of gene regulation by small noncoding RNAs called microRNAs (miRNAs) 

(Figure 5B). The miRNAs bind to mRNAs that have complementary sites in their 3′ UTRs, 

which mediates translational repression or promotes degradation of targeted mRNAs.(153) 

The biogenesis of miRNAs begins with transcription by RNA polymerase II (RNAP II), 

affording primary miRNAs (pri-miRNAs). The pri-miRNAs are then processed by the type 

III RNase Drosha in complex with cofactor protein DiGeorge Syndrome Critical Region 

Gene 8 (DGCR8) in the nucleus, generating 70–80 nucleotide-long precursor miRNAs (pre-

miRNAs). The exportin 5 complex regulates movement of these pre-miRNAs from the 

nucleus into the cytoplasm through nuclear pores. Once in the cytoplasm, the terminal loops 

of the pre-miRNAs are cleaved by the Dicer-TAR RNA binding protein (TRBP) complex, 

forming miRNA duplexes. The miRNA duplexes then enter RISC and bind the 3′ UTRs of 
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complementary mRNAs.(154) In recent years, the scientific community has witnessed the 

critical importance of miRNAs in genetics, molecular biology, and physiology.

MiRNAs constitute only 1–5% of the human genome, yet they regulate the expression of at 

least 30% of all genes.(155, 156) Therefore, it is not surprising that mutations in miRNAs or 

in the mRNAs they regulate as well as the aberrant expression of miRNAs can cause disease.

(157–160)Extensive studies on the roles of miRNAs in cancer has revealed that they 

function as both oncogenes, or oncomiRs, (overexpression) or tumor suppressors (under-

expression). Below, we discuss antagomiR therapeutics used to knock down miRNAs that 

are overexpressed in disease, as well as miRNA mimics to supplement levels of under-

expressed endogenous miRNAs.

2.3.1 Targeting Overexpressed miRNAs with AntagomiR Therapeutics—The 

discovery and development of miRNA-related therapeutics has involved numerous steps and 

years of effort. Analyzing patient samples and confirming the downstream target of the 

miRNA, combined with the use of genomic and proteomic data in public databases, has 

helped to identify potential miRNA candidates and establish their relevance in diseases. One 

way to manipulate the expression of miRNAs is through the use of antagomiRs,(161) short 

single-stranded RNAs complementary to the mature miRNA sequence. These 

oligonucleotides are designed to bind the mature miRNA and prevent its effect on its mRNA 

target. AntagomiRs have been useful tools to study miRNA expression and function in 

disease and have recently advanced as therapeutics in clinical trials.

The first example of an antagomiR in clinical trials is anti-miR-122, which is associated 

with hepatitis C viral infections (Figure 6). HCV is a small virus containing single-stranded, 

positive-sense RNA enveloped by a protein shell(162) and causes chronic liver infection, 

leading to approximately 400 000 deaths each year.(163) The miR-122 is highly tissue-

specific, constituting 70% of the total miRNA population in the liver.(164) Unlike other 

miRNAs, which usually bind to the 3′ UTR of an mRNA, miR-122 enhances HCV viral 

RNA genome replication by binding to the 5′ and 3′ end of the viral RNA noncoding 

region (NCR), thereby promoting its stability and protecting it from degradation via Xrn1 

exoribonuclease.(165, 166) In 2008, Sakari Kauppinen and colleagues developed an 

unconjugated LNA-antagomiR oligonucleotide to target miR-122.(166)This antagomiR 

silenced miR-122 in both mouse and nonhuman primate models.(167) Anti-miR-122 was 

used to treat HCV genotype 1 infection in chronically infected chimpanzees, leading to 

significant suppression of HCV viremia with no viral resistance or side effects.(168)

This strategy of using an LNA-antagomiR to target miR-122 was further developed to afford 

SPC3649, or Miravirsen, which contains seven deoxyriboses and eight LNA residues, and 

entered phase I clinical trials in 2009 (Santaris Pharma, acquired by Roche in 2014) (Figure 

6). With no adverse effects in phase I trials, phase IIa clinical trials began in 2010.(169, 170) 

The safety and efficacy of Miravirsen were evaluated in 36 patients with chronic HCV 

genotype 1 infection, and five weekly subcutaneous injections of Miravirsen over 29 days 

resulted in significant reductions in HCV RNA levels in patients. A safety and efficacy study 

in a 3-year, long-term extension phase II study on Miravirsen was initialized in 2014. 
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Interestingly, Miravirsen can bind to both pri- and pre-miR-122 and inhibit miR-122 

biogenesis by preventing Drosha and Dicer cleavage, respectively.(170)

Another miR-122-targeting antagomiR currently in clinical trials is RG-101, a hepatocyte-

targeted GalNAc conjugated oligonucleotide (Figure 2C) developed by Regulus 

Therapeutics that recently passed a phase 1b clinical trial.(171) It was administered as a 

single subcutaneous injection to patients with genotype 1, 3, and 4 chronic HCV infection, 

the most common HCV infection genotypes. Treatment with RG-101 resulted in reduction 

of viral load in patients within 4 weeks and sustained virological response in three patients 

after 76 weeks with no discernible adverse side effects.

Clinical trials have also been conducted on antagomiRs that target miR-155, an oncomiR 

that operates in pancreatic cancer, lymphoma, and many other types of aggressive cancers. 

In 2007, Dusetti and colleagues identified tumor protein p53 inducible nuclear protein 1 

(TP53INP1), a proapoptotic stress-induced p53 activated protein, as a direct, downregulated 

target of miR-155 in vivo.(172) The miRNA also directly targets and downregulates Src 

homology-2 domain-containing inositol 5-phosphatase 1 (SHIP1) mRNA, which leads to 

myeloproliferative disorder (MPD), as characterized by increased granulocyte/monocyte 

(GM) populations and decreased B-lymphocyte numbers.(173) Another target of miR-155 is 

wee1 kinases. The miR-155-induced downregulation of these kinases facilitates G2/M 

transition and allows cells to skip DNA repair and proceed directly to mitosis, resulting in 

accumulated mutations in inflammatory-induced cancers.(174)MRG-106 (developed by 

MiRagen Therapeutics) is an LNA-based antimiR-155 that entered phase I clinical trials in 

2015 for patients suffering from cutaneous T-cell lymphoma (CTCL) of the mycosis 

fungoides (MF) subtype.(175)

Another miRNA family that is the target of clinical therapeutics is miR-103/107. This family 

of miRNAs plays a critical regulatory role in type 2 diabetes by targeting caveolin-1 

(CAV-1). CAV-1 activates insulin signaling by stabilizing caveolae and associated insulin 

receptors, and derepression of CAV-1 in diabetes patients leads to an overall improvement in 

glucose metabolism.(176) RG-125, a GalNAc-conjugated (Figure 2C) antagomiR targeting 

miR-103/107, is currently in a phase I study to treat nonalcoholic steatohepatitis (NASH) in 

patients with type 2 diabetes/prediabetes in which high expression of miR-103/107 in liver 

cells is observed.(177)

In addition to these antagomiRs currently in clinical trials, many preclinical studies have 

also shown promising results for modulating miRNA expression with antagomiRs. One 

example is that of miR-10b, which is highly expressed in metastatic breast cancer cells.(178) 

To affect this miRNA, a miR-10b LNA-antagomiR was delivered by conjugation to dextran-

coated magnetic nanoparticles with thiols.(179) This nanodrug, combined with a low dose of 

doxorubicin, led to a more prominent repression of metastatic cancer.(179) Another notable 

antagomiR used in preclinical studies is an LNA-modified antagomiR targeting miR-221 

and miR-222. These miRNAs are oncomiRs in many cancers including hepatocellular 

carcinoma (HCC).(180–182) In a mouse model of HCC, a cholesterol-modified anti-

miR-221 reduced tumor cell proliferation, induced apoptosis, and increased mouse survival.

(183)
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2.3.2 Alleviating miRNA Under-Expression with miRNA Mimics—In many 

diseases, miRNA levels are too low; thus, therapeutic interventions consist of introduction of 

miRNA mimics to supplement them.(158) These miRNA mimics are synthetic double-

stranded small RNAs that function like naturally occurring miRNAs. One cancer that has 

been targeted with a miRNA mimic is chronic lymphocytic leukemia (CLL). Chromosomal 

deletions and translocations in chromosome 13q14 occur in about 65% of B cell CLL 

patients, and the most frequently deleted genomic region encodes miR-15/16.(184, 185) 

This miRNA functions as a tumor suppressor and binds B-cell lymphoma 2 (BCL2) mRNA; 

BCL2 protein plays a critical role in increasing cellular survival. BCL2 acts on the 

mitochondrial membrane to promote permeabilization and the release of cytochrome C and 

reactive oxygen species (ROS), important messengers in cellular apoptosis.(186) Croce and 

colleagues transfected a vector containing a genomic region encoding miR-15/16 into the 

leukemic cell line MEG-01 to more comprehensively understand the functions of this 

miRNA cluster.(187)

In addition to CLL, the miR-15/16 family is also downregulated in nonsmall-cell lung 

cancer (NSCLC) and malignant pleural mesothelioma (MPM). In NSCLC, downregulation 

of miR-15/16 prevents cell cycle arrest through inactivation of the retinoblastoma (Rb) gene.

(188) In MPM, a consistent downregulation of the miR-15/16 family was observed across all 

tumors and cell lines, as compared with normal mesothelium or mesothelial cell lines.(189) 

Scientists in the Asbestos Diseases Research Institute (Sydney, Australia) used epidermal 

growth factor receptor (EGFR)-targeted nanocells to deliver miR-16 mimics to MPM 

xenografted tumors, which inhibited lung tumor growth in vivo.(190) Furthermore, they 

collaborated with EnGeneIC to develop a second-generation EGFR-targeted EnGeneIC 

Delivery Vehicle (EDV)-packaged miR-16-based mimic therapeutic called MesomiR-1, 

which has entered phase I clinical trial (NCT02369198) to treat MPM and advanced 

NSCLC.(191)

Many cancers including colon, prostate, and hepatocellular carcinoma (HCC) have been 

associated with lower expression of miR-34a, a direct transcriptional target of p53 tumor 

suppressor protein.(192–194) Bader and colleagues from Mirna Therapeutics demonstrated 

that a miR-34 mimic, encapsulated in lipid nanoparticles, could block lung tumor growth in 

a NSCLC mouse model through downregulation of cyclin-dependent kinase 4 (CDK4), c-

Met, Bcl-2 proteins, and others.(195, 196) This miR-34 mimic, MRX34, was approved for 

human trials (NCT01829971). Unfortunately, Mirna Therapeutics decided to halt the 

MRX34 study after a fifth, immune-related serious adverse event (severe grade 4 cytokine 

release syndrome) in one of their clinical sites.(197)

In systemic sclerosis, which is characterized by joint pain and chronic tightening of the skin, 

miR-29 is strongly downregulated.(198–200) Indeed, a miR-29 mimic, MRG-201, is 

currently being tested in a phase I clinical trial (NCT02603224; MiRagen Therapeutics) to 

treat systemic sclerosis by mimicking the activity of miR-29, decreasing expression levels of 

collagen and other proteins that are involved in scar formation, thereby limiting the 

formation of fibrous scar tissue.(201) A cholesterol conjugated miR-29 duplex displays 

enhanced cellular uptake and allows for longer circulation lifetimes in serum, due to the 

greater stability gained from interactions with lipoproteins or albumin.
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Although there are only a few examples of miRNA mimics in clinical trials, miRNA mimics 

have been effective in animal models of disease and have shown therapeutic potential. The 

miR-200 family is underexpressed in many cancers, and ectopic overexpression of miR-200 

causes reduced motility of cancer cells.(202) Welsh and colleagues developed a miR-200c 

mimic to regulate intracellular reactive oxygen species (ROS) generation and increase 

cellular radiosensitivity.(203) The miR-200c mimics could potentially be used in 

combination with radiation therapy by targeting and downregulating several oxidative stress 

response proteins. Other miR-200 family mimics have been delivered with DOPC (1,2-

dioleoyl-sn-glycero-3-phosphocholine) lipid nanoparticles to inhibit tumor angiogenesis by 

targeting interleukin-8 (IL-8) and chemokine motif ligand 1 (CXCL1) in several 

experimental models.(204)

In ovarian cancer, miR-506 is a tumor suppressive miRNA that regulates epithelial-to-

mesenchymal transition (EMT) by induction of E-cadherin expression and mesenchymal 

marker suppression. Nanoparticle delivery of miR-506 mimics in an orthopic mouse model 

of ovarian cancer resulted in reduced tumor growth.(205) Like miR-506, miR-520d is tumor 

suppressive in ovarian cancer and targets the mRNA of ephrin type-A and B receptor 2 

proteins (EphA2 and EphB2).(206) EphA2, which is overexpressed in ovarian cancer and is 

associated with increased tumor growth and angiogenesis, can be partially silenced using an 

siRNA in an ovarian cancer mouse model.(207) Treatment with a combination of a 

miR-520d mimic and EphA2-targeting siRNA incorporated in DOPC nanoliposomes 

showed a greater suppression of tumor growth than siRNA alone, indicating that a 

combination of miRNA mimics and siRNAs can result in efficient silencing of a message.

(205, 206) In addition, Mendell and colleagues used a self-complementary adeno-associated 

virus vector (scAAC) delivery system to boost miR-26a expression in a mouse model of 

hepatocellular carcinoma.(208) In HCC, miR-26a targets the cell cycle controllers cyclin D2 

and cyclin E2 and induces a G1 arrest, resulting in tumor-specific apoptosis and inhibition of 

cancer cell proliferation.(209)

Collectively, miRNA-based therapeutics are complicated by delivery to the desired tissues;

(67)however, they hold great potential as more data about miRNAs involved in disease are 

collected.

2.4 Aptamer Therapeutics

In 1990, the Gold, Szostak, and Joyce laboratories independently reported a process for 

selecting and amplifying single-stranded nucleic acids that selectively bound to target 

molecules with high affinity, or aptamers.(47–49) The target molecules of these aptamers 

were dye molecules, a single-stranded DNA sequence and bacteriophage T4 DNA 

polymerase.(47–49) Perhaps not surprisingly in retrospect, aptamers exist in nature as 

riboswitches that regulate gene expression.(210)Aptamers fold into secondary and tertiary 

structures depending on sequence, allowing them to bind to their targets with high 

specificity and affinity, with dissociation constants in the nanomolar to picomolar range.

(211) For these reasons, they have been compared to antibodies.

Aptamers are generally selected using systematic evolution of ligands by exponential 

enrichment (SELEX) (Figure 7).(211) In this method, a random library containing 1013 to 
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1016 single-stranded DNA or RNA sequences is assembled and mixed with a ligand of 

interest.(211) Bound DNA or RNA sequences are then separated from unbound sequences 

by affinity chromatography or nitrocellulose filtration.(211) Bound nucleic acids are then 

eluted and amplified by PCR (DNA) or RT-PCR (RNA) to generate a new pool of sequences 

for another selection cycle.(211) The high selectivity of aptamers for their targets, combined 

with the powerful SELEX process used to identify them, has made them attractive 

therapeutic candidates.

Aptamers have several advantages over antibodies for diagnostic as well as therapeutic 

applications. Aptamers can be identified with an in vitro process that allows them to target 

virtually any protein, whereas antibodies require animals or cells for production, wherein the 

selection process can be complicated by toxins, low immunogenic molecules, or restrictive 

in vivo conditions.(211–213) Further, aptamers can be produced in large batches by 

chemical synthesis with high purity and accuracy, and a wide variety of chemical 

modifications may also be incorporated into aptamers for different functions. Finally, 

aptamers have a longer shelf life than antibodies and refold into their original conformation 

after denaturation.

Aptamers can also have several drawbacks when compared to other therapeutics. Under the 

in vitro SELEX conditions used to select aptamers, their targets may adopt a different 

structure(s) than that observed in vivo. To overcome these potential inconsistencies, Mi et al. 

reported an in vivo process for selecting RNA aptamers, as applied to a hepatic tumor target.

(214) First, a random library of RNA sequences was injected into mice-bearing hepatic 

tumors. Tumors were then harvested, and the RNA was extracted and amplified by RT-PCR. 

The resulting pool of RNA sequences was then reinjected for another round of selection, 

with increasing affinity for the tumor in successive rounds.

Although such selection methods can help overcome some limitations, aptamers still suffer 

from many of the same issues as other oligonucleotide therapeutics. Aptamers are too large 

to penetrate cellular membranes,(215) and although there have been examples of aptamers 

that can be internalized by cells upon binding to their cognate receptor on the surface,(216) 

they have mostly been targeted toward extracellular molecules or surface proteins of cells 

present in the blood or interstitial fluids.(217) Aptamers are also prone to degradation by 

nucleases and rapid renal filtration, leading to short bioavailability.(217, 218) As such, they 

are often modified to protect the reactive 2′ position of RNA. Despite the wide range of 

chemical modifications available to aptamers, they usually cannot be completely modified 

without the loss of binding affinity, so some degree of in vivo instability remains.(219) One 

way to circumvent problems associated with bioavailability, aptamers are often conjugated 

to PEG polymers.(218) Anti-PEG antibodies may be induced in treatments with PEGylated 

drugs, however, reducing their efficacy and causing allergic reactions.(220) To address this 

problem, Qi et al. demonstrated a PEG-like brush polymer, poly[oligo(ethylene 

glycol)methyl ester methacrylate] (POEGMA), which improved in vivo half-life and 

eliminated antibody binding.(220)

Importantly, in 1992 Bock et al. reported an aptamer that bound to and inhibited human 

thrombin, with potential therapeutic application as an anticoagulant.(221) Thrombin is 
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responsible for production of fibrin (via cleavage of fibrinogen) that, along with platelets, 

forms clots. Structural studies of the thrombin aptamer have revealed that the aptamer is 

sandwiched between two positively charged regions of thrombin, the fibrinogen recognition 

exosite and the heparin binding site (binding of heparin inhibits pro-coagulation functions of 

thrombin).(222) Since this discovery, aptamers have been used for a variety of 

therapeutically relevant targets, including small inorganic ions, organic molecules, peptides, 

proteins, and intact cells.(211) In this section, several examples of aptamer therapeutics are 

discussed.

Pegaptanib, an Aptamer to Treat Wet Age-Related Macular Degeneration—Wet 

age-related macular degeneration (AMD) is a leading cause of blindness worldwide(223) 

and is characterized by choroidal neovascularization (CNV), in which new blood vessels 

form and leak fluid within the macula, leading to damage of photoreceptors and loss of 

central vision.(223, 224)Vascular endothelial growth factor (VEGF) has been associated 

with CNV, making anti-VEGF therapies an attractive treatment strategy for wet AMD.(224) 

NeXstar Pharmaceuticals developed Pegaptanib (Macugen; Figure 8A), a 28-nucleotide 

RNA injectable aptamer, to target VEGF isoform 165 (VEGF165) that was approved by the 

U.S. FDA in 2004.(223) Like two other RNA-based drugs that succeeded in clinical trials, 

the aptamer targets the immune privileged eye; that is, inflammatory immune responses 

generally do not occur in the eye and thus lowers the likelihood of an immune-related 

adverse effect.(225)

Pegaptanib was selected using SELEX on libraries of random sequences to identify those 

that bind to VEGF165.(226) Photo-cross-linking experiments and computational modeling 

suggest that the aptamer binds to VEGF165 via an interaction between uridine-14 of the 

aptamer and cysteine-137 of VEGF165.(226) Indeed, Pegaptanib inhibits VEGF165 binding 

to VEGF receptors, reducing the formation of blood vessels in the eye and vascular leakage.

(226) Importantly, 2′-fluoro modifications were added to pyrimidines to improve in vivo 

stability, and a 5′-PEG moiety prolonged in vivo half-life.(226)

In clinical trials, 70% of patients given a 0.3 mg dose of Pegaptanib could not distinguish 15 

letters or fewer in a visual acuity test, compared to 55% of patients given a sham injection.

(223)However, patients treated with Pegaptanib still continued to experience visual decline, 

likely because Pegaptanib targets only one isoform of VEGF.(223, 227) Meanwhile, 

treatments with anti-VEGF antibodies bevacizumab and ranibizumab improved visual 

acuity, thus are the most commonly used therapeutics to treat wet AMD.(227)

REG1, an Anticoagulation Aptamer—REG1 is an anticoagulation aptamer used for 

treatment of coronary artery disease (Figure 8B).(228) In particular, REG1 targets 

coagulation factor IX a (FIXa), which is activated by cleavage of its zymogen, factor IX 

(FIX).(229) FIXa initiates a signaling cascade that results in thrombin formation and, in 

turn, facilitates fibrin and blood clot formation.(229, 230) Thus, inhibition of FIXa may be a 

therapeutic anticoagulation strategy. Current anticoagulation strategies include 

administration of heparin followed by its antidote, protamine, once blood coagulation 

profiles have normalized. Excess heparin can induce an immune response termed heparin-

induced thrombocytopenia, and protamine administration is also associated with life-
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threatening side effects.(231) Thus, inhibition of FIXa by an aptamer and control of this 

inhibition through a complementary oligonucleotide antidote offers an alternative 

anticoagulation strategy. Indeed, Sullenger and colleagues developed such an approach to 

control anticoagulation in plasma samples and in a porcine model of systemic 

anticoagulation.(228, 232)

REG1 consists of an injectable 31-nucleotide PEGylated aptamer anticoagulation factor 

(RB006, or pegnivacogin) and a 15-nt antidote oligonucleotide (RB007, or anivamersen) that 

forms Watson–Crick base pairs with the aptamer to modulate its activity.(228) REG1 was 

selected using SELEX to screen a library of 1014 sequences for those that bind to FIXa.(228) 

The resulting sequence bound with a KD of 0.65 ± 0.2 nM.(228) The in vivo stability was 

improved by addition of 2′ fluoropyrimidine modifications and an inverted deoxythymidine 

(iT) at the 3′ end.(228)

A phase 1a trial to characterize the safety profile and pharmacodynamic responses of RB006 

in healthy individuals produced no significant bleeding in the subjects.(233) Next, a phase 

1b trial was carried out in patients with stable coronary artery disease. In the study subjects, 

RB006 produced a statistically significant dose-dependent increase in activated partial 

thromboplastin time (aPTT), a measurement of blood clotting time, which RB007 then 

reversed with a median time of 1 min after injection.(234, 235) The pharmacodynamics of 

REG1 were then verified in a phase 2a and phase 2b trial of patients undergoing 

percutaneous coronary intervention, as well as those with with acute coronary syndromes, 

respectively. Although three patients in the phase 2b study had allergic-like reactions, REG1 

proceeded to phase 3 trials.(236, 237) A phase 3 trial was terminated early because of severe 

allergic reactions in 1% of patients, which were partially attributed to anti-PEG antibodies.

(238, 239)

ARC1779, an Antithrombotic Aptamer—ARC1779 (Archemix) is a 40-nt 

antithrombotic, PEGylated DNA/RNA aptamer (Figure 8C) that targets von Willebrand 

factor (VWF), without significant anticoagulation, for treatment of coronary artery disease.

(240) Acute coronary syndrome is most commonly caused by rupture of an atherosclerotic 

plaque.(241) The high shear rates at the rupture site results in activation of VWF, followed 

by its binding to platelets and subsequent blood clot formation.(241) Activation of VWF 

leads to a structural change that allows its A1 domain to bind platelets,(241) thus 

neutralizing VWF is a therapeutic strategy to combat clot formation in coronary artery 

disease.

The anti-VWF aptamer was selected using a SELEX screen of 1014 random nucleic acid 

sequences for those that bind to the A1 domain of VWF as well as to intact VWF.(242) 

ARC1779 was derived from ARC1772 by adding modifications to prevent nuclease 

degradation.(243)ARC1779 contains 13 unmodified 2′-deoxynucleotides, 26 2′-O-methyl 

modified nucleotides, and one inverted deoxythymidine at the 3′ end to minimize 

endonuclease and exonuclease digestion, respectively.(244) A phosphorothioate linkage 

between nucleotides mG20 and dT21 enhances affinity for VWF.(244) Collectively, 

ARC1779 binds avidly to the A1 domain of VWF with a KD of 2 nM.(242) A crystal 

structure of the first generation aptamer, ARC1772, and the VWF A1 domain demonstrated 
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that A8-G11 and G21–C32 participate in interactions with VWF.(243) Multiple cation−π 
interactions account for 65% of the binding interface between the A1 domain of VWF and 

the aptamer.(243)

A phase 1 clinical trial produced no serious adverse events or spontaneous bleeding in 

healthy individuals.(244) Furthermore, ARC1779 significantly reduced platelet adhesion in 

blood taken from patients with coronary artery disease.(245) ARC1779 was also used to 

treat patients with VWF-related disorders. In von Willebrand disease, which is characterized 

by deficient VWF, patients often receive desmopressin infusion to increase VWF, which can 

lead to hyperactive VWF and low platelet counts. In these patients, ARC1779 blocked 

hyperactive VWF and reversed desmopressin-induced drops in platelet counts.(246) In a 

separate study, ARC1779 increased platelet counts in patients with thrombotic 

thrombocytopenic purpura (TTP), where ultralarge VWF multimers aggregate platelets and 

cause organ damage.(247)

NOX-A12, an Aptamer to Treat Multiple Myeloma—NOX-A12 (olaptesed pegol, 

NOXXON Pharma) is a 45-nucleotide aptamer (Figure 8D) that targets stromal cell-derived 

factor 1 (SDF-1 or CXCL12), a chemokine implicated in multiple myeloma (MM).(217) 

Chemokines are small proteins defined by the feature of conserved cysteine residues at the 

N-terminus.(248, 249) These proteins activate G-protein coupled receptors and induce 

migration of cells through a concentration gradient.(248, 249) The CXCR4/CXCL12 axis, 

which consists of the CXCR4 receptor and CXCL12 ligand, plays a significant role in 

cancer biology and progression.(249) For instance, in acute myeloid leukemia (AML), CLL, 

and MM, malignant cells expressing CXCR4 migrate toward bone marrow cells expressing 

CXCL12.(248, 249) Adhesive interactions between the malignant cells and bone marrow 

stromal cells confer drug resistance.(248, 249) Thus, a therapeutic strategy is inhibition of 

CXCR4 expressed on malignant cells from binding CXCL12 expressed on bone marrow 

cells.

In particular, NOX-A12 is a Spiegelmer, a highly stable oligonucleotide consisting of non-

natural l-nucleotides to protect them from nucleases in biological fluids.(219) The l-

aptamers are selected using SELEX to screen a library of d-aptamers for those that bind to 

an enantiomer of a target molecule.(219, 250) Identified sequences are then synthesized 

using l-nucleotides and should bind to the natural target on the basis of shape 

complementarity.(219, 250) In functional assays with CLL cell lines, NOX-A12 

significantly reduced CLL cell migration toward CXCL12 when administered at a very low 

concentration of 3 nM.(251) Bone marrow stromal cells pretreated with NOX-A12 to 

remove CXCL12 were significantly more chemosensitized than those that were not 

pretreated.(251) In a phase 2 study, NOX-A12 significantly increased the levels of myeloma 

cells in circulation (that is, they are not bound to bone marrow cells), making the cells more 

susceptible to the effects of chemotherapeutic drugs, and enhanced the clinical activity of 

bortezomib and dexamethasone in relapsed or refractory MM patients.(252)

NOX-E36, an Aptamer to Treat Diabetic Nephropathy—Diabetic nephropathy is a 

kidney disease that often leads to end-stage renal disease and mortality.(253) High glucose 

levels have been shown to stimulate production of monocyte chemoattractant protein-1 
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(MCP-1 or CCL2) in kidney cells.(253) MCP-1 promotes recruitment of macrophages by 

binding to its receptor, C–C chemokine receptor type 2 (CCR2), and thereby contributes to 

progression of disease by promoting inflammation.(254) NOX-E36 (emapticap pegol, 

NOXXON Pharma) is a 40-nucleotide PEGylated Spiegelmer (Figure 8E) that targets 

MCP-1and neutralizes the chemokine’s activity in diabetic nephropathy.(219, 255) In a 

crystal structure of the CCL2-NOX-E36 complex, binding was shown to be mediated 

through hydrogen bonds, electrostatic interactions, and at least one cationic–π interaction 

involving 11 nucleotides and 10 amino acid residues.(255)

In a phase 2 study, NOX-E36 reduced blood monocyte count by 15–20% within 1 week after 

treatment was initiated.(256) Patients treated with NOX-E36 experienced up to 40% 

reduction in the albumin to creatinine ratio (ACR), a measurement of albuminuria, which is 

a biomarker for renal disease.(256, 257)

2.5 Ribozyme Therapeutics

—In the 1980’s, the Cech and Altman laboratories independently discovered that RNAs can 

serve as a catalyst, and these RNAs were dubbed ribozymes.(258–260) Since then, seven 

naturally occurring classes of ribozymes have been identified, all of which catalyze cleavage 

or ligation of the RNA backbone.(258) Cleavage reactions generally occur by acid–base or 

two-metal ion catalyzed transesterification, where a 2′ oxygen nucleophile attacks the 

phosphate of the 3′ nucleotide, forming a 2′-3′-cyclic phosphate and a 5′ hydroxyl group 

as cleavage products.(258)Ribozymes are potentially advantageous as drugs because of their 

catalytic activity, in that each ribozyme molecule may cleave multiple target RNAs at single-

nucleotide precision.(261)

Two ribozymes used in therapeutic applications are the hammerhead and hairpin ribozymes, 

both of which are 50–100 nucleotide RNAs that undergo self-splicing by acid–base 

catalysis.(258, 262)The hammerhead ribozyme consists of three variable helices and three 

single-stranded regions containing highly conserved nucleotides (Figure 9A).(258, 262) 

Cleavage occurs on the 3′ side of a 5′ NUH triplet, where N is any nucleotide and H is any 

nucleotide except for G, although the most effective triplet is 5′ GUC.(258, 262) The 

hairpin, or paperclip, ribozyme consists of four variable helices and two internal loops with 

highly conserved nucleotides (Figure 9B).(258, 262, 263) Cleavage reactions occur at the * 

site of a 5′RYN*GUC sequence, where R is A or G, and Y is C or U.(258, 262) These 

ribozymes may be converted from cis-acting (on the same RNA molecule) to trans-acting 

(on a different RNA molecule) by splitting the catalytic core from the substrate sequence.

(263) For hammerhead ribozymes, the 5′ NUH triplet should be retained and ribozyme 

sequences complementary to those flanking the cleavage site should be designed for the 

target of interest.(264) For hairpin ribozymes, the junction between the two domains may be 

reduced to a hinge.(265) Ribozyme therapeutics have most commonly consisted of 

hammerhead or hairpin domains, which have been developed extensively for trans-cleavage 

and whose structures are well-understood.(263, 266)

Ribozymes may be rationally designed or subjected to an in vitro selection process(266, 

267) (see description of SELEX in section 2.4, Aptamer Therapeutics) to generate new or 

improved functions.(268, 269) When designing ribozymes, careful consideration must be 
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given to potential ribozyme misfolding, which may cause loss of catalytic activity,(269) the 

accessibility of the target site (RNA–protein interactions or extensive secondary or tertiary 

structures),(263, 269, 270) and the stability of the ribozyme-RNA complex. Weaker binding 

of the ribozyme to the target site could make the ribozyme more sensitive to the effects of 

mismatches, resulting in better sequence specificity, whereas a ribozyme-target complex that 

is too stable could eliminate catalytic activity.(271, 272) To overcome potentially reduced 

activity due to highly structured target sites, computational or experimental methods are 

often employed. Free-energy minimization algorithms are used to find single-stranded 

regions of mRNA, but these programs cannot predict tertiary structures or long-range 

interactions.(263, 269, 270) Experimentally, readily accessible sites can be identified by 

hybridizing complementary oligodeoxynucleotides to potential ribozyme cleavage sites 

within an RNA target and then incubating with RNase H.(273) The percentage of the 

substrate cleaved at each position can then be quantified to identify the most accessible sites 

and to inform ribozyme design.(273) Zinnen et al. reported an example of this process to 

identify a potentially therapeutic ribozyme containing a hammerhead domain.(274)

While in vitro cleavage of target RNA may be used to screen ribozymes for activity in 

different regions, the kinetics observed in these studies may not be predictive of ribozyme 

activity in vivo.(270) Furthermore, in vivo parameters are typically not known and cannot be 

predicted due to too many unknown variables.(275) Therefore, empirical testing is required 

once a ribozyme and target pair have been determined to have catalytic activity in vitro.(275)

The major challenges with ribozyme therapeutics are delivery and production of the 

intended therapeutic effects.(261) Ribozymes may be delivered to cells by exogenous 

delivery in RNA form or via endogenous expression in a viral or plasmid vector.(261) 

Although exogenous delivery is relatively easy and rapid, endogenous expression allows the 

ribozyme to be continuously expressed, thereby knocking down its target RNA over a longer 

period of time.(261) Antiretroviral ribozymes could thus target several stages in the viral life 

cycle, inhibiting the generation of drug-resistant viruses.(263, 276) Endogenous delivery 

through a vector is also advantageous as exogenously delivered ribozymes are prone to 

problems with cellular uptake and degradation.(261, 263) To extend their lifespans and 

stabilities, ribozymes are often chemically modified.(261, 263) Residues in the core, 

however, must remain unmodified to maintain catalytic activity, and phosphorothioate 

linkages can promote nonspecific binding to other biomolecules.(271) It is also important to 

note that the effectiveness of the ribozyme may be weakened if target genes are not critical 

to disease progression, and cells, particularly cancer cells, circumvent target gene inhibition 

by using alternate pathways.

Anti-HIV Hairpin Ribozymes: The human immunodeficiency virus (HIV)-1 genome 

consists of a single RNA sequence that encodes 15 proteins.(277) The U5 region contains 

the 5′ cap, and the pol region encodes the Pol polyprotein.(275, 277) Together, these 

sequences are essential for viral replication. Anti-HIV hairpin ribozymes are 59-nt 

ribozymes that target the U5 and pol regions of HIV-1 and were the first ribozymes to be 

approved for human clinical trials, via expression from a retroviral MY-2 vector.(275, 278, 

279) Cleavage occurs at the * sites of 5′C*GUC and 5′U*GUC motifs in highly conserved 

sequences within U5 and pol, respectively.(275) In a phase 1 clinical trial of anti-HIV 
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ribozyme gene therapy, three HIV-1 patients were infused with cluster of differentiation 4 

positive (CD4+) transduced T-cells.(278, 279) MY-2 vector was detected in only one patient 

after infusion, and no Pol ribozyme driven by a murine leukemia virus (MLV) promoter was 

expressed.(278, 279)However, the U5 ribozyme driven by a tRNAVal promoter was detected 

in cells at five and seven months after infusion.(278, 279) Despite the low efficacy of the 

vectors due to challenges with expression, the study demonstrated the safety and feasibility 

of ribozyme therapy against HIV-1.(278, 279)

OZ1 (RRz2, Johnson & Johnson) is a 39-nt hammerhead ribozyme that targets a region 

(named Rz2) of the human immunodeficiency virus type 1 (HIV-1) genome in the 

overlapping trans-activator of transcription (tat) and viral protein R (vpr) reading frames 

(Figure 9).(280, 281) In HIV-1, Tat enhances the processivity of RNA polymerases and rate 

of transcription initiation, and Vpr is required for localization of viral RNA in nondividing 

cells.(277) Interestingly, the Rz2 target region of OZ1 is highly conserved in almost all 

naturally occurring HIV-1 isolates, thus mutations that result in resistance to the ribozyme 

may not be well-tolerated by the virus.(276, 282) Pluripotent CD34+-expressing 

hematopoietic progenitor cells give rise to mature myeloid and lymphoid cells that can be 

infected by HIV-1.(283) For this reason, transducing CD34+ with OZ1 could generate 

myeloid and lymphoid cells that express the ribozyme gene and thus inhibit HIV-1 

replication.(283)

The OZ1 ribozyme gene is expressed in the 3′ UTR of the neoR gene (which provides 

resistance to G418 antibiotic) in the Moloney murine leukemia virus (MMLV) retroviral 

LNL6 vector.(281)Cleavage occurs on the 3′ side of a 5′ GUA triplet, after the adenine.

(280, 281) In a phase 1 clinical trial, mutations at the −4 and −1 positions relative to the 5′ 
GUA triplet were detected in patients, but they were also present before treatment, and OZ1 

was active against these mutations in vitro.(281) Naïve T lymphocytes and myeloid 

precursor cells expressing resistance to the G418 antibiotic were detected for up to two years 

after infusion of CD34+ cells transduced with LNL6 and OZ1 vectors, indicating expression 

of the neoR gene.(281) In a phase 2 study, HIV-1 viral load was lower in patients who 

received OZ1 than in those receiving a placebo at weeks 47 and 48, but the difference was 

not statistically significant.(280) Throughout the 100 weeks of treatment, mature CD4+ T 

cell counts were higher in the OZ1 group than the placebo group.(280)A lack of resistance 

to OZ1 in the phase 2 study may be attributed to a low percentage of OZ1 gene-marked 

cells, production of less fit viruses due to mutation(s), or both.(280) OZ1 did not proceed to 

further clinical trials due to its lack of efficacy.

Angiozyme, a Ribozyme Targeting Vascular Endothelial Growth Factor 
Receptor-1: Angiozyme (RPI.4610, Merck) is a 35-nt injectable anticancer ribozyme that 

targets vascular endothelial growth factor receptor-1 (VEGFR-1 or FLT-1) mRNA.(271) 

VEGFR-1 signaling has been implicated in tumor angiogenesis, which is critical for tumor 

growth and metastasis.(284)Activation of VEGFR-1 by VEGF-A stimulates multiple 

signaling networks that result in endothelial cell migration and survival.(284) The synthetic 

hammerhead ribozyme contains 30 2′-OMe (Figure 2A) nucleotides, four phosphorothioate 

linkages at the 5′ end, and an inverted 2′-deoxyabasic cap at the 3′ end to protect it from 

nucleases in vivo.(271) The core contains five unmodified purine nucleotides to maintain 
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catalytic activity.(271) This ribozyme was selected from an RNase H cleavage assay.(273) In 

phase 1 studies, angiozyme was well-tolerated and had biological activity against solid 

tumors.(285, 286) However, a phase 2 study of patients with metastatic breast cancer failed 

to establish clinical efficacy, suggesting that the ribozyme was unable to inhibit its target.

(287)

3 Small Molecules Targeting Nucleic Acid Sequence

Oligonucleotides have been successfully used to target specific disease-causing genetic 

sequences; however, their delivery and tissue distribution hamper their therapeutic utility. As 

an alternative, great effort has been invested in the development of small molecules, which 

generally have better cellular and broader tissue distribution in vivo than oligonucleotides. 

Further, broad chemical space is available for small molecule optimization via medicinal 

chemistry. In the next sections, we discuss the design of small molecules targeting a specific 

genetic sequence beginning with DNA targeting agents. Following is a discussion of 

methods to identify small molecules that target specific RNAs from sequence and how these 

small molecules have been designed to target disease-causing RNAs in cells and in vivo. For 

a broader discussion of nucleic acid-targeting molecules, outside of sequence-based design, 

please see the following reviews.(288–292)

3.1 Small Molecules Targeting DNA

In the late 1950’s and early 1960’s, two polyamides with antimicrobial and antiviral activity 

were discovered from Streptomyces netropsis, netropsin and distamycin (Figure 10A).(293, 

294) Nearly two decades later, details about their mode of action, particularly their ability to 

sequence-specifically recognize DNA, began to emerge from seminal biochemical and 

biophysical studies by Dickerson, Shultz, Dervan, Wemmer, Patel, Wartell, and others.(295–

299) In particular, netropsin, a pyrrole amidine (two N-methyl pyrrole units (Py); Figure 

10A) binds the minor groove of AT-rich DNA stretches by forming hydrogen bonds with A 

and T residues on opposite strands and van der Waals contacts with adenine C2 hydrogens.

(298) Netropsin has a natural twist that is mirrored by the minor groove of AT stretches, and 

thus, the small molecule is preorganized to bind. From these structural studies, Dickerson 

hypothesized that substitution of Py with imidazole (Im) could afford selective recognition 

of GC base pairs.(298) Distamycin is structurally related to netropsin but is comprised of 

three Py units (Figure 10A). Perhaps unexpectedly, Wemmer’s laboratory showed that two 

copies of natural product distamycin bound to the minor groove of a 5′-AAATT-3′ segment 

of DNA.(300) Collectively, these studies indicated that polyamide recognition of DNA 

might be programmable, allowing small molecule readout of sequence and perhaps 

modulation of gene function. Indeed, Dervan’s pioneering work in this area led to his 

eponymous rules for the sequence-specific targeting of the DNA minor groove (Figure 10, 

panels B and C).(301)

Interestingly, another class of naturally occurring antitumor antibiotics that target DNA, 

pyrrolobenzodiazepines (PBDs), was discovered in Streptomyces around the same time as 

netropsin (Figure 11A).(302, 303) The first PBD isolated and characterized was 

anthramycin, and Kohn and colleagues were the first to suggest that the compound forms a 
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covalent bond with DNA, in particular at positions 9 and 11 on the PBD ring system, and 

ruled out an intercalative binding mode (Figure 11A).(304–306) In 1978, a limited clinical 

trial of anthramycin was conducted for reduction of anxiety(307) followed by a study two 

years later in mice to study the effects on the central nervous system, in particular 

depression.(308) Shortly thereafter, Hurley & Thurston showed that anthraymcin’s position 

11 forms adducts with the exocyclic amine of guanosine residues in the dsDNA minor 

groove and may have sequence selectivity.(309) A detailed structure–activity relationship 

(SAR) study by Thurston indeed revealed sequence selectivity of PBDs for the DNA minor 

groove,(310) culminating in the discovery that PBDs form a covalent bond with the 

exocyclic amine of guanosine in the minor groove, preferring R-G-R triples (where R is A or 

G) and indicating that the small molecule binding site spans three base pairs.(310, 

311)Collectively, this foundational work set the stage for the rational design of PBD dimers 

that react with DNA in a sequence specific manner and has led to the development of an 

anticancer therapeutic that completed a phase I clinical trial in patients with solid 

tumors(312, 313) and antibody-drug conjugates (ADCs) with PDB dimer payloads in 

various stages of clinical trials.(314–318)

Other natural products that target DNA have been extensively studied for their sequence 

specificity and have provided inspiration for DNA binding agents. These natural products 

include duocarmycin, bleomycin, and others that have been reviewed elsewhere.(319, 320) 

The duocarmycins are a class of potent antitumor agents with sequence specific minor 

groove alkylation.(321) These small molecules exhibit AT-rich binding selectivity similar to 

that of distamycin.(321) The duocarmycins are unique alkylating agents in that they are 

unreactive toward conventional nucleophiles at pH 7, however, upon binding to DNA, a 

conformational change in the molecule activates the cyclopropane for nucleophilic attack.

(322, 323) Bleomycin is an FDA-approved anticancer antibiotic that causes DNA single and 

double strand breaks.(324, 325) Both SAR studies and NMR studies revealed that bleomycin 

interacts with DNA in a sequence specific manner.(324, 325) Specifically, the C-terminal 

bithiazole group interacts with DNA via intercalation while the valerate-threonine linker lies 

in the minor groove. The N-terminal metal-binding pyrimidine core forms hydrogen bonds 

with G, which results in cleavage at the 5′-GC and 5′GT sites.

3.1.1 Targeting the DNA Minor Groove: Polyamides—An important pairing rule for 

polyamides was defined after Dervan and colleagues unexpectedly found that the three unit 

polyamide, ImPyPy, binds DNA as an antiparallel 2:1 dimer.(326, 327) A 1:1 stoichiometry 

with a G·C base pair was predicted based on the 1:1 complex formed between netropsin and 

the DNA minor groove.(298) These studies enabled the development of modules that 

selectively recognize 5′C·G3′ base pairs (Py/Im) and 5′G·C3′ (Im/Py) and a module that 

recognizes both 5′A·T3′ and 5′T·A3′ pairs (Py/Py). To distinguish between 5′A·T3′ and 

5′T·A3′, Dervan and colleagues introduced N-methyl-3-hydroxypyrrole (Hp), affording the 

Hp/Py pair to recognize a 5′T·A3′ and Py/Hp to bind selectively to 5′A·T3′.(298) Finally, 

these compounds were developed into an eight-ring hairpin-like polyamide that bind a DNA 

sequence with extremely high affinity (Figure 10C).(328)

Because Hp has less stability in biological environments, particularly acidic conditions, 

Dervan explored and found hydroxybenzimidazole bicycle (Hz), the first heterocyclic ring 
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pairing element that can be used within polyamides. Hz is more effective at differentiating 

between T and A when paired with Py and within different sequence contexts compared 

with Hp.(329) To increase selectivity and recognition between the target sequence and base 

pair mismatches, a Py in an eight ring hairpin can be replaced by β-alanine, a flexible 

residue, which can reset the curvature to optimize hydrogen bonding.(330) On the basis of 

this sequence-selective strategy, Sugiyama and colleagues developed a series of sequence-

specific DNA-alkylating agents by conjugation to Py/Im polyamides.(331–334) They also 

synthesized dimers as DNA interstrand cross-linking agents with potential application of 

inhibition of both DNA replication and gene expression.(335, 336)

The first example of the use of polyamides is the DNA-binding of an eight-ring hairpin 

polyamide that recognizes a transcription factor (TF) IIIA binding site within Xenopus 5S 

rRNA gene and represses its transcription.(337) These studies were the first proof of concept 

that Py/Im polyamides are cell-permeable and can regulate gene expression. Other studies of 

Dervan polyamides showed that they permeate human cells and inhibit transcription of 

HIV-1 viral genome. The HIV-1 viral promoter contains binding sites for various human 

transcription factors including TATA-box binding protein (TBP), lymphoid-enhancer 

binding factor 1 (LEF-1), and cell-encoded proteins upstream stimulatory factor (Ets-1), 

which then recruit RNAP II. Polyamides were designed to bind sequences adjacent to each 

protein binding site, which are unique to HIV.(338) That is, polyamides that bind 

transcription factor binding sites could interfere with transcription of human genes and cause 

undesired side effects. Binding of the polyamides in concert effectively obstructs the RNAP 

II promoter and inhibits transcription of the HIV-1 genome.(338)

Interestingly, Py/Im polyamides can be used as artificial transcription activators when 

conjugated to an activation domain (AD) and a linker domain (LD).(339) A polyamide-

peptide conjugate was designed to sequence-specifically recruit the developmental regulator 

Exd to a cognate DNA site with higher efficiency than its natural Hox protein partner.(340) 

These examples demonstrate that structure-based modular design is a valid strategy toward 

artificial transcriptional activators.

Sequence-specific polyamides have also been used to regulate disease-causing aberrant gene 

expression. Dervan and colleagues designed a polyamide to inhibit binding of the 

heterodimeric hypoxia-inducible factor 1 (HIF-1)/aryl hydrocarbon receptor nuclear 

translocator (ARNT) heterodimer to its cognate genomic DNA sequence, hypoxia response 

element (HRE), to downregulate the expression of VEGF and other hypoxia-inducible genes 

in HeLa cells.(341)Another polyamide was used to target a DNA abnormality common in 

Friedreich’s ataxia (FRDA), an unstable hyperexpansion of a GAA/TTC triplet repeat in 

frataxin (FXN) gene. The hyperexpansion causes decreased transcription of FXN and 

reduced levels of FXN protein by forming triplexes that block RNAP II transcription.(342, 

343) A β-alanine-linked polyamide was used to target these repeats, which disrupted 

GAA/TCC triplex formation, induced a chromatin opening, and increased transcription of 

the FXN gene.(29)

Polyamides also have therapeutic potential to treat cancers. Dervan and colleagues 

demonstrated that a designed polyamide that targets the sequence 5′-WGWWCW-3′ (W = 
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A/T) found in the androgen response element (ARE) disrupts androgen receptor (AR)-

regulated gene expression including prostate-specific antigen (PSA) expression in cultured 

prostate cancer cells.(344)Further studies showed that the polyamide perturbed multiple 

DNA-dependent cellular processes including interference with RNAP II elongation, 

resulting in degradation of the RNAP II large subunit (RPB1), activation of p53, and p53-

mediated apoptosis in a prostate tumor xenograft model.(345) Py/Im polyamides can also be 

utilized for targeting the 5′-WGGWWW-3′ and 5′-GGGWWW-3′ (W = A/T) binding site 

of transcription factor NF-κB, which regulates various aspects of cell death, differentiation, 

and the immune response by regulating NF-κB-driven genes including IL6 and IL8.(346) 

Additional studies demonstrated its efficacy in vivo, in particular in mouse xenograft 

models.(347)

3.1.2 Targeting the DNA Minor Groove: Pyrrolobenzodiazepines—The discovery 

of anthramycin in 1965 spurred interest not only in the identification of other naturally 

occurring PBDs but also elucidation of its mechanism of action. One of the first SAR studies 

was completed by comparing anthramycin, sibiromycin, and tomaymycin (Figure 11A).

(348) Sibiromycin, which lacks anthramycin’s amide group and is glycosylated at position 

7, reacts much faster than anthramycin and tomaymycin and competes for their binding 

sites.(348)Tomaymycin (Figure 11A), however, does not compete with anthramycin for 

binding the same sites in DNA.(348) An SAR study of 15 PBDs was completed by Thurston 

and co-workers in 1990, indicating structural features required for PBD binding, including 

that reverse stereochemistry at position C2 and substitution of the N10–C11 with lactam are 

not well-tolerated.(349) Additional studies have investigated the role of the stereochemistry 

of C11a/C11, functionalization of the A ring, unsaturation, and substitution of the C-ring, 

and other modifications (Figure 11A). For a comprehensive review of PBD SAR, please see 

ref 350.

Suggs and co-workers were the first to dimerize anthramycin in an effort to increase its 

sequence selectivity and reactivity in 1988.(351) Although modest reactivity was observed, 

these studies and the SAR studies completed shortly thereafter(349) laid the foundation for 

the development of the PBD dimer DSB-120 by Thurston and colleagues (Figure 11B).(352) 

DSB-120 is a C8–C8′-linked PBD that was one of the most efficient DNA cross-linking 

agents identified to date with significant cellular activity.(352) The structure of a DNA-

DSB-120 adduct showed that the dimer spanned 6 base pairs in the minor groove and 

formed a symmetric cross-link between guanine residues as expected, governed by 

formation of hydrogen bonds and van der Waals and electrostatic interactions.(353) 

Unfortunately, preclinical studies of DSB-120 revealed poor antitumor activity likely due to 

a combination of lack of tumor selectivity, poor uptake and/or significant drug metabolism, 

or reaction/binding of plasma proteins.(354) Therefore, second generation molecules were 

designed, affording SJG-136, a C2-exo-methylene PBD dimer that is more cytotoxic against 

cancer cell lines, reacts more efficiently than DSB-120,(355) and shows superior antitumor 

activity in various mouse xenograft models.(356)

Preliminary in vitro pharmacology studies of SJG-136 (Figure 11B) showed that the dimer 

forms interstrand cross-links between two guanosine residues separated by two base pairs,

(357) with a preference for 5′-R-GATC-Y-3′ (where R is A or G and Y is T or C).(358) 

Angelbello et al. Page 24

Chem Rev. Author manuscript; available in PMC 2019 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



More recent studies have shown that SJ-136 can react with 5′-R-GAATC-Y-3′ to form 

longer interstrand cross-links;(359)intrastrand cross-links in the context of 5′-R-GATG-Y-3′ 
and 5′-R-GAATG-Y-3′;(359) and shorter inter- and intrastrand cross-links with 5′-R-GAC-

Y-3′ and 5′-R-GAG-Y-3′.(360) Although SJ-136 did not progress past phase I clinical 

trials,(312, 313) it served as a basis for the development various ADCs with PDB dimer 

payloads. An SJG-136-antibody conjugate, ADCT-402, recently completed a phase I clinical 

trial for patients with relapsed or refractory non-Hodgkin’s lymphoma(318) and is currently 

being evaluated in a phase I clinical trial for acute lymphoblastic leukemia (ALL).(315) 

Another PBD dimer ADC SC16LD6.5 (StemcentRx) is currently in phase III clinical trials 

for treatment of small cell lung cancer,(316) while phase III clinical trials for a third PBD 

dimer ADC, SGN-CD33A (Seattle Genetics), for treatment of acute myeloid 

leukemia(317)were recently halted by the FDA.

3.1.3 Targeting the DNA Minor Groove: Diamidines—Diamidines (Figure 12A), 

such as stilbamidine and pentamidine, have been used clinically since the late 1930’s to treat 

a wide variety of maladies, in particular parasitic infections [human African trypanosomiasis 

(HAT); African sleeping sickness, leishmaniasis, and malaria] and cancer.(361–365) In 

1980, Boykin and co-workers reported the antitrypanosomal activity of a series of bis-guanyl 

compounds and several cyclic guanyl derivatives.(366) These early studies into the SAR of 

diamidines revealed that diphenyl oxazole diamidines, diphenyl thiadiazole diamidines, and 

diphenyl pyridazine diamidines were of similar potency to stilbamidine, 

hydroxystilbamidine, and pentamidine.(366) The cyclic guanyl derivatives as well as the 

diphenyl oxadiazole diamidines were much less active.(366) Although the mechanism of 

action of pentamidine is still not completely clear, its structure and its similarities to 

netropsin (Figure 10), suggest that aromatic diamidines bind the minor groove of DNA.

Indeed, from the early 1980’s onward, the Boykin and Wilson laboratories sought to identify 

the DNA binding preferences of diamidines in an effort to develop compounds with 

improved antimicrobial properties. This large body of work elucidated the preference of 

aromatic diamidines for stretches of AT base pairs(367–375) and revealed important features 

of selective molecular recognition that were confirmed by the many crystal structures of 

diamidine-DNA complexes from the Niedle laboratory.(358) Effective binding of diamidines 

is promoted by closely mirroring the shape of the minor groove of AT stretches, a degree of 

flexibility to optimize interactions within the minor groove whether hydrogen bonds or van 

der Waals contacts and, unsurprisingly, based on their dicationic nature, electrostatic 

interactions.(367–374, 376)

One particularly interesting diamidine with antimicrobial activity developed from these 

studies is a dibenzimidamide, dubbed DB75 (Figure 12B).(377, 378) A SAR study of DB75 

revealed simple substitution of one of its phenyl rings with benzimidazole (DB293; Figure 

12B) afforded affinity for DNA sequences with a single GC base pair.(379, 380) Thermal 

melting, surface plasmon resonance, and NMR spectral studies revealed that DB293 binds a 

5′-ATGA-3′ oligomer as a stacked dimer, suggesting recognition of both strands containing 

the GC base pair.(379, 380)DB293 does retain its affinity for AT pairs in classic minor 

groove binding mode.(379, 380) These studies in conjunction with structural studies of 

DB75 and its analogs to AT-rich DNA by the Niedle group(358) provided means to 
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rationally design diamidines that selectively recognize stretches of GC base pairs. Such 

compounds must exploit the differences in the minor grooves of AT and GC base pairs, 

particularly that the minor grooves of GC pairs are wider, have decreased electronegative 

potential, and present guanosine’s exocyclic amine. DB1242 (Figure 12B) was the first 

nonpolyamide compound identified to bind selectively to GC base pairs and binds as a 

highly cooperative, stacked dimer.(381) Molecular modeling studies revealed that the 

complex is driven primarily by formation of hydrogen bonds.(381) More recently, a 

preorganized N-methylbenzimidazole thiophene module was developed to bind GC pairs.

(382) Armed with diamidines selective for both AT and GC base pairs, the modules have 

been linked together to target longer stretches of DNA in a sequence-selective manner 

(RT533 and DB2232 shown in Figure 12C, for example), and studies are ongoing to 

determine the proper linker length between binding modules.(382–386)

3.1.4 Targeting DNA G-Quadruplexes—In addition to duplexes, DNA can form other 

secondary structures, such as Z-DNA, Holliday junctions, triplexes, and G-quadruplexes.

(387, 388) Among them, G-quadruplexes have emerged as targets of therapeutics.(389–392) 

G-quadruplexes, also called G4 structures, are four-stranded structures formed by four 

guanine repeats through Hoogsteen hydrogen bonds in the presence of monovalent cations 

such as Na+ or K+ (Figure 13A).(393–395) DNA G-quadruplexes are classified as 

antiparallel, parallel, or mixed parallel-antiparallel form comprised of three G-tetrads 

(Figure 13B).(396–398) The variety of G-quadruplex structures results from the strand 

direction and the orientation of the external loop configuration.(396, 398, 399)

The therapeutic potential of targeting G-quadruplexes was first realized when it was 

discovered that human telomeres are comprised of a guanine-rich sequence TTAGGG(3–7) 

that can form a G-quadruplex and inhibit telomerase activity.(400–403) Thus, the human 

telomeric G-quadruplex is a promising target for an anticancer strategy as human telomerase 

is overexpressed in a variety of cancers. In general, most ligands that interact with G-

quadruplexes do so via end-stacking binding modes including π–π interactions and 

electrostatic interactions with the phosphate backbone of the loop, despite the structural 

differences described above.

In 1997, Neidle and Hurley first used a flat aromatic small molecule, 2,6-

diamidoanthraquinone (BSU1051) (Figure 13C), as a ligand to target the human telomeric 

G-quadruplex.(404) This anthraquinone derivative recognized the G-quadruplex structural 

motif and inhibited extension by human telomerase.

In addition to telomeres, DNA G-quadruplexes are also found in gene promoters. Ineed, 

Hurley and co-workers demonstrated that G-quadruplexes can be stabilized by small 

molecules and opened up the possibility of targeting other G-quadruplexes in the human 

genome to affect gene expression. In particular, they discovered that a G-quadruplex motif 

within the promoter region of the oncogene c-Myc (overexpressed in up to 80% of solid 

tumors) can be stabilized with a porphyrin derivative, TMPYP4 (Figure 13D), thereby 

suppressing the downstream expression of c-Myc.(405) This early work showed that G-

quadruplexes can be targeted with small molecules. Since these initial discoveries, many 

novel G-quadruplex ligands have been designed to target both human telomere and 
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oncogene promoters.(390, 406–411) Balasubramanian and colleagues developed a small 

molecule, PDS (Pyridostatin)(412) (Figure 13E), that not only binds to human telomeric G-

quadruplex and disrupts telomere binding but also induces DNA damage in cancer cells.

(412, 413) Chromatin immunoprecipitation (ChIP)-seq of the DNA damage marker γ-

H2AX was performed to map PDS-induced DNA damage sites in the genome.(414) This 

study found that there are more than 20 independent G-quadruplex motifs targeted by PDS 

and identified that proto-oncogene tyrosine-protein kinase Src is the predominant target of 

PDS.

Importantly, the G-quadruplex ligand Quarfloxin (CX-3543) entered phase II clinical trials 

for treatment of carcinoid and neuroendocrine tumors in 2008 (Figure 13F).(415) Quarfloxin 

was originally derived from fluoroquinophenoxazines, which are dual-targeting 

topoisomerase II inhibitors and G-quadruplex binders.(416) Cylene Pharmaceuticals 

optimized this lead compound to yield Quarfloxin, a selective G-quadruplex binder with no 

topoisomerase II inhibitory activity. Quarfloxin not only targets the rDNA G-quadruplex and 

inhibits Pol I transcription but also disrupts complex formation between rDNA G-

quadruplex and nucleolin, leading to relocalization of nucleolin to the nucleoplasm and 

induction apoptosis in cancer cells.(416)

Recent Next-Gen sequencing and bioinformatics analyses has identified over 700000 

potential G-quadruplex-forming sequences in the human genome.(391, 417–420) Many of 

these G-quadruplexes are located on oncogene promoters, such as c-KIT,(421) K-Ras,(422) 

Bcl-2,(423)VEGF,(424) hTERT,(425) and WNT1,(426) where binding to these promoters 

could suppress transcriptional activity. Some potential G-quadruplex forming sequences are 

noncanonical, such as two G-tetrads, bulge, and long loop fashion (>7 nt), implying that 

diverse G-rich motifs can form G-quadruplexes.(420) G-quadruplexes have also become 

attractive targets for drug targeting human pathogens,(427) such as neisseria 

gonorrheae(428) and HIV.(429)

3.2 Small Molecules Targeting RNA

Although antisense oligonucleotides have been used to target successfully unstructured 

regions of RNA via Watson–Crick base-pairing(46, 71, 430) and Dervan polyamides have 

been used to successfully target specific DNA sequences, sequence-based design of small 

molecules that target structured regions of RNA is still in its infancy. Historically, small 

molecules have been used to target RNAs with complex tertiary folds such as the bacterial 

ribosome(431–433) or bacterial riboswitches.(434) In the case of bacterial riboswitches, 

small molecule ligands have been designed by mimicking the structure of the endogenous 

ligand. Targeting other cellular RNAs, whether mRNAs or noncoding RNAs, has been much 

more difficult as they do not adopt significant tertiary structure, comprise very little of the 

total cellular content,(435) and do not have endogenous ligands upon which to base drug 

design.

Drugging RNAs, however, could be highly advantageous as RNA often lies upstream of a 

defective protein in disease pathomechanisms. Further, unlike DNA, RNA folds into diverse 

structures composed of base pairs and noncanonically paired regions such as hairpins, 

internal loops, and bulges (Figure 14). Targeting structure, not sequence, could improve the 
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selectivity of small molecules and combat off-target effects. Importantly, secondary structure 

can be annotated and predicted from the sequence of an RNA.(436–438) This work was 

largely started by studies on the thermodynamic stability of RNA base pairs and of 

noncanonically paired regions by Doty, Tinoco, Turner, and others.(439–442) The resulting 

data set of free-energy increments of RNA pairs was used by Zuker to construct algorithms 

to predict RNA structure from sequence.(443)Subsequent work by Turner and Zuker 

improved parameters for RNA secondary structure prediction,(444, 445) but it became clear 

that prediction alone would not suffice to deduce the structure of some RNAs, particularly 

those >400 nucleotides. Free energy minimization and alignment protocols were developed 

along with the ability to incorporate chemical modification and other experimental 

parameters to restrain folding.(446) These modification restraints can be obtained in vitro 

with reagents originally used for Maxam–Gilbert sequencing(447, 448) or by selective 2′-

hydroxyl acylation analyzed by primer extension (SHAPE).(449) As RNA folding in vivo 

can be very different than in vitro, secondary structure mapping methods have been 

developed in cells using DMS(437, 450–454) and various SHAPE reagents.(455, 456)

Notably, some small molecules that target RNA have been identified without structural 

information by high-throughput screening, including drugs developed by PTC Therapeutics, 

Roche, and Novartis to target muscular dystrophy and spinal muscular atrophy.(457–459) 

Below we discuss approaches that have been developed to target RNA from sequence using 

small molecules.

3.2.1 Methods to Target RNA from Sequence—Given the ability to predict secondary 

structure from sequence, Disney and colleagues envisioned that small molecules could be 

designed to drug RNA if information was known about: (i) a small molecule’s binding 

preferences in terms of the secondary structures it selectively recognizes and (ii) the 

presence of those secondary structural elements, or motifs, in disease-causing RNA. To 

target the myriad of disease-causing RNAs, a large data set of small molecule binding 

preferences, with broad chemical diversity, is required. An approach called two-dimensional 

combinatorial screening (2DCS) was developed to identify ligands that bind to RNA 

secondary structural motifs with high affinity and selectivity in a high-throughput manner.

(460, 461) The 2DCS platform uses agarose-coated glass slides to create small molecule 

microarrays. Agarose can be easily modified to display various functional groups that can be 

used to site-specifically immobilize small molecules (provided they have an orthogonal 

chemical handle). Importantly, the positions where small molecules have been immobilized 

can be easily removed by manual excision. The small molecule microarray is incubated with 

a radiolabeled RNA library with a randomized region displaying a discrete secondary 

structural element under conditions of high oligonucleotide stringency. That is, 

oligonucleotides that mimic regions common to all library members are included at high 

concentrations to restrict small molecule binding to the randomized region. The randomized 

region is kept intentionally small (1–7 base pairs) so that it is likely that the selected RNA 

structures are present in the transcriptome. The arrays are imaged, bound RNA is excised, 

and the bound RNAs are identified by RT-PCR and subcloning or RNA-seq.(462)

To validate 2DCS, the binding preferences of aminoglycoside derivatives that were acylated 

at their 6′ positions with 5′-hexynoic acid, particularly neamine and kanamycin A, were 
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studied.(463)Aminoglycosides are well-known RNA binders; however, acylation of the 6′ 
amine ablates binding to the bacterial A-site, a main mode of aminoglycoside resistance.

(464) The neamine and kanamycin A derivatives were site-specifically immobilized on an 

agarose-coated microarray functionalized with azides via a Huisgen 1,3 dipolar 

cycloaddition reaction. The small molecule array was then incubated with an RNA library 

displaying randomized nucleotides in a 3 × 3 nucleotide internal loop pattern. Interestingly, 

the A-site was not a privileged binding site for the modified aminoglycosides. Rather, 6′-

N-5-hexynoate kanamycin A prefers pyrimidine-rich internal loops and A/C internal loops,

(463, 465) while 6′-N-5-hexynoate neamine prefers loops G/A internal loops.(466) Indeed, 

2DCS has been used to identify the RNA-binding capacity of a variety of small molecules 

including bis-benzimidazoles,(467) amino-benzimidazoles,(468)aminoglycosides,(460) and 

others.(461) 2DCS has also been merged with in-solution high-throughput screening 

methods to study diverse chemical space, and it was determined that indole, 2-phenyl indole, 

2-phenyl benzimidazole, and pyridinium chemotypes were privileged for binding RNA.(461)

To score the affinity and relative selectivity of selected RNA motif–small molecule 

interactions from 2DCS studies, a statistical method named structure–activity relationships 

through sequencing (StARTS) was developed.(466, 468) StARTS identifies privileged trends 

within RNAs that bind a given small molecule (such as G/A internal loops or GC steps) by 

completing a pooled population comparison. In brief, a pooled population comparison 

compares the frequency of occurrence of a trend in selected RNAs to the frequency of 

occurrence of the same trend in all RNAs present in the library. Statistical significance is 

dependent upon difference in this frequency and the population sizes of the selected RNAs 

and the starting RNA library. This analysis affords Zobs, a measure of statistical significance 

that can have positive (contributes to binding affinity) or negative (detracts from binding) 

values. An RNA motif may have more than one statistically significant feature; thus a sum 

of all Zobs, or ΣZobs, is computed. Importantly, the affinity of the small molecule for an RNA 

scales with ΣZobs.(466, 468) A plot of ΣZobs as a function of affinity can be fit to define a 

scoring function for the entire RNA library. Normalization of ΣZobs values across a given 

selection affords a Fitness Score. Comparing the Fitness Score of an RNA motif for various 

small molecules provides insight into the selectivity. A variant of StARTS, dubbed high-

throughput structure–activity relationships through sequencing (HiT-StARTS) was recently 

developed to complete analyses directly from RNA-seq data.(462) In HiT-StARTS, both the 

starting library and the RNAs selected to bind a small molecule are subjected to RNA-seq. 

Completing RNA-seq on the starting library is imperative to account for biases that occur 

during transcription and sequencing. Rather than identifying trends or submotifs, HiT-

StARTS analyzes the RNA sequence directly.

The selected RNA motif–small molecule interactions and their associated meta data such as 

Fitness Scores and measured dissociation constants comprise a database, called Inforna, that 

can inform drug design for disease-causing RNAs.(469, 470) Using Inforna, the secondary 

structure of a target RNA, whether determined by experiment or computation, can be 

compared to a database of privileged RNA motif–small molecule interactions to identify 

lead compounds (Figure 15). Importantly, Inforna identifies the preferred RNA target for a 

small molecule. Thus, this strategy is not focused on a specific RNA target but rather is 

“target agnostic”.
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3.2.2 Small Molecules Targeting miRNA Precursors—The Inforna approach was 

validated by targeting disease-associated miRNA precursors.(469) As previously discussed, 

miRNAs have diverse roles in biology and their dysregulation can lead to cancer, immune 

diseases, and a variety of other disorders. The secondary structures of miRNAs can be easily 

predicted from sequence, and their Drosha and Dicer processing sites, which can also 

restrain secondary structure prediction, can be easily inferred from RNA-seq studies.(471) It 

was hypothesized that a small molecule that binds to a Drosha or Dicer processing site could 

affect cellular function by inhibiting miRNA biogenesis. Using Inforna, the secondary 

structures of all human miRNAs were compared to the database of privileged RNA motif-

small molecule interactions. These lead interactions were further refined by restricting them 

to (i) Drosha and Dicer processing sites and (ii) disease-causing miRNAs. This analysis 

through Inforna identified 29 lead interactions that could potentially inhibit the biogenesis of 

disease-causing miRNAs. The levels of 12 of the desired miRNAs were reduced, affording a 

hit rate of 41%.(469)

The most avid interaction identified from these studies was between a substituted 

benzimidazole (Figure 16) and the Drosha site in miR-96 hairpin precursor.(469) The small 

molecule contains bulky t-butyl groups located on the benzene ring that ablate binding to the 

DNA minor groove. The Drosha site of the miR-96 precursor was predicted via StARTS and 

confirmed via experiment to be the highest affinity RNA motif for the small molecule from 

the entire 4096-member RNA motif library from which it was selected. As miR-96 is 

upregulated in triple negative breast cancer and silences Forkhead Box O1 (FOXO1), a 

transcription factor involved in apoptosis, it is an attractive target to potentially treat breast 

cancer.(472)

Indeed, the small molecule inhibited the production of mature miR-96 at 10 μM but did not 

affect levels of other miRNAs that are produced from the same transcript (pri-miRNA) as 

miR-96.(469)The compound also derepressed the expression of FOXO1 and triggered 

apoptosis only in breast cancer cells. To probe if apoptosis was triggered via the miR-96-

FOXO1 circuit, an siRNA was used to ablate FOXO1, and the compound’s ability to trigger 

apoptosis was reduced by 75%.(469)The selectivity of the interaction between the 

benzimidazole and the Drosha site of miR-96 was probed by measuring its effect on the 

levels of all miRNAs with sufficient expression in MCF-7 cells by RT-qPCR. The only 

miRNA that was significantly affected upon compound treatment was miR-96. The small 

molecule’s selectivity rivaled or exceeded that of an antagomiR against miR-96.(469)

Although the initial study with the miR-96-targeting small molecule showed that small 

molecules could selectively inhibit the biogenesis of a single miRNA, the low micromolar 

activity in cells was not sufficiently potent to translate to in vivo models. Thus, a method 

was sought to lead optimize the original small molecule to increase potency and selectivity. 

Inforna was used to find a small molecule that would bind to a motif in the miR-96 hairpin 

precursor that was adjacent to the Drosha site to inform design of a dimeric small molecule. 

Inforna identified a bis-benzimidazole with high affinity for a 1 × 1 nucleotide GG internal 

loop adjacent to the Drosha site in the miR-96 hairpin precursor (Figure 16).(473) Using 

rules to design a linker that spans the distance of two base pairs,(474) the compound 

Targaprimir-96 was developed. This dimeric compound had nanomolar affinity for the 
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miRNA hairpin precursor while binding was ablated when the target motifs were mutated to 

base pairs. The small molecule is also RNA-selective as saturable binding to an AT-rich 

DNA was not observed despite the fact that the bis-benzimidazole is a known DNA binder.

In cells, Targaprimir-96 decreased mature miR-96 levels at concentrations as low as 30 nM. 

The small molecule also derepressed FOXO1 expression, enhancing protein levels 2-fold 

and inducing apoptosis with 50 nM treatment of Targaprimir-96. Because of its nanomolar 

potency, Targaprimir-96 was further investigated in an in vivo study. The concentration of 

Targaprimir-96 in plasma of mice after intraperitoneal (i.p.) injection (2 or 7 mg/kg of drug) 

was measured to determine a sufficient dose. These studies showed that the concentration of 

Targaprimir-96 in serum is greater than 1 μM 48 h post IP injection of either dose, well 

above the concentration needed to trigger apoptosis in cell culture. Targaprimir-96 inhibited 

tumor growth in a xenograft mouse model of triple negative breast cancer upon i.p. injection 

of 10 mg/kg. Analysis of resected tumors showed a decrease in the amount of mature 

miR-96 and a boost in FOXO1 protein. These studies show that Inforna can be used to lead 

optimize small molecules to create selective dimeric compounds with nanomolar potency. 

Collectively, these studies show that small molecules targeting miRNAs can inhibit disease 

biology in cellular and animal models.

Another miRNA target identified by Inforna was miR-10b.(475) miR-10b overexpression 

has been implicated in numerous cancers and contributes to invasion and metastasis.(178) 

2DCS identified that guanidinylated neomycin B (G-Neo-B) binds to the 5′A/3′A internal 

loop in the Drosha processing site of the miR-10b precursor.(475) G-Neo-B bound to this 

loop with a Kd of 417 ± 60 nM, inhibited processing of the mature miRNA in cells at 100 

μM as measured by RT-qPCR, and boosted protein levels of the downstream target 

Homeobox D10 (HOXD10). Importantly, G-Neo-B did not affect the biogenesis of a 

miRNA to which the compound was not predicted to bind.

Another disease-causing RNA that was identified as a target by Inforna is miR-525.(469) 

MiR-525 is overexpressed in 60% of liver cancer tissues, indicates poor prognosis, and is 

associated with invasive properties in hepatocellular carcinoma (HCC) cells.(476) 5″-Azido-

neomycin B (Neo-N3) was predicted to bind to the Drosha processing site of miR-525 and 

was found to reduce levels of mature miRNA at concentrations as low as 6.25 μM.(477) By 

inhibiting miR-525, Neo-N3derepressed miR-525’s downstream target zinc finger protein 

395 (ZNF395) and inhibited invasion. Interestingly, the parent aminoglycoside, neomycin 

was also able to inhibit miR-525 biogenesis in HCC cells. Since neomycin B is already used 

clinically to treat hepatic encephalopathy,(478) this study suggests that neomycin B or Neo-

N3 could be used at low doses to work synergistically with HCC therapeutics.

While the two compounds mentioned above were both aminoglycoside derivatives, other 

small molecule scaffolds have been identified for selective binding to RNA motifs. Two 

potent small molecules have recently been identified to modulate miRNAs that are 

upregulated under hypoxic stress,(479, 480) a characteristic of many advanced tumors. In 

response to hypoxia, miR-544 upregulates ataxia telangiectasia mutated (ATM) serine/

threonine kinase (a direct modulator of hypoxia-inducible factor 1α [HIF-1α]) and 

downregulates mechanistic target of rapamycin (mTOR), thus modulating tumor cell growth.
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(481) Inforna identified two heterocyclic compounds that reduced mature miR-544 levels in 

cells at a concentration of 20 nM.(479) The best compound, a substituted naphthyridine, 

decreased ATM and HIF-1α transcript levels and increased mTOR transcript levels, 

resulting in inhibition of proliferation and induction of apoptosis in hypoxic cells only. 

NOD/Scid mice were treated with a single intraperitoneal injection of the small molecule 24 

h after implantation of MDA-MB-231 cells stably expressing luciferase. Three weeks post 

treatment, tumors were resected, revealing a dramatic decrease in tumor size. Importantly, 

the resected tumors exhibited reduced levels of mature miR-544 and HIF-1α, and increased 

levels of mTOR as analyzed by RT-qPCR.(479)

The second small molecule that was identified to modulate a hypoxia-upregulated miRNA is 

a bis-benzimidazole targeting miR-210.(480) This miRNA directly represses the glycerol-3-

phosphate dehydrogenase 1-like (GPD1L) enzyme, which contributes to the suppression of 

prolyl hydroxylase (PHD) activity.(482) PHD is responsible for the degradation of HIF-1α; 

as a result of miR-210 affecting GPD1L, HIF-1α is able to heterodimerize with hypoxia-

inducible factor 1-beta (HIF-1β) and activate hypoxic responses that contribute to a 

cancerous phenotype.(483, 484) By binding to the 5′ACU3′/3′UCA5′ loop in miR-210s 

Dicer site, the small molecule, Targapremir-210 decreased mature miR-210 levels in MDA-

MB-231 cells cultured under hypoxic conditions with an IC50 of 200 nM. Furthermore, 

treatment with Targapremir-210 derepressed GPD1L mRNA levels and decreased HIF-1α 
mRNA levels. This reversion toward a normoxic state resulted in apoptosis of hypoxic cells 

treated with Targapremir-210. Importantly, miR-210 is the only hypoxic-associated miRNA 

affected by Targapremir-210.

One of the many advantages of Inforna is that each small molecule has a Fitness Score 

assigned for each targetable RNA motif. Thus, Inforna has the ability to predict other 

miRNAs that may be affected by a small molecule. The 2DCS selection of Targapremir-210 

revealed that it binds other RNA motifs; however, these motifs have lower Fitness Scores 

than the binding site in pre-miR-210. Interestingly, the mature level of miRNAs containing 

lower Fitness Score motifs were not affected by Targapremir-210 treatment. Like the small 

molecule targeting miR-544, TargapremiR-210 inhibited miR-210 levels in a mouse 

xenograft model of hypoxic triple negative breast cancer, decreasing tumor growth, 

increasing GPD1L mRNA levels, and decreasing HIF-1α mRNA levels, as compared to 

untreated tumors. Both of these studies reveal that Inforna can identify small molecules that 

inhibit miRNAs associated with complex hypoxic pathways and can affect these pathways in 

mouse models of disease.

Another miRNA that was targeted by a small molecule identified by Inforna was miR-18a. 

The miRNA is part of the oncogenic cluster miR-17/92, which is comprised of miR-17, 

−18a, −20a, −19a, −19b-1, and −92a-1. Interestingly, miR-17/92 was the first cluster 

identified to be involved in oncogenesis.(485) Indeed, miR-18a was previously indicated in 

multiple cancers, including prostate cancer.(486) Targapremir-18a, a benzimidazole 

derivative, was identified to bind 5′G_U/3′CUA, the Dicer processing site common to pre-

miR-17, −18a, and −20a.(462)TargapremiR-18a inhibited Dicer processing in vitro with an 

IC50 of ~10 μM. There was ~50% knockdown of mature miR-17, −18a, and -20a upon 

treatment of DU145 cells (prostate cancer) with 10 μM Targapremir-18a. Interestingly, as 
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expected, Targapremir-18a did not affect the levels of miR-19b-1 and -92a-1 as they do not 

have predicted binding sites. The small molecule also reverses downstream effects. MiR-18a 

represses the levels of serine/threonine protein kinase (STK4), a tumor suppressor.(486) 

Treatment of DU-145 cells with Targapremir-18a derepressed STK4 and induced apoptosis.

The selectivity of Targapremir-18a was assessed via RT-qPCR of 33 miRNAs with potential 

binding sites for Targapremir-18a as predicted by Inforna. No significant effect was 

observed on any of the miRNAs studied. Taken together, these studies identified factors that 

contribute to bioactivity of small molecules that target miRNAs, including miRNA 

expression level and the location of the small molecule binding site, which must be in a 

Drosha or Dicer processing site.

3.2.3 Small Molecules Targeting RNA Repeat Expansions—Inforna has not only 

been used to target precursor miRNAs but also has been used to identify compounds that 

bind expanded repeating RNAs [denoted by a sequence followed by “exp” or 

r(sequence)exp]. Expanded RNA repeats are associated with many diseases including 

myotonic dystrophy types 1 and 2 (DM1 and DM2, respectively),(487, 488) C9ORF72 
amyotrophic lateral sclerosis and frontal temporal dementia (c9ALS/FTD),(489, 490) 

Huntington’s disease (HD),(27)fragile X-associated tremor ataxia syndrome (FXTAS),(491) 

and spinocerebellar ataxia 10 (SCA10).(492) Repeating transcripts cause disease by a 

variety of mechanisms including sequestration of proteins that regulate alternative splicing 

(DM1, DM2, FXTAS, and SCA10) or translation of a toxic protein (HD, c9ALS/FTD, and 

FXTAS) (Figure 17).

Using Inforna, many small molecules have been developed to target these RNA repeating 

transcripts.(493, 494) The potency of these compounds has been increased by using the 

same multivalent approach described above for the design of Targaprimir-96.(474, 494–499) 

An approach to create multivalent compounds in cellulis by using a proximity induced click 

reaction with the RNA repeat acting as a catalyst has also been developed.(497, 500)

A noncoding repeat expansion, r(CGG)exp, located in the 5′ UTR of the fragile X mental 

retardation 1 gene (FMR1) causes FXTAS, a neurological condition characterized by 

difficulties in motor function and cognition.(491) The RNA folds into a hairpin structure that 

displays GG internal loops that bind and sequester proteins, including DGCR8, Src-

Associated substrate during mitosis of 68 kDa (Sam68), and heterogeneous nuclear 

ribonucleoprotein (hnRNP).(491) Sequestration of these proteins leads to pre-mRNA 

splicing defects and the formation of nuclear foci. In FXTAS, r(CGG)exp can also cause 

disease through repeat associated non-ATG (RAN) translation, where a repeating RNA is 

translated without the use of an AUG start codon and produces toxic polymeric proteins.

(501, 502) Two small molecules that target r(CGG)exp have been identified by Inforna. One 

is a modularly assembled small molecule displaying two bis-benzimidazole RNA binding 

motifs, 2H-5.(503) The other is a hydroxyellipticine derivative (1a) that was later used to 

create a dimeric compound (2HE-5NMe).(494, 496) All three compounds improve pre-

mRNA splicing defects and reduce the number of nuclear foci in a FXTAS cellular model. 

2HE-5NMe completely restored Sam68-dependent pre-mRNA splicing patterns to wild-type 

levels and inhibited the production of RAN proteins without affecting canonical translation. 
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Its inhibitory effect on RAN translation was traced to reducing the number of polysomes 

loaded on the repeats.(494, 496)Interestingly, oligonucleotides that target r(CGG)exp in cells 

do affect downstream ORF translation,(503) suggesting that a small molecule approach to 

inhibiting RAN translation could have functional benefits. Collectively, these studies showed 

that small molecules designed to target r(CGG)exp can affect two different modes of RNA 

repeat toxicity, gain-of-function, and RAN translation.

An expanded hexanucleotide repeat of G4C2
exp in the C9ORF72 gene is the most common 

genetic cause of ALS/FTD.(489, 490) The RNA repeat expansion causes toxicity through 

the formation of nuclear foci caused by protein sequestration (causing alternative pre-mRNA 

splicing(504) and nuclear trafficking defects(505, 506)) and toxic “c9RAN proteins” 

generated by RAN translation that form neuronal inclusions throughout the central nervous 

system.(507, 508)Interestingly, r(CGG)exp and the repeat expansion that causes c9ALS/FTD, 

r(G4C2)exp, fold into similar structures, displaying 1 × 1 GG loops. Therefore, it was studied 

whether 1a and structurally similar compounds could inhibit RAN translation of r(G4C2)exp 

in a cellular model. Three small molecules, including 1a, inhibited RAN translation at low 

micromolar concentrations and two decreased the number of nuclear foci. Importantly, 1a 

ameliorates both defects in induced neurons (iNeurons) derived from c9ALS/FTD patients.

SCA10 is caused by an RNA gain-of-function mechanism in which r(AUUCU)exp, located 

in intron 9 of ataxin 10 mRNA (ATX10), binds and sequesters proteins such as 

heterogeneous nuclear ribonucleoprotein K (hnRNP K), causing formation of nuclear foci, 

translocation of protein kinase C-δ (PKCδ) in mitochondria resulting in dysfunction, and 

activation of caspase 3 which induces apotosis.(492) The SCA10 repeat folds into an array 

of 3 × 3 pyrimidine-rich loops closed by AU pairs (5′UCU3′/3′UCU5′).(509) The small 

molecule designed to target this RNA is unique in that it binds the AU base pairs rather than 

the loop region.(499) The RNA-binding module was identified by screening for selective 

binding of AU or GC base pairs using a fluorescence-based binding assay. The screen 

identified two small molecules that bound AU pairs more selectively than GC pairs as 

determined by measuring an EC50 for each RNA. Binding to the AU pairs in the 

r(AUUCU)exp was confirmed using a nuclease protection assay. The more selective small 

molecule was appended with an azide to make a modularly assembled dimeric small 

molecule, 2 AU-2.(499) In SCA10 patient-derived fibroblasts, 2 AU-2 reduced caspase-3 

activity to healthy levels at 50 and 100 nM. 2 AU-2 also reduced mitochondrial abundance 

of PKCδ and reduced the number of nuclear foci at 50 nM.(499) This study showed that 

small molecules can be identified to selectively target RNA base pairs, and this information 

can be used to target disease-causing RNAs rich in these base-paired sequences.

Two other RNA repeats that have been potently targeted are r(CUG)exp and r(CCUG)exp, the 

RNAs causative of DM1 and DM2, respectively.(487, 488) Both repeats cause disease via a 

gain-of-function mechanism in which the RNA repeat folds into a hairpin structure and 

binds and sequesters proteins. Some of these proteins, in particular muscleblind-like protein 

1 (MBNL1), regulate alternative pre-mRNA splicing, and splicing defects are thus a 

hallmark of the myotonic dystrophies.(488, 510, 511) Sequestration of MBNL1 also leads to 

the formation of nuclear foci and decreased nucleo-cytoplasmic transport of the message.

(512–514) DM1 is caused by an expanded r(CUG) repeat in the 3′ UTR of the dystrophia 
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myotonica protein kinase gene (DMPK),(488) while DM2 is caused by r(CCUG)exp in 

intron 1 of the zinc finger 9 (ZNF9) mRNA.(487) A small molecule aminoglycoside 

derivative, K-Ak, improved DM2-associated splicing defects in a cellular model.(495) 

Importantly, since this RNA-binding module was equipped with an alkyne handle, it could 

be used to make a modularly assembled dimer and trimer displayed on a peptoid backbone 

(2K-4 or 3K-4).(495) The trimeric compound, 3K-4, improved DM2-associated splicing 

defects at concentrations as low as 2.5 μM.(495)

Over 20 monomeric small molecules that target r(CUG)exp have been developed using a 

variety of methods, including the use of Inforna and rationally designed small molecules.

(497, 498, 515–517)The DM1 repeat, r(CUG)exp, has been most potently targeted using the 

dimeric compound 2H–K4NMeS.(497) 2H–K4NMeS displays two H RNA-binding module 

that were identified by Inforna to bind 1 × 1 UU internal loops on an N-methyl peptide 

backbone. The dimer improved DM1-associated splicing defects at concentrations as low as 

100 nM in DM1 patient-derived fibroblasts, disrupted nuclear foci, and increased 

nucleocytoplasmic transport of DMPK message. Collectively, we have found that 

multivalent compounds most potently and selectively target RNA repeat expansions.

In some cases, the cellular potency of multivalent compounds decreases as a function of 

valency as their higher molecular weights decrease cellular permeability. Therefore, an 

approach to synthesize multivalent compounds on-site, catalyzed by the disease-causing 

RNA in a cell was developed. To do so, RNA-binding modules were appended with alkyne 

and azide handles that, upon binding to the target RNA, would be in close enough proximity 

to undergo a Huisgen 1,3-dipolar cycloaddition reaction. In this way, the RNA repeat would 

act as a catalyst for a reaction of two otherwise unreactive groups to form a stable triazole.

(518) This approach had previously been used in vitro to target acetylcholine esterase and 

the DNA minor groove but had not been translated to a cellular system.(518–520) RNA 

repeat expansions provide an ideal target for this approach as there are many binding sites 

and thus many possibilities to create potent oligomers.

This approach was first employed against r(CCUG)exp using the small molecule, K-Ak.(500) 

A structural study of r(CCUG) repeats enabled modeling of the binding of dimeric 

compound 2K-4. Analysis of this model showed that an azido group at the 6″ position (N3–

K) and an alkyne at the 6′ position (K-Ak) could be within close enough proximity to react 

upon binding to adjacent 2 × 2 nucleotide internal loops.(500) Thus, N3-K and K-Ak could 

react to form a dimer, and a compound appended with both reactive modules (N3-K-Ak) 

could react to form oligomers (Figure 18).

Previous studies have shown that electron-deficient alkyne reaction rates are faster than their 

alkyl counterparts(520) and therefore may be advantageous for the in situ, RNA-catalyzed 

click approach. Therefore, an alkyne-deficient kanamycin (K-Aak) and its dually 

functionalized counterpart (N3-K-Aak) were synthesized. Indeed, when incubated with 

r(CCUG)12, but not in its absence, K-Ak + N3-K reacted to afford a dimer while N3-K-Ak 

and N3-K-Aak formed dimers and other oligomers as determined by mass spectrometry.

(500) The RNA-catalyzed click reaction was then tested in cellulis using a cellular model in 

which r(CCUG)300 is expressed. Cells were cotreated with N3-K and either N3-K-Ak or N3-
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K-Aak. N3-K was used as a terminator for the templated click reaction to limit the molecular 

weights of the products to allow for mass spectral analysis. Analysis of reaction products 

purified from cell lysates indicated that dimeric and trimeric reaction products were 

observed in cells treated with the compound and that oligomerization was not observed in 

cells that did not express r(CCUG)300.(500) N3-K-Aak improved DM2-associated splicing 

defects when cells were treated with as little as 100 nM compound, which corresponds to a 

100-fold improvement over the modularly assembled dimer (2K-4) and a 1000-fold 

improvement over the corresponding monomers (K-Ak and N3-K).

To further confirm that r(CCUG)300 was the catalyst for oligomerization in cells, an 

approach called Chemical Reactivity and Binding Isolated by Pull-down (ChemReactBIP) 

was developed (Figure 19).(500) In this method, a kanamycin derivative containing a biotin 

module and an azide module was used to terminate the polymerization reaction in cells and 

to isolate the oligomerized compounds and their bound cellular targets using capture with 

streptavidin beads. In agreement with the mass spectral data from cell lysates, oligomerized 

products were only formed in cells expressing r(CCUG)300. ChemReactBIP also allowed for 

the identification of the RNA targets of the templated reaction by using RT-qPCR. 

Importantly, the amount of r(CCUG)300 pulled down using ChemReactBIP increased as a 

function of potency, with N3-K-Aak being the most potent.

This in situ click chemistry approach has also been used to create potent modulators of 

r(CUG)exp. In this case, 2H–K4NMeS, was appended with azide and alkyne handles at the 

appropriate distance, as determined by in vitro experiments.(497) These compounds (2H-

K4NMeS-Aak and N3-2H-K4NMeS) formed a tetramer in vitro only in the presence of 

r(CUG)exp as determined by mass spectral analysis. The dual functionalized compound, 

N3-2HK4NMeS-Aak, improved DM1-associated splicing defects at 100 pM with an IC50 of 

about 10 nM,(497) a 100-fold more potent than the unreactive, parent dimer. ChemReactBIP 

confirmed the presence of oligomerized compounds due to reaction of N3-2HK4NMeS-Aak 

in DM1 patient-derived fibroblasts, which were absent from healthy fibroblasts. Further, 

analysis of the RNAs isolated from ChemReactBIP studies in DM1 patient-derived 

fibroblasts showed that the DMPK mRNA, not other transcripts containing short r(CUG) 

repeats of nonpathogenic length, was the cellular catalyst for this oligomerization.(497)

Taken together, these studies show that RNA repeat expansions can catalyze the synthesis of 

potent, multivalent compounds in cells. The ability to synthesize oligomers in cells from 

monomeric subunits offers the ability to more potently and selectively target a desired RNA 

without increasing the molecular weight of the compound and potentially affecting cellular 

permeability. This approach could be especially beneficial when developing compounds to 

target RNA repeat expansions that cause brain dysfunction by increasing their potential to 

cross the blood-brain barrier.

3.2.4 Structure-Based Design of Small Molecules that Target RNA—Structure-

based design has emerged as another method of target disease-causing RNA. These small 

molecules are not designed in a target agnostic fashion but rather focus on modulating 

specific targets through a known secondary or tertiary structure or by mimicking a known 

ligand. Indeed structure-based design has enabled the development of bioactive small 
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molecules that target viral RNAs, miRNAs, RNA repeats, and others. Druglike properties of 

these small molecules targeting RNA, including the ones discussed above, have previously 

been analyzed and were shown to be similar to known drugs.(521)

Various groups have employed structure-based design to target HIV Tat-transactivating 

response element (TAR) RNA, enabled by NMR spectral studies of the RNA alone and 

complexed with trans-activator of transcription (tat) protein.(522) The structure of the Tat-

TAR complex enabled design of synthetic peptides that bound TAR RNA, inhibited the Tat-

TAR RNA interaction in vitro, and inhibited viral replication in primary human 

lymphocytes.(523–525) Identification of other small molecules that bind TAR RNA has 

employed in silico docking. Al-Hashimi and co-workers docked 51000 small molecules into 

a dynamic ensemble of TAR RNA structures generated by NMR data and computational 

molecular dynamics.(526) Six commercially available small molecules were identified to 

bind TAR RNA and inhibit the Tat-TAR complex. One compound, netilmicin, inhibited HIV 

replication in cells. James and colleagues also used a four-step docking method to analyze 

>180000 compounds for binding to the TAR RNA.(527, 528) Eleven of these compounds 

inhibited the Tat-TAR interaction.(528)

Ligands that bind miRNA precursors and inhibit their processing in cells have been 

identified by various screening approaches. Through a screen of aminoglycosides, Maiti and 

colleagues identified that streptomycin decreased levels of oncogenic miR-21 in cells.(529) 

Varani and colleagues also discovered a cyclic peptide that bound miR-21 and inhibited its 

biogenesis in cells.(530)

Various small molecules have also been developed to target RNA repeat expansions. As 

mentioned in section 3.2.3, DM1 is caused by r(CUG)exp. Zimmerman, Baranger, and 

colleagues used an X-ray crystal structure of a short r(CUG) repeat to design a small 

molecule that inhibited the r(CUG)exp-MBNL1 complex.(531) The small molecule is 

comprised of an acridine DNA intercalator and a triaminotriazine unit that recognizes the U–

U pairs through Janus-wedge hydrogen bonding. Molecular modeling of this small molecule 

suggested that the ligand could target CUG as a “stacked intercalator” through minor or 

major groove interactions.(531)Zimmerman and colleagues have used this small molecule to 

design other compounds that target r(CUG)exp and improve splicing defects in a DM1 

cellular model.(532) Miller and colleagues identified a small molecule through resin-bound 

dynamic combinatorial screening that improved DM1-associated splicing defects in a mouse 

model.(533) In another important study, Nakamori and colleagues discovered that 

erythromycin can inhibit the r(CUG)-MBNL1 complex and that oral dosing can improve 

DM1-associated splicing defects in a mouse model.(534) Artero and colleagues have also 

identified a peptide that reduces CUG-induced toxicity in fly and mouse models.(535) Small 

molecules that target r(CCUG)exp, the RNA repeat causative of DM2, and disrupt 

r(CCUG)exp-MBNL1 foci in DM2 model cells have also been reported by Zimmerman and 

colleagues.(536) Importantly, r(G4C2)exp biology has also been manipulated with a small 

molecule that destabilizes RNA G-quadruplex structures. Pearson and colleagues discovered 

that the G-quadruplex binder TMPyP4, a cationic porphyrin, bound r(G4C2)8 and inhibited 

the binding of r(G4C2)exp-binding proteins.(537) Rothstein and colleagues further 
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discovered that TMPyP4 suppressed G4C2-mediated neurodegeneration in a Drosophila 
model.(538)

Riboswitches are another example of a class of structured RNAs amenable to small molecule 

structure-based design. First discovered in 2002, riboswitches are conformational switches 

within mRNAs that regulate gene expression by binding metabolites.(434, 539, 540) Since 

riboswitches have an endogenous ligand, efforts to target riboswitches with small molecules 

have involved structural-mimicry in which analogs of the endogenous ligand are probed for 

binding. Such an approach has afforded novel small molecule inhibitors for the lysine,(541) 

cyclic diguanylate monophosphate,(542) purine,(543, 544) and glmS(545) riboswitches. 

Brenk and colleagues used RNA-ligand docking to identify small molecules that bind the 

purine riboswitch.(546) As riboswitches are primarily found in bacteria, small molecule 

inhibitors are potential antibacterials.(547)

Other RNA targets that have benefitted from structure-based design include the P2b region 

in telomerase RNA(547) and the RNA pseudoknot in the −1 ribosomal frameshifting site of 

severe acute respiratory syndrome (SARS)-coronavirus.(548) The HCV internal ribosome 

entry site (IRES) RNA(549) and RNA G-quadruplexes have also been targeted with small 

molecules.(550)Complete reviews of structure-based design of small molecules targeting 

RNA can be found elsewhere.(290, 292, 551–553)

3.2.5 Small Molecule Target Validation Methods—One major challenge in the field 

of RNA chemical biology and drug discovery is target validation, particularly in cells. 

Various methods have been developed to identify compound binding sites in vitro, including 

the use of Maxam–Gilbert type sequencing reagents such as DMS and kethoxal, as 

demonstrated by the Noller group to identify binding sites of aminoglycosides within the 

bacterial ribosome.(554, 555) The positions of modification and protection by small 

molecules were determined using reverse transcriptase and primer extension, which is 

inhibited by chemical modification. Nuclease protection assays have also been used as a 

method of determining binding sites of a small molecule in vitro.(469, 556) In-line probing 

identifies ligand binding sites by studying changes in cleavage patterns upon incubation with 

the small moelcule.(557) Identifying the cellular RNA target of a small molecule, however, 

is more challenging. To overcome this challenge multiple approaches have been developed 

to measure direct target engagement of a small molecule and an RNA target in cellulis 
(Figure 20).

One of the first methods to identify the cellular targets of small molecules used a classic 

pull-down experiment.(558) To pull-down the RNA targets of small molecules, a bioactive 

compound was appended with a biotin tag. Cellular RNA targets were then pulled down 

using streptavidin beads and identified by RT-qPCR. This approach has been used to confirm 

small molecule binding to a desired targeting in cell lysates including the aforementioned 

small molecules designed to target r(AUUCU)exp and r(CGG)exp.(499)

An in celluis pull-down approach, Chemical Cross-linking and Isolation by Pull-down 

(Chem-CLIP; Figure 20A) has also been developed.(559) In Chem-CLIP, a bioactive small 

molecule is appended with the nucleic acid reactive module chlorambucil (CA) and biotin 
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for a purification tag. The CA warhead reacts with the small molecule’s cellular targets, via 

a proximity-based reaction, which are then isolated using the biotin module and streptavidin 

beads. The captured targets are then analyzed by RT-qPCR or RNA-seq To control for 

nonselective effects of the cross-linking warhead, a method called competitive chem-CLIP 

(C-Chem-CLIP) was developed in which cells are cotreated with the parent small molecule 

and the small molecule Chem-CLIP probe. In this competitive method, targets of the 

noncovalent compound are depleted in the pulled-down fraction. Chem-CLIP and C-Chem-

CLIP have been used to validate the targets of various small molecules including those that 

target miR-96, miR-210, and RNA repeat expansions (all those to which Chem-CLIP has 

been applied).(473, 480, 560)

A recent Chem-CLIP study has revealed important aspects of this target validation method 

and drugging RNA. The power of Inforna is that it identifies all privileged RNA motifs that 

bind a given small molecule with high affinity or RNA isoforms. Chem-CLIP was used to 

study the occupancy of Targapremir-210 for the RNA isoforms predicted by Inforna. These 

studies showed that cellular occupancy (binding) was governed by affinity of the RNA 

motif-small molecule complex and the expression level of the RNA in which the motif is 

found. In particular, Chem-CLIP revealed that four other miRNAs are bound by 

Targapremir-210 in MDA-MB-231 cells: miR-497, miR-1273c, miR-3174, and miR-107.

(480) Thus, the combination of Inforna and Chem-CLIP are effective methods to identify 

plausible and actual cellular binding sites. Despite binding to five different miRNAs in cells, 

Targapremir-210 has no statistically significant effect on the expression level of these 

miRNAs; that is, binding and bioactivity cannot be equated. Thus, additional factors are in 

play that govern bioactivity. Insight can be gained by the case of miR-497, which contains 

the exact same motif as the miR-210s Dicer site. The motif is located outside Dicer or 

Drosha processing sites, however. Cellular activity therefore is influenced by affinity, 

expression level, and if the small molecule binding site is a functional site in the RNA target. 

Interestingly, the cross-linking compounds used in Chem-CLIP are often almost 1000-fold 

more potent than the unreactive parent compound.(497) These results suggest that if 

reactivity could be controlled to limit the off-target effects of the cross-linking probe, 

covalent modifiers could be used to more potently target disease-causing RNAs.

Since Chem-CLIP allowed for the pull-down of RNA targets in cells, an approach to 

determine the site of reaction, Chem-CLIP-Map was also developed (Figure 20B).(560) In 

Chem-CLIP-Map, cells are treated with a small molecule appended with CA and biotin and 

total RNA is harvested. Total RNA is then subjected to RNase H cleavage using 

oligonucleotides complementary to the RNA of interest. The cleaved RNA fragments are 

captured by streptavidin beads and quantified by RT-qPCR to identify the region(s) that 

reacted with the compound and hence the binding site. Chem-CLIP-Map has been used to 

identify compound binding sites in transcripts containing RNA repeat expansions, which 

confirmed that compound binding is localized to regions containing the repeat and not other 

segments of the message.(497, 560)

Other covalent methods have been developed to identify the cellular RNA targets of the 

anticancer drug cisplatin. Using an azide-modified version of cisplatin, DeRose and 
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colleagues were able to identify Pt-RNA adducts by fluorescent labeling using Cu-free click 

chemistry, revealing that the ribosome is a target of the anticancer compound.(561–563)

In addition to covalent cross-linking, cleavage-based experiments have been used to validate 

small molecule RNA targets in cells (Figure 20C). This approach was first developed by 

appending a modularly assembled r(CUG)exp-targeting compound (2H-4) with N-

hydroxylthiopyridine (HPT), which generates hydroxyl radicals that cleaves nucleic acids 

upon photochemical irradiation.(564)Cells treated with this compound and irradiated had 

reduced levels of r(CUG)exp as determined by RT-qPCR, validating this binding site.

This approach was further developed into a targeted cleavage method by conjugating an 

RNA-targeting small molecules to bleomycin a5, a natural product that has been shown to 

cleave RNA in vitro.(565) Attachment of bleomycin a5 to the r(CUG)exp-targeting dimer 

2H–K4NMeS allowed for cleavage of r(CUG)exp both in vitro and in DM1-affected cells.

(497) Importantly, targeted cleavage allowed for the evaluation of allele selectivity of the 

small molecule. Using allele-specific primers for RT-qPCR, it was shown that 2H-K4NMeS-

Bleomycin only cleaved the mutant allele containing the expanded r(CUG) repeat. Similar to 

C-Chem-CLIP, competitive cleavage experiments can be completed by cotreating with the 

parent compound and the small molecule cleaver to determine bona fide targets of the small 

molecule.

Collectively, the methods described above allow for direct target identification of small 

molecules in cells. These methods not only can be used for target validation but also can be 

used to more potently inhibit a disease-causing RNA. If these approaches can be further 

optimized to limit the off-target effects of the reactive probe then the corresponding 

compounds might more potent and selective than the unreactive compounds from which they 

were derived.

4 Protein Targeted Therapeutics

Most drugs in the clinic target proteins,(566) and while the number of protein drug targets is 

estimated to be around 5000, fewer than 500 distinct proteins are the targets of currently 

available therapeutics.(566) The ten highest grossing drugs in the U.S. benefit relatively few 

of the patients who take them, and some drugs may even be harmful to patients.(567) The 

sequencing of the human genome, however, has the potential to revolutionize personalized 

medicines that target specific malfunctioning proteins that are effective and better tolerated 

in patient groups with specific genetic profiles.(566, 567) Below, we discuss examples of 

drugs that specifically target disease-associated proteins caused by genetic variations.

4.1 Imatinib and the Philadelphia Chromosome

The field of personalized medicines largely began with the identification of the Philadelphia 

(Ph) chromosome that causes chronic myeloid leukemia and the discovery of Imatinib to 

treat it. CML is a blood cancer characterized by uncontrolled growth of hematopoietic stem 

cells, resulting in an increased number of myeloid cells in the blood and bone marrow.(568) 

The average age at diagnosis for CML was 64 years between 2007 and 2011, but the disease 

affects all age groups, including children and adults. CML usually presents with fatigue, 
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weight loss, anorexia, and/or enlarged spleen, although about 40% of patients have no 

symptoms.(568) The disease does not appear to be curable, but patients may achieve 

remission with current drug therapies.

CML is diagnosed based upon detection of the Ph chromosome, which is present in 95% of 

patients.(568) It is typically identified by cytogenetic analysis, fluorescence in situ 

hybridization (FISH), or quantitative real time-polymerase chain reaction (qRT-PCR).(569) 

The Ph chromosome was first identified by P. C. Nowell and D. Hungerford in 1960, who 

noticed an abnormally short chromosome in cells from patients with CML.(41) In the 

1970’s, it was determined with improved cytogenetic techniques to be a translocation 

between chromosomes 9 and 22.(41) The result is a shortened chromosome 22 and fusion of 

the breakpoint cluster region (BCR) gene on chromosome 22 and Abelson leukemia virus 

(ABL) gene on chromosome 9 (Figure 21A).(42, 568)

The Ph chromosome encodes the BCR-ABL fusion protein, a cytoplasmic tyrosine kinase 

consisting of the ABL tyrosine kinase and the N-terminal domain of BCR.(42, 568) The 

molecular weight of the fusion protein can range from 185 (p185BCR-ABL) to 230 kDa. 

Nearly all patients with chronic-phase CML express the 210 kDa isoform (p210BCR-ABL), 

while patients with Ph-positive acute lymphoblastic leukemia (ALL) phase express either a 

190 kDa or a 210 kDa isoform.(568)The N-terminal oligomerization domain of BCR 

facilitates formation of BCR-ABL dimers, which associate into a tetramer.(570) The BCR-

ABL oligomerization constitutively activates ABL kinase activity and stimulates 

autophosphorylation of the kinase, resulting in activation of downstream signaling pathways, 

such as the mitogen-activated kinase/extracellular signal-regulated kinase (MAPK/ERK), the 

Janus kinase/signal transducer and activator of transcription (JAK/STAT), and 

phosphatidylinositol-3-kinase/AKT serine/threonine kinase (PI3K/AKT; AKT is also known 

as protein kinase B [PKB]) pathways (Figure 21B).(42, 570) Upregulation of these pathways 

leads to increased cell growth and proliferation, decreased apoptosis, and altered adhesion to 

the bone marrow stroma.(571)

Imatinib (Gleevec, or STI-571, Novartis) is a drug for treatment of CML. The chemical 

precursor of Imatinib, a phenylaminopyrimidine derivative, was identified from an in vitro 

screen of compounds that inhibited protein kinase C (PKC) (Figure 21C).(572) The ATP-

competitive inhibitor was lead-optimized using structure–activity relationships to inhibit the 

activity of tyrosine kinases.(572)Attachment of an N-methylpiperazine group to enhance 

solubility and bioavailability yielded STI-571.(572) A crystal structure showed that Imatinib 

binds and stabilizes an inactive form of the ABL kinase.(572, 573) The pyridine and 

pyrimidine rings occupy the region where the adenine ring of ATP normally binds (P-loop), 

while the rest of the compound lies further in the hydrophobic core of the kinase, between 

the activation loop (A-loop) and helix αC of the kinase domain.(573) The compound forms 

six hydrogen bonds with the kinase, including two that involve the N-methylpiperazine 

group (Figure 21D).(572, 573) Imatinib was shown to inhibit autophosphorylation of viral 

ABL (v-ABL), p210BCR-ABL, and p185BCR-ABL (IC50 of 0.1–0.3 μM, 0.25 μM, and 0.25 

μM, respectively) in cell lines.(42, 572) In mice implanted with KU812 human cells 

expressing BCR-ABL, treatment with 160 mg/kg day of Imatinib over 11 consecutive days 

was associated with blockage of p210BCR-ABL and resulted in tumor-free survival.(42, 572)
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Imatinib was evaluated in clinical studies for treatment of CML. Clinical outcomes were 

measured by hematological responses, which results from a normalization of blood counts; 

cytogenetic responses, which results from a reduction in the number of Ph-positive 

chromosomes; and molecular responses, which results from a reduction in BCR-ABL 
transcripts.(574) A phase 2 study was carried out on 260 CML patients, 229 of whom had 

blast crisis, a phase in which malignant cells rapidly proliferate and is usually fatal within 

three to six months of onset.(575)Imatinib treatment of oral daily doses of 400 mg or 600 

mg induced hematologic responses in 52% of patients and major cytogenetic responses in 

16% of patients, with a median overall survival (OS) time of 6.9 months.(575) A separate 

phase 2 study was conducted on 454 patients with late chronic phase CML in which 

previous therapy with interferon alfa (contains several interferon-α subtypes) had failed. 

Daily treatment with 400 mg of Imatinib led to complete hematologic responses for 95% of 

patients and major cytogenetic responses for 60% of patients. A phase 3 study was then 

conducted on 1106 patients with newly diagnosed CML to compare the efficacy of Imatinib 

to combination therapy of interferon alfa and cytarabine.(576) Patients who received 

Imatinib achieved complete hematological responses at a higher overall rate than those who 

received the combination therapy (95.3% vs 55.5%, respectively) and more rapidly (within 1 

month vs 2.5 months, respectively).(576) The rate of complete cytogenetic responses was 

also significantly higher in the Imatinib group than the combination therapy group (85.2% vs 

22.1%, respectively).

Unfortunately, resistance to Imatinib has been observed in patients with advanced-stage 

CML who relapsed after therapy with the drug.(577) The occurrence of point mutations in 

BCR-ABL is the most common cause of acquired resistance(574) and usually occur in the 

Imatinib binding site, the P-loop, the A-loop, and the catalytic domain.(578, 579) The most 

common mutation in the Imatinib binding site is the T315I mutation and confers resistance 

to Imatinib by disrupting the hydrogen bond from threonine to Imatinib, sterically 

interfering with drug binding.(42, 574, 578, 580) T315 is termed the “gatekeeper” residue 

because it controls access of ATP-competitive inhibitors to the active site.(581) Mutations in 

the ATP-binding P-loop, such as G250E, Q252H/R, and E255K, or the activation A-loop, 

such as H396R, may destabilize the inactive kinase conformation required for Imatinib 

binding.(574, 578) Substitution of F359 with valine in the catalytic domain may disrupt van 

der Waals interactions with the piperazine ring of Imatinib.(578) Identification of mutations 

that confer resistance has prompted a search for drugs that can overcome them. Nilotinib 

binds to the inactive form of BCR-ABL with a 20-fold greater potency than Imatinib, and 

many Imatinib-resistant mutations such as L248V, G250E, Q252H, and F317L are sensitive 

to it.(574, 578)Dasatinib binds to the active form of BCR-ABL and is effective against most 

Imatinib-resistant mutations. Nilotonib and Dasatinib, however, are inactive against the 

T315I mutation. Another inhibitor, Ponatinib, was later developed to combat resistance to 

the T315I mutation and is discussed below.(574, 578)

Ponatinib (Iclusig, or AP24534, ARIAD Pharmaceuticals) is a drug approved for treatment 

of CML and Ph-positive ALL (Table 2).(582) The tyrosine kinase inhibitor (TKI) was 

developed with a structure-guided design strategy for targeting the BCR-ABL protein with a 

T315I mutation.(583) X-ray crystallography showed that Ponatinib binds to and stabilizes an 

inactive conformation of BCR-ABL (Asp-Phe-Gly [DFG]-out).(583) The conformation of 

Angelbello et al. Page 42

Chem Rev. Author manuscript; available in PMC 2019 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the DFG motif is controlled by the protonation state.(584) In the active, DFG-in 

conformation, the D381 residue of DFG lies in the polar environment of the ATP-binding 

site and interacts with a catalytic Mg2+ ion that coordinates ATP.(584) Protonation of D381 

causes DFG to flip to the DFG-out conformation and release ADP.(584) Ponatinib forms 

five hydrogen bonds with the protein: the imidazo[1,2b]pyridazine lies in the adenine (ATP) 

pocket; the methylphenyl group occupies the hydrophobic pocket behind the mutated I315 

residue; and the ethynyl linkage interacts with I315 through van der Waal interactions.(583) 

Ponatinib inhibited native ABL and ABL-T315I (IC50 of 0.37 nM and 2.0 nM, respectively), 

in in vitro kinase assays.(583) In a mouse xenograft model of BCR-ABL-T315I, Ponatinib 

inhibited tumor growth in a dose-dependent manner.(583)

The clinical activity of Ponatinib in patients with CML was reported in a phase 1 and a 

phase 2 clinical study. In the phase 1 study, Ponatinib treatment elicited a hematological 

response in for 100% of patients with chronic-phase CML and T315I mutations, a 

cytogenetic response in 92% of patients, and a major molecular response in 67% of patients.

(582) Among chronic CML patients with non-T315I mutations, 93% had a complete 

hematological response, 67% had a major cytogenic response, and 53% had a major 

molecular response.(582) In a phase 2 study, 70% of patients with chronic-phase CML and 

T315I mutations had a major cytogenetic response and 56% had a major molecular response. 

In summary, these studies show that Ponatinib has clinical activity in patients with CML.

These remarkable achievements catalyzed the field of personalized medicine. One of the 

goals of the human genome project is to accelerate the drug development process. The 

timeline from understanding the Ph-chromosome and its role in disease to the discovery of 

Imatinib was 32 years. From there, another 9 years were required to obtain FDA approval.

(110) Advances in whole genome sequencing are key to advancing drugs to the clinic.

4.2 Personalized Cancer Medicines

—The development of high-throughput technologies to examine the cancer genome has 

enabled the identification of specific genes and biomarkers associated with tumor 

development or affect patient response to particular treatments (i.e., molecular profiles).

(585) Oncologists use these molecular profiles to tailor treatments to the unique 

characteristics of cancers in individuals, such as by matching drugs to specific mutations or 

targeting molecular pathways essential for cell growth and proliferation.(585) Traditional 

chemotherapy with nonspecific cytotoxic drugs damages both tumor and normal cells, 

leading to side effects that reduce the quality of life of patients.(585–588) In this section, 

examples of drugs used in personalized cancer therapies is discussed. Many of these 

personalized cancer therapies are accompanied by FDA-approved companion diagnostic 

devices to determine the presence of an overexpressed gene or a mutation in a gene.(589)

The erythroblastosis oncogene B (ErbB also known as human epidermal growth factor 

receptor [HER]) is a family of four receptors (EGFR/HER1/ErbB1, HER2/ErbB2/NEU 

(neuro/glioblastoma derived oncogene), HER3/ErbB3, and HER4/ErbB4) that control 

cellular functions through a network of pathways, including PI3K/AKT, MAPK/ERK, and 

phospholipase C-γ (PLCγ).(590) Upon binding of a growth factor, such as epidermal 

growth factor (EGF), the kinase domains of the receptors dimerize and phosphorylate 
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tyrosine residues, which creates docking sites for proteins that act in downstream signaling.

(590) The PI3K/AKT pathway is involved in regulation of cell survival, while MAPK/ERK 

and PLCγ pathways have important roles in cell proliferation.(590)Mutations or increased 

expression of ErbB proteins are associated with several cancers via signaling through these 

pathways; mutations tend to promote formation of the active state of the kinases.(590)

Targeting EGFR Overexpression or Mutations: Therapeutics targeting EGFR have been 

developed for cancers in which EGFR is overexpressed or mutated. In-frame exon 19 

deletions (typically L747 to E749) and an exon 21 point mutation (T to G point mutation 

that results in L858R) comprise 90% of all EGFR (EGFR)-activating mutations.(591) In the 

inactive state, L858 lies in a hydrophobic pocket in the activation (A-) loop of EGFR(592) 

and its substitution with a positively charged arginine side chain disrupts the hydrophobic 

interaction and locks EGFR into an active state.(593) The exon 19 deletions may also 

destabilize the inactive conformation of EGFR.(590, 593) At the same time, these mutations 

decrease the affinity of EGFR for ATP, rendering them susceptible to inhibition by TKIs.

(590)Resistance to TKIs is most often observed when a gatekeeper mutation in exon 20, 

T790M, occurs concurrently with EGFR-L858R; the T790M mutation occurs in 50–60% of 

patients with drug resistance.(590) The double mutant has increased affinity for ATP, 

making it more difficult for small molecules to compete for binding to ATP-binding pocket. 

The overall result is decreased potency of the drugs.(590) Several inhibitors that target 

specific mutations of EGFR have been developed, which are discussed below.

Cetuximab (Erbitux, or IMC-C225, Bristol-Myers Squibb) is a monoclonal antibody against 

EGFR approved by the U.S. FDA for treatment of EGFR-positive colorectal cancer.(594) 

Expression of EGFR is confirmed prior to treatment using an FDA-approved qualitative 

immunohistochemical (IHC) kit.(595) The antibody was identified by inoculating mice with 

A431 (epidermoid carcinoma) cells, which overexpress EGFR, and screening for antibodies 

that inhibit epidermal growth factor (EGF) binding.(594) The resulting antibodies inhibited 

growth of A431 carcinoma cells in vitro and in vivo.(594) A human/mouse chimeric version 

of one of these antibodies, mAb 225, was later developed.(594) A crystal structure of the 

antigen binding (Fab) fragment of Cetuximab in complex with the soluble extracellular 

region of EGFR showed that Cetuximab binds to domain III, sterically blocking the EGF 

binding site.(594) Binding of Cetuximab to EGFR introduces steric clashes between Fab and 

domain I, preventing receptor dimerization and activation.(594) Inhibition of EGFR by 

Cetuximab results in disruption of many processes regulated by EGFR, including cell cycle 

progression, tumor cell motility and invasion, and tumor angiogenesis.(596)

In EGFR mutation-positive metastatic colorectal cancer patients, Cetuximab in combination 

with Irinotecan, Fluorouracil, and Leucovorin chemotherapy (FOLFIRI) reduced the risk of 

progression by 15% and increased the response rate by 10% relative to FOLFIRI alone, 

primarily in patients with wild-type Kirsten ras oncogene (KRAS).(597) Pooled analysis of 

patient data from two other studies of mCRC treatment demonstrated significant 

improvements in patients with wild-type KRAS when Cetuximab was added to FOLFIRI.

(598) The association of KRAS mutation with disease progression was demonstrated to be 

significant in a study of 59 mCRC patients who received Cetuximab and chemotherapy.
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(599) Thus, Cetuximab was not indicated for treatment of patients who test positive for 

KRAS mutations.(600)

Panitumumab (Vectibix, Amgen, Inc., Thousand Oaks, CA) is another FDA-approved 

monoclonal antibody against EGFR used to treat EGFR-expressing colorectal cancer.(601) 

Panitumumab is a fully human anti-EGFR monoclonal antibody that inhibits 

phosphorylation and activation of EGFR-associated kinases.(601) The binding site of 

Panitumumab partially overlaps with the EGF binding site and prevents EGFR dimerization.

(602) The binding of Panitumumab is very similar to that of cetuximab, and its inhibition of 

EGFR results in similar downstream effects.(602) In phase III clinical trials in patients with 

mCRC, patients treated with Panitumumab combined with Fluorouracil, Leucovorin, and 

Oxaliplatin (FOLFOX4) had a significantly improved progression-free survival compared to 

FOLFOX4 treatment alone.(603) Like Cetuximab, Panitumumab is not effective in patients 

with KRAS mutations.(603) In 2014, a phase III open-label, noninferiority study showed 

that Panitumumab is noninferior to Cetuximab and that the two drugs provide similar overall 

survival benefit to patients with EGFR-expressing colorectal cancer.(604)

There are multiple EGFR-targeting therapeutics in the clinic to treat nonsmall cell lung 

carcinoma (NSCLC) including Gefitinib, Erlotinib, Afatinib, and Osimertinib. These drugs 

target specific EGFR mutations that are detected by FDA-approved companion diagnostics, 

including real-time PCR and high throughput sequencing.(595)

Gefitinib (Iressa, AstraZeneca Pharmaceuticals) is a TKI that was briefly approved in 2003 

for treatment of patients with advanced NSCLC after treatment with chemotherapy. 

Gefitinib is an anilinoquinazoline small molecule that is a potent, reversible inhibitor of 

EGFR (IC50 of 9 nM) (Table 2).(605) Other 4-anilinoquinazolines such as Gefitinib have 

been shown to inhibit EGFR through binding to the site occupied by ATP during phosho-

transfer.(606) Gefitinib forms a single hydrogen bond with Met793 in the “hinge” region of 

EGFR with other hydrophobic interactions in the ATP biding cleft.(607) Binding of 

Gefitinib to EGFR blocks EGF-stimulated phosphorylation and slows EGF-stimulated tumor 

growth.(608) Gefitinib was voluntarily withdrawn from the market after confirmatory trials 

failed to verify clinical benefit and an alternate drug (Erlotinib, discussed below) was 

approved.(609) In 2015, Gefinitib was approved for the first-line treatment of patients with 

metastatic NSCLC with exon 19 deletions or exon 21 L858R mutations as detected by an 

FDA-approved companion diagnostic.(610) Interestingly, Gefinitinb binds 20 times more 

tightly to the L858R mutant than wild-type EGFR.(607) In clinical trials with patients with 

these mutations, 50% of patients treated with Gefitinib saw a decrease in tumor size over an 

average time of six months.(610)

Erlotinib (Tarceva, Astellas Pharma Inc.) is a TKI that was first approved by the FDA in 

2004 for advanced or metastatic NSCLC. The drug is a reversible inhibitor of EGFR 

tyrosine kinase (IC50 of 2 nM) that reduces EGFR autophosphorylation in intact tumor cells 

(IC50 of 20 nM) (Table 2).(611)A crystal structure of erlotinib and EGFR shows key 

hydrogen-bonding interactions between N1 of the quinazoline and Met769 and a solvent-

bridged interaction between the other quinazoline nitrogen and Thr766.(606) The binding 

mode and mechanism of action of Erlotinib is very similar to that of Gefitinib. Erlotinib was 
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initially approved for NSCLC patients who had received at least one prior chemotherapy 

regimen based on an increase in median overall survival in clinical trials (6.7 months in 

patients treated with Erlotinib, compared to 4.7 months in the placebo group).(612)It was 

later approved in 2013 for the first-line treatment of patients with metastatic NSCLC whose 

tumors have EGFR exon 19 deletions or exon 21 (L858R) mutations after patients with these 

mutations saw a significant increase in progression-free survival.(613)

Afatinib (Gilotrif, or BIBW2992, Boehringer Ingelheim) is a second-generation TKI drug, 

indicated for treatment of NSCLC with exon 19 deletions or exon 21 mutation of EGFR.

(590) The drug is an ATP-competitive anilinoquinazoline derivative containing an 

electrophilic acrylamide group that acts as a Michael acceptor (Table 2).(590, 614) Afatinib 

irreversibly binds to receptor tyrosine kinases EGFR, HER2, and ErbB4 to inhibit tyrosine 

autophosphorylation.(590, 614) Specifically, it forms a covalent bond with cysteine residues 

in the kinase domains of EGFR (Cys773), HER2 (Cys805), and ErbB4 (Cys803) via a 

Michael addition.(590, 614) Afatinib inhibits wild-type EGFR (IC50 of 0.5 nM), EGFR-

L858R (0.4 nM), HER2 (14 nM), and ErbB4 (1 nM).(590, 614) Additionally, it inhibits the 

EGFR-L858-T790M double mutant with an IC50 of 10 nM, which may be attributed to its 

irreversible nature of inhibition.(590, 614)

In clinical trials, Afatinib significantly improved progression-free survival (PFS) of patients 

with the L858R mutation and exon 19 deletions (13.6 months) over cisplatin and Pemetrexed 

(6.9 months)(615) and also demonstrated significant improvements in PFS of patients who 

received Afatinib compared to those who received cisplatin and Gemcitabine (11.0 months 

vs 5.6 months).(616)However, Afatinib did not improve OS in patients who had disease 

progression after treatment with Erlotinib or Gefitinib.(617) Afatinib resistance was also 

found among NSCLC patients, and the major mechanism was reported to be a T790M 

mutation.(618)

Osimertinib (Tagrisso, or AZD9291, AstraZeneca) is a third generation TKI drug approved 

by the U.S. FDA to treat EGFR mutant NSCLC. The drug was developed in response to the 

failure of second-generation TKIs to overcome T790M resistance in patients. Osimertinib 

selectively targets the T790M mutation, the exon 19 deletion, and the L858R mutation, 

while sparing wild-type EGFR.(619) The drug is a monoanilino-pyrimidine that covalently 

binds to the conserved Cys797 residue in the ATP-binding site via the acrylamide group 

(Table 2).(619) Consequently, through inhibition of EGFR, several downstream pathways, 

such PI3K/AKT and MAPK/ERK, are affected.(619) In enzymatic assays, Osimertinib 

inhibited EGFR-L858R (IC50 of 12 nM) and L858R/T790M (1 nM) more potently than 

wild-type EGFR (184 nM).(619) In clinical trials, patients with a confirmed T790M 

mutation receiving Osimertinib therapy yielded a significantly higher response rate than 

platinum-Pemetrexed therapy (71% vs 31%, respectively).(620) Patients in the Osimertinib 

group also had significantly longer median progression-free survival (PFS) than the 

platinum-pemetrexed group (10.1 months vs 4.4 months).(620) In summary, these findings 

show that Osimertinib is more effective than platinum-based chemotherapy for treatment of 

patients with T790M-positive NSCLC.(620)
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Targeting HER2: Human epidermal growth factor receptor 2 (HER2/ErbB2) has no known 

ligands and is activated when expressed at high levels by forming homo- or heterodimers 

with another ErbB family member.(621) HER2 overexpression occurs in 20% to 30% of 

breast cancers and results from amplification of the HER2 gene, located at chromosome 

17q12, increasing HER2 mRNA and protein levels.(622) HER2-positive breast cancers, 

which are correlated with poor prognosis,(590, 621, 622) can have 25–50 copies of the 

HER2 gene, a 40–100-fold increase in HER2 protein, and up to two million receptors on a 

tumor cell.(621) FDA-approved methods to measure HER2 expression in patient samples 

include immunohistochemistry and in situ hybridization.(595)

HER2 overexpression causes resistance to apoptosis and hence increased cellular 

proliferation.(621, 622) For example, HER2 and ErbB3 heterodimerization stimulates cell 

proliferation and survival via the MAPK/ERK pathway and antiapoptosis via the PI3K/AKT 

pathway.(621, 622) One hypothesis is that these pathways result in phosphorylation of 

BCL2-associated agonist of cell death protein (BAD), preventing it from neutralizing 

antiapoptotic proteins BCL-2 and BCL-xL.(621) Meanwhile, phosphorylation of Bcl-2-

interacting mediator of cell death (BIM) by ERK silences the apoptotic activity of BIM.

(622) Multiple drugs have been approved for cancers that overexpress HER2.

The first therapeutic developed to target HER2 is Trastuzumab (Herceptin, Genentech Inc.). 

Trastuzumab is a recombinant monoclonal antibody against HER2.(623) Trastuzumab was 

FDA-approved in 2006 to treat HER2-overexpressing breast cancer. The interaction of 

Trastuzumab with HER2 is mediated by two loop regions in HER2 that form electrostatic 

interaction (a loop formed by residues 557–561 and a portion of a loop formed by residues 

593–603) and one loop region that makes hydrophobic contacts (a loop formed by residues 

570–573).(624) By binding to HER2, Trastuzumab interferes with HER2 dimerization, thus 

inhibiting its activation.(625) This results in downstream suppression of PI3K/AKT 

signaling and reduction in cell growth and survival. There is also evidence that 

Trastuzumab’s mechanism of action is through antibody-dependent cellular cytotoxicity.

(626) In clinical trials, patients with HER2-overexpressing breast cancer were treated with 

chemotherapy and Trastuzumab or chemotherapy alone, and Trastuzumab reduced the risk 

of recurrence, secondary primary cancer, or death by 52%.(627)Trastuzumab combined with 

chemotherapy is used as first-line treatment of HER2-positive breast cancer.

Lapatinib (Tykerb, or GW572016, GlaxoSmithKline) is a TKI approved by the U.S. FDA for 

second-line treatment of HER2-positive breast cancer (Table 2).(590) The ATP-competitive 

inhibitor simultaneously inhibits EGFR and HER2.(590) X-ray crystallography showed that 

the drug binds the ATP-binding pocket of EGFR, and its aniline substituent lies deep in the 

back pocket and makes predominantly hydrophobic interactions with the protein.(628) The 

slow dissociation rate of the drug may be attributed to the conformational change in EGFR 

required to facilitate the interactions with the aniline group or alternatively to tight binding 

affinity of the drug to EGFR.(628) The drug would likely bind to HER2 in a similar fashion 

as to EGFR since the proteins have similar catalytic domains (88% identical).(590, 628) In 

in vitro kinase assays, Lapatinib inhibited EGFR and HER2 with IC50’s of 10.2 and 9.8 nM, 

respectively.(628, 629) Lapatinib may also stabilize formation of HER2 dimers, resulting in 

receptor accumulation and subsequent attack by anti-ErbB antibodies.(630) By binding to 
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EGFR and HER2, Lapatinib inhibits the activation of three main downstream signaling 

pathways, MAPK, PI3K-AKT, and PLCγ.(631)

In clinical trials of HER2-positive breast cancer, addition of Lapatinib to Capecitabine 

chemotherapy significantly increased median time to progression (TTP) from 4.4 months to 

8.4 months in patients.(632) Addition of Lapatinib to Letrozole hormone therapy also 

significantly increased median PFS from 3.0 months to 8.2 months over Letrozole alone in 

HER2-positive patients.(633) As expected, HER2-negative patients had no improvement in 

PFS.(633) Addition of Lapatinib to Trastuzumab significantly median-improved PFS over 

Lapatinib alone (11.1 weeks vs 8.1 weeks) in patients with HER2-positive metastatic breast 

cancer whose disease had progressed during prior treatment with Trastuzumab.(634) In 

summary, these studies demonstrate that Lapatinib has clinical activity in HER2-positive 

breast cancer.

Pertuzumab (Perjeta, or mAb 2C4, Genentech) is a humanized monoclonal antibody for 

treatment of HER2-positive breast cancer.(635) The antibody was developed using stably 

transfected NIH 3T3 (mouse fibroblast) cells that express the HER2 gene.(635) 2C4, a 

murine IgG1κ antibody, was found to bind to the extracellular domain of HER2.(635) A 

humanized variant of this antibody was later developed.(635) A crystal structure of 

Pertuzumab in complex with HER2 showed that it binds to domain II, in a region that 

overlaps with the binding site for the dimerization hairpin of a heterodimer partner.(636) 

Therefore, the antibody sterically inhibits heterodimerization of HER2 with EGFR or ErbB3 

and subsequent transphosphorylation of the receptors.(636) This inhibition affects key 

downstream signaling pathways including MAPK and PI3K/AKT.(637) Since Pertuzumab 

binds to the extracellular domain or HER2, it can also affect tumor growth through antibody-

dependent cell-mediated cytotoxicity.(638) In clinical trials of HER2-positive breast cancer, 

addition of Pertuzumab to Trastuzumab and Docetaxel therapy significantly improved 

median PFS from 12.4 to 18.7 months.(639) Altogether, these studies demonstrate that 

Pertuzumab and Trastuzumab have activity against HER2-positive breast cancer.(640)

Personalized Medicines for Treatment of Breast Cancer 1 (BRCA1) and Breast Cancer 
2 (BRCA2) Gene Mutations: Inherited BRCA1 or BRCA2 mutations confer up to 85% 

lifetime risk of developing breast cancer.(641) The BRCA1 and BRCA2 proteins are 

involved in DNA repair of double strand breaks (DSBs) and collapsed replication forks by 

homologous recombination (HR).(641) HR is an conservative DNA repair mechanism that 

restores the original DNA sequence at the site of damage.(641)Carriers of BRCA1/2 

mutations are heterozygous and can carry out HR repair in cells but loss of the remaining 

wild-type allele renders them defective in HR repair.(641) Cells that lose HR use alternative 

mechanisms to repair DSBs, which may increase genetic variation and lead to tumor 

formation.(641) One such mechanism utilizes poly(ADP-ribose) polymerase (PARP), an 

enzyme that repairs single strand breaks (SSBs).(641) Loss of PARP function in cells 

lacking BRCA1/2 results in cell death, a condition termed synthetic lethality.(641) Since 

inhibition of PARP does not affect normal cells, which have functioning HR, PARP 

inhibitors selectively target tumor cells.(641)Therefore, one strategy to treat breast cancers 

with BRCA1/2 mutations is to inhibit PARP and induce synthetic lethality.
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Olaparib (Lynparza, or AZD2281, AstraZeneca) is a small molecule drug for treatment of 

breast and ovarian cancers with BRCA mutations by selectively inhibiting PARP1 and 

PARP2 catalytic activity (Table 2).(641) These BRCA mutations can be detected using the 

FDA-approved companion diagnostic, BRACAnalysis CDx (NGS-based).(595) A crystal 

structure of Olaparib bound to PARP2 showed that the small molecule formed several 

hydrogen bonds in the catalytic domain including Arg444 and a water-mediated hydrogen 

bond with Asp339.(642) Binding of Olaparib to PARP1 and PARP2 prevents the formation 

of PAR polymers and blocks the binding of NAD+ at the site of DNA damage, preventing 

the cell from overcoming DNA-dependent damage.(643) In clinical trials, patients with 

BRCA mutations in several types of cancers who had received prior treatment, Olaparib 

treatment resulted in a tumor response rate of 31% for ovarian cancer and 13% for breast 

cancer, with stable disease rates (defined as neither progression of disease nor response to 

treatment(644)) in 40% and 47% of patients with those cancers, respectively, after 8 weeks.

(645) In a phase 3 clinical trial of patients with HER2-negative metastatic breast cancer and 

a BRCA mutation, Olaparib monotherapy significantly increased median PFS (7.0 months 

vs 4.2 months) and response rate (59.9% vs 28.8%) over standard therapy and decreased risk 

of disease progression or death by 42%.(646) Altogether, these studies demonstrate that 

Olaparib provides benefits for treatment of ovarian and breast cancers with BRCA 
mutations.

Rucaparib (Rubraca, Clovis Oncology Inc.) is a PARP inhibitor designed to treat ovarian 

cancer patients with BRCA gene mutations who have previously received two or more types 

of chemotherapy treatment (Table 2). Rucaparib is a three-ring heterocyclic small molecule 

that greatly improved chemosensitization in preclinical studies.(647) A crystal structure of 

Rucaparib in contrast with PARP1 suggests that the flexible terminal secondary amine may 

facilitate different modes of action depending on the environment.(642) Rucaparib inhibits 

PARP1, PARP2, and PARP3 which leads to inhibition of single- and double-strand break 

repair pathways leading to tumor death.(648) Mice that were treated with a combination of 

chemotherapy and Rucaparib took 33 days for tumor volumes to reach four times the size of 

its initial volume, compared to 16 days for chemotherapy only mice.(647) In clinical trials, 

54% of patients who received Rucaparib experienced complete or partial shrinkage of their 

tumors lasting a median of 9.2 months.(649, 650)

Targeting BRAF Mutations: The MAPK/ERK pathway is an intracellular signaling 

pathway that transmits signals from the cell surface to the nucleus to regulate genes involved 

in cell proliferation, differentiation, motility, survival, and angiogenesis.(651) Activation of 

the cascade follows binding of a ligand to a receptor tyrosine kinase, inducing 

autophosphorylation of the receptor.(651) Adaptor proteins bind to the phosphorylated 

receptors and recruit guanine nucleotide exchange factors, which activate the membrane-

bound GTPase Ras, by converting GDP to GTP.(651) Ras recruits Raf kinases (A-Raf, B-raf, 

or Raf-1) to the plasma membrane and activates them.(651) Raf proteins activate 

MAPK/ERK kinases 1 and 2 (MEK1 and MEK2, respectively) which activate Erk1 and 

Erk2 kinases.(651) Erk1 and Erk2 translocate to the nucleus and phosphorylate substrates, 

including other kinases and transcription factors that regulate gene expression.(651)
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Mutations among Ras and Raf are prevalent in multiple cancers, including pancreatic and 

colon cancers.(651) The most common mutation in the BRAF kinase, V600E, is caused by 

substitution of a GTG codon (valine) with a GAG codon (glutamic acid).(652) The 

replacement of the hydrophobic side chain of V600 with the larger, charged side of E600 

disrupts the hydrophobic interaction between V600 and F467 of the P-loop that stabilizes the 

inactive conformation of the DFG motif, thereby stabilizing the catalytically preferred 

conformation.(653) This results in constitutive activation of BRAF-V600E and MEK/ERK 

signaling in tumor cells, allowing the cell to become self-sufficient in growth signals.(653, 

654) The discovery of mutations in members of the MAPK pathway has led to interest in 

developing anticancer therapeutics that target MAPK signaling.

Vemurafenib (Zelboraf, or PLX4720, Plexxicon/Roche) is a RAF inhibitor approved by the 

U.S. FDA to treat patients with the BRAF-V600E mutation (Table 2).(655) The BRAF-

V600E mutation is found in about half of all melanomas in addition to various other cancers.

(656, 657) Vemurafenib was identified in a fragment-based screen of 20000 small molecules 

and found that 7-azaindoles bound to the ATP-binding site of another kinase, Pim-1, in a 

cocrystal structure.(655) Lead optimization afforded 3-aminophenyl-7-azaindole, 3(3-

methoxybenzyl)-7-azaindole, and finally Vermurafenib, which inhibited BRAF-V600E at 

10-fold lower concentrations than wild-type BRAF.(655) The drug preferentially binds to 

the active conformation of wild type and V600E BRAF, with the “DFG-in” conformation in 

which the phenylalanine side chain of the DFG motif in the activation loop is buried inside 

and away from the ATP-binding pocket.(655, 658) Binding of Vemurafenib to mutant BRAF 

leads to inhibition of phosphorylation and reduced signaling through MEK and ERK, 

leading to decreased cell proliferation.(659) In preclinical studies, Vemurafenib inhibited 

ERK activity and induced cell cycle arrest and apoptosis in a V600E melanoma cell lines.

(655) In clinical trials, Vemurafenib produced improvements in OS and PFS over 

Dacarbazine in patients with metastatic melanoma with the V600E mutation.(657) Addition 

of Cobimetinib, a MEK1 inhibitor, to Vemurafenib therapy significantly improved PFS over 

Vemurafenib alone in melanoma patients but with some increase in toxicity.(660, 661)

Dabrafenib (Tafinlar capsules, GlaxoSmithKline, LLC) is a small molecule BRAF inhibitor 

used to treat BRAF V600E mutated metastatic melanoma (Table 2). Upon approval of 

Dabrafenib, the FDA also approved the THxID BRAF assay (bioMerieux, Inc.) to detect 

BRAF mutations.(595)Dabrafenib is a sulfonamide-containing small molecule that inhibits 

BRAF V600E with an IC50 of 0.8 nM and growth of a BRAF V600E SKMEL28 melanoma 

cell line with an IC50 of 3 nM.(662)Dabrafenib’s pyrimidin-2-amine group forms hydrogen 

bounds in the ATP binding site of BRAF and its sulfonamide group extends to the subpocket 

near the C-α helix of BRAF.(663) By binding to mutant BRAF, Dabrafenib inhibits MEK 

and ERK, leading to cell cycle arrest and apotosis.(664)In clinical trials, patients treated 

with Dabrafenib saw a 52% increase in objective response rates compared to a 17% increase 

in patients treated with Dacarbazine.(665)

Trametinib (Mekinist tablet, GlaxoSmithKline, LLC) is a small molecule inhibitor of MEK1 

and MEK2 approved for the treatment of metastatic melanoma with the BRAF V600E 

mutation (Table 2). As stated above, the MEK/ERK signaling pathway is activated by 

mutated BRAF, thus inhibition of MEK is another strategy to treat BRAF mutated cancers. 
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Trametinib is a hetertocyclic small molecule that inhibited MEK-dependent ERK1/2 

phosphorylation on Ser217 in BRAF V600E SKMEL28 melanoma cell line with an IC50 of 

0.8 nM.(666) Trametinib inhibition of MEK results in cell cycle arrest. In clinical trials, 

patients treated with Trametinib saw a statistically significant prolongation of progression-

free survival compared to traditional chemotherapy (4.8 and 1.5 months, respectively).(667) 

Objective response rates were 22% for patients treated with Trametinib and only 8% for 

patients treated with chemotherapy.(667) In 2014, the FDA approved Trametinib and 

Dabrafenib for use in combination to treat patients with the BRAF V600E mutation. 

Combination of the two therapies resulted in a 76% objective response rate over 10.5 months 

compared to single-agent treatment where the response rate was 54% over 5.6 months. 

Interestingly, this combination therapy has also recently been approved for BRAF V600E 

mutation-positive metastatic NSCLC.

Targeting ALK and ROS1 Fusion Proteins: Anaplastic lymphoma kinase (ALK) and c-

ros oncogene 1 (ROS1) are receptor tyrosine kinases encoded by the ALK and ROS1 genes, 

respectively.(668) ALK is located on chromosome 2p23 and commonly forms a fusion gene 

with echinoderm microtubule-associated protein-like 4 (EML4) through a small inversion 

within chromosome 2p that joins intron 13 of EML4 to intron 19 of ALK.(668, 669) The 

result is a fusion protein containing the intracellular catalytic domain of ALK and the basic 

domain of EML4; as the basic domain of EML4 replaces the extracellular and 

transmembrane domains of ALK, the fusion protein is relocalized to the cytoplasm.(669) 

The basic domain from EML4 promotes dimerization, resulting in constitutive ALK kinase 

activity and activation of downstream pathways that control cell proliferation and survival.

(668, 669) ROS1 is located on chromosome 6q22 and forms fusion genes with a variety of 

5′ fusion partners, although the oncogenic role of the fusion partner is uncertain.(668) The 

resulting fusion protein retains the ROS1 kinase domain, and its activation leads to signaling 

through the PI3K/AKT, JAK/STAT, and MAPK/ERK pathways.(668) Interestingly, ROS1 

and ALK have high homology in the kinase domain (49%) and ATP-binding site (77%).

(670) Inhibition of these kinases suppresses these signaling pathways, leading to growth 

arrest and apoptosis.(671) For these reasons, these fusion proteins have been targeted in 

anticancer therapies.(670) ALK and ROS1 translocate and are identified with a break-apart 

FISH assay, where two differently colored probes that hybridize to sequences on either side 

of the translocation breakpoint are split in the presence of a chromosomal rearrangement, 

resulting in separation of the two colors.(671)

Crizotinib (Xalkori, or PF-02341066, Pfizer) is a drug for treatment of NSCLC(672, 673) 

with ALKand ROS1 fusions (Table 2).(595) The drug was synthesized as an inhibitor of 

mesenchymal-epithelial transition factor (MET), another kinase that is upregulated in 

NSCLC.(672, 673) In cell assays of more than 120 kinases, Crizotinib demonstrated potent 

inhibition of c-MET and ALK.(672) In a crystal structure of Crizotinib and ALK, a leucine 

residue stabilizes 2-aminopyrimidine and 3-benzyoloxy groups of Crizotinib via 

hydrophobic interactions and anchors the compound in an L-shape.(673) Crizotinib was 

found to inhibit ALK and ROS1 with high potency and selectivity (IC50 of 4.5 and 1.7 nM, 

respectively).(674) Inhibition of ALK and MET by Crizotinib results in upregulation of 

proapoptotic proteins and induction of apoptosis.(675)
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In clinical trials comparing first-line Crizotinib with chemotherapy in patients with ALK-

positive NSCLC, Crizotinib significantly increased median progression-free survival PFS 

from 7.0 months to 10.9 months and response rate from 45% to 74%.(676) Among patients 

with advanced ALK-positive NSCLC, Crizotinib also significantly increased median PFS 

(from 3.0 to 7.7 months) and response rate (from 20% to 65%) relative to chemotherapy.

(677) Crizotinib therapy for patients with ROS1-positive advanced NSCLC resulted in an 

overall response rate of 72% and 80% in phase 1 studies of 50 and 32 patients, respectively.

(678, 679) In summary, these studies show that Crizotinib is highly active for treatment of 

NSCLC with ALK or ROS1 rearrangements.

Targeting the Programmed Death-1 Receptor (PD-1): The anticancer immune response is 

initiated when antigens released from cancer cells are captured by dendritic cells.(680) 

Dendritic cells prime and activate T cells with the antigens, which traffic to the tumor and 

infiltrate the tumor bed where they bind and kill the cancer cells.(680)Dying cancer cells 

release additional antigens, propagating the immune response.(680) The programmed 

death-1 (PD-1) pathway suppresses anticancer immune responses, leading to progression of 

tumors.(680–682) Programmed death-ligand 1 (PD-L1) is a ligand mainly expressed on the 

surface of various solid tumor cells.(681) Its receptor, PD-1, is a checkpoint molecule that is 

expressed on T cells.(681) PD-L1 expression is caused by a constitutive or induced 

mechanism.(681) Constitutive expression may result from amplification of chromosome 9, 

which encodes PD-L1, or an increase in PD-L1 mRNA transcripts stabilized by disruption of 

the 3′ UTR, which is involved in post-transcriptional regulation of mRNA decay rate.(682, 

683) In the induced mechanism, tumor-infiltrating T cells secrete interferon-γ (IFNγ), 

which upregulates expression of PD-L1 on tumor cells.(681, 682) Binding of PD-L1 to PD-1 

induces apoptosis of T cells and causes adaptive immune resistance.(681, 682) Since normal 

tissues rarely express PD-L1, therapies that block the PD1 pathway may benefit cancer 

patients.(681)

Pembrolizumab (Keytruda, or MK-3475, Merck) is an immunotherapy drug for treatment of 

solid tumors, such as melanoma, overexpressing PD-L1.(684, 685) PD-L1 expression can be 

determined using PD-L1 IHC 22c3 pharmDx, an FDA-approved immunohistochemical 

assay.(595)The drug contains a variable region against human PD-1 in a human IgG4 

antibody; the antibody contains an S228P mutation in the fragment crystallization (Fc) 

region to prevent antigen binding fragment (Fab) arm exchange, which can reduce 

therapeutic efficacy.(686, 687) The drug binds to PD-1 (EC50 of 0.1 to 0.3 nM), preventing it 

from interacting with PD-L1 which results in the restoration of a T cell antitumor immune 

response.(684, 685) A crystal structure of Permbrolizumab in complex with PD-1 revealed 

that the Pembrolizumab epitope overlaps with binding regions for PD-L1 with key 

hydrogen-bonding interactions with Gln75-Lys78 and Pro84-Gly90 of PD-1.(688)

The efficacy of Pembrolizumab for cancer treatment was evaluated in clinical trials. Results 

of the first in-human study showed that Pembrolizumab had antitumor activity against 

multiple solid tumors.(689) A phase 2 study showed that patients with mismatch repair 

deficient cancers were more responsive to anti-PD1 therapy with Pembrolizumab than 

mismatch repair proficient cancers.(690) A separate phase 2 study was later carried out to 

evaluate Pembrolizumab therapy in 86 patients with MMR deficient cancers across 12 
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different tumor types.(691) Objective responses were reported in 53% of patients, and 

complete responses were achieved in 21% of patients.(692) The response of MMR-deficient 

cancers to Pembrolizumab may be attributed to the production of large amounts of cancer 

neoantigens by mutations that result from MMR, which can be recognized by the immune 

system upon immune checkpoint blockade.(690, 691) In a phase 3 study of patients with 

advanced melanoma, 80.5% of whom had PD-L1-positive tissue samples, Pembrolizumab 

significantly improved PFS and response rate over Ipilimumab antibody, with lower risk of 

adverse events.(693) Pembrolizumab therapy resulted in significantly prolonged median PFS 

(10.3 vs 6.0 months) and OS at six months (80.2% vs 72.4%) compared to chemotherapy in 

two phase 3 studies of patients with advanced PD-L1 positive NSCLC.(694, 695)In 

summary, these studies demonstrate that Pembrolizumab therapy is effective against 

multiple PD-L1 positive solid tumors.

The implementation of a personalized therapy strategy has improved treatment outcomes 

and reduced nonspecific cytotoxicity associated with chemotherapy.(585–588) 

Repositioning of noncancer drugs may be an effective strategy for developing future 

anticancer drugs since most noncancer drugs have few or tolerable side effects in humans.

(586, 696) Meanwhile, the increasing power of “omics” technologies has yielded new 

information about mutations, targets, and tumor vulnerabilities for the development of 

current and next generation of molecular cancer therapeutics.(588)

4.3 Ivacaftor and Cystic Fibrosis

Another disease that has recently seen approval of a therapeutic for a specific genetic 

mutation is cystic fibrosis (CF). Cystic fibrosis affects nearly 70000 people worldwide, 

primarily in Caucasian populations.(697) Most cystic fibrosis patients start to have 

symptoms by 2 years of age. The underlying cause of cystic fibrosis is deficient or 

dysfunctional CF transmembrane conductance regulator (CFTR) protein due to genetic 

mutations in the CFTR gene, resulting in loss of epithelial chloride transport.(36, 698) The 

CFTR protein, an ATP-gated ion channel, contains 1480 amino acids and regulates transport 

of chloride ions across epithelial cell membranes to regulate salt, water, and pH balance in 

multiple tissues and organs, such as the lungs, gastrointestinal tract, pancreas, and sweat 

glands.(36, 697, 698) Correspondingly, loss of CFTR function leads to accumulation of 

thick, sticky mucus in the lungs and intestines, impaired pancreatic function, and high levels 

of sweat chloride.(698, 699) Collectively, this results in breathing problems, frequent 

respiratory infections, malnutrition, slow weight gain, and eventually chronic lung disease. 

Death is primarily caused by respiratory complications. Available therapies generally treat 

downstream disease processes associated with CF rather than correct for the loss of CFTR 

function.(700) The discovery of the CFTR gene, however, has led to efforts to identify 

therapies that target underlying causes of CF.(697, 701)

Almost 2000 mutations have been associated with CF and can be classified according to the 

mechanism by which they cause disease.(36, 698, 699, 702, 703) The most common 

mutation is a deletion of phenylalanine residue 508 (F508del) and accounts for 

approximately 70% of defective CF alleles.(36, 698, 699, 702, 703) Mutant F508del blocks 

post-translational processing of CFTR in the endoplasmic reticulum (ER) into its mature 
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form, causing aberrant folding and premature degradation.(36, 698, 699, 703–706) About 5 

to 10% of CFTR mutations are caused by nonsense mutations.(36, 703) Among these is 

G542X, the second most common mutation, which causes a reduction in mRNA levels and 

absence of the CFTR protein.(36, 699, 703)Approximately 4–5% of patients have the 

G551D mutation, which is the third most common CFTR mutation worldwide and the most 

common gating mutation.(697, 698, 707) The CFTR protein with the G551D mutation is 

fully processed and found at normal levels in the plasma membrane but has little to no 

chloride transport activity due to abnormal channel function.(36, 698, 699, 703, 707, 708)

The CFTR protein has two transmembrane domains (TMDs) that form the channel pore, two 

nucleotide binding domains (NBD1 and NBD2), and a regulatory domain with 

phosphorylation sites (Figure 22A).(698, 709) The F508del mutation is caused by deletion 

of three nucleotides (CTT), which consists of the last nucleotide (C) of isoleucine 507 

(Ile507ATC) and first two nucleotides (TT) of phenylalanine 508 (Phe508TTT), from the 

CFTR gene.(36, 699, 710) This results in the loss of Phe508 and a synonymous substitution 

for Ile507 (Ile507ATT).(710) The consequent misfolding of NBD1 results in degradation of 

most of the protein in the ER and aberrant channel gating for the small amount that is 

delivered to the plasma membrane.(698, 699, 703–706, 711) Bartoszewski et al. proposed 

that the F508del mutation generates folded CFTRmRNA structures with larger hairpin loops 

near the mutation site than wild-type CFTR mRNA.(710)This elongates pause cycles during 

translation and contributes to misfolding of F508del-CFTR.(710) Weakening of the NBD1-

NBD2 dimerization interface accounts for the F508del-CFTR gating defect.(698, 703, 711, 

712) The destabilization of NBD1 and misfolding of F508del CFTR was supported by (i) a 6 

to 7 °C drop in melting temperature of purified NBD1 from F508del CFTR; and (ii) reversal 

of functional defects by increasing NBD1 stability via suppressor mutations.(713, 714)

In CFTR, channel opening requires phosphorylation of the regulatory domain by cAMP-

activated protein kinase A (PKA) and binding of ATP by the NBDs.(698, 699, 708, 709) 

Upon dimerization of the NBDs, two ATP binding pockets (ABP1 and ABP2) form, with 

ATP molecules sandwiched at the interface, leading to ABP2-catalyzed opening of the 

channel.(707–709, 715) Hydrolysis of ATP and bound at ABP2 destabilizes the dimer and 

closes the channel.(707–709, 715) Each NBD contains a signature sequence, specifically in 

ABP2 of NBD1 and ABP1 of NBD2.(707) The G551D mutation, located in ABP2 of 

NBD1, consists of a single nucleotide polymorphism at codon 551, where a GGT codon 

(glycine) is converted to a GAT codon (aspartic acid).(707, 708, 716) A longer amino acid 

side chain results, which may reduce the affinity between the two NBDs during 

dimerization.(717, 718) This mutation abolishes the function of ABP2, resulting in a 100-

fold lower open probability than that of wild-type CFTR, with residual activity of the mutant 

CFTR possibly resulting from ATP-independent channel openings.(707, 708) A high-affinity 

ATP analog, P-ATP, was shown to increase open time of G551D-CFTR upon binding to 

ABP1.(708) Since the G551D mutation may not affect the function of ABP1, ABP1 may 

serve as a therapeutic target for CFTR potentiators.(708)

Ivacaftor (VX-770, or Kalydeco, Vertex Pharmaceuticals) is a drug for treatment of patients 

aged 6 years old and older with a G551D-CFTR mutation in at least one allele.(697, 719) As 

stated above, the G551D-CFTR is fully processed but is not able to transport chloride ions. 
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Ivacaftor increases chloride ion flow by affecting a gating defect in the G551D mutant 

protein. Recent studies to investigate Ivacaftor’s mechanism of action suggest that it binds to 

CFTR’s transmembrane domain and stabilizes the open conformation of the channel gate.

(720, 721) The CFTR potentiator is the first drug to be approved to target an underlying 

cause of CF (Figure 22, panels B and C). Ivacaftor was identified from a high-throughput 

screen of 228000 chemically diverse compounds using a cell-based fluorescence membrane 

potential assay.(700, 722)Optimization of compounds for potency, selectivity, and chemical 

tractability led to the identification of VX-770.(700)

Loss of CFTR function and CF lung disease in the lungs may be explained by dehydration of 

the airway surface.(723) Normal airway surfaces balance Na+ absorption out of with Cl− 

secretion into the surface liquid.(700, 723) Epithelial cells on CF airway surfaces fail to 

secrete Cl−, while not regulating Na+ absorption.(700, 723) Since water moves in response 

to net transport of NaCl, CF airway surfaces become dehydrated, leading to accumulation of 

mucus.(700, 723) Ivacaftor increased cilia beating frequency and apical fluid height in in 

vitro experiments in cultures of human bronchial epithelial cells by reducing excessive Na+ 

and fluid absorption.(700) Ivacaftor increased chloride secretion only after stimulation of the 

PKA signaling pathway, suggesting that it acted directly on CFTR and increased its open 

probability (PO) while working in the background of normal cAMP/PKA signaling 

pathways.(700) Additional studies have shown that Ivacaftor opens the channel gate of 

defective CFTR in an ATP-independent manner but requires phosphorylation of the protein 

(Figure 22, panels B and C).(721, 724)

The efficacy and safety of Ivacaftor on patients with at least one G551D allele was evaluated 

in two placebo-controlled phase 3 clinical trials. The primary efficacy end point in both 

studies was the absolute change in percent of forced expiratory volume in 1 s (FEV1), a 

measurement of airway obstruction, from baseline through week 24.(697, 719, 724, 725) 

Enrolled patients were aged 12 years or older (n = 161, mean age of 25.5 years, and FEV1 of 

63.6%) in the first study and 6 to 11 years (n = 52, mean age of 8.9 years, and FEV1 of 

84.2%) in the second study.(697, 719, 724) In both studies, patients were randomly assigned 

in a 1:1 ratio to receive a 150 mg dose of Ivacaftor or a placebo orally every 12 h, over 48 

weeks.(697, 719, 724) Patients receiving Ivacaftor demonstrated a 10.6% and a 12.5% 

increase in FEV1 in the first and second study, respectively, over those receiving a placebo.

(697, 719, 724) Patients in the Ivacaftor group gained 2.7 kg more than in the placebo group 

in the first study and 3.7 kg more than the placebo group in the second study at week 24. 

Scores for quality of life on the CF Questionnaire-Revised (CFQ-R) were higher for the 

Ivacaftor group than the placebo group at weeks 24 and 48 in both studies, indicating 

improvements in respiratory symptoms.(697, 719, 724) Sweat chloride concentrations 

dropped below the diagnostic threshold for CF (60 mmol/L) by day 15 in the Ivacaftor group 

in both studies, and the mean drop from baseline was maintained at 50 to 60 mmol/L 

through week 48, indicating improved CFTR function.(697, 719, 724) Altogether, Ivacaftor 

produced statistically significant improvements in pulmonary function, weight, and CFTR 

function in patients aged 6 years and older carrying a G551D mutation in these studies.(697, 

719, 724)
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Ivacaftor was also evaluated separately in a phase 3 clinical study carried out on 39 CF 

patients aged 6 years or older with non-G551D gating mutations. These mutations include 

G178R, S549N, S549R, G551S, G970R, G1244E, S1251N, S1255P, and G1349D, which 

jointly account for 1% of CF mutations.(726) Throughout 8 weeks of treatment, Ivacaftor 

was associated with a treatment effect of 7.5% in FEV1, in addition to statistically 

significant improvements from baseline in sweat chloride, body mass index (BMI), and 

CFQ-R, similar to benefits observed in patients with a G551D mutation.(697, 719, 724, 726) 

Serious adverse events were not increased by Ivacaftor, compared to placebo.(697, 719, 726) 

In summary, these studies demonstrate that Ivacaftor improved CFTR function in patients 

with the G551D and other CFTR gating mutations.(697, 719)

Lumacaftor/Ivacaftor (VX-809/VX-770, or Orkambi, Vertex Pharmaceuticals) is a 

combination drug used to treat CF patients homozygous for the F508del CFTR mutation. 

The drug consists of Lumacaftor, a CFTR-folding chaperone, and Ivacaftor, a CFTR 

potentiator.(697, 727) Lumacaftor corrects defective F508del post-translational processing 

and increases the epithelial delivery of CFTR protein, while Ivacaftor potentiates surface-

localized F508del-CFTR.(728, 729) Lumacaftor was identified from a screen of 164000 

compounds using a cell-based assay to identify those that increased F508del-CFTR-

mediated chloride transport.(706) A search for compounds on the basis of potency, efficacy, 

and other druglike properties led to the identification of VX-809.(706)

In studies completed in human embryonic kidney (HEK)-293 cells expressing F508del-

CFTR, Lumacaftor suppressed folding defects, increased F508del-CFTR exit from the ER, 

and caused a fraction of F508del-CFTR in the ER to fold into a protease-resistant 

conformation.(706) In human bronchial epithelial (HBE) cells expressing F508del-CFTR, 

Lumacaftor increased chloride transport, which was further enhanced after addition of 

Ivacaftor.(706) These results suggest that Lumacaftor increased the conformational stability 

and improved the folding of F508del-CFTR.(706) Experimental and modeling data suggest 

that Lumacaftor binds at the interface of NBD1 and intracellular loop (ICL4) of 

transmembrane domain 2 (TMD2) to fill the space left empty by the F508 deletion.(712)

The safety, pharmacodynamics, and efficacy of Lumacaftor/Ivacaftor were evaluated in two 

phase 3 clinical trials on patients who were homozygous for the F508del mutation.(728, 

729) Enrolled patients were aged 12 years or older (n = 1108, FEV1 = 61%) and 6 to 11 

years (n = 58, FEV1 = 91.4%) in the second study.(728, 729) In the first study, patients were 

randomly assigned in a 1:1:1 ratio to one of three groups and either received oral doses of 

600 mg of Lumacaftor once daily with 250 mg of Ivacaftor every 12 h, 400 mg of 

Lumacaftor with 250 mg of Ivacaftor every 12 h, or Lumacaftor-matched placebo with 

Ivacaftor-matched placebo every 12 h over 24 weeks.(728) In the second study, all enrolled 

patients received 200 mg of Lumacaftor with 250 mg of Ivacaftor every 12 h over 24 weeks.

(729)

In the first study, the difference between Lumacaftor/Ivacaftor and placebo with respect to 

the mean absolute change in percent predicted FEV1 was statistically significant and ranged 

from 2.6 to 4.0% in all study groups.(728) No significant effect on percent predicted FEV1 

was observed in the second study, although that may be explained by a smaller sample size 
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and milder lung disease in the study group.(729) Significant increases in BMI were observed 

over 24 weeks in both studies, specifically by 0.24 to 0.28 kg/m2 in the first study and to 

0.64 kg/m2 in the second study.(728, 729) Treatment differences for CFQ-R between both 

Lumacaftor dose groups and placebo were nominally significant in the first study, but CFQ-

R improved significantly in the second study.(728, 729) Lumacaftor/Ivacaftor had a smaller 

effect on sweat chloride concentrations in the first study than that observed in patients with 

the G551D mutation who were treated with Ivacaftor alone, but a substantial decrease was 

observed in the second study.(728, 729) Overall, the safety profile of Lumacaftor/Ivacaftor 

was consistent with those in patients treated with placebo.(728, 729) In summary, these 

studies show that the combination therapy Lumacaftor/Ivacaftor improved CFTR protein 

function in patients with the F508del mutation.(728, 729)

5 Rational Repurposing of Drugs

The process of drug discovery and development has traditionally consisted of identifying 

new molecular entities, which continues to be risk-laden, time-consuming, and costly.(586, 

696) A single compound identified from a screen of compound libraries has an 8% chance 

of passing through clinical trials and requires an average of 12–15 years for product launch.

(696) The average cost to develop a new drug now exceeds $2.5 billion.(730) Drug 

repositioning consists of the application of existing drugs to treat diseases other than its 

clinical indication.(586)Repositioned drug candidates can enter clinical trials at phase 2 

since they have been approved or shown to be safe, and reduce the research and discovery 

(R&D) process by 3–5 years.(696)Genome sequencing in disease can further accelerate this 

process by identifying genetic similarities between two different diseases. For example, a 

drug may be approved to treat one disease based on a genetic abnormality; this genetic 

abnormality may be present in other diseases as well, and thus, the drug can be repurposed 

to treat the other disease. In this section, examples of drugs that have been repurposed for 

indications other than the disease that they were approved to treat are discussed.

Repurposing Drugs Targeting Tyrosine Kinases

Protein tyrosine kinases (PTKs) are a large family of enzymes involved in cellular signaling 

pathways.(731) Many drugs that target these kinases are approved for the treatment of 

cancer. PTKs catalyze the transfer of the γ phosphate of ATP to tyrosine residues in 

substrate proteins and regulate a variety of cellular processes(731) and are subdivided into 

families of receptor tyrosine kinases (RTKs) and nonreceptor tyrosine kinases (NRTKs).

(731) Whereas the RTKs are transmembrane proteins, the NRTKs are cytoplasmic proteins 

and include the JAK family.(731)

The JAK/STAT signaling pathway transduces extracellular signals to the nucleus to control 

expression of genes involved in cellular proliferation, immunity, differentiation, and 

apoptosis.(732, 733) The JAK/STAT pathway is also implicated in the pathogenesis of 

cancers and autoimmune and inflammatory diseases.(732, 733) JAKs are activated 

downstream by extracellular cytokines, which are small secreted proteins that immune cells 

use to communicate and modulate immune responses.(732) Upon binding of a cytokine to 

its JAK-associated receptor, the receptors dimerize and the two JAKs phosphorylate 
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themselves and the receptors, creating docking sites for signal transducer and activator of 

transcription (STAT) proteins, a family of transcription factors.(732)STATs are then 

activated by phosphorylation, oligomerize, and translocate to the nucleus, where they bind to 

DNA and regulate gene expression.(732)

The JAK family has four members, all of which have four structural domains consisting of 

seven homologous regions.(732) The JH1 domain is the catalytic kinase domain and target 

of JAK inhibitors, while JH2 regulates JH1 function.(732, 733) The STAT family has seven 

members in humans, within which the SH2 domain binds to phosphorylated tyrosine 

residues and is the target of most STAT inhibitors.(732, 733) Different JAKs and STATs act 

on different cytokine receptors, without any relationship between which JAK family 

members activate which STAT family members.(732, 733)

Tofacitinib (Xeljanz, Pfizer) is a JAK inhibitor originally approved by the U.S. FDA to treat 

rheumatoid arthritis (RA) and repurposed to treat psoriasis and ulcerative colitis.(734, 735) 

RA is a chronic autoimmune disease characterized by infiltration of inflammatory cells into 

the synovial membrane, the connective tissue that lines synovial joints.(735) JAK-3 is highly 

expressed in synovial tissue and cells of the immune system,(736, 737) and thus modulation 

of JAK-3 is a potential therapeutic for RA. Cytokine signaling via JAK pathways leads to 

further recruitment of inflammatory cells, resulting in joint damage.(735) Tofacitinib was 

identified in a high-throughput screen, followed by cellular assays, as an ATP competitive 

inhibitor primarily against JAK1 and JAK3, although it inhibits all JAKs.(734, 735, 738) It 

suppresses production of IL-6 and IL-8, which contribute to joint damage, by inhibiting 

production of IL-17 and IFNγ, possibly through the IL-2-mediated JAK-STAT signaling 

pathway.(735, 739) In a mouse model, Tofacitinib interfered with the generation of 

pathogenic T helper (Th) cells, both Th1 and Th17 cells, which is regulated by the JAK-

STAT pathway.(739, 740) In a phase 3 clinical trial on RA patients, Tofacitinib significantly 

reduced signs and symptoms of RA and progression of joint damage(741) and was later 

investigated for use in treating several other diseases as discussed below.

Psoriasis is a chronic inflammatory skin disease that affects about 25 million people in North 

America and Europe.(742) Psoriasis is triggered by an activated immune system and 

characterized by infiltration of the skin with several types of immune cells, leading to 

hyperproliferation and aberrant differentiation of keratinocytes.(742) The dysregulated 

keratinocytes produce antimicrobial peptides, chemokines, and cytokines, which in turn 

recruit additional immune cells that feed back into the pathogenic cycle.(743) This causes 

thick, silvery plaques with inflammatory infiltrate containing intermixed T cells and 

dendritic cells.(742)Inflammation can also occur in the nail unit, resulting in nail psoriasis.

(744) JAK3 is primarily expressed in hematopoietic cells, especially T cells.(732, 745) In 

psoriasis, JAK3 expression is enhanced(746) and thus treatment with a JAK inhibitor is an 

attractive therapeutic option.(747)Tofacitinib inhibits JAK-dependent cytokines such as IL-7 

and IL-15, which promote survival of resident T cells and dendritic cells, leading to a 

reduction in their numbers in psoriatic lesions.(743) Tofacitinib inhibits differentiation of 

Th17 cells by inhibiting expression of IL-23 receptors, resulting in a reduction in IL-17 

expression.(740, 743) Tofacitinib reduces expression of IL-19, IL-20, and IL-24, which are 

produced by IL-17- and IL-22-stimulated keratinocytes and signal in a JAK-dependent 
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manner to recruit additional inflammatory cells to lesion sites.(743) At the same time, a 

reduction in IFNγ expression, which contributes to activation and proliferation of 

keratinocytes, may result from inhibition of JAK signaling required for Th1 cell 

differentation.(743)

In clinical trials of patients with moderate to severe plaque psoriasis, significantly more 

patients who received 5 or 10 mg of Tofacitinib twice daily achieved at least a 75% 

reduction in Psoriasis Area and Severity Index score (PASI75) and a Physician’s Global 

Assessment (PGA) score of 0 (“clear”) or 1 (“almost clear”) by the end of the study periods 

than those who received placebo.(748, 749) In the third study, significantly more patients 

who received Tofacitinib (5 mg or 10 mg twice daily) achieved at least a 50%, 75%, or 

100% (complete) reduction from baseline in the Nail Psoriasis Severity Index (NAPSI) score 

than placebo.(744) In summary, these studies demonstrated efficacy and safety of Tofacitinib 

for treatment of moderate to severe plaque or nail psoriasis.(748, 749)

Ulcerative colitis (UC) is a chronic inflammatory disease of the colon.(750) It is 

characterized by mucosal inflammation, rectal bleeding, and diarrhea.(750) Although the 

underlying mechanism of UC is uncertain, one hypothesis is that genetic, environmental, 

and immunological factors cause overly aggressive T cell immune responses to bacteria of 

the intestines.(751) The JAK-STAT pathway has been implicated in the pathogenesis of UC.

(752) Th17 cells, which were reported to be involved in the pathogenesis of UC, 

differentiate in response to STAT3 activation by cytokines such as IL-6, IL-21, and IL-23.

(752) Inflammation in UC patients is mediated by Th2 cells, which release cytokines such as 

IL-4, IL-5, and IL-13.(752)

In clinical trials of patients receiving induction therapy with Tofacitinib, 18.5% of patients 

reached remission at 8 weeks versus 8.2% in the placebo group.(738) In a longer study, 

34.3% patients receiving 5 mg of Tofacitinib and 40.6% of patients receiving 10 mg of 

Tofacitinib reached remission at 52 weeks versus 11.1% in the placebo group. In all studies, 

significantly more patients in the Tofacitinib groups experienced mucosal healing than in the 

placebo group. In summary, Tofacitinib was more effective than placebo in treating patients 

with moderate to severe UC.

Ruxolitinib (Jakafi, Incyte) is a JAK inhibitor approved by the U.S. FDA for treating primary 

myelofibrosis (PMF) and polycythemia vera (PV) which has been repurposed to treat 

alopecia areata (AA).(753) The compound was identified for inhibition of JAK targets from 

in vitro JAK kinase and cellular assays.(754) PMF and PV are myeloproliferative neoplasms 

(MPNs) that result from gain-of-function JAK2 mutations.(753) The JAK2 V617F mutation, 

present in more than 95% of PV and 50% of PMF patients, is caused by substitution of a 

GTC codon (valine) with a TTC codon (phenylalanine) at position 617.(755) The result is 

constitutive kinase activity and hyperproliferation of hematopoietic cells, leading to 

overproduction of red blood cells, leukocytes, and platelets.(755, 756) Symptoms of both 

diseases may include weakness, fatigue, an enlarged spleen, and anemia.(757, 758) 

Ruxolitinib selectively targets JAK1 and JAK2 and spares JAK3, which is critical for 

lymphopoiesis.(753) In preclinical studies on mice inoculated with JAK2-V617F expressing 
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cells, Ruxolitinib reduced circulating levels of inflammatory cytokines such as IL-6 and 

tumor necrosis factor α (TNF-α), which contribute to symptoms seen in MF patients.(753)

Alopecia areata (AA) is an inflammatory disease caused by T cell attack on hair follicles.

(759, 760)The disease typically presents with patchy hair loss, most commonly on the scalp.

(760) Although hair regrowth is generally observed in patients who receive steroid 

treatments, the disease may progress to complete loss of scalp or body hair.(760) AA is 

characterized by the presence of infiltrating inflammatory cells around the hair follicle bulb.

(759, 760) Cytotoxic (CD8+) T cells are the dominant cell type within the infiltrate and 

necessary to the pathogenesis of AA.(759) Within AA hair follicles, receptors for IL-2 and 

IL-15 were shown to be upregulated.(759) IL-2 and IL-15 are associated with cytotoxic 

activity of IFN-γ-producing CD8+ cells.(759) IFN-γ and IFN-γcreceptors signal through the 

JAK-STAT pathway, in particular JAK1/2 and JAK1/3, respectively.(759) These signaling 

pathways involved in AA can be modified through JAK inhibitors. In preclinical studies on 

AA mice, topical Ruxolitinib therapy reversed the disease and resulted in complete hair 

regrowth.(759, 761)

In clinical trials of AA patients, 20 mg of oral Ruxolitinib twice daily caused complete hair 

regrowth within 3–5 months.(759, 761) In a separate trial, nine of the 12 patients receiving 

Ruxolitinib reached the primary end point of at least 50% hair regrowth and reported a 

significant decrease in the mean baseline severity of alopecia tool (SALT) score, a 

quantitative measurement of scalp hair loss.(762) Regrowth was observed in the group as 

soon as 4 weeks after start of treatment. In summary, these studies show that Ruxolitinib 

therapy is effective for treating AA patients through inhibition of JAK-STAT signaling.

Repurposing BRAF Inhibitors

As discussed in section 4.2, personalized cancer medicines, Vemurafenib is a RAF inhibitor 

used to treat melanoma patients with the BRAF-V600E mutation. Vemurafenib has been 

repurposed to treat other cancers with this RAF mutation. The BRAF-V600E mutation is 

relatively rare in MM but associated with an increased incidence of extramedullary disease 

in patients compared to wild-type BRAF.(656) In one clinical study, a MM patient with the 

V600E mutation achieved remission after receiving Vemurafenib therapy.(763) In two other 

cases of treatment of refractory myeloma with the BRAF V600E mutation, short durations 

of response was observed in two patients and a durable response in the third.(656, 764, 765) 

In a patient with refractory MM and extramedullary manifestations, combined Vemurafenib 

and Cobimetinib therapy resulted in a complete response. In summary, Vemurafenib has 

clinical activity against MM with the BRAF V600E mutation.

Repurposing VEGF-Targeting Therapeutics

The VEGF family consists of six glycoproteins.(284) VEGF-A, or VEGF, is alternatively 

spliced into four isoforms of 121, 165, 189, and 206 amino acids, among which VEGF165 is 

the predominant form and commonly overexpressed in solid tumors.(284) Bevacizumab 

(Avastin, Genentech) is a monoclonal antibody approved by the U.S. FDA for treatment of 

metastatic colorectal cancer which has been repurposed for the treatment of wet AMD.(766) 

The drug is an angiogenesis inhibitor that binds all isoforms of VEGF-A, preventing it from 
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binding to its receptors.(284, 766, 767) VEGF is expressed in over 50% of colorectal 

cancers.(768) In a phase 3 clinical trial of patients with metastatic colon cancer, therapy with 

Bevacizumab in addition to Irinotecan, fluorouracil, and Leuocovorin (IFL) significantly 

improved OS and PFS over IFL and placebo.(769)

Bevacizumab is commonly prescribed off-label for treatment of wet AMD.(770) In wet 

AMD, VEGF contributes to the development of intraocular neovascularization, leading to 

blindness if untreated.(771) In the first prospective study of treatment of wet AMD with 

Bevacizumab, patients who received three monthly injections of the drug experienced 

improvements in visual acuity and decreased central retinal thickness.(772) A noninferiority 

clinical trial was carried out to compare the efficacy of Bevacizumab and Ranibizumab 

(Lucentis, Genentech), an antibody approved by the U.S. FDA to treat wet AMD that 

neutralizes all active forms of VEGF-A.(773) After one year, 1.25 mg Bevacizumab and 

0.50 mg Ranibizumab administered monthly produced equivalent gains in visual acuity and 

decreased central retinal thickness.(774) However, Ranibizumab alone eliminated fluid more 

often, and there was a higher proportion of serious adverse events occurred in the 

Bevacizumab group than the Ranibizumab group.(774) Altogether, these studies 

demonstrate that Bevacizumab, an anticanter VEGF therapy, can be used to treat wet AMD 

and has similar effects on visual function compared to Ranibizumab, but at a lower cost per 

dose.(770, 773)

Repurposing Thioredoxin Reductase Inhibitors

In all organisms, thioredoxin reductase (TrxR) catalyzes the reduction of thioredoxin by 

transferring electrons from nicotinamide adenine dinucleotide phosphate (NADPH).(775) 

Through its oxidoreductase activities, thioredoxins reduce disulfides of transcription factors, 

such as NF-κB and activator protein 1 (AP-1), to either activate or inactivate them.(775) 

Thioredoxins protect cells from oxidative stress by controlling intracellular levels of reactive 

oxygen species (ROS) directly or indirectly, such as by donating electrons to thioredoxin 

peroxidases or peroxiredoxins, which catalyze the reduction of H2O2.(775) Thioredoxin-

(SH)2 forms a complex with apoptosis signaling kinase 1 (ASK1), which activates apoptosis 

when thioredoxin becomes oxidized.(775) In synovial fibroblasts, thioredoxin facilitates 

IL-17- and TNF-α-induced activation of NF-κB, which controls transcription of IL-6 and 

IL-8.(739, 776) Thioredoxin levels were demonstrated to be significantly increased in RA 

patients over healthy patients.(777) Clinical studies have demonstrated that Auranofin 

significantly reduced disease activity of RA compared to placebo.(778)

Auranofin (Ridaura) is a drug approved by the U.S. FDA for treating RA which has been 

repurposing for treating cancer.(779) It consists of a gold(I)-thiol complex stabilized by a 

triethylphosphine group.(779) The compound was identified from a series of gold complexes 

as having good bioavailability and antiarthritic activity in rats.(779) These properties were 

attributed to the nature of the phosphine ligand attached to the gold atom.(779) The main 

mechanism of Auranofin is release of gold(I) that binds to the thiol groups of redox enzymes 

such as thioredoxin reductase (TrxR), inhibiting electron transfer to the substrate thioredoxin 

(Trx).(780)
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Auranofin inhibition of mitochondrial TrxR leads to a membrane permeability transition and 

release of cytochrome c into the cytoplasm and apoptotic cell death.(781, 782) Cancer cells 

overexpress redox enzymes such as TrxR, which protect the cells from DNA damage by 

reducing ROS.(783)Thus, inhibition of TrxR by Auranofin can lead to increased production 

of ROS that trigger apoptosis.(781) Preclinical studies on cell lines of several cancers 

demonstrated the activity of Auranofin. Auranofin induced early apoptosis in gastrointestinal 

stromal tumor cells.(781) In CML cells, Auranofin inhibited proteasome-associated 

deubiquintinases in imatinib-resistant, activating caspase and apoptosis.(784) Auranofin 

inhibited TrxR activity, increased ROS levels, and induced apoptosis in primary CLL cells, 

and significantly improved survival of an in vivo mouse model of CLL.(785) In addition to 

inhibiting NF-κB, Auranofin inhibited IL-6-induced activation of the JAK-STAT pathway in 

human multiple myeloma cells, reducing levels of the antiapoptotic protein MCL-1 and 

leading to apoptosis.(782) Altogether, these studies demonstrate the potential of Auranofin 

as a therapeutic against a variety of cancers.

Repurposing Thalidomide

Thalidomide is a drug approved by the U.S. FDA for treatment of MM and leprosy. 

Thalidomide and its derivatives, lenalidomide and pomalidomide, are known as 

immunomodulatory drugs (IMiDs).(786) It was initially prescribed as a sedative and 

antiemetic for morning sickness in pregnant women.(787) The drug is a synthetic glutamic 

acid analogue and consists of a racemic mixture of S(−) and R(+) enantiomers that 

interconvert under physiological conditions.(787) The R(+) form acts as a sedative while the 

S(−) form is a teratogen.(787) The mechanism of thalidomide’s teratogenic effects has not 

been established. Current theories, however, are that it damages embryos by inhibiting the 

ubiquitin ligase cereblon (CRBN), inhibits angiogenesis, and generates ROS that induce 

apoptosis in cells.(787) Thalidomide also inhibits the inflammatory response by inhibiting 

production of TNF-α.(787) This, in addition to its antiangiogenic and immunomodulatory 

properties, has led to interest in developing the drug as an anticancer therapeutic.(788)

Multiple myeloma (MM) is a blood cancer that develops in plasma cells.(789) Genetic and 

microenvironment changes cause malignant cells to infiltrate the bone marrow, causing 

lesions in the bone.(789–791) These cells release abnormal monoclonal paraproteins into the 

bloodstream that can cause kidney damage.(789, 792, 793) At the same time, a reduction in 

the number of normal blood cell results in anemia, a decrease in antibody production, and 

predisposition to infections.(792) In MM, IL-6 causes proliferation of MM cells and inhibits 

apoptosis.(794)Angiogenic cytokines VEGF, FGF-2, and IGF-2 recruit hematopoietic stem 

cells into the tumor microenvironment, where they differentiate into MM endothelial cells 

and participate in formation of new blood vessel walls.(793) NF-κB plays roles in the 

growth and survival of MM cells, in addition to regulating expression of many other 

proteins.(793) Proflammatory cytokine TNF-α regulates production of VEGF, activates 

secretion of IL-6, and upregulates adhesion molecules on MM cells and bone marrow 

stromal cells.(793) Thus, Thalidomide could be repurposed to inhibit TNF-α and affect 

VEGF and IL-6 levels. Thalidomide downregulates NF-κB, inducing caspase-8-mediated 

apoptosis, and inhibits expression of TNF-α, thereby reducing MM cell adhesion and drug 

resistance.(788, 793) Thalidomide also induces T cell proliferation by enhancing production 
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of IL-2 while stimulating proliferation of natural killer cells that target MM cells.(795) 

Binding of Thalidomide to CRBN promotes the ubiquitination of transcription factors 

IKZF1 and IKZF3, resulting in their degradation and decreased viability of MM cells.(796)

Single-agent Thalidomide was used to treat relapsed MM patients in a phase 2 clinical trial.

(797) A response rate of 32% occurred in patients, in 78% of whom reductions in serum or 

urine paraprotein levels occurred within two months.(797) In a separate phase 2 study, a 

response rate (defined as a drop in urine or serum paraprotein by 50% or higher) of 66% was 

reported in patients, with a progression-free survival rate of 80% at one year and 63% at two 

years.(798) In a trial in combination with dexamethasone, the response rate for thalidomide 

plus dexamethasone was significantly higher than for dexamethasone alone (63% and 41%, 

respectively).(799)Altogether, these studies showed that thalidomide has activity in MM.

Leprosy is a chronic infectious disease of the skin and peripheral nerves caused by 

Mycobacterium leprae.(800) It commonly presents with skin lesions, numbness, weakness, 

and eye pain.(800) The disease may be cured with a multidrug therapy.(800) One major 

complication of leprosy is erythema nodosum leprosum (ENL), which is an inflammatory 

reaction that may be caused by the release of M. leprae antigens from macrophages.(800, 

801) The released antigens may then induce production of TNF-α, which can result in tissue 

and nerve damage.(802)Thalidomide inhibition of TNF-α could reduce this nerve damage in 

leprosy. In a clinical study on 14 patients with ENL, doses of 300 mg/day thalidomide 

resulted in a 50% to 80% decrease in monocyte TNF-α secretion.(803) A separate study 

showed that thalidomide reduced levels of activated NF-κB and TNF-α in monocytes 

obtained from 13 leprosy patients.(803) Altogether, these studies demonstrate that 

thalidomide can control inflammation in leprosy.

In this section, an overview of target-based drug repositioning was discussed. All of these 

drugs have undergone clinical trials or are approved for their new indications. The evolution 

of personalized medicine has transitioned patients to consumers and led to a demand for 

cheaper, safer, and more effective medicines.(696) Drug repositioning efforts may be applied 

to rare or neglected diseases where no therapeutic efficacy had previously existed, while 

providing better medicines that treat a broad spectrum of diseases.(696) Because of these 

important successes, many screening campaigns also seek to repurpose known drugs.(804)

6 Pharmacogenetics

The ability to sequence genomes has also greatly evolved the fields of pharmacogenomics 

and pharmacogenetics. The terms pharmacogenetics and pharmacogenomics are generally 

used interchangeably; however, pharmacogenetics generally focuses on single drug–gene 

interactions, while pharmacogenomics has more recently emerged as the study of the effect 

of a drug on a whole genome. Pharmacogenomics focuses on the identification of genes and 

gene variants that can alter the pharmacokinetics or pharmacodynamics of a drug. For 

example, genetic variants can alter the absorption of a drug, toxicity, or ability to achieve the 

desired pharmacological affect.
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The earliest example of pharmacogenetics was in 1956 when it was discovered that a 

deficiency in glucose-6-phosphate dehydrogenase (G6PD) predisposes patients to hemolysis 

when taking several medications.(805) Transformative studies in the fields of 

pharmacogenetics involved studies of antipyrine (a pain reliever) metabolism in identical 

and fraternal twins.(806) Vesell and Page showed that the metabolism of antipyrine is 

consistent in identical twins but not as consistent in fraternal twins, implying that responses 

to drugs could be inherited.(806) Other early studies included observations that different 

racial groups had a different metabolism profile and different side effects to the tuberculosis 

drug Isoniazid.(807) Later studies showed that this was due to genetic variation in NAT2 
gene which encodes N-acetyltransferase 2 enzyme.(808)

In addition to the tuberculosis drug mentioned above, codeine is another example of a drug 

whose metabolic profile is affected by gene variants. In particular, patients with three or 

more copies of cytochrome P450 gene CYP2D6 rapidly metabolize codeine to toxic levels of 

morphine causing severe adverse events.(809, 810) Other genetic variants in CYP2D6 can 

lead to reduced enzyme function or deletion, leading to poor metabolism of the drug and 

decreased analgesic effect.(811)Since these findings, the U.S. FDA has revised the codeine 

label to warn individuals who may have these severe adverse events or who will not benefit 

from therapy.(812) These discoveries as well as other early work revealed classic 

pharmacogenetic traits, such as NAT2, TPMT, and CYP2D6, that are involved in 

metabolism of drugs and identified inherited genetic polymorphisms that alter drug 

effectiveness. Genetic polymorphisms and their effects on drug metabolism have been 

reviewed elsewhere.(813–815) Below we discuss the use of pharmacogenetics in prescribing 

the anticoagulant Warfarin, the anti-HIV drug Abacavir, and Carbamazepine, an 

anticonvulsant.

Warfarin, an Anticoagulant

One of the most well-studied cases of pharmacogenomics is the anticoagulant drug 

Warfarin. Warfarin is used for prevention and treatment of venous thromboembolism and 

acts by inhibiting vitamin K epoxide reductase, decreasing the amount of vitamin K 

available for the synthesis of coagulation factors. Warfarin is highly effective, but incorrect 

dosing can lead to many severe adverse effects such as bleeding or thrombosis.(816) 

Cytochrome P450 family 2 subfamily C Member 9 (CYP2C9) is a common drug 

metabolizing enzyme and is the primary metabolizer of Warfarin. Individuals who are 

homozygous for CYP2C9 have a “normal” metabolism phenotype. Patients with one or 

more specific single-nucleotide polymorphisms in CYP2C9 have a greater risk of 

bleeding(817) and require a lower dose to achieve appropriate levels of anticoagulation.

(818)

Genetic variants in the gene that encodes vitamin K epoxide reductase, VKORC1, also 

accounts for variations in Warfarin dosing.(818, 819) One of the common VKORC1 genetic 

variants (G3673A, commonly referred to as −1639G > A) is associated with warfarin 

sensitivity.(820) This VKORC1 polymorphism located in the promoter region alters a 

transcription factor binding site and leads to lower protein expression.(820) Patients with the 
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1639A variant have lower expression of VKORC1 and require a lower dose of warfarin 

compared to 1639G carriers.(821)

Since the discovery of pharmacogenetic factors that contribute to warfarin dosing, the FDA 

has updated the warfarin label to include recommendations for initial dosing ranges for 

patients with different combinations of CYP2C9 and VKORC1 genotypes. The Clinical 

Pharmacogenetics Implementation Consortium (CPIC) also has recommended dosing based 

on genotype.(822)

Abacavir, an Anti-HIV Drug

More recent studies have revealed other genetic abnormalities that can cause adverse side 

effects to drugs such as Abacavir for HIV infection. Abacavir is a reverse transcriptase 

inhibitor used in a number of treatment combinations to treat HIV infection. After its 

approval, many patients experienced hypersensitivity syndrome from Abacavir therapy,(823) 

and this hypersensitivity was later linked to the presence of a gene variant in the human 

leukocyte antigen complex, HLA-B*5701.(824, 825) A prospective clinical trial called 

PREDICT-1 was organized to determine selectivity and specificity for the gene variant–drug 

interaction.(824) The study found very high predictive values where 78% of patients with 

abacavir hypersensitivity had HLA-B*5701, and only 2% of the abacavir tolerant patients 

had this gene.(824) The results were initially reported in July 2007, and within a month, the 

number of physician-requested tests for HLA-B*5701 doubled.(824)The use of HLA-

B*5701 screening has allowed physicians to accurately predict which patients will 

experience adverse effects to the drug. The ability to predict these effects has made Abacavir 

one of the preferred antiretroviral therapies.

Carbamazepine, an Anticonvulsant

Identification of other HLA gene variants has reduced the side effects of Carbamazepine. 

Carbamazepine is an anticonvulsant used to treat a variety of seizure disorders but can cause 

severe adverse reactions including hypersensitivity syndrome, Stevens-Johnson syndrome 

(SJS), and toxic epidermal necrolysis (TEN), two types of severe skin reactions resulting in 

sheetlike skin and mucosal loss.(826) Patients with HLA-B*1502 variant are at a higher risk 

for SJS/TEN,(827)while patients with HLA-A*31:01 allele are at a higher risk of developing 

hypersensitivity.(828)Pharmacogenetic testing of these variants has been especially helpful 

for Asian populations where the frequency of the HLA-B*1502 variant is high (ranging 

from 1 to 10%).(829, 830)

Summary and Outlook for Pharmacogenetics

Thus, far, pharmacogenetics has been successful in identifying genetic factors contributing 

to side effects and effectiveness of drugs. As more and more information about genome 

sequence becomes available, the potential for pharmacogenetic understanding increases. 

Targeted therapies in cancer could become more specific if pharmacogenetics could be used 

to predict the effectiveness of a cancer drug.

One of the major challenges that remains in the field of pharmacogenetics is translating the 

science in to the clinic.(831) Currently, CPIC creates standardized guidelines on how to use 
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genomic data to inform prescribing, although only a few gene-drug pairs are clinically 

actionable. These clinically actionable genes have at least one high-risk gene variant for 

which clinical action is recommended. Although many drug labels contain genetic 

information, only 16 human genes are considered to be clinically actionable based on 

pharmacogenomics.(832) As more sequencing data become available, the challenge will be 

to discover new drug–gene interactions with actionable clinical outcomes. With the few 

successes thus far and new sequencing technology, the field of pharmacogenetics has a 

promising future in helping to identify more precise and personalized medicines.

7 Conclusion and Outlook

It is clear that human genome sequencing has had an immense impact on disease biology 

and designing personalized therapeutics. Nevertheless, genome sequencing has not yet 

reached its full potential, and the field of designing drugs based on genome sequence is only 

in its infancy. With improved methods of sequencing, it will become easier and less 

expensive to sequence genomes of many patients. As more genetic information becomes 

available, it will also become easier to correlate this genetic information with a clinical 

outcome. Collecting a large data set of genome sequences will help to elucidate genetic 

abnormalities in diseases that currently have no known genetic causes. Identification of these 

underlying genetic variants will help develop therapeutics designed to target these specific 

genes as evidenced by the examples discussed herein.

The expansion of the field of personalized medicine has allowed new therapeutic modalities 

with new targets to enter the clinic. Advances in oligonucleotide therapies offer promise of 

regulating gene expression in disease by a variety of mechanisms. Alternatively, small 

molecules that target specific RNA sequences and secondary structures in disease is an 

emerging field that will continue to develop as more genetic information is made available. 

Multiple personalized cancer medicines have been developed, beginning with the discovery 

of the Philadelphia chromosome and the development of Imatinib. Sequencing cancer 

genomes has already led to the development of more precise and effective medicines and 

offers the promise of many more. The field of pharmacogenetics will greatly expand with 

more sequencing data and allow clinicians to determine the effectiveness and side-effects of 

therapeutics once sequencing data correlate with clinical outcomes. Lastly, rational 

repurposing of known drugs could potentially allow for faster drug approval and decrease 

the cost of drug development. Advances in genome sequencing have already transformed the 

study of diseases and the drug development process. In the years to come, the accumulation 

of more genome sequencing data and sequencing technology will revolutionize the treatment 

and understanding of complex diseases.
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Figure 1. 
Cost of sequencing has decreased dramatically in the past 15 years, and it now only costs ~

$1,000 to sequence a genome. Data were obtained from the Genome Sequencing Program of 

the National Human Genome Research Institute (NHGRI).
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Figure 2. 
Oligonucleotide modifications and delivery strategies. (A) Common oligonucleotide 

modifications. (B) Lipid nanoparticle delivery systems. (C) GalNAc conjugated 

oligonucleotides for targeted delivery to the liver.
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Figure 3. 
Mechanisms of action of antisense oligonucleotides (ASOs). (A) ASOs can affect gene 

expression by recruitment of RNase H, resulting in cleavage and degradation of the RNA 

target (B) ASOs with backbone or sugar modifications that prevent recruitment of RNase H 

can regulate expression by steric blocking of the ribosome and hence translational 

repression. (C) ASOs that target splice sites in pre-mRNAs can alter pre-mRNA alternative 

splicing.
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Figure 4. 
ASO therapy for SMA. (A) In a healthy individual, the SMN1 gene produces a functional 

SMN1 protein. The SMN2 gene has a C to T mutation in exon 7, which results in exon 7 

exclusion and a less stable SMN protein. (B) In SMA, mutations in the SMN1 gene result in 

loss of SMN protein leading to disease. Nusinersen targets a region of intron 7 in the SMN2 
pre-mRNA to include exon 7 in the mature mRNA, resulting in production of a stable SMN 

protein.
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Figure 5. 
Gene regulation by small noncoding RNAs. (A) The RNAi pathway. In RNAi, dsRNAs are 

cleaved in the cytoplasm by the Dicer-TRBP complex. The short fragments are then 

incorporated into the RISC complex, which cleaves complemenatry mRNAs. The RNAi 

pathway has been exploited therapeutically, by introducing exogenous shRNAs, typically 

produced from a DNA vector. These shRNAs are processed to double-stranded RNAs by 

Dicer before incorporation into the RISC complex. Likewise, siRNAs (double-stranded 

RNAs) can be exogenously introduced and incorporated into the RISC complex without 

processing. (B) Endogenous miRNAs are processed by Drosha (nucleus) and Dicer 

(cytoplasm) to produce a double-stranded RNA, where one strand is loaded into RISC to 

induce target mRNA cleavage or translational repression.
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Figure 6. 
Mechanism of action of Miravirsen. Miravirsen, an LNA-antagomiR, sequesters mature 

miR-122 in a highly stable heteroduplex and represses HCV viral RNA replication. In 

Miravirsen, the uppercase letters indicate LNA modifications and the lowercase letters 

indicate DNA nucleotides.
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Figure 7. 
Flowchart of the SELEX process. The process begins with a random library of DNA or RNA 

sequences that is mixed with a ligand of interest. The bound sequences are separated from 

unbound sequences, eluted, and amplified to generate a new pool of sequences for another 

selection cycle
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Figure 8. 
Secondary structures of aptamers. (A) Pegaptanib, (B) REG1 (left) and REG1 with 

oligonucleotide antidote (right), (C) ARC1779, (D) N0X-A12, and (E) NOX-E36. iT 

denotes deoxythymidine.
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Figure 9. 
Secondary structures of ribozymes. (A) The hammerhead ribozyme/substrate model and (B) 

the hairpin ribozyme/substrate model. Red arrows denote the cleavage site.
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Figure 10. 
Design of polyamides to target DNA sequence. (A) Structures of the naturally occurring 

polyamides netropsin and distamcyin and (B) Watson—Crick hydrogen-bonding patterns in 

the DNA minor groove. The black circles represent lone electron pairs, and circles 

containing an H represent the 2-amino group of guanine. R represents the sugar backbone of 

DNA; (C) binding model between ImHpPyPy-γ-mHpPyPy-β-Dp and a 5′-TGTACA-3′/3′-

TGTACA-5′ sequence. Hydrogen bonds are shown as dashed lines.
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Figure 11. 
Chemical structures of the DNA minor groove binding pyrrolobenzodiazepines (PBDs). (A) 

Structures of PBDs. Anthramycin tomaymycin, and sibiromycin were discovered in the 

1960’s and function as chemotherapeutics by forming covalent bonds with DNA (exocylic 

amine of guanosine), (B) The PBD dimer SJG-136 conjugated to antibodies has shown 

promise in clinical trials.
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Figure 12. 
Chemical structures of the DNA minor groove binding pyrrolobenzodiazepines (PBDs). (A) 

The structures of pentamidine and stibamidine, diamidines used clinically since the late 

1930’s and early 1940’s to treat a wide variety of diseases. (B) Boykin and Wilson 

discovered that diamidines bind AT-rich regions in DNA. SAR and structural studies 

revealed important features of molecular recognition and allowed for the rational design of 

diamidines that selectively bind GC base pairs. DB75 has shown promise as an anti- 

trypanosomiasis agent. (C) Dimers, such as RT533 and DB2232, target mixed DNA 

sequences.
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Figure 13. 
DNA G-quadruplex binding ligands. (A) Structure of DNA G-quadruplex. (B) Different 

DNA strand directions, antiparallel, mixed-type, and parallel, result in different G-

quadruplex structures. (C) Structure of BSU1051 which targets human telomeric G-

quadruplex. (D) Structure of TMPyP4 which targets the promoter region of c-Myc. (E) 

Structure of PDS which targets telomeric G-quadruplex and proto-oncogene tyrosine-protein 

kinase Src. (F) Structure of quarfloxin which targets the rDNA G-quadruplex and inhibits 

Pol I transcription.
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Figure 14. 
RNA is a single-stranded biomolecule, the structure of which can be predicted accurately 

from sequence. RNA adopts conformations that include Watson—Crick base pairs, internal 

loops, bulges, multibranch loops, and hairpin loops.
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Figure 15. 
Inforna facilitates the design of lead small molecules targeting a disease-causing RNA, 

Small molecules are identified by comparison of the secondary structural motifs in an RNA 

target to an annotated database of RNA motif-small molecule interactions.
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Figure 16. 
Lead optimization of a lead compound that targets the Drosha site of miR-96 to afford 

Targaprimir-96, a dimeric small molecule that targets the Drosha site and an adjacent 1 × 1 

GG internal loop.
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Figure 17. 
Repeating RNA transcripts contribute to disease by multiple mechanisms. Repeating 

transcripts often fold into hairpins that display internal loops. The loops sequester RNA-

binding proteins, causing disease via an RNA gain-of-function mechanism. Repeating 

transcripts can also undergo repeat-associated non-ATG (RAN) translation, generating toxic 

proteins.
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Figure 18. 
Small molecules that bind to RNA repeats can be appended with azide and alkyne functional 

groups which, when bound to the RNA repeat, are in close enough proximity to react and 

form potent oligomers in disease-aflfected cells.
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Figure 19. 
Chemical reactivity and binding isolated by pull-down (ChemReactBIP) is a method to 

confirm the reaction “clickable” small molecules and to identify the RNA that served as a 

catalyst for the reaction. ChemReactBIP uses a small molecule appended with a biotin tag to 

terminate the click reaction and to allow purification of both reaction products and bound 

RNAs with streptavidin beads.
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Figure 20. 
Methods to validate the cellular targets of small molecules. (A) Chemical cross-linking and 

isolation by pulldown (Chem-CLIP) involves a small molecule appended with a biotin tag 

and nucleic acid cross-linking agent. The cellular RNA targets are captured with biotin and 

analyzed using qRT-PCR. (B) Chem-CLIP-Map has been used to confirm the binding site of 

a small molecule within an RNA by digesting fragments of the RNA with antisense 

oligonucleotides and RNase H and analyzing the bound fragments using qRT-PCR (C) A 

cleavage approach can also be used for target validation where a small molecule is attached 

to bleomycin a5, a natural product that can cleave nucleic acids. RNA target are analyzed by 

target depletion by qRT-PCR.
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Figure 21. 
Philadelphia chromosome and Imatinib. (A) The Philadelphia chromosome results from a 

translocation between chromosome 9 and chromosome 22, resuling in a BCR-ABL fusion 

gene. (B) BCR-ABL encodes a hyperactive tyrosine kinase, causing cells to uncontrollably 

divide in CML. Imatinib binds to the ATP-binding site and inhibits cell signaling and the 

progression of CML. (C) Chemical structure of Imatinib. (D) Hydrogen-bonding interactions 

between c-ABL and Imatinib.
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Figure 22. 
Cystic fibrosis and therapeutics. (A) Structure of the CFTR membrane. (B) Ivacafor acts on 

a channel gate of defective CFTR (C) Chemical structures of Ivacaftor and Lumacaftor.
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Table 2

Chemical Structures and Targets of Personalized Cancer Therapeutics Discussed Herein

Therapeutic Structure Target Disease References

Imatinib BCR-ABL Chronic myeloid leukemia 572–580

Ponatinib BCR-ABL Chronic myeloid leukemia 582–584

Cetuximab Antibody EGFR EGFR-positive colorectal cancer 594–600

Panitumumab Antibody EGFR EGFR-positive colorectal cancer 601–604

Gefitinib EGFR Non-small-cell lung cancer 605–610

Erlotinib EGFR Non-small-cell lung cancer 606, 611–613

Afatinib EGFR Non-small-cell lung cancer 590, 614–618
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Therapeutic Structure Target Disease References

Osimertinib T790M mutated EGFR Non-small-cell lung cancer 619–620

Trastuzumab Antibody HER2 HER2-positive breast cancer 623–627

Lapatinib EGFR/HER2 HER2-positive breast cancer 590, 628–631

Pertuzumab Antibody HER2 HER2-positive breast cancer 635–640

Olaparib PARP BRCA mutated cancers 641–645

Rucaparib PARP BRCA mutated Ovarian cancer 642, 647–650

Vemurafenib BRAF-V600E BRAF-V600E mutated melanoma 655–661
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Therapeutic Structure Target Disease References

Dabrafenib BRAF-V600E BRAF-V600E mutated melanoma 662–665

Trametinib MEK1/2 BRAF-V600E mutated melanoma 666–667

Crizotinib ALK Non-small-cell lung cancer 595, 672–679

Pembrolizumab Antibody PD-L1 Mismatch repair deficient cancers 684–695
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	—In the 1980’s, the Cech and Altman laboratories independently discovered that RNAs can serve as a catalyst, and these RNAs were dubbed ribozymes.(258–260) Since then, seven naturally occurring classes of ribozymes have been identified, all of which catalyze cleavage or ligation of the RNA backbone.(258) Cleavage reactions generally occur by acid–base or two-metal ion catalyzed transesterification, where a 2′ oxygen nucleophile attacks the phosphate of the 3′ nucleotide, forming a 2′-3′-cyclic phosphate and a 5′ hydroxyl group as cleavage products.(258)Ribozymes are potentially advantageous as drugs because of their catalytic activity, in that each ribozyme molecule may cleave multiple target RNAs at single-nucleotide precision.(261)Two ribozymes used in therapeutic applications are the hammerhead and hairpin ribozymes, both of which are 50–100 nucleotide RNAs that undergo self-splicing by acid–base catalysis.(258, 262)The hammerhead ribozyme consists of three variable helices and three single-stranded regions containing highly conserved nucleotides (Figure 9A).(258, 262) Cleavage occurs on the 3′ side of a 5′ NUH triplet, where N is any nucleotide and H is any nucleotide except for G, although the most effective triplet is 5′ GUC.(258, 262) The hairpin, or paperclip, ribozyme consists of four variable helices and two internal loops with highly conserved nucleotides (Figure 9B).(258, 262, 263) Cleavage reactions occur at the * site of a 5′RYN*GUC sequence, where R is A or G, and Y is C or U.(258, 262) These ribozymes may be converted from cis-acting (on the same RNA molecule) to trans-acting (on a different RNA molecule) by splitting the catalytic core from the substrate sequence.(263) For hammerhead ribozymes, the 5′ NUH triplet should be retained and ribozyme sequences complementary to those flanking the cleavage site should be designed for the target of interest.(264) For hairpin ribozymes, the junction between the two domains may be reduced to a hinge.(265) Ribozyme therapeutics have most commonly consisted of hammerhead or hairpin domains, which have been developed extensively for trans-cleavage and whose structures are well-understood.(263, 266)Ribozymes may be rationally designed or subjected to an in vitro selection process(266, 267) (see description of SELEX in section 2.4, Aptamer Therapeutics) to generate new or improved functions.(268, 269) When designing ribozymes, careful consideration must be given to potential ribozyme misfolding, which may cause loss of catalytic activity,(269) the accessibility of the target site (RNA–protein interactions or extensive secondary or tertiary structures),(263, 269, 270) and the stability of the ribozyme-RNA complex. Weaker binding of the ribozyme to the target site could make the ribozyme more sensitive to the effects of mismatches, resulting in better sequence specificity, whereas a ribozyme-target complex that is too stable could eliminate catalytic activity.(271, 272) To overcome potentially reduced activity due to highly structured target sites, computational or experimental methods are often employed. Free-energy minimization algorithms are used to find single-stranded regions of mRNA, but these programs cannot predict tertiary structures or long-range interactions.(263, 269, 270) Experimentally, readily accessible sites can be identified by hybridizing complementary oligodeoxynucleotides to potential ribozyme cleavage sites within an RNA target and then incubating with RNase H.(273) The percentage of the substrate cleaved at each position can then be quantified to identify the most accessible sites and to inform ribozyme design.(273) Zinnen et al. reported an example of this process to identify a potentially therapeutic ribozyme containing a hammerhead domain.(274)While in vitro cleavage of target RNA may be used to screen ribozymes for activity in different regions, the kinetics observed in these studies may not be predictive of ribozyme activity in vivo.(270) Furthermore, in vivo parameters are typically not known and cannot be predicted due to too many unknown variables.(275) Therefore, empirical testing is required once a ribozyme and target pair have been determined to have catalytic activity in vitro.(275)The major challenges with ribozyme therapeutics are delivery and production of the intended therapeutic effects.(261) Ribozymes may be delivered to cells by exogenous delivery in RNA form or via endogenous expression in a viral or plasmid vector.(261) Although exogenous delivery is relatively easy and rapid, endogenous expression allows the ribozyme to be continuously expressed, thereby knocking down its target RNA over a longer period of time.(261) Antiretroviral ribozymes could thus target several stages in the viral life cycle, inhibiting the generation of drug-resistant viruses.(263, 276) Endogenous delivery through a vector is also advantageous as exogenously delivered ribozymes are prone to problems with cellular uptake and degradation.(261, 263) To extend their lifespans and stabilities, ribozymes are often chemically modified.(261, 263) Residues in the core, however, must remain unmodified to maintain catalytic activity, and phosphorothioate linkages can promote nonspecific binding to other biomolecules.(271) It is also important to note that the effectiveness of the ribozyme may be weakened if target genes are not critical to disease progression, and cells, particularly cancer cells, circumvent target gene inhibition by using alternate pathways.Anti-HIV Hairpin Ribozymes: The human immunodeficiency virus (HIV)-1 genome consists of a single RNA sequence that encodes 15 proteins.(277) The U5 region contains the 5′ cap, and the pol region encodes the Pol polyprotein.(275, 277) Together, these sequences are essential for viral replication. Anti-HIV hairpin ribozymes are 59-nt ribozymes that target the U5 and pol regions of HIV-1 and were the first ribozymes to be approved for human clinical trials, via expression from a retroviral MY-2 vector.(275, 278, 279) Cleavage occurs at the * sites of 5′C*GUC and 5′U*GUC motifs in highly conserved sequences within U5 and pol, respectively.(275) In a phase 1 clinical trial of anti-HIV ribozyme gene therapy, three HIV-1 patients were infused with cluster of differentiation 4 positive (CD4+) transduced T-cells.(278, 279) MY-2 vector was detected in only one patient after infusion, and no Pol ribozyme driven by a murine leukemia virus (MLV) promoter was expressed.(278, 279)However, the U5 ribozyme driven by a tRNAVal promoter was detected in cells at five and seven months after infusion.(278, 279) Despite the low efficacy of the vectors due to challenges with expression, the study demonstrated the safety and feasibility of ribozyme therapy against HIV-1.(278, 279)OZ1 (RRz2, Johnson & Johnson) is a 39-nt hammerhead ribozyme that targets a region (named Rz2) of the human immunodeficiency virus type 1 (HIV-1) genome in the overlapping trans-activator of transcription (tat) and viral protein R (vpr) reading frames (Figure 9).(280, 281) In HIV-1, Tat enhances the processivity of RNA polymerases and rate of transcription initiation, and Vpr is required for localization of viral RNA in nondividing cells.(277) Interestingly, the Rz2 target region of OZ1 is highly conserved in almost all naturally occurring HIV-1 isolates, thus mutations that result in resistance to the ribozyme may not be well-tolerated by the virus.(276, 282) Pluripotent CD34+-expressing hematopoietic progenitor cells give rise to mature myeloid and lymphoid cells that can be infected by HIV-1.(283) For this reason, transducing CD34+ with OZ1 could generate myeloid and lymphoid cells that express the ribozyme gene and thus inhibit HIV-1 replication.(283)The OZ1 ribozyme gene is expressed in the 3′ UTR of the neoR gene (which provides resistance to G418 antibiotic) in the Moloney murine leukemia virus (MMLV) retroviral LNL6 vector.(281)Cleavage occurs on the 3′ side of a 5′ GUA triplet, after the adenine.(280, 281) In a phase 1 clinical trial, mutations at the −4 and −1 positions relative to the 5′ GUA triplet were detected in patients, but they were also present before treatment, and OZ1 was active against these mutations in vitro.(281) Naïve T lymphocytes and myeloid precursor cells expressing resistance to the G418 antibiotic were detected for up to two years after infusion of CD34+ cells transduced with LNL6 and OZ1 vectors, indicating expression of the neoR gene.(281) In a phase 2 study, HIV-1 viral load was lower in patients who received OZ1 than in those receiving a placebo at weeks 47 and 48, but the difference was not statistically significant.(280) Throughout the 100 weeks of treatment, mature CD4+ T cell counts were higher in the OZ1 group than the placebo group.(280)A lack of resistance to OZ1 in the phase 2 study may be attributed to a low percentage of OZ1 gene-marked cells, production of less fit viruses due to mutation(s), or both.(280) OZ1 did not proceed to further clinical trials due to its lack of efficacy.Angiozyme, a Ribozyme Targeting Vascular Endothelial Growth Factor Receptor-1: Angiozyme (RPI.4610, Merck) is a 35-nt injectable anticancer ribozyme that targets vascular endothelial growth factor receptor-1 (VEGFR-1 or FLT-1) mRNA.(271) VEGFR-1 signaling has been implicated in tumor angiogenesis, which is critical for tumor growth and metastasis.(284)Activation of VEGFR-1 by VEGF-A stimulates multiple signaling networks that result in endothelial cell migration and survival.(284) The synthetic hammerhead ribozyme contains 30 2′-OMe (Figure 2A) nucleotides, four phosphorothioate linkages at the 5′ end, and an inverted 2′-deoxyabasic cap at the 3′ end to protect it from nucleases in vivo.(271) The core contains five unmodified purine nucleotides to maintain catalytic activity.(271) This ribozyme was selected from an RNase H cleavage assay.(273) In phase 1 studies, angiozyme was well-tolerated and had biological activity against solid tumors.(285, 286) However, a phase 2 study of patients with metastatic breast cancer failed to establish clinical efficacy, suggesting that the ribozyme was unable to inhibit its target.(287)
	Anti-HIV Hairpin Ribozymes
	Angiozyme, a Ribozyme Targeting Vascular Endothelial Growth Factor Receptor-1



	3 Small Molecules Targeting Nucleic Acid Sequence
	3.1 Small Molecules Targeting DNA
	3.1.1 Targeting the DNA Minor Groove: Polyamides
	3.1.2 Targeting the DNA Minor Groove: Pyrrolobenzodiazepines
	3.1.3 Targeting the DNA Minor Groove: Diamidines
	3.1.4 Targeting DNA G-Quadruplexes

	3.2 Small Molecules Targeting RNA
	3.2.1 Methods to Target RNA from Sequence
	3.2.2 Small Molecules Targeting miRNA Precursors
	3.2.3 Small Molecules Targeting RNA Repeat Expansions
	3.2.4 Structure-Based Design of Small Molecules that Target RNA
	3.2.5 Small Molecule Target Validation Methods
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	—The development of high-throughput technologies to examine the cancer genome has enabled the identification of specific genes and biomarkers associated with tumor development or affect patient response to particular treatments (i.e., molecular profiles).(585) Oncologists use these molecular profiles to tailor treatments to the unique characteristics of cancers in individuals, such as by matching drugs to specific mutations or targeting molecular pathways essential for cell growth and proliferation.(585) Traditional chemotherapy with nonspecific cytotoxic drugs damages both tumor and normal cells, leading to side effects that reduce the quality of life of patients.(585–588) In this section, examples of drugs used in personalized cancer therapies is discussed. Many of these personalized cancer therapies are accompanied by FDA-approved companion diagnostic devices to determine the presence of an overexpressed gene or a mutation in a gene.(589)The erythroblastosis oncogene B (ErbB also known as human epidermal growth factor receptor [HER]) is a family of four receptors (EGFR/HER1/ErbB1, HER2/ErbB2/NEU (neuro/glioblastoma derived oncogene), HER3/ErbB3, and HER4/ErbB4) that control cellular functions through a network of pathways, including PI3K/AKT, MAPK/ERK, and phospholipase C-γ (PLCγ).(590) Upon binding of a growth factor, such as epidermal growth factor (EGF), the kinase domains of the receptors dimerize and phosphorylate tyrosine residues, which creates docking sites for proteins that act in downstream signaling.(590) The PI3K/AKT pathway is involved in regulation of cell survival, while MAPK/ERK and PLCγ pathways have important roles in cell proliferation.(590)Mutations or increased expression of ErbB proteins are associated with several cancers via signaling through these pathways; mutations tend to promote formation of the active state of the kinases.(590)Targeting EGFR Overexpression or Mutations: Therapeutics targeting EGFR have been developed for cancers in which EGFR is overexpressed or mutated. In-frame exon 19 deletions (typically L747 to E749) and an exon 21 point mutation (T to G point mutation that results in L858R) comprise 90% of all EGFR (EGFR)-activating mutations.(591) In the inactive state, L858 lies in a hydrophobic pocket in the activation (A-) loop of EGFR(592) and its substitution with a positively charged arginine side chain disrupts the hydrophobic interaction and locks EGFR into an active state.(593) The exon 19 deletions may also destabilize the inactive conformation of EGFR.(590, 593) At the same time, these mutations decrease the affinity of EGFR for ATP, rendering them susceptible to inhibition by TKIs.(590)Resistance to TKIs is most often observed when a gatekeeper mutation in exon 20, T790M, occurs concurrently with EGFR-L858R; the T790M mutation occurs in 50–60% of patients with drug resistance.(590) The double mutant has increased affinity for ATP, making it more difficult for small molecules to compete for binding to ATP-binding pocket. The overall result is decreased potency of the drugs.(590) Several inhibitors that target specific mutations of EGFR have been developed, which are discussed below.Cetuximab (Erbitux, or IMC-C225, Bristol-Myers Squibb) is a monoclonal antibody against EGFR approved by the U.S. FDA for treatment of EGFR-positive colorectal cancer.(594) Expression of EGFR is confirmed prior to treatment using an FDA-approved qualitative immunohistochemical (IHC) kit.(595) The antibody was identified by inoculating mice with A431 (epidermoid carcinoma) cells, which overexpress EGFR, and screening for antibodies that inhibit epidermal growth factor (EGF) binding.(594) The resulting antibodies inhibited growth of A431 carcinoma cells in vitro and in vivo.(594) A human/mouse chimeric version of one of these antibodies, mAb 225, was later developed.(594) A crystal structure of the antigen binding (Fab) fragment of Cetuximab in complex with the soluble extracellular region of EGFR showed that Cetuximab binds to domain III, sterically blocking the EGF binding site.(594) Binding of Cetuximab to EGFR introduces steric clashes between Fab and domain I, preventing receptor dimerization and activation.(594) Inhibition of EGFR by Cetuximab results in disruption of many processes regulated by EGFR, including cell cycle progression, tumor cell motility and invasion, and tumor angiogenesis.(596)In EGFR mutation-positive metastatic colorectal cancer patients, Cetuximab in combination with Irinotecan, Fluorouracil, and Leucovorin chemotherapy (FOLFIRI) reduced the risk of progression by 15% and increased the response rate by 10% relative to FOLFIRI alone, primarily in patients with wild-type Kirsten ras oncogene (KRAS).(597) Pooled analysis of patient data from two other studies of mCRC treatment demonstrated significant improvements in patients with wild-type KRAS when Cetuximab was added to FOLFIRI.(598) The association of KRAS mutation with disease progression was demonstrated to be significant in a study of 59 mCRC patients who received Cetuximab and chemotherapy.(599) Thus, Cetuximab was not indicated for treatment of patients who test positive for KRAS mutations.(600)Panitumumab (Vectibix, Amgen, Inc., Thousand Oaks, CA) is another FDA-approved monoclonal antibody against EGFR used to treat EGFR-expressing colorectal cancer.(601) Panitumumab is a fully human anti-EGFR monoclonal antibody that inhibits phosphorylation and activation of EGFR-associated kinases.(601) The binding site of Panitumumab partially overlaps with the EGF binding site and prevents EGFR dimerization.(602) The binding of Panitumumab is very similar to that of cetuximab, and its inhibition of EGFR results in similar downstream effects.(602) In phase III clinical trials in patients with mCRC, patients treated with Panitumumab combined with Fluorouracil, Leucovorin, and Oxaliplatin (FOLFOX4) had a significantly improved progression-free survival compared to FOLFOX4 treatment alone.(603) Like Cetuximab, Panitumumab is not effective in patients with KRAS mutations.(603) In 2014, a phase III open-label, noninferiority study showed that Panitumumab is noninferior to Cetuximab and that the two drugs provide similar overall survival benefit to patients with EGFR-expressing colorectal cancer.(604)There are multiple EGFR-targeting therapeutics in the clinic to treat nonsmall cell lung carcinoma (NSCLC) including Gefitinib, Erlotinib, Afatinib, and Osimertinib. These drugs target specific EGFR mutations that are detected by FDA-approved companion diagnostics, including real-time PCR and high throughput sequencing.(595)Gefitinib (Iressa, AstraZeneca Pharmaceuticals) is a TKI that was briefly approved in 2003 for treatment of patients with advanced NSCLC after treatment with chemotherapy. Gefitinib is an anilinoquinazoline small molecule that is a potent, reversible inhibitor of EGFR (IC50 of 9 nM) (Table 2).(605) Other 4-anilinoquinazolines such as Gefitinib have been shown to inhibit EGFR through binding to the site occupied by ATP during phosho-transfer.(606) Gefitinib forms a single hydrogen bond with Met793 in the “hinge” region of EGFR with other hydrophobic interactions in the ATP biding cleft.(607) Binding of Gefitinib to EGFR blocks EGF-stimulated phosphorylation and slows EGF-stimulated tumor growth.(608) Gefitinib was voluntarily withdrawn from the market after confirmatory trials failed to verify clinical benefit and an alternate drug (Erlotinib, discussed below) was approved.(609) In 2015, Gefinitib was approved for the first-line treatment of patients with metastatic NSCLC with exon 19 deletions or exon 21 L858R mutations as detected by an FDA-approved companion diagnostic.(610) Interestingly, Gefinitinb binds 20 times more tightly to the L858R mutant than wild-type EGFR.(607) In clinical trials with patients with these mutations, 50% of patients treated with Gefitinib saw a decrease in tumor size over an average time of six months.(610)Erlotinib (Tarceva, Astellas Pharma Inc.) is a TKI that was first approved by the FDA in 2004 for advanced or metastatic NSCLC. The drug is a reversible inhibitor of EGFR tyrosine kinase (IC50 of 2 nM) that reduces EGFR autophosphorylation in intact tumor cells (IC50 of 20 nM) (Table 2).(611)A crystal structure of erlotinib and EGFR shows key hydrogen-bonding interactions between N1 of the quinazoline and Met769 and a solvent-bridged interaction between the other quinazoline nitrogen and Thr766.(606) The binding mode and mechanism of action of Erlotinib is very similar to that of Gefitinib. Erlotinib was initially approved for NSCLC patients who had received at least one prior chemotherapy regimen based on an increase in median overall survival in clinical trials (6.7 months in patients treated with Erlotinib, compared to 4.7 months in the placebo group).(612)It was later approved in 2013 for the first-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or exon 21 (L858R) mutations after patients with these mutations saw a significant increase in progression-free survival.(613)Afatinib (Gilotrif, or BIBW2992, Boehringer Ingelheim) is a second-generation TKI drug, indicated for treatment of NSCLC with exon 19 deletions or exon 21 mutation of EGFR.(590) The drug is an ATP-competitive anilinoquinazoline derivative containing an electrophilic acrylamide group that acts as a Michael acceptor (Table 2).(590, 614) Afatinib irreversibly binds to receptor tyrosine kinases EGFR, HER2, and ErbB4 to inhibit tyrosine autophosphorylation.(590, 614) Specifically, it forms a covalent bond with cysteine residues in the kinase domains of EGFR (Cys773), HER2 (Cys805), and ErbB4 (Cys803) via a Michael addition.(590, 614) Afatinib inhibits wild-type EGFR (IC50 of 0.5 nM), EGFR-L858R (0.4 nM), HER2 (14 nM), and ErbB4 (1 nM).(590, 614) Additionally, it inhibits the EGFR-L858-T790M double mutant with an IC50 of 10 nM, which may be attributed to its irreversible nature of inhibition.(590, 614)In clinical trials, Afatinib significantly improved progression-free survival (PFS) of patients with the L858R mutation and exon 19 deletions (13.6 months) over cisplatin and Pemetrexed (6.9 months)(615) and also demonstrated significant improvements in PFS of patients who received Afatinib compared to those who received cisplatin and Gemcitabine (11.0 months vs 5.6 months).(616)However, Afatinib did not improve OS in patients who had disease progression after treatment with Erlotinib or Gefitinib.(617) Afatinib resistance was also found among NSCLC patients, and the major mechanism was reported to be a T790M mutation.(618)Osimertinib (Tagrisso, or AZD9291, AstraZeneca) is a third generation TKI drug approved by the U.S. FDA to treat EGFR mutant NSCLC. The drug was developed in response to the failure of second-generation TKIs to overcome T790M resistance in patients. Osimertinib selectively targets the T790M mutation, the exon 19 deletion, and the L858R mutation, while sparing wild-type EGFR.(619) The drug is a monoanilino-pyrimidine that covalently binds to the conserved Cys797 residue in the ATP-binding site via the acrylamide group (Table 2).(619) Consequently, through inhibition of EGFR, several downstream pathways, such PI3K/AKT and MAPK/ERK, are affected.(619) In enzymatic assays, Osimertinib inhibited EGFR-L858R (IC50 of 12 nM) and L858R/T790M (1 nM) more potently than wild-type EGFR (184 nM).(619) In clinical trials, patients with a confirmed T790M mutation receiving Osimertinib therapy yielded a significantly higher response rate than platinum-Pemetrexed therapy (71% vs 31%, respectively).(620) Patients in the Osimertinib group also had significantly longer median progression-free survival (PFS) than the platinum-pemetrexed group (10.1 months vs 4.4 months).(620) In summary, these findings show that Osimertinib is more effective than platinum-based chemotherapy for treatment of patients with T790M-positive NSCLC.(620)Targeting HER2: Human epidermal growth factor receptor 2 (HER2/ErbB2) has no known ligands and is activated when expressed at high levels by forming homo- or heterodimers with another ErbB family member.(621) HER2 overexpression occurs in 20% to 30% of breast cancers and results from amplification of the HER2 gene, located at chromosome 17q12, increasing HER2 mRNA and protein levels.(622) HER2-positive breast cancers, which are correlated with poor prognosis,(590, 621, 622) can have 25–50 copies of the HER2 gene, a 40–100-fold increase in HER2 protein, and up to two million receptors on a tumor cell.(621) FDA-approved methods to measure HER2 expression in patient samples include immunohistochemistry and in situ hybridization.(595)HER2 overexpression causes resistance to apoptosis and hence increased cellular proliferation.(621, 622) For example, HER2 and ErbB3 heterodimerization stimulates cell proliferation and survival via the MAPK/ERK pathway and antiapoptosis via the PI3K/AKT pathway.(621, 622) One hypothesis is that these pathways result in phosphorylation of BCL2-associated agonist of cell death protein (BAD), preventing it from neutralizing antiapoptotic proteins BCL-2 and BCL-xL.(621) Meanwhile, phosphorylation of Bcl-2-interacting mediator of cell death (BIM) by ERK silences the apoptotic activity of BIM.(622) Multiple drugs have been approved for cancers that overexpress HER2.The first therapeutic developed to target HER2 is Trastuzumab (Herceptin, Genentech Inc.). Trastuzumab is a recombinant monoclonal antibody against HER2.(623) Trastuzumab was FDA-approved in 2006 to treat HER2-overexpressing breast cancer. The interaction of Trastuzumab with HER2 is mediated by two loop regions in HER2 that form electrostatic interaction (a loop formed by residues 557–561 and a portion of a loop formed by residues 593–603) and one loop region that makes hydrophobic contacts (a loop formed by residues 570–573).(624) By binding to HER2, Trastuzumab interferes with HER2 dimerization, thus inhibiting its activation.(625) This results in downstream suppression of PI3K/AKT signaling and reduction in cell growth and survival. There is also evidence that Trastuzumab’s mechanism of action is through antibody-dependent cellular cytotoxicity.(626) In clinical trials, patients with HER2-overexpressing breast cancer were treated with chemotherapy and Trastuzumab or chemotherapy alone, and Trastuzumab reduced the risk of recurrence, secondary primary cancer, or death by 52%.(627)Trastuzumab combined with chemotherapy is used as first-line treatment of HER2-positive breast cancer.Lapatinib (Tykerb, or GW572016, GlaxoSmithKline) is a TKI approved by the U.S. FDA for second-line treatment of HER2-positive breast cancer (Table 2).(590) The ATP-competitive inhibitor simultaneously inhibits EGFR and HER2.(590) X-ray crystallography showed that the drug binds the ATP-binding pocket of EGFR, and its aniline substituent lies deep in the back pocket and makes predominantly hydrophobic interactions with the protein.(628) The slow dissociation rate of the drug may be attributed to the conformational change in EGFR required to facilitate the interactions with the aniline group or alternatively to tight binding affinity of the drug to EGFR.(628) The drug would likely bind to HER2 in a similar fashion as to EGFR since the proteins have similar catalytic domains (88% identical).(590, 628) In in vitro kinase assays, Lapatinib inhibited EGFR and HER2 with IC50’s of 10.2 and 9.8 nM, respectively.(628, 629) Lapatinib may also stabilize formation of HER2 dimers, resulting in receptor accumulation and subsequent attack by anti-ErbB antibodies.(630) By binding to EGFR and HER2, Lapatinib inhibits the activation of three main downstream signaling pathways, MAPK, PI3K-AKT, and PLCγ.(631)In clinical trials of HER2-positive breast cancer, addition of Lapatinib to Capecitabine chemotherapy significantly increased median time to progression (TTP) from 4.4 months to 8.4 months in patients.(632) Addition of Lapatinib to Letrozole hormone therapy also significantly increased median PFS from 3.0 months to 8.2 months over Letrozole alone in HER2-positive patients.(633) As expected, HER2-negative patients had no improvement in PFS.(633) Addition of Lapatinib to Trastuzumab significantly median-improved PFS over Lapatinib alone (11.1 weeks vs 8.1 weeks) in patients with HER2-positive metastatic breast cancer whose disease had progressed during prior treatment with Trastuzumab.(634) In summary, these studies demonstrate that Lapatinib has clinical activity in HER2-positive breast cancer.Pertuzumab (Perjeta, or mAb 2C4, Genentech) is a humanized monoclonal antibody for treatment of HER2-positive breast cancer.(635) The antibody was developed using stably transfected NIH 3T3 (mouse fibroblast) cells that express the HER2 gene.(635) 2C4, a murine IgG1κ antibody, was found to bind to the extracellular domain of HER2.(635) A humanized variant of this antibody was later developed.(635) A crystal structure of Pertuzumab in complex with HER2 showed that it binds to domain II, in a region that overlaps with the binding site for the dimerization hairpin of a heterodimer partner.(636) Therefore, the antibody sterically inhibits heterodimerization of HER2 with EGFR or ErbB3 and subsequent transphosphorylation of the receptors.(636) This inhibition affects key downstream signaling pathways including MAPK and PI3K/AKT.(637) Since Pertuzumab binds to the extracellular domain or HER2, it can also affect tumor growth through antibody-dependent cell-mediated cytotoxicity.(638) In clinical trials of HER2-positive breast cancer, addition of Pertuzumab to Trastuzumab and Docetaxel therapy significantly improved median PFS from 12.4 to 18.7 months.(639) Altogether, these studies demonstrate that Pertuzumab and Trastuzumab have activity against HER2-positive breast cancer.(640)Personalized Medicines for Treatment of Breast Cancer 1 (BRCA1) and Breast Cancer 2 (BRCA2) Gene Mutations: Inherited BRCA1 or BRCA2 mutations confer up to 85% lifetime risk of developing breast cancer.(641) The BRCA1 and BRCA2 proteins are involved in DNA repair of double strand breaks (DSBs) and collapsed replication forks by homologous recombination (HR).(641) HR is an conservative DNA repair mechanism that restores the original DNA sequence at the site of damage.(641)Carriers of BRCA1/2 mutations are heterozygous and can carry out HR repair in cells but loss of the remaining wild-type allele renders them defective in HR repair.(641) Cells that lose HR use alternative mechanisms to repair DSBs, which may increase genetic variation and lead to tumor formation.(641) One such mechanism utilizes poly(ADP-ribose) polymerase (PARP), an enzyme that repairs single strand breaks (SSBs).(641) Loss of PARP function in cells lacking BRCA1/2 results in cell death, a condition termed synthetic lethality.(641) Since inhibition of PARP does not affect normal cells, which have functioning HR, PARP inhibitors selectively target tumor cells.(641)Therefore, one strategy to treat breast cancers with BRCA1/2 mutations is to inhibit PARP and induce synthetic lethality.Olaparib (Lynparza, or AZD2281, AstraZeneca) is a small molecule drug for treatment of breast and ovarian cancers with BRCA mutations by selectively inhibiting PARP1 and PARP2 catalytic activity (Table 2).(641) These BRCA mutations can be detected using the FDA-approved companion diagnostic, BRACAnalysis CDx (NGS-based).(595) A crystal structure of Olaparib bound to PARP2 showed that the small molecule formed several hydrogen bonds in the catalytic domain including Arg444 and a water-mediated hydrogen bond with Asp339.(642) Binding of Olaparib to PARP1 and PARP2 prevents the formation of PAR polymers and blocks the binding of NAD+ at the site of DNA damage, preventing the cell from overcoming DNA-dependent damage.(643) In clinical trials, patients with BRCA mutations in several types of cancers who had received prior treatment, Olaparib treatment resulted in a tumor response rate of 31% for ovarian cancer and 13% for breast cancer, with stable disease rates (defined as neither progression of disease nor response to treatment(644)) in 40% and 47% of patients with those cancers, respectively, after 8 weeks.(645) In a phase 3 clinical trial of patients with HER2-negative metastatic breast cancer and a BRCA mutation, Olaparib monotherapy significantly increased median PFS (7.0 months vs 4.2 months) and response rate (59.9% vs 28.8%) over standard therapy and decreased risk of disease progression or death by 42%.(646) Altogether, these studies demonstrate that Olaparib provides benefits for treatment of ovarian and breast cancers with BRCA mutations.Rucaparib (Rubraca, Clovis Oncology Inc.) is a PARP inhibitor designed to treat ovarian cancer patients with BRCA gene mutations who have previously received two or more types of chemotherapy treatment (Table 2). Rucaparib is a three-ring heterocyclic small molecule that greatly improved chemosensitization in preclinical studies.(647) A crystal structure of Rucaparib in contrast with PARP1 suggests that the flexible terminal secondary amine may facilitate different modes of action depending on the environment.(642) Rucaparib inhibits PARP1, PARP2, and PARP3 which leads to inhibition of single- and double-strand break repair pathways leading to tumor death.(648) Mice that were treated with a combination of chemotherapy and Rucaparib took 33 days for tumor volumes to reach four times the size of its initial volume, compared to 16 days for chemotherapy only mice.(647) In clinical trials, 54% of patients who received Rucaparib experienced complete or partial shrinkage of their tumors lasting a median of 9.2 months.(649, 650)Targeting BRAF Mutations: The MAPK/ERK pathway is an intracellular signaling pathway that transmits signals from the cell surface to the nucleus to regulate genes involved in cell proliferation, differentiation, motility, survival, and angiogenesis.(651) Activation of the cascade follows binding of a ligand to a receptor tyrosine kinase, inducing autophosphorylation of the receptor.(651) Adaptor proteins bind to the phosphorylated receptors and recruit guanine nucleotide exchange factors, which activate the membrane-bound GTPase Ras, by converting GDP to GTP.(651) Ras recruits Raf kinases (A-Raf, B-raf, or Raf-1) to the plasma membrane and activates them.(651) Raf proteins activate MAPK/ERK kinases 1 and 2 (MEK1 and MEK2, respectively) which activate Erk1 and Erk2 kinases.(651) Erk1 and Erk2 translocate to the nucleus and phosphorylate substrates, including other kinases and transcription factors that regulate gene expression.(651)Mutations among Ras and Raf are prevalent in multiple cancers, including pancreatic and colon cancers.(651) The most common mutation in the BRAF kinase, V600E, is caused by substitution of a GTG codon (valine) with a GAG codon (glutamic acid).(652) The replacement of the hydrophobic side chain of V600 with the larger, charged side of E600 disrupts the hydrophobic interaction between V600 and F467 of the P-loop that stabilizes the inactive conformation of the DFG motif, thereby stabilizing the catalytically preferred conformation.(653) This results in constitutive activation of BRAF-V600E and MEK/ERK signaling in tumor cells, allowing the cell to become self-sufficient in growth signals.(653, 654) The discovery of mutations in members of the MAPK pathway has led to interest in developing anticancer therapeutics that target MAPK signaling.Vemurafenib (Zelboraf, or PLX4720, Plexxicon/Roche) is a RAF inhibitor approved by the U.S. FDA to treat patients with the BRAF-V600E mutation (Table 2).(655) The BRAF-V600E mutation is found in about half of all melanomas in addition to various other cancers.(656, 657) Vemurafenib was identified in a fragment-based screen of 20000 small molecules and found that 7-azaindoles bound to the ATP-binding site of another kinase, Pim-1, in a cocrystal structure.(655) Lead optimization afforded 3-aminophenyl-7-azaindole, 3(3-methoxybenzyl)-7-azaindole, and finally Vermurafenib, which inhibited BRAF-V600E at 10-fold lower concentrations than wild-type BRAF.(655) The drug preferentially binds to the active conformation of wild type and V600E BRAF, with the “DFG-in” conformation in which the phenylalanine side chain of the DFG motif in the activation loop is buried inside and away from the ATP-binding pocket.(655, 658) Binding of Vemurafenib to mutant BRAF leads to inhibition of phosphorylation and reduced signaling through MEK and ERK, leading to decreased cell proliferation.(659) In preclinical studies, Vemurafenib inhibited ERK activity and induced cell cycle arrest and apoptosis in a V600E melanoma cell lines.(655) In clinical trials, Vemurafenib produced improvements in OS and PFS over Dacarbazine in patients with metastatic melanoma with the V600E mutation.(657) Addition of Cobimetinib, a MEK1 inhibitor, to Vemurafenib therapy significantly improved PFS over Vemurafenib alone in melanoma patients but with some increase in toxicity.(660, 661)Dabrafenib (Tafinlar capsules, GlaxoSmithKline, LLC) is a small molecule BRAF inhibitor used to treat BRAF V600E mutated metastatic melanoma (Table 2). Upon approval of Dabrafenib, the FDA also approved the THxID BRAF assay (bioMerieux, Inc.) to detect BRAF mutations.(595)Dabrafenib is a sulfonamide-containing small molecule that inhibits BRAF V600E with an IC50 of 0.8 nM and growth of a BRAF V600E SKMEL28 melanoma cell line with an IC50 of 3 nM.(662)Dabrafenib’s pyrimidin-2-amine group forms hydrogen bounds in the ATP binding site of BRAF and its sulfonamide group extends to the subpocket near the C-α helix of BRAF.(663) By binding to mutant BRAF, Dabrafenib inhibits MEK and ERK, leading to cell cycle arrest and apotosis.(664)In clinical trials, patients treated with Dabrafenib saw a 52% increase in objective response rates compared to a 17% increase in patients treated with Dacarbazine.(665)Trametinib (Mekinist tablet, GlaxoSmithKline, LLC) is a small molecule inhibitor of MEK1 and MEK2 approved for the treatment of metastatic melanoma with the BRAF V600E mutation (Table 2). As stated above, the MEK/ERK signaling pathway is activated by mutated BRAF, thus inhibition of MEK is another strategy to treat BRAF mutated cancers. Trametinib is a hetertocyclic small molecule that inhibited MEK-dependent ERK1/2 phosphorylation on Ser217 in BRAF V600E SKMEL28 melanoma cell line with an IC50 of 0.8 nM.(666) Trametinib inhibition of MEK results in cell cycle arrest. In clinical trials, patients treated with Trametinib saw a statistically significant prolongation of progression-free survival compared to traditional chemotherapy (4.8 and 1.5 months, respectively).(667) Objective response rates were 22% for patients treated with Trametinib and only 8% for patients treated with chemotherapy.(667) In 2014, the FDA approved Trametinib and Dabrafenib for use in combination to treat patients with the BRAF V600E mutation. Combination of the two therapies resulted in a 76% objective response rate over 10.5 months compared to single-agent treatment where the response rate was 54% over 5.6 months. Interestingly, this combination therapy has also recently been approved for BRAF V600E mutation-positive metastatic NSCLC.Targeting ALK and ROS1 Fusion Proteins: Anaplastic lymphoma kinase (ALK) and c-ros oncogene 1 (ROS1) are receptor tyrosine kinases encoded by the ALK and ROS1 genes, respectively.(668) ALK is located on chromosome 2p23 and commonly forms a fusion gene with echinoderm microtubule-associated protein-like 4 (EML4) through a small inversion within chromosome 2p that joins intron 13 of EML4 to intron 19 of ALK.(668, 669) The result is a fusion protein containing the intracellular catalytic domain of ALK and the basic domain of EML4; as the basic domain of EML4 replaces the extracellular and transmembrane domains of ALK, the fusion protein is relocalized to the cytoplasm.(669) The basic domain from EML4 promotes dimerization, resulting in constitutive ALK kinase activity and activation of downstream pathways that control cell proliferation and survival.(668, 669) ROS1 is located on chromosome 6q22 and forms fusion genes with a variety of 5′ fusion partners, although the oncogenic role of the fusion partner is uncertain.(668) The resulting fusion protein retains the ROS1 kinase domain, and its activation leads to signaling through the PI3K/AKT, JAK/STAT, and MAPK/ERK pathways.(668) Interestingly, ROS1 and ALK have high homology in the kinase domain (49%) and ATP-binding site (77%).(670) Inhibition of these kinases suppresses these signaling pathways, leading to growth arrest and apoptosis.(671) For these reasons, these fusion proteins have been targeted in anticancer therapies.(670) ALK and ROS1 translocate and are identified with a break-apart FISH assay, where two differently colored probes that hybridize to sequences on either side of the translocation breakpoint are split in the presence of a chromosomal rearrangement, resulting in separation of the two colors.(671)Crizotinib (Xalkori, or PF-02341066, Pfizer) is a drug for treatment of NSCLC(672, 673) with ALKand ROS1 fusions (Table 2).(595) The drug was synthesized as an inhibitor of mesenchymal-epithelial transition factor (MET), another kinase that is upregulated in NSCLC.(672, 673) In cell assays of more than 120 kinases, Crizotinib demonstrated potent inhibition of c-MET and ALK.(672) In a crystal structure of Crizotinib and ALK, a leucine residue stabilizes 2-aminopyrimidine and 3-benzyoloxy groups of Crizotinib via hydrophobic interactions and anchors the compound in an L-shape.(673) Crizotinib was found to inhibit ALK and ROS1 with high potency and selectivity (IC50 of 4.5 and 1.7 nM, respectively).(674) Inhibition of ALK and MET by Crizotinib results in upregulation of proapoptotic proteins and induction of apoptosis.(675)In clinical trials comparing first-line Crizotinib with chemotherapy in patients with ALK-positive NSCLC, Crizotinib significantly increased median progression-free survival PFS from 7.0 months to 10.9 months and response rate from 45% to 74%.(676) Among patients with advanced ALK-positive NSCLC, Crizotinib also significantly increased median PFS (from 3.0 to 7.7 months) and response rate (from 20% to 65%) relative to chemotherapy.(677) Crizotinib therapy for patients with ROS1-positive advanced NSCLC resulted in an overall response rate of 72% and 80% in phase 1 studies of 50 and 32 patients, respectively.(678, 679) In summary, these studies show that Crizotinib is highly active for treatment of NSCLC with ALK or ROS1 rearrangements.Targeting the Programmed Death-1 Receptor (PD-1): The anticancer immune response is initiated when antigens released from cancer cells are captured by dendritic cells.(680) Dendritic cells prime and activate T cells with the antigens, which traffic to the tumor and infiltrate the tumor bed where they bind and kill the cancer cells.(680)Dying cancer cells release additional antigens, propagating the immune response.(680) The programmed death-1 (PD-1) pathway suppresses anticancer immune responses, leading to progression of tumors.(680–682) Programmed death-ligand 1 (PD-L1) is a ligand mainly expressed on the surface of various solid tumor cells.(681) Its receptor, PD-1, is a checkpoint molecule that is expressed on T cells.(681) PD-L1 expression is caused by a constitutive or induced mechanism.(681) Constitutive expression may result from amplification of chromosome 9, which encodes PD-L1, or an increase in PD-L1 mRNA transcripts stabilized by disruption of the 3′ UTR, which is involved in post-transcriptional regulation of mRNA decay rate.(682, 683) In the induced mechanism, tumor-infiltrating T cells secrete interferon-γ (IFNγ), which upregulates expression of PD-L1 on tumor cells.(681, 682) Binding of PD-L1 to PD-1 induces apoptosis of T cells and causes adaptive immune resistance.(681, 682) Since normal tissues rarely express PD-L1, therapies that block the PD1 pathway may benefit cancer patients.(681)Pembrolizumab (Keytruda, or MK-3475, Merck) is an immunotherapy drug for treatment of solid tumors, such as melanoma, overexpressing PD-L1.(684, 685) PD-L1 expression can be determined using PD-L1 IHC 22c3 pharmDx, an FDA-approved immunohistochemical assay.(595)The drug contains a variable region against human PD-1 in a human IgG4 antibody; the antibody contains an S228P mutation in the fragment crystallization (Fc) region to prevent antigen binding fragment (Fab) arm exchange, which can reduce therapeutic efficacy.(686, 687) The drug binds to PD-1 (EC50 of 0.1 to 0.3 nM), preventing it from interacting with PD-L1 which results in the restoration of a T cell antitumor immune response.(684, 685) A crystal structure of Permbrolizumab in complex with PD-1 revealed that the Pembrolizumab epitope overlaps with binding regions for PD-L1 with key hydrogen-bonding interactions with Gln75-Lys78 and Pro84-Gly90 of PD-1.(688)The efficacy of Pembrolizumab for cancer treatment was evaluated in clinical trials. Results of the first in-human study showed that Pembrolizumab had antitumor activity against multiple solid tumors.(689) A phase 2 study showed that patients with mismatch repair deficient cancers were more responsive to anti-PD1 therapy with Pembrolizumab than mismatch repair proficient cancers.(690) A separate phase 2 study was later carried out to evaluate Pembrolizumab therapy in 86 patients with MMR deficient cancers across 12 different tumor types.(691) Objective responses were reported in 53% of patients, and complete responses were achieved in 21% of patients.(692) The response of MMR-deficient cancers to Pembrolizumab may be attributed to the production of large amounts of cancer neoantigens by mutations that result from MMR, which can be recognized by the immune system upon immune checkpoint blockade.(690, 691) In a phase 3 study of patients with advanced melanoma, 80.5% of whom had PD-L1-positive tissue samples, Pembrolizumab significantly improved PFS and response rate over Ipilimumab antibody, with lower risk of adverse events.(693) Pembrolizumab therapy resulted in significantly prolonged median PFS (10.3 vs 6.0 months) and OS at six months (80.2% vs 72.4%) compared to chemotherapy in two phase 3 studies of patients with advanced PD-L1 positive NSCLC.(694, 695)In summary, these studies demonstrate that Pembrolizumab therapy is effective against multiple PD-L1 positive solid tumors.The implementation of a personalized therapy strategy has improved treatment outcomes and reduced nonspecific cytotoxicity associated with chemotherapy.(585–588) Repositioning of noncancer drugs may be an effective strategy for developing future anticancer drugs since most noncancer drugs have few or tolerable side effects in humans.(586, 696) Meanwhile, the increasing power of “omics” technologies has yielded new information about mutations, targets, and tumor vulnerabilities for the development of current and next generation of molecular cancer therapeutics.(588)
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