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Abstract

In this review, we describe our current understanding of translation termination and

pharmacological agents that influence the accuracy of this process. A number of drugs have been

identified that induce suppression of translation termination at in-frame premature termination

codons (PTCs; also known as nonsense mutations) in mammalian cells. We discuss efforts to

utilize these drugs to suppress disease-causing PTCs that result in the loss of protein expression

and function. In-frame PTCs represent a genotypic subset of mutations that make up ~11% of all

known mutations that cause genetic diseases, and millions of patients have diseases attributable to

PTCs. Current approaches aimed at reducing the efficiency of translation termination at PTCs

(referred to as PTC suppression therapy) have the goal of alleviating the phenotypic consequences

of a wide range of genetic diseases. Suppression therapy is currently in clinical trials for treatment

of several genetic diseases caused by PTCs, and preliminary results suggest that some patients

have shown clinical improvements. While current progress is promising, we discuss various

approaches that may further enhance the efficiency of this novel therapeutic approach.

I. Overview of translation termination

The central dogma of molecular biology states that the genetic information stored in DNA is

converted into proteins via mRNA intermediates. The process by which this information is

transferred from the nucleotide code of mRNA into the amino acid code of proteins is called

translation. Translation can be divided into four stages: initiation, elongation, termination,

and recycling. During translation initiation and elongation, decoding of the genetic

information is mediated by base pairing between codons in the mRNA and the

complementary anticodons of aminoacyl-tRNAs as each successive codon enters the

ribosomal A site. Because of stringent proofreading steps associated with the translational

machinery, these codon-anticodon interactions are highly accurate.

Translation termination occurs when a stop codon enters the ribosomal A site. In contrast to

initiation and elongation, no tRNA molecules are complementary to the three stop codons

(UAA, UAG and UGA) in the genetic code. Instead, termination occurs through the action

of release factor proteins. Most mechanistic details of translation termination were first

delineated in prokaryotes, where stop codon recognition is mediated by one of two Class I

release factors (Dunkle and Cate, 2010, Scolnick et al., 1968, Youngman et al., 2008). RF1
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recognizes UAA and UAG codons, while RF2 recognizes UAA and UGA codons. Either of

these factors alone is sufficient to mediate efficient release of the nascent polypeptide chain

from the peptidyl-tRNA located in the ribosomal P site. Once release has occurred, the class

II release factor RF3 binds and dissociates RF1 or RF2 from the post-termination complex.

GTP hydrolysis by RF3 then facilitates its own dissociation (Zavialov et al., 2001).

Subsequently, ribosome recycling is facilitated by ribosome recycling factor (RRF), EF-G,

and initiation factor 3 (IF3) to dissociate the ribosomal subunits, tRNA, and mRNA in

preparation for the next round of translation (Hirokawa et al., 2005, Peske et al., 2005,

Zavialov et al., 2005).

Translation termination in eukaryotes differs from the prokaryotic process in a number of

ways. First, a single class I eukaryotic release factor, eRF1, recognizes all three stop codons

(UAA, UAG and UGA) (Capecchi, 1967, Caskey et al., 1971, Frolova et al., 1994, Vogel et

al., 1969) (for a review, see (Jackson et al., 2012)). eRF1 resides in a complex with the class

II release factor, the GTPase eRF3 (Frolova et al., 1996). Unlike prokaryotic termination,

GTP hydrolysis by eRF3 is an important feature of the eukaryotic termination process prior

to peptide release. Mutations that compromised the GTPase activity of eRF3 were shown to

reduce termination efficiency at some stop signals, but not others (Salas-Marco and

Bedwell, 2004). This indicated that GTP hydrolysis by eRF3 influences stop codon

recognition. In another study, Pestova and co-workers showed that GTP hydrolysis is a

prerequisite for polypeptide release (Alkalaeva et al., 2006). Together, these results led to a

model (Figure 1) in which GTP hydrolysis by eRF3 is required to alter both the

conformation and position of eRF1 in the ribosomal A site in order to finalize stop codon

recognition and trigger polypeptide release (Fan-Minogue et al., 2008, Jackson et al., 2012).

II. Suppression of translation termination

A. Basal suppression of stop codons

The recognition of sense codons during translation elongation is mediated by aminoacyl-

tRNAs bound in a complex with the GTPase EF-Tu in prokaryotes, or the GTPase eEF1A in

eukaryotes. Codon recognition occurs when the aminoacyl-RNA enters the ribosomal A site

and tests the base pairing to ensure that the proper codon-anticodon interaction occurs.

Importantly, codon recognition is mediated by a sampling process where different

aminoacyl-tRNAs (or eRF1) randomly enter the A site until the tRNA with the correct

anticodon is selected.

When a stop codon enters the ribosomal A site, aminoacyl-tRNAs and eRF1 randomly

sample the A site until the stop codon is recognized by eRF1. While the translation

termination process is generally accurate, a mistake can occur if a near-cognate aminoacyl-

tRNA (whose anticodon is complementary to two of the three nucleotides of the codon)

binds the stop codon. This mispairing may result in the incorporation of the amino acid

attached to the near-cognate aminoacyl-tRNA into the nascent polypeptide chain, a process

called stop codon suppression (or readthrough) (Figure 2). For reasons that will be discussed

below, the error rate for suppression of normal stop codons at the end of genes is generally

less than at premature stop codons (PTCs, or nonsense codons). Data from various studies

have suggested that suppression generally occurs at a rate of 0.001-0.1% at normal stop

codons (Parker, 1989) and 0.01 to 1% at PTCs (Bonetti et al., 1995, Cassan and Rousset,

2001, Manuvakhova et al., 2000). When an amino acid is incorporated at an in-frame PTC,

synthesis of the protein resumes in the proper reading frame and results in production of a

full-length protein. The only difference between the resulting translation product and the

normal protein is the insertion of one of several possible amino acids at the position where

suppression of the in-frame PTC occurred.
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As discussed above, suppression of stop codons is mediated by mispairing of a near-cognate

aminoacyl-tRNA with a stop codon. By examining the codons (and encoded amino acids)

that differ from stop codons at any one of the three nucleotide positions, the range of amino

acids that could potentially be incorporated by the suppression event can be deduced (Table

1). It is often assumed that mispairing occurs only at the wobble position of the codon-

anticodon pairing due to the lower discrimination of base pairing in the wobble position.

However, this may be incorrect. In one study, an in-frame UAG PTC near the 5′-end of a ß-

galactosidase reporter gene was suppressed and the resulting full-length protein was purified

and subjected to N-terminal sequencing to determine the amino acid(s) incorporated (Fearon

et al., 1994). It was found that three amino acids were primarily inserted at the PTC:

tryptophan, tyrosine, and lysine. As shown in Table 1, these amino acids could be obtained

when near-cognate mispairing occurs at the first nucleotide of the codon (lysine), the second

(tryptophan), or the third (tyrosine). These results provide evidence that near-cognate

mispairing can occur at any of the three positions of the stop codon during suppression.

Overall, Table 1 shows that seven different amino acids could be incorporated at a UAG

stop codon by near-cognate mispairing, while six different amino acids could be

incorporated at either the UAA or UGA codons. In each case, one of these amino acids

would represent the original amino acid found in the wild-type protein if the PTC arose by a

single nucleotide change. Factors that are likely to affect aminoacyl-tRNA incorporation at

PTCs include the PTC sequence as well as its surrounding mRNA sequence, the mode of

action of the suppression drug used, the P-site tRNA and its bound polypeptide, and the

relative abundance of the various near-cognate aminoacyl-tRNAs.

B. Pharmacologically-induced suppression of stop codons

Aminoglycosides are the best-studied class of compounds that induce PTC suppression.

These compounds inhibit translation in prokaryotes much more efficiently than in

eukaryotes, an important difference that has been exploited for their broad clinical use as

antibiotics. High doses of aminoglycosides block the initiation step of translation in

prokaryotes. However, lower doses of these compounds alter the fidelity of translation,

leading to an increased rate of amino acid misincorporation at sense codons during

translation elongation and suppression of stop codons during translation termination (Gorini

and Kataja, 1964, Lederberg et al., 1964). In the following sections, we will compare and

contrast the mechanisms that promote fidelity during translation elongation and termination,

and discuss how aminoglycosides disrupt these processes.

1) Aminoglycoside-induced misreading at sense codons—During translation

elongation, selection of the correct aminoacyl-tRNA to pair with its corresponding codon

occurs in the ribosomal A site. Structural and biochemical studies of prokaryotic ribosomes

have provided important insights into how aminoacyl-tRNA selection and proofreading

occurs during translation elongation. As discussed in the previous section, aminoacyl-tRNAs

are delivered to the ribosome during translation as part of a ternary complex with the

translation elongation factor EF-Tu and GTP (a similar ternary complex functions in

eukaryotes, except the elongation factor is eEF1A). Translocation of each successive codon

into the A site initiates a sampling process by ternary complexes carrying various

aminoacyl-tRNAs. The choice of the aminoacyl-tRNA that yields the proper codon-

anticodon interaction is determined through a three-stage process (Rodnina and

Wintermeyer, 2001, Ruusala et al., 1982, Thompson and Stone, 1977, Wohlgemuth et al.,

2011, Zaher and Green, 2009). 1) Incorrect ternary complexes containing a non-cognate

aminoacyl-tRNA (capable of zero or one base pairs with the A site codon) are efficiently

and immediately rejected prior to GTP hydrolysis by EF-Tu. 2) Incorrect ternary complexes

containing mostly near-cognate aminoacyl-tRNA ternary complexes (capable of making two

of the three possible base pairs with the A site codon) are rejected in a proofreading step
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following GTP hydrolysis by EF-Tu. 3) Hydrolysis of incorrect peptidyl tRNAs can occur

following the subsequent translocation step.

While each of the three steps described above contributes to the fidelity of translation

elongation, the second (proofreading) step that discriminates against near-cognate

aminoacyl-tRNAs is particularly relevant with regard to aminoglycoside-mediated

misreading. Structural studies of prokaryotic ribosomes have shown that helix 44 of 16S

rRNA, which contains the binding site for aminoglycosides, is located at the base of the

ribosomal A site where codon recognition occurs. When a cognate aminoacyl-tRNA base

pairs with the mRNA codon, three universally conserved nucleotides within the 16S rRNA,

G530, A1492 and A1493, are positioned in close proximity to the codon-anticodon helix

(Moazed and Noller, 1986). The bound cognate aminoacyl-tRNA adopts the A/T state on the

ribosome, where the anticodon is stably associated with the codon in the A site but the

aminoacyl end has not yet moved into proper position in the peptidyl transferase center.

G530, A1492 and A1493 then undergo key structural rearrangements in the decoding center

(Ogle et al., 2001). The bases of A1492 and A1493 flip out of the helix and interact directly

with the minor groove of the codon-anticodon helix in the A site (Figure 3), while the base

of G530 flips from a syn to an anti conformation. Together, these changes initiate a complex

cascade of interactions, including a conversion of the 30S subunit from the open to the

closed conformation and GTP hydrolysis by EF-Tu (Ogle et al., 2002). If the proper codon-

anticodon interaction is present, EF-Tu rapidly dissociates from the ribosome and the

aminoacyl-tRNA is accommodated into the peptidyl transferase center where peptide bond

formation can occur. The presence of a single base pair mismatch in any position of the

codon-anticodon complex results in a rapid dissociation of the entire ternary complex, thus

preventing incorporation of an incorrect amino acid into the growing polypeptide chain.

The mechanism described above is informative with regard to aminoglycoside-induced

misreading. A1492 and A1493 are located in an internal loop of helix 44 that comprises the

binding site for aminoglycosides. Aminoglycoside binding induces a similar rearrangement

of A1492 and A1493 in the absence of a tRNA in the A site (Fourmy et al., 1996) (Figure

3). This drug-induced structural rearrangement in the decoding site increases the rate of

GTPase activation, leading to an increased misincorporation rate (Pape et al., 2000). Much

less is known about how fidelity is maintained during translation elongation in eukaryotes,

but it is likely that most features of the process described above are conserved. However, the

affinity of the eukaryotic decoding site for aminoglycoside binding is lower than the

corresponding prokaryotic site (Recht et al., 1999), and studies in yeast have shown that

aminoglycosides are more limited in their ability to induce misreading during translation

elongation (Kramer et al., 2010, Salas-Marco and Bedwell, 2005). This suggests that

aminoglycoside-induced effects on translation are largely restricted to the termination phase

in eukaryotes.

2) Aminoglycoside-induced suppression of stop codons—As discussed above,

the fidelity of translation elongation is maintained by a series of safeguards. In contrast,

prokaryotic termination by RF1 and RF2 is thought to function in the absence of

proofreading (Freistroffer et al., 2000). Structural studies have provided important insights

into translation termination in prokaryotes (Jin et al., 2010, Korostelev et al., 2008,

Korostelev et al., 2010, Laurberg et al., 2008, Weixlbaumer et al., 2008) (for a review, see

(Korostelev, 2011)). RF1 or RF2 binding to a stop codon located in the ribosomal A site

induces a conformational change that allows them to precisely span the distance from the

decoding center in the 30S subunit to the peptidyl transferase center in the 50S subunit. This

positioning allows the “decoding head” of the RF to recognize stop codons through a

network of hydrogen bonds. Unlike the decoding of sense codons, the conserved nucleotides

G530, A1492 and A1493 of the 16S rRNA are not directly involved in stop codon
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recognition. Instead, they stabilize the catalytically active conformation of the release factor,

which allows the RF to recognize the stop codon through contacts with at least a dozen

amino acids. Ultimately, the conformational changes in both the release factor and the

ribosomal decoding site coordinate stop codon recognition with hydrolysis of the ester bond

of the peptidyl-tRNA. While the mechanism of aminoglycoside-induced stop codon

suppression has not been elucidated, the binding of these compounds to helix 44 and the

resulting distortion of the decoding site (including A1492 and A1493) are likely to be

involved.

Translation termination in eukaryotes differs significantly from the process in prokaryotes.

As discussed earlier, a single class I release factor, eRF1, mediates polypeptide chain release

at all three stop codons (UAA, UAG and UGA) (Capecchi, 1967, Caskey et al., 1971,

Frolova et al., 1994, Vogel et al., 1969) (for a review, see (Jackson et al., 2012)), while the

class II release factor eRF3 is a GTPase (Frolova et al., 1996). However, unlike the

prokaryotic class I and class II factors, eRF1 and eRF3 can interact to form a stable

complex. Formation of the eRF1/eRF3 complex significantly stabilizes GTP binding by

eRF3, resulting in a stable eRF1/eRF3•GTP ternary complex. This ternary complex then

participates in sampling the A site codon like the ternary complexes in translation elongation

(aminoacyl-tRNA/eEF1A•GTP in eukaryotes, or aminoacyl-tRNA/EF-Tu•GTP in

prokaryotes).

Overall, the class I release factors (RF1 and RF2 in prokaryotes and eRF1 in eukaryotes)

carry out the conserved functions of stop codon recognition and polypeptide chain release.

In contrast, the class II release factors (RF3 vs. eRF3) play completely different roles in the

termination process. RF3•GTP binds after termination to facilitate release of the class I

factors RF1 or RF2. In contrast, GTP hydrolysis by eRF3 is required for efficient stop codon

recognition (Salas-Marco and Bedwell, 2004) and also facilitates the movement of eRF1's

domain 2 into the peptidyl transferase center (in a manner analogous to tRNA

accommodation) to mediate polypeptide chain release (Alkalaeva et al., 2006). After release,

eRF1 remains associated with the post-termination complex to assist in recycling of the

components of the post-termination complex by the recycling factor ABCE1 (Pisarev et al.,

2010).

Structural studies have shown that aminoglycosides bind to the decoding site in the

eukaryotic 18S rRNA, as they do in the corresponding structure within the prokaryotic 16S

rRNA (Lynch and Puglisi, 2001). A critical difference is two base changes in the 18S rRNA

that reduce the affinity of aminoglycoside binding to the eukaryotic decoding site, and

correspondingly reduces the susceptibility of eukaryotic ribosomes to aminoglycoside-

mediated inhibition (Recht et al., 1999) (Figure 4). Consistent with the importance of these

nucleotide differences, conversion of these two residues in the eukaryotic structure to the

prokaryotic sequence greatly enhanced aminoglycoside sensitivity in yeast (Fan-Minogue

and Bedwell, 2007). While direct evidence is limited, these results suggest that

conformational changes of the highly conserved residues G530, A1492 and A1493 (E. coli

numbering) may also play an important role in aminoglycoside-induced suppression of

translation termination in eukaryotes.

3) Suppression may occur primarily at PTCs—A concern of any therapeutic

approach to suppress nonsense mutations is the potential to cause global readthrough of

normal stop codons located at the end of genes. However, emerging evidence suggests that

termination is more efficient at normal stop codons than PTCs, which could make normal

stop codons less susceptible to suppression-inducing compounds. First, ribosomal

toeprinting studies have found evidence of prolonged ribosomal pausing at PTCs, but not at

normal stop codons (Amrani et al., 2004). It is possible that these prolonged pauses caused
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by a reduced efficiency of termination may make PTCs more susceptible to drug-induced

suppression. In addition, previous studies have shown that poly(A) binding protein (PABP)

interacts with eRF3 during termination and stimulates polypeptide chain release (Cosson et

al., 2002, Hoshino et al., 1999). The position of normal stop codons near the poly(A) tail

facilitates this association, thus ensuring that translation termination proceeds at an optimal

rate. The random positioning of PTCs throughout the ORF frequently places them at a

significant distance from the poly(A) tail, which could reduce the efficiency of translation

termination. However, because mRNAs become circularized through an interaction between

PABP and eIF4G (a component of the mRNA cap binding complex eIF4F), the linear

distance between eRF3 and PABP is unlikely to be solely responsible for the efficiency of

this interaction. In addition, the length of 3’ untranslated regions, which varies widely

among mammalian transcripts, may also influence the association between eRF3 and PABP.

Finally, the amount of PABP bound to the poly(A) tail of an mRNA may also influence the

efficiency of its interaction with eRF3.

Some investigators have searched for evidence of suppression of normal stop codons under

conditions where PTCs are efficiently suppressed. In one study, it was hypothesized that

readthrough of normal stop codons would result in a range of proteins with C-terminal

extensions that would induce a stress response due to accumulation of misfolded proteins

(Keeling et al., 2001). To assess this possibility, the abundance of the inducible form of

Hsp70 was compared in primary fibroblasts cultured in the presence or absence of

gentamicin. Only a small change in the abundance of inducible Hsp70 was observed

following growth in the presence of gentamicin, suggesting that suppression of natural stop

codons did not occur to a significant extent. In another study, the relative suppression levels

of a PTC vs. a normal stop codon within a luciferase gene were compared in HEK293 cells

treated with the readthrough drug PTC124. A dose-dependent appearance of full-length

protein was observed when cells containing the PTC reporter were grown in the presence of

the drug. However, an extended form of the full-length protein was not observed in cells

expressing the corresponding wild type reporter when grown under the same conditions. In

addition, readthrough products could not be detected in multiple tissues from PTC124-

treated human subjects, rats, and dogs (Welch et al., 2007). These results suggest that

normal stop codons may be relatively resistant to readthrough. In addition, tandem stop

codons have been shown to frequently occur at the end of ORFs, providing further

protection against faulty termination at the end of mRNAs (Dalphin et al., 1999, Liang et al.,

2005).

III. Therapeutic effects of suppression therapy

Dozens of published studies indicate that PTC suppression can restore partial levels of

functional protein in a variety of disease models (Keeling and Bedwell, 2010, Keeling and

Bedwell, 2011, Linde and Kerem, 2008). PTC suppression is a therapeutic approach that

targets a class of mutation rather than a specific protein or disease pathway. As such, it can

be considered a form of personalized medicine that could theoretically be applied to patients

with a wide range of diseases attributable to nonsense mutations. Because of the large

volume of suppression therapy data for many diverse diseases, we will limit our focus to two

disease models, Duchenne muscular dystrophy and cystic fibrosis, that were used to

establish this approach and have progressed to Phase 3 clinical trials. The following

suppression therapy reviews may be viewed for more extensive disease coverage (Keeling

and Bedwell, 2010, Keeling and Bedwell, 2011, Linde and Kerem, 2008).

A) Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is an X-linked neuromuscular disorder that results

from a deficiency of functional dystrophin protein that is encoded by the DMD gene. The
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dystrophin protein plays a structural role in connecting the actin cytoskeleton of a muscle

fiber to the extracellular matrix via an interaction with the dystrophin-associated protein

complex (DAPC) (Nowak and Davies, 2004). The DAPC complex becomes destabilized in

the absence of dystrophin, resulting in diminished levels of the DAPC complex and

subsequent progressive muscle fiber damage.

DMD symptoms usually appear before age six and include muscle weakness that begins in

the legs and pelvis. These symptoms progressively worsen, frequently leading to an inability

to walk by age 12 (Fairclough et al., 2011). Other affected tissues include the cardiac and

respiratory muscles, with most DMD patients succumbing to the disease by their late

twenties due to respiratory distress. DMD occurs in 1 out of every 3,500 male births.

Approximately 15% of DMD patients carry a nonsense mutation, suggesting that a

significant number of DMD patients may benefit from a therapy that restores dystrophin by

suppressing DMD nonsense mutations. Becker's muscular dystrophy (BMD), a much less

common form of muscular dystrophy, is also caused by mutations in dystrophin that result in

similar symptoms as DMD, but with a later age of onset and a much slower rate of

progression.

1) DMD Mouse Studies—Suppression therapy was first investigated for DMD using the

naturally occurring mdx mouse that contains a nonsense mutation at codon 3,195 (CAA to

TAA) in exon 23 of the mouse Dmd locus (Sicinski et al., 1989). It has been estimated that

approximately 20% of normal dystrophin protein must be restored in this mouse model to

provide a significant correction of the muscle pathology (Chamberlain, 1997). A number of

readthrough drugs have been shown to alleviate the DMD disease phenotype in this mouse

model. When administered for two weeks at a dose of 34 mg/kg, gentamicin (Figure 6A)

was shown to restore up to 20% of normal dystrophin protein levels in tibialis anterior,

heart, and diaphragm muscle tissues and restored DAPC formation (Barton-Davis et al.,

1999). Gentamicin-treated mdx mice also showed significant protection from contraction-

induced damage and normalization of serum creatine kinase levels (an indicator of muscle

damage). However, another group was unable to reproduce these results in the mdx mouse

(Dunant et al., 2003). Possible reasons suggested for the discrepancy include differences in

drug composition and administration protocols.

Administration of the dipeptide antibiotic negamycin (Figure 5) to mdx mice for two weeks

at a daily dose of 120 millimoles/kg (a molar equivalent dose to 34 mg/kg gentamicin) also

restored dystrophin protein and the DAPC in the tibialis anterior muscle tissues (Arakawa et

al., 2003), while a four-week negamycin treatment restored dystrophin in cardiac muscle.

This study also found that negamycin was significantly less toxic in mice than gentamicin.

PTC124 is a readthrough drug that has no antibiotic properties and has been shown to be

nontoxic (Figure 5) (Hirawat et al., 2007, Welch et al., 2007). This compound was orally

administered to mdx mice for two to eight weeks at 0.9-1.8 mg/ml doses in a liquid diet, and

was further supplemented with intraperitoneal injections at doses of 33 mg/kg three times/

day. Treated mice showed a restoration of up to 25% of normal dystrophin levels in tibialis

anterior, heart, and diaphragm muscle tissues (Welch et al., 2007). In addition, PTC124

treatment improved protection against contraction-induced injury such that force decrement

was not significantly different from wild-type control mice. Furthermore, serum creatine

kinase levels were significantly reduced in PTC124-treated mice after two weeks of

treatment and continued reductions were observed for up to eight weeks after treatment

termination.
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In summary, multiple drugs, including gentamicin, negamycin, and PTC124 were found to

suppress the nonsense mutation in the mdx mouse at levels that restored a physiologically

relevant amount of dystrophin protein.

2) DMD/BMD Clinical Trials—The promising results in the mdx mouse model led to the

initiation of clinical trials of suppression therapy in DMD/BMD patients that carry nonsense

mutations. Preliminary clinical trials using gentamicin administered intravenously produced

mixed results. In one study, four DMD/BMD patients administered gentamicin once daily at

a dose of 7.5 mg/kg for 2 weeks did not show significant changes in dystrophin levels or

muscle strength (Wagner et al., 2001). In a separate study, three of four DMD patients

treated with 6 to 7.5 mg/kg gentamicin in two 6-day intervals (separated by a 7 week period

without treatment) showed a restoration of dystrophin protein, but no significant change in

functional tests was observed (Politano et al., 2003). Recently, a more extensive trial was

conducted in 26 DMD patients treated with 7.5 mg/kg gentamicin once daily for 14 days

(Malik et al., 2010). A significant 50% decrease in serum creatine kinase activity was found

after gentamicin treatment in the patients that carried nonsense mutations, but not in DMD

patients that carried frameshift mutations. Additional DMD patients carrying nonsense

mutations were subjected to a longer six-month gentamicin treatment regimen at a dose of

7.5 mg/kg that was administered once or twice weekly. Approximately 50% of the patients

that provided muscle biopsies showed an increase in dystrophin protein, with levels ranging

from 1% to 15% of normal. On average, a 54% decrease in serum creatine kinase levels was

also found in patients post-treatment. While no other clinically meaningful endpoints

showed statistically significant improvements at the end of the treatment period, muscle

strength was stabilized in many of the gentamicin-treated patients, which is in contrast to the

usual rate of steady functional decline observed in most DMD patients (Malik et al., 2010).

In addition, no significant toxicity was associated with gentamicin administration in any of

these studies.

Phase 2a clinical trials have also been carried out with PTC124 in 38 DMD/BMD patients

with nonsense mutations (Finkel, 2010). PTC124 was administered orally for 28 days in 3

cohorts of patients at 16, 40, or 80 mg/kg/day. Comparison of primary cells from muscle

biopsies obtained before vs. after treatment showed a dose-dependent restoration of

dystrophin protein. During treatment, a reduction in serum creatine kinase was observed in

most treated patients. This marker returned to the pre-treatment levels within a month of

treatment cessation. In addition, dystrophin protein expression was restored in the majority

of patients, but with no clear dose-dependence or correlation to the nonsense mutation

sequence context.

A randomized, double-blinded, placebo-controlled phase 2b trial was conducted at multiple

sites to evaluate the efficacy of PTC124 in 174 DMD/BMD patients administered either 40

or 80 mg/kg/day for 48 weeks [PTC Therapeutics, Inc.,

http://ptct.client.shareholder.com/releases.cfm]. A 6-minute walk distance (6MWD) test was

used as the primary endpoint for evaluating the potential therapeutic benefit of treatment.

Initially, failure to produce a significant improvement in the primary endpoint led to

termination of the trial. However, subsequent stratification of the trial data revealed that

patients who received 40 mg/kg/day PTC124 showed a significant improvement in the

6MWD test relative to placebo-treated patients, while a significant improvement was not

found in patients treated with 80 mg/kg/day PTC124. In addition, it was found that patients

who received the lower PTC124 dose also showed a significantly reduced disease

progression than placebo-treated patients. While dystrophin protein expression was also

analyzed, no correlation was found between dystrophin expression and results of the 6MWD

test. Currently, Phase 3 trials are underway at 14 different centers to test the long-term effect

of PTC124 administration in 110 DMD/BMD patients that carry nonsense mutations
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[ClinicalTrials.gov, identifier NCT01247207]. In these studies, PTC124 is being

administered orally at a dose of 40 mg/kg/day.

In summary, the data compiled from preliminary clinical trials of suppression therapy in

DMD/BMD patients is mixed. However, longer-term trials are warranted since a fraction of

patients showed a therapeutic benefit from PTC suppression.

B) Cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the CFTR

(Cystic Fibrosis Transmembrane Regulator) gene. CF occurs in approximately 1 in 2,500

births. Approximately 30,000 CF patients reside in the United States, and roughly 1 in every

31 Americans is a carrier of a defective CF allele (Kim Chiaw et al., 2011, Wilschanski and

Kerem, 2011). The CFTR protein functions as a cAMP-regulated chloride channel that

resides in the apical membrane of epithelial cells that line the intestine, respiratory system,

pancreas, gall bladder, and sweat glands. The CF phenotype includes dysfunction of the

exocrine pancreas that results in pancreatic insufficiency and nutrient malabsorption,

gastrointestinal disease including meconium ileus with obstruction, hepatobiliary disease,

and absence of the vas deferens in male patients. However, the main pathologic feature of

CF is respiratory disease manifested by recurrent episodes of infection, inflammation, and

obstruction that lead to progressive lung damage and eventual respiratory failure. Since all

states screen newborns for CF, the majority of CF patients are diagnosed as infants. Children

with CF died in infancy sixty years ago, but improvements in diagnosis and treatments have

extended the current average life expectancy of CF patients to 37 years (Kim Chiaw et al.,

2011, Wilschanski and Kerem, 2011).

More than 1,900 different CFTR mutations have been reported and can be generally

categorized into five classes according to their effect on CFTR biogenesis, processing,

function, and expression (Rogan et al., 2011, Cuthbert, 2010) (Figure 7). Class I mutations

disrupt CFTR protein synthesis, resulting in no CFTR protein production. This group

includes nonsense, frameshift, and splicing mutations. Approximately 40% of CFTR

mutations reside in this class. Specifically, nonsense mutations are carried by 10% of the

general CF population, but in some populations, up to 50% of CF patients carry a nonsense

mutation. The G542X mutation, found in 2% of Caucasian CF patients, is the most common

CFTR nonsense mutation. Class II includes mutations that lead to faulty CFTR processing

and subsequent protein misfolding that prohibits CFTR from properly localizing to the cell

membrane. The F508del mutation (a deletion of the phenylalanine residue at position 508) is

found in 75% of CF patients and represents a mutation from this class. Class III comprises

mutations that allow the CFTR to be trafficked properly to the cell membrane, but the

protein does not respond to cAMP stimulation and does not have chloride channel function.

The G551D mutation, a CFTR gating mutant found in approximately 4% of CF patients, is

an example of this mutation class. Class IV is made up of mutations that allow correct CFTR

localization and activation by cAMP, but with reduced chloride conductance. Class V

includes mutations that result in normal plasma membrane CFTR, but overall protein

expression is reduced. Classes I-III result in severe reductions in CFTR function and lead to

a severe CF phenotype, while Classes IV-V retain some level of residual CFTR protein

function and confer a milder CF phenotype. It has been estimated that 5-35% of normal

CFTR function may be required to alleviate the CF phenotype (Kerem, 2004, Zhang et al.,

2009, Amaral, 2005).

1) CF Mouse studies—Previous studies have shown that a variety of readthrough drugs

are able to suppress CFTR nonsense mutations and restore functional CFTR protein in both

mouse models and in human clinical trials. However, the human CF phenotype varies from
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the mouse CF disease (Davidson and Rolfe, 2001, Scholte et al., 2004, Snouwaert et al.,

1992). The most significant difference is that the lung pathology observed in the human CF

disease does not occur in most CF mouse models. However, CF-associated intestinal defects

are more prevalent. In some CF mouse strains, approximately 80% of CF mice die within

seven days of weaning due to intestinal blockage. Maintenance on a liquid diet after

weaning decreases the mortality rate to some extent.

Studies to examine suppression of a CFTR nonsense mutation utilized a transgenic mouse

that carried a human CFTR cDNA containing the G542X nonsense mutation. This transgene

was expressed under control of the rat fatty acid binding protein (FABP) promoter. The

CFTR-G542X transgene was then crossed into a Cftrtm1Cam knockout mouse, resulting in a

mouse that was suitable to evaluate the ability of suppression therapy to restore CFTR

protein function (Du et al., 2002). Using this CFTR nonsense mouse model, a number of

readthrough drugs were found to restore significant levels of CFTR function. Gentamicin

administered at doses ranging from 5-34 mg/kg via once daily subcutaneous injections for

14 days resulted in a significant increase in intestinal cAMP-activated transepithelial

chloride conductance, resulting in as much as 22% of wild-type CFTR function (Du et al.,

2002, Du et al., 2006). In addition, CFTR protein could be detected at the apical surface of

intestinal tissues following treatment. Similar results were observed when amikacin was

administered using a similar administration protocol at doses ranging from 15-170 mg/kg.

However, tobramycin was much less effective in restoring CFTR function than either

gentamicin or amikacin (Du et al., 2002, Du et al., 2006). PTC124 administered orally for

14-21 days at a dose of 0.9 mg/ml in a liquid diet restored up to 24% of normal CFTR

function, while once daily subcutaneous injections at doses ranging from 15-60 mg/kg

restored up to 29% of CFTR function (Du et al., 2008). A partial restoration of CFTR

protein at the apical surface of intestinal tissues was also observed.

In summary, a number of different drugs were found to suppress the common G542X

mutation in a transgenic CF mouse model. These included gentamicin, amikacin, and

PTC124. All of the drugs restored approximately 20-30% of wild-type CFTR levels,

indicating the potential of these compounds to alleviate the CF phenotype.

2) CF Clinical Trials—Several clinical trials of suppression therapy using

aminoglycosides have been conducted in CF patients carrying nonsense mutations. Notably,

a range of results was obtained. In the first study, nine CF patients were administered 0.9

mgs of gentamicin daily via nasal drops for a total of 14 days (Wilschanski et al., 2003).

Nasal potential difference (PD) measurements indicated a significant improvement in

chloride conductance, and full-length CFTR protein was detected in nasal epithelia from

treated subjects. No improvement in CFTR function or restoration of CFTR protein was

detected in control patients homozygous for the F508del mutation. Another study

administered gentamicin intravenously to ten CF patients at a dose of 2.5 mg/kg every 8

hours for one week (Clancy et al., 2001). This treatment protocol led to a three-fold

increased incidence of nasal PD readings in the direction of chloride secretion in subjects

with PTCs compared with CF controls. Airway chloride secretion was also stronger in the

PTC group, with four of five subjects exhibiting a level of chloride secretion not seen in any

of the control subjects. However, no improvement in sweat chloride measurements was

observed in either treatment group. A more recent multi-center randomized, double-blinded,

crossover study was conducted with eleven CF patients with nonsense mutations and

eighteen CF patients that did not carry nonsense mutations (Clancy et al., 2007). Both

groups of CF patients were administered 3.6 mg of gentamicin or tobramycin daily using a

nasal spray device for 28 days. However, no improvement in chloride ion transport or CFTR

localization was observed in either patient group treated with gentamicin or tobramycin.
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Several CF suppression therapy clinical trials have also been conducted with PTC124. One

Phase 2 trial was conducted with twenty-three CF patients carrying nonsense mutations who

were administered PTC124 orally in two treatment phases (Kerem et al., 2008). Patients

were administered 16 mg/kg PTC124 daily for 14 days in the first phase, followed by 14

days without treatment, and then PTC124 was administered at a dose of 40 mg/kg daily for

14 days in the second treatment phase. Nasal potential difference measurements after either

treatment phase showed a substantial improvement in chloride conductance, where

approximately half of the patients showed measurements within the normal range (Kerem et

al., 2008). In addition, small improvements in lung forced vital capacity, neutrophil counts,

and body weight were observed. Twelve-week treatments using the same treatment phases

described above in nonsense-containing CF patients were also recently conducted

(Wilschanski et al., 2011). Both treatment phases increased nasal chloride transport in

approximately 60% of treated patients, with greater CFTR function restored with increased

treatment time. In addition, trends toward improved pulmonary function and reduced

coughing were observed. PTC124 has also been examined in thirty pediatric CF patients that

carried nonsense mutations (Sermet-Gaudelus et al., 2010). PTC124 was administered in

two fourteen-day cycles as described above. CFTR-mediated nasal epithelial chloride

transport was at least partially restored in approximately 50% of the treated patients. In

addition, localization of full-length CFTR protein was restored at the apical membrane of

nasal epithelial cells from treated patients. Phase 3 clinical trials are currently underway to

evaluate 48-week PTC124 treatment in pediatric and adult CF patients administered 40 mg/

kg/day [ClinicalTrials.gov; identifier NCT00803205]. The clinical endpoint to evaluate the

effectiveness will be lung forced vital capacity as well as secondary endpoints of nasal

potential difference measurements, lung inflammation markers, and body weight.

In summary, the CF suppression therapy clinical trials indicate that both gentamicin and

PTC124 are able to restore CFTR protein in a fraction of CF patients with PTCs. Longer-

term studies will be required to determine whether the therapeutic effects found in patients

upon short-term treatment can be sustained, and if enough CFTR can be restored to

substantially alleviate manifestations of CF lung disease.

IV. Limitations of Suppression Therapy

The preliminary clinical data obtained with DMD and CF indicates that suppression therapy

shows promise as a potential treatment; however, many of the studies produced highly

variable results. While differences in administration protocols and technical differences may

account for some of the variability, it appears that only a subset of patients elicits a robust

response to the various suppression drugs. This indicates that substantial improvements must

be made in suppression therapy before it can be generally applied as a treatment for the

majority of patients that carry nonsense mutations. In the following section, we discuss

possible reasons for the variable responses observed and ways that some of these limitations

may be overcome.

1) Efficacy

While suppression therapy appears to be a promising treatment for diseases attributable to

nonsense mutations, suppression therapy has not been successful in treating all diseases or in

every PTC-bearing patient with a particular disease. As discussed above, PTC124 treatment

was able to restore detectable CFTR function in only about half of treated patients (Kerem et

al., 2008, Sermet-Gaudelus et al., 2008, Wilschanski et al., 2011). This indicates that the

efficacy of suppression therapy must be improved in order to provide a therapeutic benefit to

a majority of patients afflicted with diseases caused by PTCs. In the following sections,

various factors that influence the efficiency of PTC suppression therapy will be discussed.
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a) Sequence Context Effects—The ability of readthrough agents to suppress various

PTCs may be influenced by a number of factors. The sequence of the stop codon as well as

the surrounding upstream and downstream mRNA sequence have been shown to be

important in mediating the efficiency of translation termination as well as the susceptibility

to drug-induced PTC suppression (Cassan and Rousset, 2001, Manuvakhova et al., 2000,

Martin, 1994, Phillips-Jones et al., 1995, Martin et al., 1989, Bonetti et al., 1995). The

nucleotide immediately downstream of a stop codon appears to be the most influential of the

surrounding sequence context in mediating termination efficiency, leading some

investigators to propose that the eRF1 release factor may actually recognize a

tetranucleotide termination signal (McCaughan et al., 1995, Brown et al., 1990). In general,

it has been found that a purine (A or G) in the 4th nucleotide position of the termination

signal resulted in more efficient termination than a pyrimidine (C or U). In mammalian in

vitro translation systems, as much as a 20-fold difference in basal termination efficiency has

been observed among different tetranucleotide termination signals (Manuvakhova et al.,

2000). It has also been shown that various readthrough drugs have different abilities to

suppress PTCs based on the PTC sequence context. As much as a 30-fold difference in

suppression levels mediated by readthrough drugs has been observed among various

tetranucleotide sequences (Manuvakhova et al., 2000). In addition, the extended sequence

beyond the tetranucleotide can affect suppression efficiency, where as great as 150-fold

differences in drug-mediated suppression levels can be observed among extended PTC

contexts (Manuvakhova et al., 2000).

b) Nonfunctional amino acid incorporation at PTCs—Not all of the full-length

protein restored by PTC suppression may be functional. As discussed earlier, several near-

cognate aminoacyl-tRNAs that base pair with two of the three nucleotides of the PTC could

potentially be utilized to suppress a PTC, including the 1st and 2nd nucleotides, the 2nd and

3rd nucleotides, or the 1st and 3rd nucleotides (Fearon et al., 1994). This could result in the

incorporation of one of several amino acids at the PTC that may differentially affect protein

function and/or stability (Table 1). However, unless a specific amino acid is required at the

site of the PTC for protein function, at least a portion of the protein restored by PTC

suppression is expected to be functional.

c) Nonsense-mediated mRNA decay (NMD)—In addition to producing truncated

proteins that are often nonfunctional and/or unstable, PTCs also frequently reduce the

stability of mRNAs, thus reducing their steady state abundance. Nonsense-mediated mRNA

decay (NMD) is a conserved pathway in eukaryotes that degrades mRNAs containing PTCs

(Isken and Maquat, 2007, Muhlemann et al., 2008, Bhuvanagiri et al., 2010). NMD

decreases the efficiency of suppression therapy by reducing the pool of PTC-containing

mRNAs available for translation and subsequent PTC suppression. Previous clinical trials of

suppression therapy have provided evidence that NMD may influence the response to

suppression therapy (Linde et al., 2007, Wilschanski et al., 2000, Wilschanski et al., 2003).

It was shown that CF patients that responded most robustly to suppression therapy had

higher levels of residual PTC-containing CFTR mRNA. Furthermore, it was shown that

knocking down expression of NMD factors using RNA silencing to inhibit NMD in CF

primary nasal epithelial cells increased both the level of PTC-containing CFTR transcripts

and CFTR function (Linde et al., 2007). This strongly suggests that NMD efficiency can

influence the efficacy of suppression therapy.

d) Toxicity—While PTC124 was found to be a nontoxic readthrough agent, many of the

aminoglycosides that suppress PTCs pose significant risks of toxicity, including ototoxicity

and nephrotoxicity. Approximately 2-25% of patients treated with aminoglycosides show

signs of nephrotoxicity and/or ototoxicity (Lopez-Novoa et al., 2011, Huth et al., 2011).
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While kidney damage caused by aminoglycoside exposure can usually be reversed after

treatment cessation, damage to the inner ear is permanent. Importantly, the toxicity

associated with aminoglycosides is not due to their function in modulating translation

termination efficiency at cytoplasmic ribosomes, but rather is due to off-target effects.

Aminoglycosides can enter renal cells by binding an endocytic complex formed by the

proteins megalin and cubilin that are enriched in the proximal tubules (Tauris et al., 2009).

Within the low pH environment of lysosomes, aminoglycosides become positively charged

and interact with the negatively charged phospholipids within the lysosomal membrane,

which leads to inhibition of membrane phospholipases and phospholipidosis (De Broe et al.,

1984, Laurent et al., 1982). Subsequent apoptosis and necrosis of the tubular epithelial cells

occur, leading to renal damage. In the inner ear, aminoglycosides appear to enter the hair

cells through both endocytosis and ion channels (Lopez-Novoa et al., 2011). Two main

consequences result from aminoglycoside entry into hair cells: 1) production of reactive

oxygen species that leads to apoptosis; and 2) apoptosis due to aminoglycoside interference

with mitochondrial translation (Lopez-Novoa et al., 2011, Guthrie, 2008). Interestingly,

around 1 in 500 individuals in the general population carries a mutation in their

mitochondrial 12S rRNA that increases the structural similarity of the mitochondrial rRNA

to the bacterial rRNA (Qian and Guan, 2009, Guan et al., 2000). This mutation promotes

aminoglycoside binding to the rRNA, leading to greater susceptibility to inhibition of

mitochondrial protein synthesis.

e) Immune Response—PTCs often lead to a complete absence of protein. Consequently,

restoration of protein expression by suppression therapy may result in an immune response

to the newly restored protein in some patients. Such a response was described in one DMD

patient after a suppression therapy regimen with gentamicin (Malik et al., 2010). In that

patient, no dystrophin was detected by western blotting following suppression therapy;

however, a robust T-cell response was produced to dystrophin peptides downstream of the

PTC. In two other patients that underwent the same suppression therapy protocol, a three- to

five-fold increase in dystrophin protein was found using western blotting, but no T-cell

response to dystrophin peptides was produced. It is unclear whether technical difficulties

prevented an accurate quantitation of dystrophin protein in the patient where no dystrophin

protein was detected, or if the restored dystrophin protein was cleared by the immune

response in this patient. Further analyses will be required to determine whether an immune

response to the protein restored by suppression therapy could reduce the therapy

effectiveness in at least a subset of patients.

V. Efforts to overcome suppression therapy limitations

1) Develop Safer, More Effective Drugs

In order to find compounds that are more effective than earlier readthrough drugs such as

gentamicin, a number of approaches have been explored. First, novel suppression agents

have been identified through high throughput screens (HTS). PTC Therapeutics identified

PTC124 (Figure 5A), which has been shown to be nontoxic, safe, and more effective than

many aminoglycosides at suppressing PTCs (Du et al., 2008, Hirawat et al., 2004, Hirawat

et al., 2007, Welch et al., 2007). Additional readthrough drugs have also been identified

through HTS, including RTC#13 and RTC#14 (Figure 5), which have been shown to be

effective in suppressing nonsense mutations in the ATM gene associated with ataxia

telangiectasia (Jung et al., 2011, Du et al., 2009a). These novel readthrough compounds

provide additional structural scaffolds to develop novel, safe readthrough drugs with

increased efficacy.

Some controversy has been associated with the identification of readthrough drugs using

HTS. In one example, PTC Therapeutics performed primary HTS of 800,000 compounds
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using PTC-containing firefly luciferase reporters to identify novel readthrough drugs (Welch

et al., 2007). Candidate suppression drugs such as PTC124 were identified as a result of

increased firefly luciferase activity (compared to controls treated with vehicle alone) due to

PTC readthrough that restored full-length, functional firefly luciferase. However, Inglese

and co-workers later found that the firefly luciferase protein binds PTC124 (Auld et al.,

2009). This interaction was reported to stabilize the firefly luciferase protein, making it less

susceptible to proteolysis, thereby increasing firefly luciferase protein steady state levels.

Based on these results, it was suggested that PTC124 might have been inappropriately

identified in the firefly-based HTS due to its ability to stabilize the small amount of firefly

protein produced by basal readthrough, rather than by restoring functional firefly luciferase

by PTC suppression. The discrepancies between the firefly luciferase results obtained by

PTC Therapeutics and the Inglese group were suggested to have arisen from technical

differences in the luciferase assay conditions (Peltz et al., 2009), although that explanation

was disputed (Inglese et al., 2009). This controversy illustrates the need for extreme caution

when designing HTS. At a minimum, a series of secondary screens should be used to verify

initial hits. In this case, additional in vitro studies as well as multiple in vivo studies using

both animal models and clinical trials have shown that PTC124 suppresses PTCs in mRNAs

that encode a wide variety of proteins unrelated to firefly luciferase, including those

associated with diseases such as DMD (Welch et al., 2007), CF (Du et al., 2008, Kerem et

al., 2008, Sermet-Gaudelus et al., 2008, Wilschanski et al., 2008, Sermet-Gaudelus et al.,

2010, Hirawat et al., 2004), Type 1C Usher syndrome (Goldmann et al., 2011), and carnitine

palmitoyltransferase 1A deficiency (Tan et al., 2011).

Rational drug design has also been pursued to generate safer, more effective readthrough

drugs. A number of aminoglycoside derivatives have been generated for the purpose of

novel antibiotic development (Li et al., 2004, Elchert et al., 2004, Chang et al., 2002), and a

subset of these drugs has been shown to suppress PTCs associated with spinal muscular

atrophy (SMA) in mammalian cells (Mattis et al., 2006). From this group of drugs, the

TC007 neomycin derivative was shown to significantly alleviate the disease phenotype in

SMA nonsense mouse models (Mattis et al., 2009b, Mattis et al., 2009a). Recently, steps to

develop aminoglycoside derivatives specifically for the purpose of suppressing PTCs have

also been undertaken. Baasov and co-workers have used a medicinal chemistry approach to

develop aminoglycoside derivatives with enhanced readthrough ability and reduced toxicity

(Nudelman et al., 2010, Nudelman et al., 2006). They identified moieties within

conventional aminoglycosides that are predicted to increase their association with the

eukaryotic ribosome to enhance PTC suppression, while simultaneously reducing their

association with bacterial and/or mitochondrial ribosomes to circumvent at least one aspect

of aminoglycoside toxicity. Structural components of paromomycin were used to create the

first generation of derivatives that included the designer aminoglycoside NB30 (Figure 6B),

which was found to be 6 to 15 fold less toxic than paromomycin or gentamicin in

mammalian cells. While NB30 suppressed PTCs associated with type 1 Usher syndrome

using in vitro assays, it was not as effective as the conventional aminoglycosides

paromomycin or gentamicin (Rebibo-Sabbah et al., 2007, Goldmann et al., 2010). However,

the addition of a (S)-4-amino-2-hydroxybutanol (AHB) side group found in amikacin to

NB30 generated the designer aminoglycoside NB54 (Figure 6B). While the toxicity of this

new drug remained reduced compared to its parental aminoglycosides, NB54 produced more

robust readthrough of PTCs than NB30. This was demonstrated in multiple in vitro assays

(Nudelman et al., 2009, Vecsler et al., 2011) as well as in a nonsense CF mouse model

(Rowe et al., 2011). The addition of a methyl group found in G418 to NB54 resulted in

generation of NB84 (Figure 6B). While this designer aminoglycoside showed low toxicity

like its precursors, NB84 more effectively promoted readthrough than NB54 in an in vitro

model of Rett syndrome (Brendel et al., 2010) and a mouse model of mucopolysaccharidosis

I-Hurler (MPS I-H) (Wang et al., 2012). This method of rational drug design has iteratively
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produced designer aminoglycosides with increasingly enhanced PTC suppression and

reduced toxicity compared to traditional aminoglycosides. Further optimization of these

designer aminoglycosides suggests that clinically relevant readthrough drugs may ultimately

result from this approach (Kandasamy et al., 2011).

2) Reduce aminoglycoside toxicity

In addition to designing novel aminoglycosides that are safer for PTC suppression, other

methods have also been investigated to offset aminoglycoside toxicity. Intravenous

aminoglycoside administration is carefully monitored to maintain serum levels that result in

maximal antimicrobial effects while minimizing toxicity. Aminoglycoside dosing regimens

have been investigated that compared once daily dosing versus multiple daily dosing in

order to find protocols that minimize toxicity risks. Recent data indicate that once daily

treatment regimens are as effective as multiple smaller doses that cumulatively administer

the same total daily dose. Most importantly, the once daily dose was shown to reduce

nephrotoxicity in children (Smyth and Bhatt, 2012, Beauchamp and Labrecque, 2001).

Other methods of reducing aminoglycoside toxicity have also been pursued. For example,

the administration of various antioxidants has been shown to alleviate aminoglycoside-

induced ototoxicity (Sha and Schacht, 2000, Kawamoto et al., 2004, Reiter et al., 2011,

Darrat et al., 2007) and nephrotoxicity (Ali et al., 2011). In addition, co-administration of

polyanions such as daptomycin (Woodworth et al., 1994, Thibault et al., 1995) and poly-L-

aspartic acid (PAA) (Kishore et al., 1992, Swan et al., 1991, Hulka et al., 1993) alleviate

nephrotoxicity and ototoxicity by binding to aminoglycosides within the lysosomal

compartment and preventing aminoglycoside association with phospholipids in the

lysosomal membrane. Interestingly, PAA was found to increase cytoplasmic aminoglycoside

concentrations in mammalian cells (Du et al., 2009b, Gilbert et al., 1989, Beauchamp et al.,

1990, Kishore et al., 1992). Co-administration of PAA with aminoglycosides was also

shown to enhance the efficacy of PTC suppression in human MPS I-H fibroblasts (Keeling,

2000) and in a nonsense CF mouse model (Du et al., 2009b).

Another approach to alleviate aminoglycoside toxicity is to encapsulate them into

liposomes. Additional advantages of liposome-encapsulated aminoglycosides include

improved pharmacokinetics and enhanced activity (Drulis-Kawa and Dorotkiewicz-Jach,

2010). However, tissue distribution has varied among different liposomal preparations.

Encapsulation of amikacin or gentamicin into conventional liposomes resulted in their rapid

clearing from the bloodstream by the mononuclear phagocyte system (Schiffelers et al.,

2001). While acute toxicity was reduced, the drugs accumulated in the liver and spleen and

their concentrations were low in other organs. Development of long-circulating liposomes

(LCLs) resulted in a broader tissue exposure. The LCL-encapsulated drugs accumulated at

similar concentrations as free aminoglycosides, but their localization within the kidney

differed from free aminoglycosides, thus preventing nephrotoxicity. In addition, the LCL-

aminoglycosides were found to have increased efficacy as antimicrobials. Arikace®, an

inhaled form of liposome-encapsulated amikacin that can enter biofilms (Meers et al., 2008),

will enter Phase 2 clinical trials for the treatment of lung infections

[http://www.insmed.com/arikace.php#p2]; [ClinicalTrials.gov; NCT01315678].

Until recently, this method of aminoglycoside delivery was only tested for antibacterial

purposes. However, a recent study evaluated the ability of liposome-encapsulated

gentamicin to suppress a PTC in the mdx mouse model of Duchenne muscular dystrophy

(Yukihara et al., 2011). The gentamicin-filled liposomes were found to accumulate in the

mouse skeletal muscle and the liver, but not in the brain or kidney. A significant decrease in

serum creatine kinase levels and an increase in dystrophin levels were observed in treated
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mice. In addition, a reduction in ototoxicity was observed. These observations suggest that

liposomal aminoglycosides may be a way to improve their safety for suppression therapy.

3) Decrease NMD Efficiency

Another way to possibly increase nonsense suppression efficacy is to partially inhibit NMD

to increase the pool of PTC-containing mRNA available for translation and readthrough

(Figure 8). It was previously demonstrated that siRNA-mediated knockdown of NMD factor

expression to reduce NMD efficiency increases the efficacy of suppression therapy in nasal

epithelia derived from CF patients (Linde et al., 2007). A possible target for

pharmacological NMD inhibition is the UPF1 protein (Figure 9). The NMD factor UPF1 is a

phosphoprotein that must undergo a cycle of phosphorylation and dephosphorylation in

order for efficient NMD to occur (Kashima et al., 2006, Ohnishi et al., 2003, Yamashita et

al., 2006). Several pharmacological agents have been shown to target the UPF1

phosphorylation cycle. Phosphatidylinositol-3-kinase inhibitors such as caffeine,

wortmannin, and LY294002SMG1 inhibit SMG1, a member of the phosphatidylinositol-3-

kinase-like kinases that phosphorylates UPF1 (Pal et al., 2001, Usuki et al., 2004). In

addition, another NMD inhibitor called NMDI-1 was recently identified from a high

throughput drug screen to inhibit UPF1 dephosphorylation by blocking the interaction

between UPF1 and SMG5, which recruits the PP2A phosphatase to dephosphorylate UPF1

(Durand et al., 2007).

In some instances, NMD inhibition alone may be beneficial in alleviating a disease

phenotype. One example was documented for a collagen deficiency caused by a frameshift

mutation in the COL IV α2 gene (Usuki et al., 2004). It was found that the truncated

collagen VI α2 protein produced by this mutant gene retained partial function, but NMD

reduced the abundance of the COL IV α2 mRNA so severely that the resulting expression of

the mutant, partially functional collagen VI α2 protein was not sufficient to prevent the

onset of Ullrich's syndrome. However, it was found that NMD inhibition mediated by

caffeine or wortmannin restored enough truncated protein expression to alleviate the disease

phenotype in fibroblasts from an Ullrich's syndrome patient. In addition, NMD factor

knockdowns using RNA silencing to decrease NMD efficiency resulted in a therapeutic

benefit within in vitro model systems for Ullrich's syndrome (Usuki et al., 2006) and type 2

long QT syndrome (Zarraga et al., 2011). However, NMD inhibition must be approached

with caution since several NMD factors have been shown to be essential for embryonic

development (Hwang and Maquat, 2011). NMD also regulates the abundance of a large

number of physiological transcripts, and NMD and/or NMD factors appear to have

additional roles in other cellular pathways (Isken and Maquat, 2008).

4) Combine Suppression Therapy with Other Therapeutic Approaches

The threshold of functional protein required for a therapeutic benefit dictates the

effectiveness of suppression therapy. This threshold not only varies for different diseases,

but also among different patient populations with the same disease. For some disorders, even

enhanced forms of suppression therapy may not be capable of restoring enough functional

protein to surpass the therapeutic threshold. However, suppression therapy may be combined

with other therapeutic approaches to enhance the overall therapeutic benefits. For example,

current treatments for the lysosomal storage disease MPS I-H, such as hematopoietic stem

cell transplantation (Aldenhoven et al., 2008) and enzyme replacement therapy (ERT)

(Brooks, 2002, Wraith, 2005) are unable to alleviate abnormal lysosomal

glycosaminoglycan storage in all tissues. In particular, ERT is unable to treat MPS I-H

neurological defects because the exogenously supplied recombinant protein is unable to

cross the blood-brain barrier. Since PTC suppression agents are small molecules that cross

the blood-brain barrier to some extent (McCracken et al., 1971, Riff and Jackson, 1971,
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Smith et al., 1988), suppression therapy may be a suitable approach to alleviate the

neurological disease associated with MPS I-H. In addition, numerous drugs are under

development to treat cystic fibrosis (CF) by targeting different aspects of CFTR protein

localization and function depending upon the type of mutation in the affected individuals

(Rogan et al., 2011, Cuthbert, 2010). For example, several drugs have been developed by

Vertex Pharmaceuticals to treat CF according to the specific class of CFTR mutation (see

Figure 7). VX-809 was developed for CF patients with the Class II mutation F508del that

affects CFTR trafficking (Van Goor et al., 2011), and VX-770 (Kalydeco®) was developed

for the Class III mutation G551D that produces correctly localized CFTR, but causes

channel gating defects (Van Goor et al., 2009). In particular, drugs like VX-770 that

increase CFTR gating could potentially be combined with PTC suppression therapy in

patients with nonsense mutations to further enhance the activity of the CFTR protein

restored by suppression.

Summary—Due to improvements in genomic analysis and genetic testing, mutation

detection is becoming routine for many genetic diseases. This has led to an increase in the

development of mutation-specific drugs, thus making personalized medicine a reality.

Nonsense suppression is an example of personalized medicine that alters how a specific

class of mutation is recognized by the translation machinery. Thus, it is not restricted to any

specific disease. The need for such a broad therapeutic class of drugs is dire, since

approximately 2.5 million patients in the U.S. alone have genetic disorders attributable to

nonsense mutations. Notably, progress is being made in the development of PTC

suppression as a clinical therapy. PTC124 is currently in Phase 3 clinical trials for the

treatment of cystic fibrosis and Duchenne muscular dystrophy. However, suppression

therapy in its current form may be effective in only a subset of patients with nonsense

mutations. Accordingly, improvements in the efficacy of this approach are needed in order

to broaden its applicability to a larger number of patients with diverse disorders. Active

research investigating the mechanisms of translation termination, PTC suppression, and

NMD is likely to provide additional pharmaceutical targets for PTC suppression that will

enhance the effectiveness of this novel therapeutic approach.
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Figure 1.
Model of eukaryotic translation termination. A complex comprised of eRF1 and eRF3

mediate translation termination. eRF1 recognizes any of the three stop codons (UAA, UAG,

UGA) in the ribosomal A site. GTP hydrolysis by eRF3 assists: 1) stop codon recognition by

eRF1, and 2) eRF1 accommodation into the peptidyl transferase center so polypeptide

release can occur. [Note: a color version of this figure is available online.]
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Figure 2.
Model of PTC suppression. A) The eRF1/eRF3 complex efficiently mediates translation

termination in eukaryotes, where incorporation of an amino acid carried by a near-cognate

aminoacyl-tRNA into the nascent polypeptide is rare. B) Drugs such as aminoglycosides

bind to the small ribosomal subunit to stimulate misreading at stop codons, leading to an

increased frequency of near-cognate aminoacyl-tRNA incorporation that allows continued

translation elongation in the correct ribosomal reading frame. [Note: a color version of this

figure is available online.]
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Figure 3.
Structural changes that occur in the ribosomal decoding site. During proofreading of the

codon-anticodon interaction, the bases of A1492 and A1493 of the 16S rRNA flip out and

interact with the minor groove of the codon-anticodon helix. Shown are partial RNA

structures of decoding sites from the 30S ribosomal subunit from Thermus thermophilus.

These structures were obtained from 30S subunits in the (A) absence or (B) presence of

paromomycin (shown in black). Structures were obtained using protein data bank numbers

1J5E (A) and 1IBK (B). [Note: a color version of this figure is available online.]
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Figure 4.
Key differences between the prokaryotic and eukaryotic decoding sites. E. coli numbering is

shown for prokaryotes (orange), while S. cerevisiae numbering is shown for eukaryotes

(green). Arrows indicate nucleotides that are key in decoding correct base pair interactions

within the A site. The boxed nucleotides indicate differing residues between prokaryotic and

eukaryotic decoding sites that affect the affinity of aminoglycoside binding. [Note: a color

version of this figure is available online.]
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Figure 5.
Structures of non-aminoglycosides that induce PTC suppression in mammalian cells.
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Figure 6.
Structures of some aminoglycosides that induce PTC suppression in mammalian cells. A)

Gentamicin isomers. B) Designer aminoglycoside derivatives. The boxed structures

represent structural elements within conventional aminoglycosides that were used to

generate the designer aminoglycosides NB30, NB54, and NB84. [Note: a color version of

this figure is available online.]
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Figure 7.
Classes of mutations that cause cystic fibrosis. CFTR mutations are categorized into five

classes (I-V) depending on the effect of the mutation on CFTR protein abundance,

processing, localization, and function. The mutation classes are as follows: Class I = no

CFTR protein is produced (includes nonsense mutations); Class II = CFTR processing is

defective, so CFTR is retained in the ER and subsequently degraded; Class III = CFTR

localizes to the cell surface, but is nonfunctional; Class IV = CFTR localizes to the cell

surface, but with reduced activity; Class V = CFTR localizes to the cell surface and is

functional, but its expression is reduced. [Note: a color version of this figure is available

online.]
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Figure 8.
Rationale of combining suppression therapy with NMD inhibition. The presence of a

nonsense mutation within an mRNA leads to premature translation termination, resulting in

a truncated polypeptide that is nonfunctional and/or unstable. However, nonsense mutations

often also trigger nonsense-mediated mRNA decay of the transcript that severely reduces its

steady-state levels. The combination of these PTC-induced events contributes to the near

complete loss of protein expression that often results in a disease state. Suppression therapy

targets premature translation termination by inducing readthrough at PTCs. NMD inhibition

could increase the pool of PTC-containing mRNAs available for translation and subsequent

PTC suppression. The combination of suppression therapy and NMD inhibition

simultaneously targets both PTC-mediated events to enhance protein restoration. [Note: a

color version of this figure is available online.]
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Figure 9.
NMD inhibitors. UPF1 is a critical NMD factor that undergoes a cycle of phosphorylation

and de-phosphorylation, which represents a pharmacological target for NMD inhibitors.

SMG1, the kinase that phosphorylates UPF1, is inhibited by caffeine. The interaction

between UPF1 and SMG5, which recruits PP2A phosphatase to dephosphorylate UPF1, is

blocked by NMDI-1. [Note: a color version of this figure is available online.]
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