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Abstract

Suppression therapy is a treatment strategy for genetic diseases caused by nonsense mutations.
This therapeutic approach utilizes pharmacological agents that suppress translation termination at
in-frame premature termination codons (PTCs) to restore translation of a full-length, functional
polypeptide. The efficiency of various classes of compounds to suppress PTCs in mammalian cells
is discussed along with the current limitations of this therapy. We also elaborate on approaches to
improve the efficiency of suppression that include methods to enhance the effectiveness of current
suppression drugs, and the design or discovery of new, more effective suppression agents. Finally,
we discuss the role of nonsense-mediated mMRNA decay (NMD) in limiting the effectiveness of
suppression therapy, and describe tactics that may allow the efficiency of NMD to be modulated in
order to enhance suppression therapy.
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Introduction

Premature termination codons (PTCs) can arise from various types of mutations in germ or
somatic cells. Genetic lesions that result in a PTC include: 1) single base pair substitutions
that change a sense codon to an in-frame PTC, commonly known as nonsense mutations; 2)
insertion or deletion mutations that alter the ribosomal reading frame, causing translating
ribosomes to encounter a PTC; 3) an insertion mutation that maintains the proper distal
reading frame but introduces an in-frame PTC; 4) mutations that lead to mRNA splicing
defects that cause retention of an intron that alters the reading frame, leading translating
ribosomes to encounter a PTC; and 5) mMRNA splicing defects that cause retention of an
intron that contains an in-frame PTC but does not alter the distal ribosomal reading frame.
Overall, these various classes of PTCs are associated with one-third of all genetic disorders,
including many types of cancer 1.

The introduction of a PTC can have two important consequences on gene expression. First, a
PTC will terminate mRNA translation prior to completion of a full-length polypeptide,
leading to production of truncated proteins that are often non-functional and/or unstable. In
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addition, PTC-containing mRNAs are also frequently unstable, resulting in a severe
reduction in steady-state mMRNA abundance. Together, these two PTC-induced events reduce
the level of functional protein produced to such an extent that a severe disease state results.
For the purpose of this review, we will limit our focus to mutations that introduce PTCs that
retain the proper distal reading frame. In recent years, a novel therapeutic approach called
suppression therapy has been developed that utilizes low molecular weight compounds to
induce the translation machinery to recode a PTC into a sense codon. Suppression of
translation termination at a PTC allows translation elongation to continue in the correct
reading frame so that synthesis of a full-length polypeptide can be completed and protein
function can be restored.

Mechanism of premature termination codon suppression

The recognition of stop codons greatly differs from the recognition of sense codons. During
translation elongation, the movement of a sense codon into the ribosomal A site is followed
by sampling of aminoacyl tRNAs until a cognate aminoacyl tRNA binds. The term
“cognate” refers to a tRNA whose anticodon can base pair with all three nucleotides of the
A site codon. Following a proofreading step to confirm the proper codon-anticodon
interaction, the cognate aminoacyl tRNA becomes accommodated into the A site 2. Peptide
bond formation then occurs, resulting in the addition of the amino acid carried by the
cognate aminoacyl tRNA onto the carboxy-terminus of the growing polypeptide chain. After
the peptidyl-tRNA is translocated back into the ribosomal P site, aminoacyl tRNA selection
continues at the next codon. The three stop codons (UAA, UAG, and UGA) are not decoded
by aminoacyl tRNAs, but rather, are recognized by proteins called eukaryotic release factors
(eRFs) (Figure 1). There are two release factors in eukaryotes, eRF1 and eRF3, which
together function as a termination complex 3. eRF1, which has a three-dimensional structure
that resembles the size and shape of an aminoacyl tRNA, recognizes and binds to all three
stop codons in the ribosomal A site and mediates release of the nascent polypeptide from the
ribosome 4. eRF3 is a GTPase that assists eRF1 in both stop codon recognition and
polypeptide release 5.

When a stop codon enters the ribosomal A site, the sampling process is initiated just as it
does at a sense codon. Near-cognate aminoacyl tRNAs with anticodons that are
complementary to two of the three nucleotides of a stop codon can compete with the release
factors for A site binding. Normally, stop codon recognition by the eRF1/3 complex
efficiently out-competes near-cognate aminoacyl tRNAs and efficient polypeptide chain
release occurs. On occasion, aminoacyl tRNAs that are near-cognate to a stop codon become
accommodated in the ribosomal A site and their amino acid is incorporated into the
polypeptide 7 (Figure 2). This process recodes a stop codon into a sense codon. This
recoding or “readthrough” event suppresses translation termination and allows translation
elongation to continue in the correct reading frame until the normal stop codon is
encountered. Under basal conditions, the recoding of a PTC into a sense codon occurs in less
than 1% of translation events 89, while suppression of a normal stop codon occurs at a
frequency of <0.1% 1011,

The goal of suppression therapy is to enhance the ability of near-cognate aminoacyl tRNAs
to compete with the release factor complex for binding PTCs in the ribosomal A site. By
increasing the frequency that PTCs are recoded into sense codons, enough full-length,
functional protein may be restored to provide a therapeutic benefit to patients that carry
PTCs. However, one concern raised about suppression therapy is its effect on global
translation efficiency. For example, does increasing suppression at PTCs also increase
suppression at normal stop codons located at the end of open reading frames (ORFs)? If so,
readthrough of normal stop codons could be predicted to increase the expression of
misfolded proteins with C-terminal extensions due to continued translation into the 3’
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untranslated region (UTR) of an mRNA. Subsequently, the presence of a large increase in
misfolded proteins would be expected to induce an unfolded protein response. Analysis of
the inducible form of Hsp70, which is elevated when unfolded proteins are present such as
during heat shock conditions, revealed only a slight increase in Hsp70 abundance at high
suppression drug concentrations 12. In addition, investigations of suppression agents in
mammalian cell culture indicate that overall translation rates are unaffected by these
compounds at doses that induce PTC readthrough 1314, From these results, it appears that
PTC suppression does not cause large effects on either global translation or normal stop
codon recognition.

These observations indicate that suppression agents are more effective in suppressing
termination at PTCs than natural stop codons, suggesting that there are differences in
termination at these two types of stop codons. Consistent with this hypothesis, ribosomal
toe-printing experiments found that the toe-print observed at a PTC is much more
pronounced than the toe-print at a normal stop codon 1°. This indicates that a much longer
ribosomal pause occurs at PTCs than at normal stop codons, suggesting that the kinetics of
translation termination are less efficient at PTCs than at natural stop codons. It has been
shown that the eRF3 release factor normally interacts with poly(A) binding protein (PABP)
associated with the poly(A) tail at the 3’ end of mMRNAs, which increases the efficiency of
translation termination 1617 (Figure 3). At natural stop codons located at the end of ORFs,
the release factors are placed in close proximity to PABP, which facilitates this interaction.
In contrast, the spatial distance between the PTC-bound release factors and PABP
diminishes the interaction between eRF3 and PABP, rendering the termination reaction less
efficient 18. Ribosomal pausing has been shown to induce many forms of ribosomal
recoding including frameshifting, ribosome hopping, selenocysteine incorporation, etc. 1°.
Similarly, it is thought that the inefficient kinetics of termination observed at PTCs makes
them more susceptible to suppression therapy than normal stop codons.

Other factors are also likely to prevent the suppression of a natural stop codon and
translation into the 3" UTR of an mRNA. First, the stop codon and nucleotide sequence
surrounding a stop codon greatly influence the suppression level 891420, Sequence analysis
of mammalian cDNAs showed the most efficient termination sequences that are least
susceptible to suppression are frequently found at the end of ORFs of highly expressed
genes 19, In addition, multiple in-frame stop codons are frequently found at the end of many
ORFs, which significantly reduces the possibility that translation elongation can continue
into the 3’ UTR 2L, Finally, mRNA turnover pathways have been identified that target
mRNAs for degradation when translation continues into the 3’ UTR. These RNA turnover
pathways include nonstop mRNA decay, which degrades mRNAs that do not contain any
stop codons such that translation continues to the end of the poly(A) tail 22; and ribosome-
extension mediated RNA decay, that degrades mRNAs when translation continues into the
3" UTR until another stop codon is encountered in the 3’ UTR 23, While natural substrates
for these MRNA degradation pathways could be rare or may occur in a tissue-specific
manner, these pathways also likely function as surveillance mechanisms to eliminate
mMRNAs that encode aberrant proteins.

Various amino acids can be incorporated into a polypeptide at the site of a PTC. The amino
acids inserted in place of a PTC during suppression can be donated by various near-cognate
aminoacyl tRNAs that base pair with two nucleotides in any position of the stop codon (with
the 15t and 29 nucleotides, the 2" and 3" nucleotides, or the 15t and 3™ nucleotides) 7.
Many factors probably influence the frequency that a particular amino acid is inserted in
place of a PTC during suppression, including the nucleotide sequence of the PTC and the
abundance of the various near-cognate aminoacyl tRNAs. Unless a PTC is located at a
residue where a specific amino acid is needed for protein function, such as in a catalytic
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pocket, PTC suppression would be expected to restore at least a fraction of functional
protein that might provide a therapeutic benefit for many disorders.

Drugs that suppress disease-causing premature termination codons

Numerous low molecular weight compounds have been shown to increase the frequency that
termination is suppressed at PTCs. The best characterized of these drugs are the
aminoglycosides 24, Aminoglycosides generally consist of two to three aminosugars joined
to a 2-deoxystreptamine ring by glycosidic linkages. Aminoglycosides have traditionally
been used as antibiotics, where they bind to a region of the 16S ribosomal RNA in the
bacterial ribosome called the decoding center 2. This leads to an inhibition of translation
initiation at high doses and a reduction of translational fidelity at low doses. The decoding
center normally carries out a proofreading function that monitors base pairing between
codons and anticodons in the ribosomal A site to ensure that a cognate aminoacyl tRNA is
accommodated in the A site. By binding to the decoding center, aminoglycosides are able to
reduce the proofreading ability of the ribosome and increase the misincorporation of near-
cognate aminoacyl tRNAs into the ribosomal A site at both sense codons and stop codons,
resulting in translational misreading and inhibition of protein synthesis. The decoding center
is generally well-conserved between prokaryotes and eukaryotes; however, differences at
two nucleotides prevent aminoglycosides from binding as tightly to the eukaryotic

ribosome 26, The reduced binding affinity of aminoglycosides for the eukaryotic decoding
center allows their use as antibacterial agents without blocking protein synthesis in
eukaryotes. Only a subset of aminoglycosides has been shown to bind weakly to the
eukaryotic ribosome. Studies in eukaryotic cells have found that aminoglycosides that bind
to the eukaryatic ribosome do not appear to induce significant misreading at sense codons,
but can induce low levels of misreading at PTCs 27. Various aminoglycosides, including
gentamicin, amikacin, paromomycin, G418 (geneticin), lividomycin, tobramycin, and
streptomycin have been shown to suppress disease-causing PTCs in mammalian cells and
partially restore protein function to various extents for more than twenty different disease
models in vitro, and eight different disease models in vivo (for reviews see 28-30), Several
pilot clinical trials with patients carrying nonsense mutations with cystic fibrosis 31-34,
Duchenne muscular dystrophy 3536 hemophilia A and B 37, and Hailey-Hailey disease 38
have shown the partial restoration of full-length, functional protein to a variable extent when
administered gentamicin.

While these results are promising, there are several obstacles that must be overcome before
aminoglycosides can be used long-term in the suppression of nonsense mutations. First, the
efficiency of suppressing PTCs is greatly influenced by the identity of the stop codon and
the surrounding mRNA sequence 39, Various aminoglycosides show different abilities to
suppress a PTC depending upon the sequence context. This suggests that screening
compounds to identify those that best suppress a particular PTC in its natural sequence
context is needed. Second, the use of aminoglycosides long-term is limited due to side
effects that result in nephrotoxicity and ototoxicity.

One way aminoglycosides enter cells is through their interaction with megalin, a multi-
ligand, endocytic receptor that is particularly enriched in the proximal tubules of the kidney
and hair cells of the inner ear 49, Three distinct mechanisms have been proposed to explain
the basis of aminoglycoside toxicity. First, endocytosed aminoglycosides become positively
charged in the low pH environment of the lysosomal compartment and bind to the
negatively charged phospholipids in the lysosomal membrane 4. This interferes with
enzymatic reactions on these membranes such as phospholipase signaling, which induces
pathological effects such as phospholipidosis. Second, the charged nature of
aminoglycosides leads to the formation of reactive oxygen species and oxidative damage 42.
Finally, aminoglycosides may induce mitochondrial dysfunction due to similarities between
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bacterial and mitochondrial ribosomes 43. This is a particular problem with individuals
carrying specific polymorphisms in their mitochondrial ribosomal RNA that increase
aminoglycoside binding to the mitochondrial ribosome and induce translational misreading
or arrest.

Several approaches to reduce aminoglycoside toxicity while maintaining or improving their
ability to suppress PTCs are being explored. First, co-administration of antioxidants that
scavenge free radicals has been shown to protect cochlear hair cells from aminoglycoside-
induced damage and may also aid in protection against nephrotoxicity 4. Another approach
to protect against aminoglycoside-induced nephrotoxicity is to co-administer
aminoglycosides with poly-L-aspartate or daptomycin 446, Both molecules sequester
aminoglycosides away from lysosomal membrane phospholipids. In addition, by preventing
the accumulation of aminoglycosides within the lysosomal membrane, poly-L-aspartate
increases the cytoplasmic aminoglycoside concentration and enhances nonsense
suppression. A recent study using a cystic fibrosis mouse model that carried a human CFTR
transgene with a nonsense mutation showed that co-administration of poly-L-aspartate with
gentamicin restored a higher level of functional CFTR protein than administration of
gentamicin alone #’. In addition, co-administration of poly-L-aspartate prolonged the
therapeutic effect of suppression therapy after the suppression drug was withdrawn. These
results indicate that in addition to protecting against aminoglycoside-induced nephrotoxicity,
poly-L-aspartate can also enhance the efficiency of aminoglycosides in PTC suppression.

Another approach that may reduce aminoglycoside toxicity while enhancing suppression
therapy is to encapsulate aminoglycosides into liposomes 4849, 1t was found that much of
aminoglycoside toxicity associated with its use as an antibiotic could be circumvented by
encapsulation in liposomes since this alters the route of aminoglycoside clearance from the
kidneys to the liver. Current clinical protocols for aminoglycoside administration monitor
serum peak and trough concentrations to maximize their antibiotic effects and minimize
their toxic side effects. Liposome encapsulation of aminoglycosides has been shown to
improve aminoglycoside pharmacokinetics by maintaining higher aminoglycoside serum
levels for longer periods of time, which may be a more effective pharmacokinetic profile for
the administration of aminoglycosides as suppression agents.

Gentamicin is the most commonly used aminoglycoside for suppression therapy. However,
gentamicin preparations contain a mixture of related structures (congeners) that result from
its synthesis as a natural product by Micromonospora species. Some of these congeners may
increase potential toxicity and hinder its effectiveness in suppression therapy. During
gentamicin synthesis, a mixture of five isoforms (C1, Cla, C2, C2a, and C2b) is generated
in varying proportions (Figure 4). It has been shown that the various congeners have
significantly different abilities to induce toxicity and to suppress PTCs. Such variability in
different gentamicin preparations could potentially affect the efficiency of suppression
therapy and the side effects observed. It was previously shown that the C2 isoform exhibits
significantly less toxicity than the other isoforms in gentamicin preparations 29 and also
efficiently suppresses PTCs (our unpublished results). This suggests that purification of the
C2 isoform of gentamicin may significantly reduce toxicity while enhancing PTC
suppression.

Since a significant aspect of aminoglycoside toxicity is due to off-target effects that are
unrelated to their ability to suppress PTCs, attempts are also being made to separate specific
structural components of aminoglycosides that facilitate nonsense suppression from other
features responsible for off-target side effects. In so doing, novel aminoglycoside derivatives
may be designed that show enhanced PTC suppression with reduced toxicity. In addition,
current commercial aminoglycosides have been selected for clinical use based on their
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antibacterial properties. Since the similarity between the bacterial and mitochondrial
translation machineries can contribute to one aspect of aminoglycoside toxicity, antibacterial
properties of aminoglycosides are undesirable and unnecessary for their role in PTC
suppression 43, Structural studies have recently allowed a better visualization of the
differences in the aminoglycoside binding pocket between eukaryotes and prokaryotes,
which may assist in the design of novel aminoglycoside derivatives that are specific for the
eukaryotic ribosome for PTC suppression, while also reducing any potential off-target
effects that induce toxicity 21,

Several novel aminoglycoside derivatives have been generated based on the logic outlined
above and tested in mammalian cells (Figure 5). These include NB30, a derivative of
paromomycin °2; NB54, which combines components of paromomycin and amikacin °3; and
NB84, which is composed of structural elements from paromomycin, amikacin, and

G418 4. These novel compounds show more than a 10-fold reduction in cellular toxicity
compared to the classical aminoglycosides 5354, In addition, each of the compounds was
found to restore a significant amount of functional protein in mammalian cells carrying
PTCs related to Usher syndrome 3°, Rett syndrome 8, cystic fibrosis, and
mucopolysaccharidosis I-Hurler (MPS I-H) (unpublished results). These designer drugs are
currently being evaluated for their ability to suppress disease-causing PTCs in vivo.

Additional, non-aminoglycoside compounds have also been found to suppress PTCs in
mammalian cells. The dipeptide antibiotic negamycin (Figure 6A) was shown to suppress a
nonsense mutation in a mouse model of Duchenne muscular dystrophy and restore
approximately 10% of wild-type dystrophin protein levels 57. While gentamicin restored a
comparable amount of dystrophin protein, negamycin was reported to be less toxic. The
mechanism of negamycin-induced PTC suppression has not yet been elucidated, but
negamycin was reported to bind to the decoding site of the eukaryotic ribosome and the
nascent polypeptide exit tunnel of the bacterial ribosome 58:59, These results suggest that
negamycin may target more than one site of the ribosome to induce suppression.

Other compounds that are unrelated to aminoglycosides and do not function as antibiotics
have been identified by high-throughput drug screens. In one such screen of a 34,000 small
molecule library using an ELISA-based reporter platform, Du et al. identified twelve non-
aminoglycoside compounds that suppressed PTCs 69, Two of these compounds, RT#13 and
RT#14 were identified as lead compounds (Figure 6B, C). Upon further evaluation in
lymphoblastoid and fibroblast cell lines derived from ataxia telangiectasia patients that
carried nonsense mutations in the ATM gene, RT#13 and RT#14 were found to restore ATM
kinase function when administered in micromolar amounts 62, In addition, these drugs were
shown to suppress a nonsense mutation in the dystrophin gene in myoblasts derived from a
mouse model of Duchenne muscular dystrophy 2. While the mechanism underlying the
ability of these drugs to suppress PTCs is unknown, RT#13 and RT#14 were non-toxic in
mammalian cells at concentrations that suppressed PTCs and did not alter global protein
expression patterns, suggesting that these drugs show potential for further development.

Another compound, PTC124 (Figure 6D), was recently identified by PTC Therapeutics, Inc.
by screening a library of 800,000 low molecular weight compounds using a luciferase-based
reporter platform 2. Significantly, PTC124 (also known by the trade name Ataluren®) was
found to suppress nonsense mutations as well or better than aminoglycosides at nanomolar
concentrations in mammalian cells without toxic side effects. PTC124 did not alter global
protein or mRNA profiles and did not possess antibacterial activity.

PTC124 was initially shown to suppress nonsense mutations associated with Duchenne
muscular dystrophy and cystic fibrosis in mouse models 62:63, In the Duchenne muscular
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dystrophy mouse model, approximately 20-25% of normal dystrophin levels were restored
in PTC124-treated mice. In addition, significant improvements in other muscular dystrophy
disease markers such as an increased steady state level of the y-sarcoglycan protein and a
decrease in serum creatine kinase levels were also observed in PTC124-treated mice. In a
Cftr knockout mouse that carried a human CFTR transgene with a nonsense mutation,
PTC124 treatment restored up to 29% of wild-type CFTR cAMP-activated chloride channel
activity in relevant mouse tissues. PTC124 treatment also resulted in the appearance of
CFTR protein at the apical membrane in tissues of treated mice 3.

Given the promising results obtained in suppressing PTCs in animal models, PTC124
proceeded to Phase I clinical trials where it was deemed safe for potential therapeutic

uses 4. Phase 11 clinical trials of PTC124 administered to both adult and pediatric cystic
fibrosis patients that carry nonsense mutations have also been completed, with mixed
results. Studies in Belgium and Israel found that PTC124 treatment restores measurable
CFTR function in around 50% of treated patients 5567 In contrast, another study in the U.S.
did not observe any significant increase in CFTR function 88. While there are many possible
explanations for this discrepancy, differences in the assay protocol used at different study
sites were considered likely. After extensive efforts to standardize the assay conditions
among all participating sites, PTC124 has now entered Phase Il clinical trials for treatment
of cystic fibrosis.

In phase 1l clinical trials for Duchenne and Becker muscular dystrophy patients, two doses
of PTC124 were initially tested over a 48-week period. Evaluations of the trial indicated that
no improvement was observed in patients administered the high dose of PTC124. However,
patients given the lower dose showed a trend toward increased walk distances in a six
minute walk distance test and a statistically significant decrease in progression of the
disease 69 (and unpublished results). Phase 11 clinical trials are also underway for the
treatment of hemophilia A and B, and methylmalonic acidemia in patients with nonsense
mutations. Recently, additional experimental evidence has been obtained suggesting that
PTC124 is effective in suppressing nonsense mutations associated with carnitine
palmitoyltransferase 1A deficiency 79, peroxisome biogenesis disorders 71, limb girdle
muscular dystrophy 72, Usher syndrome 73, and the lysosomal storage disease MPS I-Hurler
(unpublished data).

Some controversy has surrounded the identification of PTC124 as a suppression agent. The
high throughput platform used to screen compound libraries for PTC suppression agents
utilized a firefly luciferase construct containing a PTC that prevented the synthesis of full-
length firefly protein 62, The screening strategy was based on the logic that suppression of
the PTC by a readthrough agent at significant levels would induce translation of full-length
firefly protein that could be measured by an increase in luciferase activity. A recent study
suggested that the identification of PTC124 as a suppression agent might have been an
artifact derived from the platform that was used to perform the high-throughput screen 74,
Those authors showed that PTC124 forms an adduct with ATP, a firefly substrate, during
the reaction catalyzed by firefly luciferase 7°. The PTC124-ATP complex binds to the firefly
protein and stabilizes it, which increases the steady state luciferase activity. It was suggested
that in the firefly-based high throughput drug screen, PTC124 was identified based on its
ability to increase luciferase activity by stabilizing the residual firefly protein that was
present from basal readthrough, rather than its ability to enhance suppression of the
nonsense mutation. Rebuttals that argued against the conclusion of this study based on
technical issues pertaining to the components of the luciferase assay systems and the
concentrations of PTC124 used in the original screen have been published 6. Regardless of
the role of off-target effects of PTC124 on firefly luciferase activity during its initial
identification as a readthrough agent, subsequent in vivo studies using disease models that
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were independent of firefly luciferase-based assays have provided strong evidence that
PTC124 suppresses termination at PTCs and restores functional protein 62:63, In addition,
reports from clinical trials indicate that the level of suppression provided by PTC124 in vivo
is sufficient to provide a therapeutic benefit in a significant portion of patients with cystic
fibrosis 6567,

Approaches to enhance suppression therapy

While pharmacological PTC suppression as a therapy for diseases caused by nonsense
mutations is promising, there are still limitations that hinder the wide spread implementation
of this approach to treat a variety of disorders. While the most promising suppression agent
at the present time, PTC124, was found to be safe and offers a therapeutic benefit to many
patients, not all patients respond equally well to PTC124 administration. For example, in a
Phase Il PTC124 clinical trial in cystic fibrosis patients, only 50% of the treated patients
showed a restoration of CFTR protein function 85, This could possibly be due to differences
in the ability of PTC124 to suppress different termination sequences. However, in many
cases various patients with identical CFTR mutations showed very different response
profiles to suppression therapy. Other factors could include technical differences in assaying
CFTR protein function, as well as epigenetic factors and/or genetic modifiers that allow
some patients to respond to suppression therapy more robustly than others.

One factor that possibly affects the response to suppression therapy in many patients is the
efficiency of nonsense-mediated mMRNA decay (NMD). NMD is an mRNA surveillance
pathway that degrades mRNAs that contain a PTC 7. It has been proposed that the main
purpose of NMD is to dispose of mMRNASs that could encode aberrant, truncated polypeptides
with the potential of having a dominant-negative phenotype. The NMD pathway reduces the
efficiency of suppression therapy because it depletes the pool of PTC-containing transcripts
available for translation and subsequent PTC suppression. Interestingly, a recent study
reported that cystic fibrosis patients that responded most robustly to suppression therapy
generally had a higher level of residual PTC-containing CFTR mRNA 78, In addition, when
RNA silencing was used to reduce the abundance of several NMD factors in order to
moderate NMD efficiency, the level of functional CFTR protein restored by suppression
therapy was significantly increased. This suggests that strategies designed to reduce the
efficiency of NMD may improve the therapeutic benefit afforded by suppression therapy.

The NMD pathway has been an active area of research in recent years and our understanding
of the factors involved in NMD, as well as the function and mechanism of NMD, has greatly
increased. However, for the purpose of this discussion and for brevity, a simplified model of
mammalian NMD will be presented (Figure 7). For more detailed information about NMD,
please see the following recent reviews 777980 |n mammalian cells, mMRNAs become
messenger ribonucleoprotein (MRNP) complexes in the nucleus. This includes binding of a
nuclear cap-binding complex (CBC) composed of CBP20 and CBP80 to the 5’
methylguanosine cap; binding of the nuclear poly(A) binding protein (PABPN1) to the 3’
poly(A) tail; and the association of factors called the exon junction complex (EJC)
approximately 20-24 nucleotides upstream of exon-exon junctions as a consequence of
MRNA splicing. Several factors required for NMD are components of EJCs. EJCs remain
associated with mRNA transcripts as they are exported from the nucleus to the cytoplasm.
Upon entry into the cytoplasm and initiation of the first or “pioneer” round of translation,
the ribosome displaces the EJC complexes from mRNAs as they are translated. For mRNAs
without PTCs, the translating ribosome remodels the mRNP structure by removing the EJC
complexes. In addition, the nuclear CBC is replaced with elF4E and nuclear PABPNL1 is
replaced with cytoplasmic PAPB (PABPC1). These remodeling events stabilize the mMRNA
for subsequent rounds of translation. If a PTC is located in an mRNA that is at least 50-55
nucleotides upstream of the final exon-exon junction, the ribosome terminates translation of
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the mRNA prior to removal of all of the EJC complexes from the mRNA. This incomplete
mMRNP remodeling marks the mRNA as aberrant, leading to its subsequent degradation by
the NMD pathway.

The NMD pathway is found in all eukaryotes. Several NMD factors are highly conserved
among diverse species, including UPF1, UPF2, and UPF3. UPF3 is a component of the EJC
complex that is deposited onto the mRNA during nuclear mRNA splicing. UPF2 resides in
the perinuclear space and binds to mRNA-bound UPF3 as mRNPs transit from the nucleus
to the cytoplasm. If a PTC prohibits removal of distal EJCs from an mRNA during the
pioneer round of translation, UPF1 and the SMG-1 kinase associate with the eRF1 and eRF3
release factors on the ribosomal pre-termination complex at the PTC. UPF1 then interacts
with the UPF2/UPF3 proteins associated with the downstream EJC complex. This
interaction induces UPF1 phosphorylation by SMG-1 and marks the mRNA as PTC-
containing. In addition, an association between UPF1 and a component of the CBC, CBP80,
enhances the efficiency of the NMD process. A complex composed of SMG5, SMG6,
SMG?7 and the PP2A phosphatase then dephosphorylates UPF1, and the mRNA is
subsequently degraded. It is unclear from current NMD models if UPF1 dephosphorylation
is a prerequisite for recruitment of the mRNA degradation machinery.

Several pharmacological agents have been shown to inhibit NMD. These include translation
inhibitors such as cycloheximide, emetine, puromycin, and pateamine A. However, these
drugs are not beneficial for therapeutic use as NMD inhibitors due to their toxicity. Since
UPF1 undergoes repeated cycles of phosphorylation and dephosphorylation and this cycle is
required for NMD to occur, this provides a pharmacological target for NMD inhibition 77.
Several compounds have been identified that inhibit this process. The UPF1 kinase SMGL1 is
a member of the phosphoinositide-3-kinase related protein kinases (PIKKSs) that also include
ATM, ATR, and DNA-PKcs that regulate the cellular DNA damage response; and mTOR
that regulates the cellular nutrition response 8182, Kinase inhibitors such as caffeine and
wortmannin have been shown to inhibit SMG1 and prevent UPF1 phosphorylation, resulting
in partial NMD inhibition 8384 However, these drugs are not specific for SMG1 and not
only affect other PIKKSs, but also affect some phosphoinositide 3-kinases (P13Ks). However,
a unique region of 1,000 amino acids in the SMG1 protein that is not found in other PIKKs
or PI3Ks may provide a basis for the therapeutic development of molecules that specifically
target SMG1 and inhibit its function 85,

Through a high-throughput drug screen, another NMD inhibitor was recently discovered that
also modulates the phosphorylation state of UPF1. This compound, called NMDI-1 (Figure
8), blocks the interaction between SMG5 and UPF1 86, This inhibits the dephosphorylation
of UPF1, leading to the inhibition of NMD. Initial characterization of NMDI-1 suggests that
it is relatively specific for NMD. It also did not induce toxicity in mammalian cells treated
with concentrations much higher than the dose required to inhibit NMD 8. NMDI-1 or an
NMDI-1 derivative may show promise as a pharmacological agent that could be moved into
clinical use in order to partially inhibit NMD and enhance the efficacy of suppression
therapy.

In addition, the partial inhibition of NMD may in itself be beneficial for some disorders. For
example, it has been shown that NMD inhibition by SMG1 or UPF1 depletion, or by
pharmacological inactivation of SMGL1, could alleviate the Ullrich disease phenotype in
human fibroblasts 8384, This disorder is caused by a deficiency in the collagen V1 alpha2
protein. Partial NMD inhibition was found to restore adequate levels of the truncated
collagen protein to assemble with other collagen fibers, leading to partial restoration of a
functional extracellular matrix. In addition, knockdown of UPF1 expression to inhibit NMD
of a nonsense-containing hERG mRNA associated with an inherited form of cardiovascular
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dysfunction called long-QT syndrome was found to restore channel protein expression and
function as a pore-forming subunit of the rapidly activating delayed rectifier potassium
channel &7

While NMD inhibition may prove to be a viable way to provide therapeutic benefits for
some diseases, either by increasing the level of partially functional truncated polypeptides,
or in combination with suppression therapy to restore full-length, functional proteins,
caution must be taken. In addition to degrading mRNAs that contain PTCs, NMD also
modulates the level of many endogenous transcripts, including those that contain upstream
open reading frames, introns in their 3' UTR, or abnormally long 3' UTRs /7. Consistent
with the importance of the NMD process and/or certain NMD factors, UPF1, UPF2, and
SMG1 knockouts result in embryonic lethality in mice 88-90. However, partial inhibition of
NMD by constitutive expression of a dominant negative UPF1 mutant protein allowed the
production of viable mice 1. NMD also functions to eliminate nonproductive
rearrangements during VVDJ and T-cell receptor recombination during immunological system
development 90:91, |n addition, NMD factors are important for the maintenance of telomeric
regions at the ends of chromosomes, play a role in DNA replication and repair, and
safeguard genomic integrity 7780, Thus, modulation of NMD must be monitored carefully to
ensure that other NMD-mediated cellular functions are not detrimentally affected. Since the
efficiency of NMD varies among individuals within the general population 30:78.92 it js
likely that mild pharmacological inhibition of NMD efficiency may be possible without
complications.

The success of suppression therapy to provide a therapeutic benefit in various individuals
depends on many factors. One particularly important factor is the threshold of correction for
a particular disorder that varies depending upon the function of the factor and the tissues
where it is expressed. For example, for some disorders that result from an enzyme
deficiency such as the lysosomal storage disease mucopolysaccharidosis type I-Hurler (MPS
I-H), as little as 1% of wild-type enzymatic activity can significantly alleviate the disease
phenotype 93. In other disorders, much more functional protein is required in order to
provide therapeutic benefits. While the efficiency of suppression therapy may be improved
by developing better suppression agents and combining suppression therapy with NMD
inhibition, these efforts may still not restore enough functional protein to provide a
therapeutic benefit for some disorders.

In some cases, additional therapeutic approaches may be combined with suppression therapy
to reach a therapeutic threshold, particularly in certain tissues. For example, in the case of
MPS I-H, administration of enzyme replacement therapy appears to be sufficient to alleviate
the disease in many organs #4. However, since the enzyme cannot cross the blood-brain
barrier, no correction can be achieved in neurological tissues. The ability of some
suppression drugs to cross the blood-brain barrier raises the possibility that the combination
of suppression therapy (with or without NMD inhibition) and enzyme replacement therapy
may provide a therapeutic benefit in all affected tissues. Similarly, CF drugs called
potentiators have been identified that allow the CFTR protein, which is a cAMP-activated
chloride channel located on the apical surface of epithelial cells, to remain open for longer
periods of time 95, These potentiator compounds, when combined with suppression therapy
or suppression therapy together with NMD inhibition, may provide an enhanced therapeutic
benefit by restoring greater CFTR protein function than either treatment alone. Approaches
that enhance CFTR transcription also have the potential to enhance CFTR protein
expression. For example, sodium butyrate has been shown to increase CFTR mRNA levels
and, when combined with suppression therapy, may also provide another method to enhance
the yield of functional CFTR protein %.
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Conclusion

According to the National Organization for Rare Disorders (NORD), roughly 7,000 genetic
disorders are known to occur in humans. In the United States alone, approximately 30
million individuals are afflicted with a genetic disease. Since 11% of all reported mutations
are in-frame nonsense mutations 9, potentially 3 million individuals in the US alone could
be candidates for PTC suppression therapy. However, specific limits related to the molecular
genetics of each disease-causing mutation must be considered. For example, the sequence of
the nonsense mutation and the surrounding sequence context in the mRNA are important
factors in the susceptibility of mutations to suppression. This affects the overall level of
suppression that can be obtained, as well as the specific choice of readthrough compound
that will provide the maximal level of suppression. Current methods to predict these
variables are limited, so context effects must still be determined empirically in order to find
the best readthrough agent to suppress a particular mutation in its natural sequence context.
Given the significant differences in the susceptibility of different mutations, suppression
therapy is an example of a therapeutic approach that will clearly benefit from increased
utilization of individualized genome sequencing and personalized medicine.

Beyond the variable susceptibility of specific nonsense mutations in various genes to
suppression, another important factor that must be considered is the threshold of restored
protein function needed to provide a therapeutic benefit. In disorders where ten percent or
less of WT activity could alleviate some or all of the disease phenotype, this approach may
provide a viable treatment option. This level of restoration could possibly be achieved by
suppression alone, by the combination of NMD inhibition with nonsense suppression, or by
various other combinatorial approaches to amplify the amount of functional protein
obtained. Given that a PTC suppression compound is currently undergoing clinical trials for
several diseases, it is possible that this novel therapeutic approach could be available for a
broad range of genetic disorders in the coming years.
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Figure 1. Translation termination

During translation termination, eRF1 and eRF3 bind the pre-termination complex with a
stop codon located in the ribosomal A site. eRF1 mediates the initial recognition of the stop
codon. GTP hydrolysis by eRF3 finalizes stop codon recognition and facilitates polypeptide
chain release.
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Figure 2. Suppression of translation termination

During the suppression of a premature stop codon, a near-cognate aminoacyl tRNA pairs at
two of the three bases of the stop codon. The amino acid carried by the near-cognate tRNA
is added to the polypeptide chain and translation resumes in the proper reading frame until
the natural stop codon is reached.
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B) Premature termination codons (PTCs)
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Figure 3. Comparison of translation termination at natural stop codons vs. premature stop
codons

A) Termination at natural stop codons. Termination efficiency at natural stop codons located
near the 3" end of MRNAS is enhanced by interactions between eRF3 and PABP. B)
Termination at premature stop codons. eRF3 and PABP cannot interact efficiently because
of the spatial distance between premature termination codons and the poly (A) tail of the
mRNA where PABP binds, thus reducing the efficiency of termination. The absence of this
interaction is thought to result in ribosome pausing at the premature stop codon, making
them more susceptible to suppression.
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Figure 4. Structures of gentamicin congeners
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Figure 5. Structures of conventional aminoglycosides and novel synthetic aminoglycosides
The novel synthetic aminoglycoside derivatives shown contain structural components of
conventional aminoglycosides (shaded and numbered A-C) that are predicted to enhance
suppression nonsense mutations while decreasing their nonspecific interactions.
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Figure 6. Structures of non-aminoglycoside compounds that suppress translation termination at

premature termination codons
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Figure 7. A simplified model of mammalian NMD
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Figure 8. Structure of the NMD inhibitor, NMDI-1
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