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Abstract

The development of efficacious and safe post transcriptional gene silencing (PTGS) agents is a
challenging scientific endeavor that embraces “biocomplexity” at many levels. The target mMRNA
exhibits a level of structural complexity that profoundly limits annealing of PTGS agents. PTGS
agents are macromolecular RNAs that must be designed to fold into catalytically active structures
able to cleave the target mRNA. Pushing into and beyond the biological complexity requires new
technologies for high throughput screening (HTS) to efficiently and rapidly assess a set of
biological and experimental variables engaged in RNA Drug Discovery (RDD).
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20.1 Introduction

Currently, only one nucleic acid drug is approved for human disease by the Food and Drug
Administration (Vitravene™, fomiversen, ISIS 2922). This singular success is testament to
the difficulties that exist in development of PTGS agents over the last three decades. We
encountered the biocomplexity intrinsic to development of PTGS agents in RDD for retina-
directed therapeutics. The steps in the process of RDD are similar to the development of
small molecule drugs except that in RDD the drug is a delivered or expressed
macromolecular RNA molecule (Fig. 20.1). We critically detailed the bottlenecks at each
step in RDD that limit the efficiency and success of PTGS agent development (Sullivan et al.
2008). Here, we present an overview of established and emerging technologies to address
these bottlenecks, some of which were established in this lab.

20.2 Materials & Methods

To demonstrate the complexity of mMRNA structure we folded human peripherin mRNA
(RDS, PRPH?2) into secondary structures with Mfold, which first finds the minimal free
energy structure (Zuker 2003). RDS is a disease target mMRNA in autosomal dominant
retinitis pigmentosa and macular dystrophies and is expressed in rod and cone
photoreceptors (Boon et al. 2008).

20.3 Variables in RDD
20.3.1 Agents of PTGS

PTGS agents interact with target mMRNASs on the basis of complementary Watson—Crick base
pairing. We focus on ribozymes and shRNAs agents that could constitute gene-based
therapeutics. PTGS agents contain an engineered region that is antisense to an accessible
region in the target mMRNA (Fig. 20.2). The hammerhead ribozyme (hhRz) has its catalytic
core situated between two antisense flanks that anneal to the target MRNA and position the
enzyme to cleave after an NUHV triplet (N= G, A, U, C; U=U, H=C, A, U). The hhRz
catalyzes a transesterification reaction based on RNA chemistry. After cleavage the release
of the target fragments is critical to allow enzymatic turnover and avoid product inhibition.
The total antisense span of the hhRz should be at least 12 nt which is sufficient for good
specificity with respect to the human transcriptome. The hhRz can be expressed within the
context of a structured (chimeric) RNA that provides stability, appropriate cellular
trafficking (to colocalize with target mMRNA), and cellular stability (resistance to nucleases).
The short hairpin RNA (shRNA) is a double-stranded stem loop element that contains a
guide or antisense strand (complementary to the target mMRNA region) and its complement
separated by a short engineered loop. The cytoplasmic RNase Dicer cleaves off the loop to
generate a short interfering RNA (ssSRNA). Cellular proteins interact with the siRNA, then
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select and orient the guide strand to form the RNA-induced silencing complex (RI SC).
RISC binds to the target MRNA and the protein components cleave the target RNA. RISC
uses a seed sequence of 7-8 nt to interact with the target mMRNA and within this seed the
process is mismatch-tolerant. It is not surprising that there are typically many off-target
effects with shRNA as compared to the hhRz which, relatively, is expected to have higher
specificity for cleaving the target mMRNA and potentially lower toxicity.

20.3.2 Validating Appropriate Disease Target mMRNAs

The target MRNA expresses a protein which is expected to contribute to the disease process.
In an autosomal dominant hereditary retinal degeneration the mutant mRNA encodes a
protein that could have gain-of-function toxic properties or dominant negative properties that
promote cellular compromise and ultimate cell death and vision loss. Also, the loss of the
wild type (WT) mRNA and protein may create a state of haploinsufficiency that may
contribute to cellular demise. To solve the simultaneous problem of gain-of-function toxicity
of mutant gene products and WT haploinsufficiency it may be necessary to express both a
PTGS agent to knockdown the mutant (and WT) proteins and a variant WT allele to
reconstitute WT protein expression with an mRNA that cannot be cleaved by the PTGS
agent. Albeit complex, a knockdown-reconstitute strategy could allow use of a single
therapeutic PTGS agent for all or most mutant alleles of a dominant disease gene.

PTGS agents have therapeutic potential for retinal degenerations where the targets are
human WT mRNASs and proteins. For example, age-related macular degeneration is a
multifactorial disease process with pathophysiological contributions originating from
oxidative stress, accumulation of toxic retinoids (e.g. A2E), and local inflammation.
Investigation of cellular disease pathways can validate WT mRNA targets and proteins that,
if reduced by PTGS agents, could ameliorate disease states.

20.3.3 Target mMRNA Structure and determinations of Accessibility

Annealing of a PTGS agent to a target mRNA is the rate limiting step in PTGS reaction
kinetics. Annealing cannot occur if the targeted region is in a preexisting state of stable
secondary or tertiary structure, or is protein coated. The PTGS agent must colocalize to the
cellular compartment with the target mRNA to allow collision-mediated annealing, and the
PTGS agent must be in sufficient local concentration to drive the second-order annealing
reaction forward. The capacity of the PTGS to anneal will depend upon the local
accessibility of the target MRNA. mRNA and viral RNA targets have profoundly limiting
secondary structures that constrain the number of large and kinetically-stable single stranded
platforms able to support PTGS annealing. Accessibility is rare in any target mRNA. An
example of extensive secondary structures present in a disease target (human RDS) mRNA
is shown (Fig. 20.3). There are few, if any, large single stranded regions. The primary and
critical challenge in RDD is to identify those rare regions in the target mRNA which are
accessible to rapid PTGS ligand annealing. Any perturbing intrinsic RNA structures or
extrinsic structures (e.g. protein coating) that occlude the annealing platform will prevent or
delay annealing events at physiological temperatures. The conformational folding space of
the target mMRNA can be sampled by combinatorial HTS procedures. Computational HTS
approaches are used to assess RNA target secondary structures. There are number of
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algorithms available such as MFold (Zuker 2003), SFold (Ding and Lawrence 2004), and
OligoWalk (Mathews et al. 1999). We combine the outputs of these algorithms to analyze
target MRNA structure in a bioinformatics approach that we call multiparameter prediction
of RNA accessibility (Abdelmaksoud et al. 2009).

It is also critical to experimentally probe the accessibility of a target mMRNA to which PTGS
agents will be designed. Randomized short oligodeoxynucleotides (ODN) can be presented
to the folded target mMRNA and then RNaseH added to promote cleavage within rare regions
of annealing. RNA primer extension analysis can then be used to identify the region of the
probe binding and cleavage (Ho et al. 1998). Similar approaches that use reverse
transcriptase to initiate cDNA synthesis from regions of ODN binding can also be used to
identify accessible platforms (Allawi et al. 2001). We recently developed a novel approach
based on reverse transcription and ODN probes to rapidly identify stable single stranded
accessible regions that contain hhRz cleavage sites in target mMRNASs in their native folding
state(s) (Sullivan and Taggart 2007).

20.3.4 Screening large numbers of PTGS agents to identify a Lead Candidate

In any accessible platform(s) there are typically multiple potential hhRz or shRNA cleavage
sites. Once rare regions of accessibility are identified it may be necessary to construct a
substantial set of PTGS agents to test efficacy and identify a lead candidate that exerts the
greatest knockdown of target mRNA/protein. The design of a PTGS expression plasmid
should be such that the small RNA is expressed to abundance in cultured cells (e.g. an RNA
polymerase 111 promoter). The PTGS agent may be inserted within an RNA chimera to
provide support, cellular stability, and cell compartment colocalization with target mMRNA.
The vector should be modified such that ligation of adaptors containing the PTGS cDNA is
efficient. The cell line chosen should have high transfection efficiency with commercially
available reagents (e.g. HEK293S cells, Lipofectamine). Conventional molecular biological
tools such as RT/PCR and western analysis are slow, low throughput approaches with
substantial variability and do not permit rapid, efficient and reliable identification of the lead
PTGS candidate. A more efficient approach is to identify a means of directly or indirectly
coupling the expression of the target gene to the expression of a convenient reporter
molecule that can be rapidly and efficiently analyzed under HTS assays (Yau and Sullivan
2007; Yau and Sullivan submitted). Examples of such reporter genes could be secreted
alkaline phosphatase or rapid decay forms of EGFP. The critical factor is that reporter
expression represents the steady-state accumulation of the target mRNA. The PTGS agent
and the target-reporter plasmid can be cotransfected into naive cultured cells or the PTGS
expression plasmid can be delivered into a stable cell line engineered to express the target-
reporter construct. Output reads from the HTS reporter screen (e.g. SEAP enzyme assay,
EGFP fluorescence) are then rank-ordered to identify the lead candidate PTGS plasmid that
promotes the greatest target knockdown.

20.3.5 Optimizing the Lead Candidate

If the PTGS agent is a hhRz, the lead candidate may be subject to several rational
modifications to obtain a more effective knockdown agent. The antisense flanks of the hhRz
govern both target MRNA molecular recognition and specificity as well as the product
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leaving rates and enzymatic turnover efficiency (Stage-Zimmermann and Uhlenbeck 1998).
The enzymatic core of the ribozyme is evolutionarily optimized and changes are typically
deleterious, but stem 11-loop elements that support the core can be altered with potential to
enhance knockdown. Addition of upstream (5”) tertiary accessory elements can potentially
enhance efficacy by driving the enzyme structure into a catalytically active state (Khvorova
et al. 2003). The expression of the PTGS agent in a protective RNA chimera (e.g. a tRNA,
adenoviral VAl RNA) with defined structure and cellular trafficking streams can facilitate
colocalization with target mRNA and increase the half-life of the PTGS agent in the cell
(Lieber and Strauss 1995; Koseki et al. 1999).

20.3.6 The Vector, PTGS Expression Construct, and Animal Testing

For a gene-based therapy there must be a vector to deliver the PTGS expression construct to
appropriate cells. A variety of engineered viruses (e.g. rAAV) (Flannery et al. 1997) and
nanoparticles, which have properties of synthetic viruses (Farjo et al. 2006), offer potential
for high transduction efficiency to promote PTGS expression in as many diseased cells as
possible. An optimized surgical approach is needed to maximize therapeutic vector delivery
and target cell transduction. Visualization of surgical delivery of vector insures correct
compartmental access in the eye (e.g. subretinal space) and allows quantitation of the areal
extent of delivery (e.g. fraction of retina coverage by delivered volume). Quantitative
measurement of target cell transduction (e.g. expression of a non-toxic fluorescent protein)
should be used to normalize measured rescue (e.g. ERG). In many mouse-based preclinical
studies such measures are limited by the imaging technology. The small mouse eye has a
constrained pupillary aperture (~1 mm dilated) that limits both the input of light and the
collection of the output specular image. As a facilitating technology we developed a stereo
bright-field and fluorescence microscope that allows real time visualization within the
neonatal mouse eye during and after subretinal or intraocular injections (Butler and Sullivan,
2010).

20.3.7 Appropriate targets (human)

Many animal models exist for retinal degenerations. In the context of PTGS agents under
development for potential clinical translation, it is critical to understand that an animal
mRNA is unlikely to represent the same conformational landscape as a PTGS receptor as
would a human cognate mRNA target. This results due to sequence divergence at the 5'UT
and 3"UT regions, codon differences, and third position bias. RNA folding into secondary
structures is a local process, and even when the primary sequences of an animal and human
target are identical over the region of PTGS annealing, the secondary structures can indeed
be different and this can impact efficacy. Our view for PTGS studies intended toward human
clinical translation is that the mRNA targets expressed in preclinical animal models be true
full length human mRNAs.

20.4 Conclusions

PTGS agents have great therapeutic potential for retinal degenerations. The overview
presented here will hopefully provide both direction and incentive for other motivated
groups to share the challenges of RDD. Viral and nanoparticle vector technology for retinal
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or ocular gene therapy is advanced. Gene therapy clinical trail for Leber congenital
amaurosis due to autosomal recessive (nu/ff) mutations in the RPE65 gene are demonstrating
early safety and efficacy profiles when the delivered genetic construct expresses a WT
protein (den Hollander et al. 2010). If fully successful, this initial therapeutic trial could
establish the eye as an organ for vector based gene therapy for other recessive conditions,
and ultimately for expressed PTGS agents that act to knockdown expression of specific
validated disease targets as a path to cell preservation and sustenance of vision.
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A 5'........GACAUUCGUC) AGUCCAUUG.......3' Target mRNA
3. "CUGUAAGCA UCAGGUAAC......5' hhRz

A
u

B 5.........GACAUUCGUCA GUCCAUUG ,» ShRNA
3 .UUCUGUAAGCAGUCAGGUAAC

GAG

Fig. 20.2.
Ribozyme and shRNA Agents. (A) Hammerhead ribozyme structure. (B) ShRNA structure.
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RDS mRNA

Fig. 20.3.
Target mRNA Structure and Accessibility. The most stable PRPH2 mRNA structure

predicted by Mfold (—993 kCal/mol).
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