
Development of Lead Hammerhead Ribozyme Candidates
against Human Rod Opsin mRNA for Retinal Degeneration
Therapy

Heba E. Abdelmaksoud1, Edwin H. Yau3,2, Michael Zuker8, and Jack M. Sullivan1,2,3,4,5,6,7,*

1Department of Ophthalmology, SUNY Upstate Medical University, Syracuse, NY 13210
2Department of Ophthalmology, University at Buffalo of SUNY, Buffalo, NY 14214
3Department of Pharmacology/Toxicology, University at Buffalo of SUNY, Buffalo, NY 14214
4Department of Physiology/Biophysics, University at Buffalo of SUNY, Buffalo, NY 14214
5Program in Neuroscience, University at Buffalo of SUNY, Buffalo, NY 14214
6Ross Eye Institute, University at Buffalo, Buffalo, NY 14209
7VA Western New York Healthcare System, Buffalo, NY 14215
8Department of Mathematical Sciences, Rensselaer Polytechnic Institute, School of Science,
Troy, NY 12180

Abstract
To identify lead candidate allele-independent hammerhead ribozymes (hhRz) for the treatment of
autosomal dominant mutations in the human rod opsin (RHO) gene, we tested a series of hhRzs
for potential to significantly knockdown human RHO gene expression in a human cell expression
system. Multiple computational criteria were used to select target mRNA regions likely to be
single stranded and accessible to hhRz annealing and cleavage. Target regions are tested for
accessibility in a human cell culture expression system where the hhRz RNA and target mRNA
and protein are coexpressed. The hhRz RNA is embedded in an adenoviral VAI RNA chimeric
RNA of established structure and properties which are critical to the experimental paradigm. The
chimeric hhRz-VAI RNA is abundantly transcribed so that the hhRzs are expected to be in great
excess over substrate mRNA. HhRz-VAI traffics predominantly to the cytoplasm to colocalize
with the RHO mRNA target. Colocalization is essential for second-order annealing reactions. The
VAI chimera protects the hhRz RNA from degradation and provides for a long half life. With cell
lines chosen for high transfection efficiency and a molar excess of hhRz plasmid over target
plasmid, the conditions of this experimental paradigm are specifically designed to evaluate for
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regions of accessibility of the target mRNA in cellulo. Western analysis was used to measure the
impact of hhRz expression on RHO protein expression. Three lead candidate hhRz designs were
identified that significantly knockdown target protein expression relative to control (p < 0.05).
Successful lead candidates (hhRz CUC↓ 266, hhRz CUC↓ 1411, hhRz AUA↓ 1414) targeted
regions of human RHO mRNA that were predicted to be accessible by a bioinformatics approach,
whereas regions predicted to be inaccessible supported no knockdown. The maximum opsin
protein level knockdown is approximately 30% over a 48 hr paradigm of testing. These results
validate a rigorous computational bioinformatics approach to detect accessible regions of target
mRNAs in cellulo. The opsin knockdown effect could prove to be clinically significant when
integrated over longer periods in photoreceptors. Further optimization and animal testing is the
next step in this stratified RNA drug discovery program. A recently developed novel and efficient
screening assay based upon expression of a dicistronic mRNA (RHO-IRES-SEAP) containing
both RHO and reporter (SEAP) cDNAs was used to compare the hhRz 266 lead candidate to
another agent (Rz525/hhRz485) already known to partially rescue retinal degeneration in a rodent
model. Lead hhRz 266 CUC↓ proved more efficacious than Rz525/hhRz485 which infers viability
for rescue of retinal degeneration in appropriate preclinical models of disease.
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1. Introduction
Enzymes are commonly assumed to be proteins. RNA, when of appropriate nucleic acid
composition and folded into appropriate structures, can also perform efficient enzymatic
catalysis. An RNA-based catalyst is called a ribozyme. Ribozymes are catalytic RNAs that
have potential as gene therapy agents for a variety of genetic, degenerative, and infectious
diseases of the human eye. The hhRz is a post transcriptional gene silencing agent (PTGS)
that can potentially cleave a large number of NUH↓ sites in any given target mRNA (where
N is any nucleotide and H is C, U, or A, but not G). The small hhRz has a catalytic core
bounded by two flanking antisense (AS) regions (Stems I and III) designed to be
complementary by Watson Crick base pairing to the sequence in the mRNA targeted (Fig.
1). The catalytic core of the hhRz is evolutionarily optimized (Nakayama and Eckstein,
1994; Tang and Breaker, 1997; Vaish et al., 1997; Salehi-Ashtiani and Szostak, 2001). Stem
II composition, length and capping sequence can be varied and designed for stability (Tuschl
and Eckstein, 1993; Homann et al., 1994; Long and Uhlenbeck, 1994). However, the
achievement of an active intracellular hhRz therapeutic depends critically upon the
accessibility of the region of the target mRNA that contains the NUH↓ hhRz cleavage site,
and the composition and length of the AS flanks that guide annealing to that region of the
mRNA target. While the hhRz design variable set is limited, this by no means makes for
straightforward success in identifying successful lead hhRz candidates against a given target
mRNA. The identification of the most accessible target region for annealing and cleavage is
a highly non-trivial task because target mRNAs are extensively folded into secondary and
tertiary structures, densely coated with heterogeneous protein moieties, dynamically
fluctuating on broad time scales, and spatially compartmentalized in the cell at both the
macroscopic (nucleus vs. cytoplasm) and microscopic levels (nucleolus, ribosomes, actin
bundles). Contemporary structural and biophysical approaches are able to address physical
access and conformational dynamics in small RNAs (Higgs, 2000; Doherty and Doudna,
2001; Onoa and Tonoco, 2004; Brauns and Dyer, 2005; Latham et al., 2005), but not in
larger mRNA or viral RNAs that are important targets for therapeutic RNA drug
development. The biocomplexity of RNA structure is the single major unsolved problem
that markedly limits PTGS agent development.
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Rational hhRz design depends upon predetermined knowledge of regions of accessibility,
whose identification remains a daunting task. There are hundreds of hhRz NUH↓ cleavage
motifs in any moderate sized mRNA target and 236 potential cleavage sites in the
dominantly expressed full-length human RHO mRNA (Nathans and Hogness, 1984). While
there are many places that might cleave, there are orders of magnitude insufficient resources
and time to test them all (Jarvis et al., 1994). Most NUH↓ sites have no cleavage potential
because they are buried in secondary or tertiary RNA structure. Highly accessible regions
are rare indeed and difficult to identify. The efficacy of hhRz cleavage in vitro does not
guarantee function in vivo (Beck and Nassal, 1995), so cellular testing is indicated. Trivial
cleavage of small unstructured RNA targets in vitro does not predict kinetic performance in
cells where the target mRNA is folded and protein coated. Live cell high throughput
screening (HTS) approaches are clearly needed to identify the most accessible regions
toward the design of PTGS agents with the greatest clinical impact (Sullivan et al., 2007).

Identifying a highly efficacious hhRz or PTGS agent is one of the more challenging
problems in molecular biology today. Our knowledge of target RNA biology is still in its
infancy. While there is substantial structural and functional knowledge about the hhRz,
identifying the best site to target and then the best agent to use, remains a complex task.
There are several bottlenecks in the RNA drug discovery process that can potentially be
relieved with high throughput screening technologies (Sullivan et al., 2007). It is critical to
embrace all of the known variables of PTGS agent design and use in order to achieve a
successful agent (Sullivan et al., in preparation).

To begin to address these challenges in hhRz PTGS for retinal and macular degenerations
we chose a model mRNA target, human RHO mRNA. RHO mRNA codes for rod opsin, the
apoprotein of the visual pigment in rod photoreceptors that subserves initiation of scotopic
range phototransduction. The RHO gene is the site of a large number (>125) of mutations
that cause three classes of retinal disease which include autosomal dominant retinitis
pigmentosa (RP), autosomal recessive RP, and autosomal dominant congenital stationary
night blindness (Gal et al., 1997). Human RHO mRNA is an average size mRNA (1.8 kB
dominant photoreceptor transcript), is at least moderately abundant, is slightly GC rich
(56.6%), is quite stable in mammalian photoreceptors (τ½ ≈ 12 hrs), and spends most of its
lifetime in the cytoplasm (Nathans and Hogness, 1984; Braun and Young, 1986; Korenbrot
and Fernald, 1989; McGinnis et al., 1992; Pierce et al., 1993). RHO mRNA codes for a
protein that is both highly abundant (>108 copies/rod outer segment) and stable in the
photoreceptor (10 days for a mammalian rod, 5–7 weeks for an amphibian rod) or in
cultured cells. It is synthesized at a level of approximately107 copies/day to maintain a
steady state of visual pigment in the rod outer segment given the daily loss of approximately
10% of pigment by the shedding of distal disks (Young, 1967; Young and Droz, 1968; Sung
et al., 1991). Human RHO mRNA is a model target for investigating hhRz design variables
that will apply to many mRNA targets for human gene therapy. RHO mRNA is a relatively
stable mRNA and thus a good target relative to the catalytic time scale of the intracellular
hhRz (minutes to hours). However, RHO protein is incredibly stable in both photoreceptors
and cultured cell expression systems. This presents challenges for assessing knockdown
(KD) efficacy at the protein level due to long-lived persistence of abundant gene product
present at the time of transfection that cannot be impacted by introduction of the PTGS
agent. The huge abundance of stable RHO protein decreases the practical dynamic range of
measure, for example in stable cell lines expressing RHO. Only cotransfection of RHO and
hhRz expression plasmids into naïve cells (no prior levels of RHO expression) can be used
to reliably assess KD with acceptable and meaningful linear dynamic range.

Recent computation/experimental studies have substantially cross-validated RNA secondary
structure computational approaches to predict accessibility (Sczakiel et al., 1993; Sczakiel
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and Tabler, 1997; Patzel and Sczakiel, 1998; Scherr and Rossi, 1998; Patzel et al., 1999;
Amarzguioui et al., 2000; Scherr et al., 2000). We employed three state-of-the-art RNA
computational approaches to predict accessible regions in human RHO mRNA. We
recognize the limitations of computational algorithms (only some secondary structures are
predicted, and then only to a given level of confidence, while tertiary structures, protein
coating, and dynamic fluctuations are not predicted). Nevertheless, these algorithms are
useful to identify stable secondary structure motifs that harbor large single-stranded (ss)
platforms that are innately and immediately accessible for the second order annealing
reaction with a small RNA ligand (the hhRz). This computational approach allowed us to
identify accessible regions that supported design of lead KD hhRz expression constructs that
suppressed human RHO protein in a human cell expression system. HhRzs were efficacious
only when directed to large accessible ss annealing platforms, and not when directed to
predicted inaccessible sites. The level of protein KD observed is about 30% in a time-limited
(48 hr) coexpression paradigm (cotransfection of both hhRz and target expression plasmids).
Optimization of the hhRz AS flanks could improve performance, or as yet unidentified sites
might prove as better regions for attack.

The hhRzs designed in this study are intended for a mutation-independent or KD therapeutic
strategy, where one seeks the best site to attack in an mRNA target (Millington-Ward et al.,
1997; O'Neill et al., 2000; Sullivan et al., 2002; Gorbatyuk et al., 2005, 2007). This site is
present in wild type (WT) mRNA and likely most, if not all, mRNAs harboring mutations in
the target gene. A single PTGS therapeutic could potentially be used therapeutically for all
known autosomal dominant mutations in a given disease gene that cause toxic mutant (gain-
of-function) proteins. The KD hhRzs achieved in this study are capable of cleaving all
known human dominant RHO mutations. A KD hhRz suppresses both WT and toxic mutant
mRNA and protein. The suppression of WT gene expression by the KD hhRz could create a
haploinsufficiency effect. WT expression may need to be reconstituted, through regulated
expression of an allelic variant cDNA that transcribes an mRNA that is engineered to resist
hhRz cleavage yet translate a WT or near-WT protein. We call this strategy KD-
reconstitution (KD-RECON). We have chosen this strategy over any mutation-directed
strategy for several reasons: 1) there are typically many autosomal dominant disease
mutations in a single gene, and therapeutic use of a single agent for all or most mutations in
a given disease gene is pharmaceutically sensible for such orphan diseases, 2) only a small
percentage of mutations (~12% for human rod opsin) generate new hhRz cleavage sites that
might permit therapy directed to only the mutant mRNA (similar low percentages would be
expected in other genes), 3) most single nucleotide mutations occur in regions of primary
mRNA sequence that are extensively buried in secondary/tertiary structures that limit or
obviate accessibility to hhRz annealing, and 4) antisense effects against WT mRNA will still
occur even in a mutation-specific strategy because the hhRz will bind to WT mRNA.
Extensive evidence demonstrates that the primary initial challenge to successful
development of ribozyme, siRNA, and antisense nucleic acid therapies is to identify rare
regions of the target mRNA that are most accessible in live cells to second order kinetic
annealing (Patzel et al., 1999; Giddings et al., 2000; Scherr et al., 2000; Zuker, 2000). Only
the mutation independent or KD-RECON strategy can embrace these dominant constraints
that arise due to target related variables.

The first step in any nucleic acid drug discovery research is to determine the extent to which
the candidate drugs can be effective against the target that will be present under in vivo
testing in humans. Much of RNA drug screening can be conducted against the human
mRNA target in cell culture studies where identification and optimization of lead candidates
can be determined under rigorous experimental conditions. Cultured cell expression systems
have been the primary source of PTGS development and optimization for many targets.
Highly optimized RNA drugs can then progress into preclinical testing in appropriate animal
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models. What is an appropriate animal model? The ideal animal model is one in which the
targets expressed (e.g. WT and mutant) are human mRNAs expressed on a knockout animal
background for the homologous gene. Most of the ribozyme or RNAi candidate therapies for
retinal degenerations to date have been developed against animal target mRNAs (Drenser et
al., 1998; Lewin et al., 1998; LaVail et al., 2000; Gorbatyuk et al., 2005, 2007). The critical
factor for ribozyme or RNAi success is accessibility of the target mRNA for rapid annealing
by the PTGS ligand. While coding regions in highly conserved proteins such as RHO may
yield local mRNA sequences that are totally or partially identical at the primary sequence
level, this is no guarantee that the local accessibility for annealing in the secondary and
tertiary structure will be similar between the animal and human mRNAs. Small changes in
nucleotide sequence can promote substantial changes in local mRNA secondary structure, a
primary determinant of mRNA target accessibility. For agents targeting the 5' untranslated
region (UTR) or 3' UTR of the target mRNA, which are not as well conserved, lower
comparative accessibility is expected. Hence, PTGS agents developed against animal
mRNAs for proof-of-principle studies are not arbitrarily expected to perform equivalently
well against the human target in clinical trials. This issue raises into question the predictive
value of such prior studies for human gene therapy, which is discussed further elsewhere
(Sullivan et al., 2007). This is the first study to seek to develop hhRzs designed specifically
against a human photoreceptor target (RHO mRNA) with the evaluation conducted in naïve
cultured human cells which express abundant levels of the target mRNA and protein. Lead
candidate PTGS RNA drug identification and optimization can be carried out efficiently in
human cultured cells, as shown in this study, because PTGS operates at the level of cellular
housekeeping below any differentiated cellular functions.

We have chosen hhRz technology over siRNA or shRNA because of emerging concerns of
off-target RNAi knockdowns that are increasingly documented (Kawasaki et al., 2003;
Semizarov et al., 2003; Persengiev et al., 2004; Scacheri et al., 2004; Lin et al., 2005; Shibin
et al., 2005; Jackson et al., 2006). The RISC complex of RNAi is mismatch tolerant. RNAi
operates in the pathway of microRNA biology which regulates gene expression,
differentiation and development. The concept of flooding a natural biological pathway of
such importance with therapeutic agents is likely fraught with potential toxicities. It is not
surprising that serious untoward effects, including lethality, of RNAi overexpression in
mammalian models have been documented (Grimm et al., 2006; Barik, 2006). This should
raise concerns for use of RNAi technology in human therapeutic trials. Can RNAi be used
therapeutically without inducing cellular and organism toxicity. In contrast the hhRz was
originally identified in plants and extensive searches of the human genome have failed to
identify human equivalents. The hhRz is thus orthogonal to the human genome, which
minimizes its toxicity risk in humans. The hhRz is a self-contained PTGS agent that operates
independent of human host cell proteins and pathways, and should be innocuous. Its greatest
toxicity risk involves off-site targeting, which is minimized with a total hhRz AS flank of
12–16 nt.

2. Materials and Methods
2.1. Computational Analysis of Human Rod Opsin mRNA Accessibility

Human RHO mRNA construct (GenBank accession number: NM000539) is the full length
transcript of rod photoreceptors and begins from transcription start (there are two start sites
separated by a single nt- the promoter-proximal site was used) and extends to 21 nt
downstream of the initial (dominant) polyadenylation signal (1506–1511): 95 nt 5' UTR (1–
95), 1044 nt coding (96–1142), 370 nt 3' UTR (1143–1511) and 21 nt 3' UTR to polyA
addition site (1512–1532). The downstream position approximates the point where 3'
downstream processing enzymes would cleave the transcript in preparation for terminal
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polyadenylation to form the resultant 1.8 kB mRNA (Nathans and Hogness, 1984). The
polyadenylation component and the remainder of the 3' UTR to the non-dominant polyA
signal were not considered in RNA folding analysis.

The goal of computational analysis was to identify local folding regions with highly
probable and stable secondary structures that harbor substantial (≥ 8 nt) ss annealing
platforms. HhRz kinetic reactivity (as well as AS and RNAi reactivity) depends upon a
second-order annealing reaction between the ligand and target mRNA, which is expected to
occur by random coil to double helix transitions following collision and kissing complex
formation (Stage-Zimmermann and Uhlenbeck, 1998; Brown et al., 2005). Our hypothesis is
that such stable ss platforms constitute suitable sites for hhRz attack as full annealing occurs
immediately upon collision without delays due to required melting of local target structure at
physiological temperature. From biophysical chemistry principles, any target region that
exists in prehybridized state (intramolecular folding) is unavailable for immediate formation
of complementary Watson-Crick hydrogen bonds upon intermolecular collision of a PTGS
ligand. A kissing complex may form between a part of the ligand and the target over regions
of immediately available complementary hydrogen bonding, and this may extend into areas
of preformed structure. However, preformed stable secondary (or tertiary) structure(s)
require breaking of Watson-Crick hydrogen bonds (positive enthalpy, ΔH > 0) to achieve
random coil ss annealing platforms. Prehybridized target structures require a prior
spontaneous transition (free energy (ΔG) < 0) of the region at 37°C to form a ss loop to
support ligand annealing. This is unlikely to occur unless the entropy (randomness) gained
(+ΔS) outweighs the cost of enthalpy input (ΔG = ΔH -TΔS). A preformed and stable
secondary structure will always create kinetic delays (Arrhenius) for substantial ss loop
formation at physiological temperature, if such a conformational transition is
thermodynamically possible. Our rationale is that stable and large preformed ss platforms
that allow all or most of the ligand to bind in a single kinetic transition are the best regions
to target. The binding energy of the AS flanks must be sufficient for accurate molecular
recognition of the target sequence, but not too tight that specificity is lost or product
inhibition occurs after cleavage. Product inhibition can occur due to lack of dissociation of
upstream and downstream cleavage products from the hhRz AS flanks (Herschlag, 1991;
Stage-Zimmermann and Uhlenbeck, 1998).

The set of equilibrium secondary structures (ST) is a geometric scaling related to the number
of nucleotides (N) in the RNA (ST = 1.8N) (Zuker and Sankoff, 1984). For a window size of
250 nt the total number of secondary structures is approximately 6.6 × 1063 and would take
approximately 6.6 × 1019 seconds (2 × 1012 years) to calculate (Mathews, 2006). The
astronomical complexity of potential RNA conformational space cannot be fully
appreciated. Nevertheless, this space can be practically sampled. We employed three
contemporary algorithms to predict accessible regions in human rod opsin mRNA in a novel
approach. These algorithms include MFold (http://mfold.bioinfo.rpi.edu/) (Zuker, 1989,
2000, 2003; Zuker et al., 1999), which is also available on the Genetics Computer Group
platform (Accelrys) (UNIX or PC terminal based SeqWeb), SFold
(http://sfold.wadsworth.org, (Ding and Lawrence, 2001, 2003; Ding et al., 2004), and
OligoWalk (PC-based RNAStructure package, version 4.2,
http://rna.urmc.rochester.edu/rnastructure.html, (Mathews et al., 1999a,b; Mathews et al.,
2004). MFold uses energy minimization to predict the minimal free energy structure (MFE)
and substructures of higher (less stable) free energy over a user stipulated range. We moved
windows of 1400 nt or 250 nt along the mRNA in overlapping steps of 100 nt, and output an
ensemble of structures (up to 99) for each folding. We chose a window of energy up to 10
kcal/mol above the MFE ΔG and a minimum difference between structures of either 10 bp
(1400 nt windows) or 3 bp (250 nt windows). For each ensemble we identified accessible ss
platforms defined as greater than or equal to 8 nt and computed the frequency of recurrence
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for each ensemble and the mean frequency across ensembles that sample the region. The 8
nt ss platform length was chosen because it is sufficient to seed initial annealing after
diffusion-limited collisional impact. The MFold output is considered a frequency as opposed
to a strict probability because MFold samples cover only a range of secondary structural
outputs with folding energies falling in the immediate neighborhood of the MFE structure.
Accessible sites were named according to the nearest embracing 10 nt marker. SFolda
operates independent of energy minimization, using a Boltzmann-weighted sampling of the
total ensemble of all structural states, to directly estimate the true probability of accessibility
along an mRNA target. OligoWalk uses the CT file output format from RNAStructure, a
Windows version of MFold, to compute several energetic parameters, including local
folding energy (LFE) (target break energy), along the mRNA with a user stipulated window
size. We used a 15 nt window in OligoWalk to correspond to the antisense platform of the
hhRzs tested in this study (7nt/7nt plus one non-annealing nt at site of cleavage). The LFE
landscape was calculated by breaking local target secondary structure and including target
suboptimal secondary structures in the ΔG calculation. Regions with more positive LFE are
less likely to be hybridized into stable intramolecular secondary structures and are likely to
be good regions for targeting. To identify likely accessible targeting platforms we sought
regions that simultaneously satisfied three conditions: 1) a large stable ss region by MFold,
2) SFold predictions of high probability of access in the same region, and 3) high (less
stable) LFE over the same region. Clearly, regions of predicted accessibility must contain
available NUH motifs to be subjects for hhRz targeting. We call this approach
multiparameter prediction of RNA accessibility (mppRNA), which will be detailed and
validated elsewhere (Sullivan et al., manuscript in preparation).

2.2. Expression Constructs
The human RHO expression vector used in this study contains a cDNA harvested from
plasmid pCIS-hRHO (Nathans and Hogness, 1984; Nathans et al., 1989) and cloned
downstream of the CMV promoter in pCDNA3 to form pCDNA3-WT-RHO (Sullivan and
Satchwell, 2000). This construct expresses abundant WT or mutant opsin proteins in
HEK293S cells (Sullivan and Satchwell, 2000). In this construct the first 74 nt (of 95 nt) of
the 5' UTR are replaced with vector sequence. No hhRzs were targeted at the 5' UTR and
predicted accessible structures were not influenced by the replacement of this element of the
5' UTR by the specific vector sequence The polyadenylated mRNA transcribed by Pol-II in
human cells is approximately 1.8 kB. Chimeric VA1-hhRz vectors were generated by first
annealing two fully complementary synthetic oligonucleotides with cohesive overhanging
ends and ligating the hhRz cDNA between the SalI and PstI sites in pGVAL (Lieber and
Strauss, 1995). We modified pGVAL with an adapter between the SalI and PstI sites to
allow highly efficient cloning of hhRz cDNAs into the expected loop region by a process of
restriction endonuclease mediated genetic selection against parental plasmid background.
The adapter separated the SalI and PstI sites to allow more efficient hhRz cDNA cloning
when compared to the original construct in which the sites were immediately adjacent (see
Fig. 7A). This adapter contained EcoRV, XbaI, and AflII restriction sites that are unique to
the pGVAL-ad vector. These restriction sites allow post-ligation (by EcoRV) selection to
increase the frequency of positive clones by minimizing parental background. All hhRz
cDNAs insert a rare and unique 7 bp RsrII restriction site in pGVAL-mod that allowed
simple diagnosis of successful clones. A hhRz catalytic core mutation was used to promote
inactivation in order to test the source of KD (Sheldon and Symons, 1984).

2.3. Cell Transfections and Target Protein Analysis
HEK293S cells are an environmental suspension-adapted version of the ATCC line (CRL
1573), which are transformed and immortalized with adenovirus E1A and E1B proteins
(Stillman and Gluzman, 1985). HEK293E cells are a stably transformed derivative of

Abdelmaksoud et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2012 July 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HEK293S cells that constitutively express the Epstein Barr virus nuclear antigen.
Resuspended HEK293 cells were quantified by hemocytometer-calibrated OD800
measurements (Mohler et al., 1996). Equivalent numbers of cells (6 × 106 cells) were grown
in 10 cm plates at 37°C in DMEM/F12 supplemented with 10% (v/v) heat inactivated calf
serum, 2 mM L-glutamine, and penicillin/streptomycin (Sullivan and Satchwell, 2000).
Cells were cotransfected at 60–70% confluence with pCDNA3-human rod opsin cDNA
(7181 bp) (2 μg, 4.21 × 10−13 moles plasmid, 1.28 × 1013 moles of RHO expression
construct), pGVAL-hhRz (3533 bp) (5 μg, 2.14 × 10−12 moles plasmid, 1.62 × 10–13 moles
of VAI-hhRz expression construct) (or 5 μg pGVAL, control) and pEGFP (2 μg) expression
plasmids by Lipofectamine Plus (InVitrogen). The molar ratio of hhRz/target template
expression constructs in the transfection mixes was 1.27. High transfection efficiencies (≥
80–90%) were routinely achieved. Plates were screened to insure uniformity of transfection
efficiency through measures of cellular EGFP fluorescence directly from the 10 cm culture
plates on a Storm 860 fluorimeter (Molecular Dynamics-Amersham) in blue diode mode
(with a thin layer of water between the glass and the polystyrene plates) and also in some
Western blots by probing with an anti-EGFP antibody. Western blots acceptable for analysis
were those that originated from experiments with uniform transfection efficiency and readily
assayed control sample (pGVAL with no hhRz) opsin counts.

Cells for western analysis were harvested at 48 hours post transfection, and counted in 1×
PBS by OD800. At the time of harvest there were 1–2 × 107 cells per plate. Cells were
pelleted and resuspended and extracted overnight with 1% (w/v) n-dodecyl-β-maltoside in
1× PBS at 4°C with nutation. Nuclei were sedimented by centrifugation (14000g) and total
cytoplasmic protein was quantified by modified detergent-insensitive Lowry assay (DC
Assay, BioRad). Equivalent amounts of total cellular protein extract from each sample (10–
40 μg) were loaded into adjacent wells of PAGE-SDS gels (0.75 mm thick, 4% stacking,
12% resolving) and electrophoresed at 200 volts for 45–60 minutes in standard
electrophoresis buffer. Western electrotransfer onto nitrocellulose membranes occurred at 30
volts for 1 hour in ice-cooled transfer buffer (25 mM Tris, pH 8.0, 0.15M glycine, 20%
methanol). Laemmli sample buffer was modified with 8M urea in order to better denature
opsin protein from the detergent micelles and suppress aggregation which otherwise occurs
in standard cracking buffer. With this buffer the dimer and trimer opsin bands were
markedly suppressed compared to extraction with standard Laemmli buffer. Blots were
processed as reported previously (Sullivan and Satchwell, 2000) using excess 1D4 mouse
anti-bovine opsin monoclonal antibody (same epitope in human rod opsin), except that a
Cy5-labeled goat-anti-mouse-IgG polyclonal antibody (Jackson ImmunoResearch Labs,
West Grove, PA, #115-175-003, lot 46983) (peak absorption 650 nm, peak emission, 670
nm) was used as the secondary antibody to quantitate opsin protein on a Storm 860 platform
(800V PMT, 200 um resolution) in red laser diode mode (635 ± 5 nm excitation) (Fradelizi
et al., 1999). In this assay there is a 1:1 relationship expected between the numbers of opsin
molecules bound on the nitrocellulose surface and the number of excess 1D4 antibodies
bound. The number of Cy5 labeled secondary antibodies bound is expected to be
proportional (not necessarily linearly) to the number of 1D4 antibodies bound because of
varying affinities of the antibodies within the mixture, but with clear bias to higher affinity
antibodies that remain bound to RHO during washing. Each 1D4 primary and Cy5-labeled
secondary antibodies are expected to bind statistically independently. By spotting dilutions
of Cy5 labeled secondary antibody onto the glass scanning platform of the Storm 860
fluorimeter we determined that the assay has a linear dynamic range of measurement in red
laser diode mode over several log orders (see Fig. 8A). The mean raw Cy5 volume counts
(not normalized to controls) obtained from opsin measures on western blots used to obtain
Figs 8B and 8C were all within the linear range of direct Cy5 labeled antibody measures on
the Storm 860 platform. In addition, given the expected level of opsin expression in
transfected HEK293S cells (~5 × 106 opsins/cell; Sullivan and Satchwell, 2000; Sullivan
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and Shukla, 1999; Shukla and Sullivan, 1999), and assuming a 1:1:1 relationship between
opsin molecules on the membrane, 1D4 molecules bound to opsin, and Cy5 secondary
molecules bound to 1D4, the measured slope of the Cy5 secondary antibody measure curve
(6.52 volume counts/attomole Cy5 or 1.08 × 10−5 volume counts/molecule) we estimate a
fluorescent output for RHO that is on the experimentally-determined linear dynamic range
of Cy5 antibody measure. To minimize dominant sources of variation in western analyses,
all experiments were conducted by the same individual (HA), and a single stable fluorescent
secondary antibody staining solution preparation was used throughout the study (Koller and
Watzig, 2005; Watzig, 2005).

Fluorescent images of western blots were acquired on the Storm 860 platform and analyzed
with ImageQuant software (Molecular Dynamics-Amersham) by volume count processing.
The heterogeneously glycosylated monomer band of human rod opsin (~43–68 kD) was
subjected to volume count analysis by drawing a quantitation box around the band of the
control sample and using the identical box to quantitate each experimental sample from the
same blot. The box was moved to compensate for slight variation in RHO band mobility
across different lanes on each gel. Opsin protein levels in samples containing hhRz
expression constructs were ratio-normalized by opsin expression levels in the control
sample(s) that received the empty expression vector (pGVAL) without an embedded hhRz
cDNA.

2.4. High Throughput Ribozyme Screening Assay
The methods for this approach have been previously reported (Yau and Sullivan, 2006,
2007; Yau et al., 2008; Yau and Sullivan, manuscript submitted). In brief, the full length
human opsin cDNA was cloned upstream of an IRES (internal ribosome entry site) element
and a secreted alkaline phosphatase (SEAP) reporter cDNA sequence. The dicistronic
mRNA was expressed in HEK293S cells from a strong CMV promoter after plasmid
transfections. Both opsin and SEAP proteins are translated from the dicistronic mRNA.
While the opsin is an integral membrane protein, SEAP is secreted in bulk into the culture
medium where it can be readily assayed. Ribozyme cleavage anywhere within the
dicistronic mRNA promotes more rapid degradation of the dicistronic mRNA, a shorter half-
life, and suppression of both opsin and SEAP translation and SEAP secretion. SEAP levels
in extracellular fluid were measured by a high throughput enzyme assay based upon
conversion of the nonfluorescent SEAP substrate (4-methyl-umbelliferyl-phosphate) to a
fluorescent product (4-methyl-umbelliferone). Fluorescence was measured on a 96-well
plate reader. The maximum level of suppression in this screening assay is approximately
50%.

2.5. Statistical and Quantitative Analysis
Statistical and graphical analysis was conducted in SPSS (Version 11.5, SPSS Inc., Chicago,
IL), and Origin (Version 6.1, MicroCal, Northampton MA) using one-way analysis of
variance and post-hoc tests for between condition comparisons with a previously chosen
significance level of 0.05. Nonparametric tests were chosen whenever the assumptions of
parametric tests were unsatisfied (Zar, 1984). RNA secondary structure figures were output
as PostScript files for detailing.

3. Results
3.1. In Silico Bioinformatics Approach to Target Site Selection

Most of the nucleotides in any RNA are hybridized into intramolecular secondary structures.
Given the potential complexity, one expects to find both multiple stable conformational
states of a given RNA target and dynamic fluctuations among these states. Our working
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model assumes that an accessible region in a target mRNA is one that simultaneously has: 1)
a stable and large ss region in MFold, 2) a high probability of access in SFold, and 3) a less
stable LFE in OligoWalk. Such a predicted ss region is expected to permit rapid annealing
of the AS flanks of a colliding hhRz, the essential first step in RNA catalysis. We tabulated
regions of RHO mRNA that contain ss platforms greater than or equal to 8 nt. In this study
we searched for stable stem loop structures where the loop was expected to be accessible.
Examples of discrete structural state outputs from MFold (there were 1088 images analyzed)
that show large ss loops or hybridized stem structures (controls) are shown (Fig. 2). Initial
MFold local structural state analysis suggested large stable ss loops in regions embracing
250, 1190, and 1410. A smaller stable loop was identified at region 780. The region around
the target site at site 485 in the MFE shows a small bulge loop (4 nt) containing the GUC↓
site in an otherwise strong secondary structure. A hybridized stem structure at 350 was
selected from many possibilities as a control. In different regions there were substantial
numbers of different substates that contained ss platforms such that a frequency of the
dominant substate could be determined. The frequency of the dominant substate in these
regions was estimated by MFold analysis (Table 1). SFold output (true probability of
accessibility) was also estimated in the regions identified by Mfold, and also varies
extensively across the entire mRNA (Fig. 3). The regions presenting stable ss loops in local
secondary structures had substantial access probabilities by SFold, varying over primary
sequence spans consistent with the size of the ss loops seen in MFold analysis, whereas the
control hybridized region had low probability. OligoWalk output across the entire mRNA
shows regions of high (relatively unstable) and low (relative stable) LFE (Fig. 4). All
regions with predicted ss loops had relatively positive LFE, whereas the control region at
350 was one of the most stable regions within the fold. Note that the LFE map in the 780
region has a tiny positive plateau surrounded by deep negative regions. This represents the
tiny 8 nt ss loop capping a stable hybridized stem structure.

The energy minimization steric analysis (MFold) and the Boltzmann-weighted sampling of
all states (SFold) lead to similar predictions at the sites examined in this study. A strong
correlation was found between MFold and SFold measures at these sites (Fig. 5). However,
weak correlation was found between the LFE measures and both MFold and SFold
measures. These outcomes suggest that LFE is an independent parameter to estimate target
accessibility, whereas MFold and SFold are sampling similar properties of steric
accessibility. The 250 and 1410 regions were expected to be accessible for hhRz targeting
because they satisfied four simultaneous conditions: 1) high frequency and probability of
being sterically accessible by MFold and SFold respectively, 2) low (more positive) LFE, 3)
a single dominant conformational substate with a large ss region, and 4) a number of hhRz
NUH↓ sites. The 1190 region had intermediate characteristics with two predominant
substates of moderate MFold access frequency, and moderate access probability by SFold.
The 780 region had a singular highly accessible but small ss platform as shown by both
MFold and SFold. This loop caps a highly stable stem, as determined by LFE analysis. This
ss region contains a native GUC↓ cleavage site. We previously developed hhRzs to cleave
successfully at GUC↓ 785 in vitro (Sullivan et al., 2002). These hhRzs proved ineffective
when tested in live cells when both ribozyme and target RNAs were transcribed by a CMV
promoter (unpublished results, Sullivan lab). We reasoned that while a small ss site may
have high probability for being sterically accessible, its surrounding region may be so stable
that full annealing of the hhRz is restricted and KD is impeded. LFE provides a measure of
local and surrounding target energetic stability. Retesting this site with a much more
powerful Pol-III promoter expressing the hhRz allowed a determination of the role of ss
loop size in hhRz KD efficacy. The GUC↓ site at 356 appeared to be an inaccessible to hhRz
annealing by both MFold and by SFold, and LFE analysis showed a broad negative energy
peak in this region. On the basis of this computational analysis several NUH↓ cleavage sites
were selected for targeting within the large predicted accessible regions (262, 266, 272,
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1197, 1410, 1414), and optimal GUC↓ sites were chosen in the expected restricted and
presumed inaccessible 785 and 356 sites, respectively. The GUC↓ site at 485 nt was
evaluated late in the study by our HTS approach after the report of this agent (Gorbatyuk et
al., 2007). The 485 target site has low estimates for accessibility by all three algorithms
employed (Figs. 3–5, Table 1).

The MFold access frequency of the dominant substate, the size of the ss loop in the
dominant substate, the local integral of the area of the LFE map, and the mean SFold
parameter over the region were treated as independent estimators of accessibility and
multiplied together with equal weightings to achieve combined accessibility estimates which
were rank ordered (Table 1). The stable secondary structures supporting the large ss loops at
regions 250, 1410, and the largest loop substate at 1190 were ranked as the top three
accessible sites, followed by the small loop at 780, the smaller loop at 1190, and then the
regions around 385 and 350. The stable structures selected for hhRz targeting in this study
are shown (Fig. 6).

3.2. Experimental Evaluation of Ribozymes
3.2.a. hhRz Chimeric Expression Construct—Previous studies demonstrated the
catalytic effectiveness of chimeric hhRzs embedded in a modified adenoviral VA1 RNA
against several intracellular RNA targets (Lieber and Strauss, 1995; Lieber and Kay, 1996;
Lieber et al., 1996; Xie et al., 1997; Prislei et al., 1997) (Fig. 7A, 7B). VAI-hhRz chimera
constructs are transcribed at very high levels by RNA polymerase-III, and traffic to the
cytoplasm where they colocalize with most target mRNAs. The intracellular stability of the
VA1 RNA protects the hhRz from degradation over periods of hours. The hhRz construct
used in this study is designed with an extended Stem II (6 bp), and an ultrastable stem-
capping loop (5' UUCG 3') in the preferred closure context for stability (Fig. 7C) (Tuerk et
al., 1988; Dale et al., 2000). These changes energetically bias hhRz Stem II folding into the
desired secondary structure. Two 7 nt AS arms surrounding the target cleavage site
nucleotide were used for expected specificity (15 nt total antisense span). Based on prior
studies the use of the Pol-III VAI promoter to express VAI-hhRz chimeras is expected to
result in a substantial excess of hhRz enzyme over opsin mRNA substrate, and with critical
colocalization of enzyme with substrate in the cytoplasm (Svensson and Akusjarvi, 1984;
Thompson et al., 1995; Bertrand et al., 1997; Hormes et al., 1997; Koseki et al. 1999).
Conditions of enzyme excess allow a direct test of target mRNA accessibility in vivo that is
not conditionally dependent upon enzymatic turnover.

3.2.b. Quantitative Tests of hhRz Efficacy in Cultured Human Cells—HhRzs
were designed to target NUH↓ motifs in the large predicted 250 loop (CUU↓ 262, CUC↓
266, CUC↓ 272), a folded stem region (GUC↓ 356), a small loop capping a long and stable
stem (GUC↓ 785), the large predicted 1190 loop (UUC↓ 1197), and the moderately sized
1410 loop (CUC↓ 1411, AUC↓ 1414). pGVAL-ad constructs [without (control) or with
cloned hhRzs] were co-transfected with pCDNA3-WT-RHO and pEGFP expression
plasmids into equal numbers of naïve HEK293E cells. At 48 hours post transfection 10 cm
plates were scanned for EGFP fluorescence and experiments continued only if EGFP
fluorescent was uniform across the set of plates. Cells were harvested after 48 hrs and
equivalent amounts of measured total cytoplasmic protein were electrophoresed into PAGE-
SDS gels and nitrocellulose blots were probed for rod opsin protein and imaged on the
Storm 860. Opsin on western blots was quantified by Cy5 fluorescence volume counting in
ImageQuant. The dynamic range of measure was determined and found to extend linearly
over several log orders with high sensitivity (6.52 volume counts/attomoleCy5) (Fig. 8A).
Moreover, the mean raw Cy5 volume counts from opsin western blots obtained for each of
the conditions evaluated (control, hhRz 262, 266, etc) across the entire data set used for
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analysis (see below) were commensurate with the linear dynamic range of Cy5 measure.
Thus for a relative measure of opsin in experimental vs control samples we have strong
evidence for linearity of measure. In these experiments we did not attempt to make absolute
measures of opsin protein, which would have required a separate development of a standard
curve as previously used to quantify opsin expression in HEK293 cell lines (Sullivan and
Satchwell, 2000). Nevertheless, our measures are consistent with a direct linear
proportionality between the numbers of opsins present and the Cy5 volume counts. The
minimum number of Cy5-labeled antibody molecules detectable was 2.86 × 108, which
corresponds to detection levels of RHO in approximately 50 cells of a stable expressing cell
line (Sullivan and Shukla, 1999; Shukla and Sullivan, 1999). From the slope of the fitted
line we determined that the sensitivity of detection is 1.08 × 10−5 fluorescent counts/Cy5
molecule. In the absence of a ribozyme KD agent the concentration of RHO expected in 1
ml of cell extraction buffer from 1×107 transfected cells is approximately 675 nM (2.7 μg/
ml of RHO) (Sullivan and Shukla, 1999; Sullivan and Satchwell, 2000). With 20 μg of total
protein (appx. 2.0 mg/ml) added per gel lane (0.135% RHO) there are 0.67 × 10−12 moles of
RHO (4×1011 RHO molecules). Given the measured sensitivity of Cy5 detection (above),
and assuming a 1:1:1 relationship of RHO: 1D4 antibody: Cy5-secondary we expect a
maximum output signal of approximately 4×107 volume fluorescent counts, which is also
within the high linear Cy5 dynamic range of measure determined on the Storm fluorimeter
using the Cy5 secondary antibody alone. To normalize for varying amounts of total cell
protein added in different experiments, and to address intrinsic blot-to-blot variability with
Western analysis, we obtained a ratio of opsin volume counts for each pGVAL-hhRz sample
divided by the opsin volume counts from the control sample (pGVAL without any hhRz) on
the same blot. A representative western blot for quantifying opsin is shown (Fig. 8B). For
each sample in a single experiment we tabulated the remaining fraction of opsin (REM) and
hence the KD fraction (KD = 1-REM). Since the control is normalized to itself the Control
REM is always 1.0 and its Control KD is always 0 in each experiment. The outcomes of a
large set of experiments (n = 29) were subjected to statistical analysis (Fig. 8C). The mean
REM level and standard error of mean are shown for each pGVAL-hhRz construct tested
relative to pGVAL control. A critical outcome of these experiments is that there is KD from
all pGVAL-hhRz constructs targeting NUH↓ sites in regions predicted to be accessible,
whereas there is no KD at regions predicted to be inaccessible (GUC↓ 356, GUC↓ 785). It is
interesting that the level of KD was not uniform across the three hhRzs used to target the 5'
end (262), the middle (266) and the 3' end (272) of the 250 loop. This may indicate that even
within a single structural region of predicted accessibility there are local constraints to
annealing (see Discussion). Rz525/hhRz485 was note evaluated by western analysis
approach.

A one way analysis of variance refuted the null hypothesis of no differences of REM
between control and experimental samples for active hhRzs (p = 0.037). This indicated that
at least one of the pGVAL-hhRz constructs exerted significant opsin KD. Variance was
shown to be unequal (Levine's test, p < 1× 10−5), which was expected because control self-
normalization in each experiment leads to zero variance for the control sample set. Several
post-hoc nonparametric tests (Games-Howell, Tamhane's T2, Dunnett T3) were used to
compare REM means given that sample variances that were known to be unequal. Discrete
REM values in each pGVAL-hhRz sample were within 1.5 SD of the mean for all samples,
which indicates the absence of strong outliers and a relatively homogeneous distribution.
Relative to pGVAL control all tests showed statistically significant (p ≤ 0.05) KD by both
hhRz CUC↓ 266 (p = 0.002, 0.003, 0.003) and hhRz CUC↓ 1411 (p = 0.018, 0.029, 0.025)
(p values shown for Games Howell, Dunnett T3, and Tamhane's T2 testing, respectively).
There was no difference in KD by any test between the CUC↓ 266 and the CUC↓ 1411
hhRzs. As a further test of statistical significance the pGVAL-hhRz constructs were
compared in a fixed factor analysis (single population t-test) to a value of 1.0 REM
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(representing the control level normalized mean). There was statistically significant KD for
CUC↓ 266 (p = 7.41 × 10−5), CUC↓ 1411 (p = 8.12 × 10−4), and also AUA↓ 1414 (p =
0.023). The mean levels of KD measured permit efficacy rank ordering of 1st generation
anti-opsin pGVAL-hhRz constructs (Table 2).

For the CUC↓ 266 and CUC↓ 1411 active pGVAL-hhRz constructs the catalytic core of the
enzyme was mutated (G5C, see Fig. 7C) to obviate enzymatic activity, and KD levels were
compared between active and inactive expression constructs (Fig. 9). While the numbers of
experiments with inactive hhRzs was substantially smaller, the levels of KD were not
significantly different between active and inactive hhRzs. This outcome indicates that the
KD effect results from one of at least two possible mechanisms: an antisense effect, or
catalytic inhibition of the hhRz due to the 6 bp Stem II extension. An antisense effect
involves annealing of the hhRz to the target but without enzymatic cleavage, or annealing
and cleavage but without product release (catalytic antisense effect indistinguishable with
this assay from a pure AS inhibition). The stem II extension to 6 bp could also have
inhibited catalytic activity of the core. Regardless of the mechanism the KD effect indicates
that accessibility to annealing is present in the regions around 250 and 1410 of the RHO
mRNA.

For RHO mRNA the best performing mutation independent (KD) hhRz agent previously
realized (Rz525/hhRz485, Gorbatyuk et al., 2007) was able to KD 46% of mouse opsin
P23H mRNA in the rat model of retinal degeneration. This hhRz partially rescued ERG a-
wave and b-wave amplitudes and outer nuclear layer thickness as indices of efficacy to
ameliorate the rate of photoreceptor degeneration (Gorbatyuk et al., 2007). “Rz525” was
initially named after the position of the GUC↓ cleavage motif in the canine mRNA sequence
(Gorbatyuk et al., 2005, 2007). This sequence corresponds precisely to the region around the
equivalent GUC↓ 485 in human rod opsin mRNA. We call Rz525 by the name Rz525/hhRz
485 to locate the position of the site in the humanRHO mRNA sequence. We tested the
efficacy of hhRz GUC↓ 485 in comparison to our lead hhRz CUC↓ 266 against human RHO
mRNA with our novel HTS assay. Both hhRzs target NUH↓ sites in the coding region of
RHO mRNA. To protect hhRzs from degradation inside cells they were expressed from the
adenoviral VAI chimera, pUC-VAL, which is our next generation derivative of pGVAL
with a reengineered hhRz insertion site (Yau and Sullivan, 2006, 2007; Yau et al., 2008;
Yau and Sullivan, submitted). The six bp stem II form of hhRz 266 and two forms of hhRz
485 were evaluated [6 bp Stem II (hhRz 485-1) and 4 bp Stem II (hhRz 485-2); hhRz 485-2
is identical to the hhRz used in Gorbatyuk et al. (2007)]. We determined that the hhRz 266
design (with a 6 bp Stem II design) as identified in this study performs consistently and
significantly better (23.17% KD) compared to both a six bp stem II Rz525/hhRz 485
(16.16% KD, p = 0.03) and a classical 4 bp stem II Rz525/hhRz485 (14.97% KD, p = 0.02)
that target the same sequence in human RHO mRNA that Rz525 was designed to target in
mouse or dog RHO mRNAs (Fig. 10). We attribute the better performance of hhRz 266 vs
Rz525/hhRz 485 to a higher level of accessibility in the region around the CUC↓ 266 site in
comparison to the GUC↓ 485 site in human RHO mRNA. This outcome is supported by
bioinformatics analysis (see Figs. 3–5, Table 1). This identifies hhRz CUC↓ 266 as a higher
efficacy agent for preclinical therapeutic testing with human RHO mRNA as the PTGS
target.

4. Discussion
4.1. Computational Approaches to mRNA Accessibility Prediction

Computational algorithms to predict secondary structures of mRNAs of average size are
improving. It is now estimated that these algorithms, operating on available oligonucleotide
annealing thermodynamic data, are able to predict the base pairs of major secondary
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conformational states of average sized mRNAs with accuracy as high as 73% (Mathews
2004, 2005; 2006; Mathews et al., 1999b, 2004). We used three in silico bioinformatics
approaches to predict accessibility in the secondary structure of mRNAs. The first uses an
energy minimization algorithm (MFold) that explores conformational space to identify the
single structure with the MFE, and an ensemble of substructures that have lower stability
than the MFE. The number of substructures increases exponentially with the size of the
mRNA and the allowed differences between conformers with similar energy (Zuker, 1989,
2003; McCaskill, 1990; Zuker et al., 1999; Wuchty et al., 1999). Questions remain as to
whether the set of structures close to the MFE contain the native structure, or even if there is
a single native structure. RNA is known to undergo kinetic fluctuations in local and perhaps
global secondary structure (Wu and Tinoco, 1998; Tinoco and Bustamante, 1999; Treiber
and Williamson, 1999; Thirumalai et al., 2001; Onoa and Tinoco, 2004). Also, there is the
general expectation that mRNA is folding during transcription into stable secondary
structures that precede and support the tertiary fold (Tinoco and Bustamante, 1999). If this is
correct then the nature of the structures that form will be exceedingly biased and
conditionally dependent upon the local sequence context and perhaps the dynamics of
formation of local secondary structure. Algorithms that minimize folding energy do not
embrace these putative constraints because they seek the global energy minimized outcome
over all possible base pairs. The second approach (SFold), which is not dependent upon
energy minimization, involves a Boltzmann-weighted sampling of the statistical distribution
of all structures (Ding and Lawrence, 2001, 2003; Ding et al., 2004). SFold assumes that the
process of settling to a distribution of conformational substates is an equilibrium process.
Probability varies for any secondary structure in the ensemble of all structures. For the
regions targeted we found a strong significant correlation between MFold and SFold
predictions (Fig. 5). This suggests that both algorithms can be used to identify stable
secondary structures with substantial ss annealing platforms.

With the combined in silico computational approaches used here to assess target
accessibility we were able to rationally design lead candidate VAI-hhRzs that significantly
suppressed human RHO gene product expression in a cultured human cell line. In contrast,
hhRzs targeted to regions predicted to be accessible proved to be ineffective. This is
testament to use of combined computational approaches to assess RNA accessibility. This
aggregate approach (mppRNA) has potential for predicting accessible sites, but will require
confirmation by deeper bioinformatics analysis, validation on other mRNA targets, and
correlative experimental measures.

4.2. Success and Limitations of 1st Generation VAI-hhRz Designs
We stress that both target accessibility and optimized hhRz performance are essential to
achieve the maximized KD of target mRNA and protein. We identified three lead chimeric
VAI-hhRz expression constructs, targeting sites 266, 1411, and 1414 in human RHO
mRNA, which promote statistically significant RHO protein KD. The protein KD by these
leads is not especially deep (at best 30%) at 48 hrs, but the intended identification of
accessible target regions now creates further opportunity to optimize these lead hhRz
candidates to improve efficacy. These existing lead candidate VAI-hhRzs already have
potential for long term stable RHO KD in vivo. We evaluated the extent to which the 266
and 1411 VAI-hhRz constructs were functioning as catalytic agents in vivo by mutational
inactivation of the hhRz enzyme. There was no significant reduction in the levels of KD
achieved by catalytically inactivated hhRzs compared to active cognate VAI-hhRzs.
Understanding the potential causes of this effect is essential to achieve optimized
performance of the hhRz at the proven accessible sites. The lack of KD reversal by enzyme
mutation may suggest that an antisense or catalytic antisense effect (cleavage with no release
of products from the AS flanks-product inhibition) is the dominant form of current target
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suppression by these VAI-hhRzs. In a pure catalytic hhRz suppression of target the level of
KD is expected to completely reverse by inactivating catalytic core mutation. Unfortunately,
it is not possible to distinguish a pure antisense effect from a catalytic antisense (single
turnover catalysis) by a mutation of the hhRz catalytic core in a cellular testing paradigm.
There are several underlying mechanisms as to why the lead candidate VAI-hhRzs could be
functioning in this manner. The nature of hhRz hybridization to an accessible region is
dependent upon the size of the annealing platform as well as the energy of the hybrids
formed, both before and after cleavage. The hhRz could anneal to the accessible region
stably, with or without cleavage, and not dissociate from the target on a practical time scale.
If the hhRz is capable of cleavage but the products are never released from the hhRz
antisense flanks, this results in a form of enzyme product inhibition (catalytic antisense
effect). Or, the products may be released slowly from the AS flanks of the hhRz, which
constrains potential for enzymatic turnover of the target mRNA population. Preliminary
results based on the hhRz kinetic model (Stage-Zimmermann and Uhlenbeck, 1998) suggest
that the AS flanks of the lead candidate hhRzs could be optimized to enhance product
leaving rates in order to improve catalytic turnover. Such hhRzs could potentially be
optimized by decreasing the length and/or the composition of each antisense flank (Bertrand
et al., 1994). It is also important to evaluate the extent to which the lead hhRzs fold correctly
into active enzymatic structures within the context of the VAI chimeric RNA. MFold and
SFold algorithms are highly reliable tools for investigating the folding behavior of small
RNAs such as a hhRz, or a hhRz embedded within an small chimeric RNA. A hhRz within a
VAI chimera with a 6 bp Stem II (extended 2 bp for stability) may not be enzymatically
active. Classical 4 bp Stem II hhRzs embedded within the same chimera realized highly
potent activity in cellulo and in vivo (see Lieber and Strauss, 1995). While long extensions
of Stem II are known to inhibit hhRz activity, 6 bp appeared to be a reasonable choice to
exert additional stabilizing energy over hhRz folding (Homann et al., 1994). Finally, the
presence of the hhRz embedded in a chimeric RNA may change the nature of performance
when compared to the same hhRz functioning in isolation. These issues are being addressed
in an ongoing optimization study.

mRNA target properties clearly influence the level of KD achieved. First, we must consider
the extent to which the regions targeted successfully are indeed fully accessible, or perhaps
partially constrained by local mRNA structure(s) that impair rapid hhRz AS flank annealing.
Experimental tests of small nucleic acid annealing over the regions of predicted accessibility
are necessary to correlate with levels predicted by in silico analysis. We have developed
novel experimental approaches that directly explore mRNA target accessibility to confirm
computational predictions (Sullivan et al., 2007). Potentially interesting features of focal
target accessibility arise in analysis of performance of hhRzs designed to target the 250
region loop. While hhRz CUC↓ 266 exerts statistically significant KD, and hhRz CUU↓ 262
hhRz exerts substantial but not significant KD, hhRz CUC↓ 272 exerts minimal KD. Yet, all
three NUH↓ sites were predicted to reside within the large (33 nt) accessible ss loop. Even
though the AS flanks of each of these hhRzs were designed to hybridize only to predicted ss
sequences within this large predicted loop, we expect that focal accessibility within this loop
may not be uniform. In contrast, hhRz CUC↓ 1411 and hhRz AUC↓ 1414 exerted significant
KD, when the target cleavage sites reside within a single predicted 14 nt ss loop and are
separated by only 3 nt. The single site test at UUC↓ 1197 promoted substantial but not
statistically significant KD. AS inhibition studies have clearly shown that accessibility in
expected ss loops is not necessarily uniform (Lima et al., 1992). Local stable internal
hybridization sites or dynamic bp fluctuations within a proven accessible region would lead
to nonuniform presentation of the expected ss platform for hhRz annealing. Or, local protein
docking within an accessible mRNA region could influence hhRz annealing. With MFold
we have observed that there are often several subconformational states around a given
region of interest that have varying degrees of access probability. This outcome infers that
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dynamic fluctuations around a given accessible region could occur, especially since the
substates have free energies that are nearly equivalent at physiological temperature. SFold
also predicts that the probability of access within the large 33 nt loop predicted by MFold is
not uniform but instead has fine structure (Fig. 3). It may also be important that the 266
hhRz targets the apex of the predicted 33 nt loop, whereas the 262 and 272 hhRzs target
regions of the loop closer to the supporting stable stem structure. SFold predicts less fine
structure in accessibility in the 1410 region. The region around 1190 was predicted by
MFold analysis to exist in two well defined substates with ss platforms of 39 and 12 nt.
SFold showed only some accessibility in the region. Fine structure mapping of accessibility
within these regions could be obtained by experimental oligonucleotide annealing. Another
target factor is that there is a known difference in catalytic efficacy of the hhRz when
targeting different NUH↓ sites when there is no expected target RNA secondary structure
(Zoumadakis and Tabler, 1995). The 266 and 272 hhRzs both target CUC↓ sites while the
262 hhRz targets a CUU↓ site. The 1411 hhRz targets a CUC↓ site while the 1414 hhRz
targets an AUC↓ site. The site at 1197 is a UUC↓. Naturally occurring GUC↓ and GUA↓
sites have higher intrinsic cleavage rates with the standard hhRz than all of the other NUH↓
motifs. GUC↓ motifs were targeted in the control sites that were predicted to be poorly
accessible and provided no KD. CUC↓ and CUU↓ have comparable rates. CUC↓ has a
higher intrinsic rate than AUC↓ such that the slight efficacy difference between the 1411
(CUC↓) and 1414 (AUC↓) might be explained on the basis of the intrinsic cleavage rates.

4.3. Cell culture studies are appropriate for initial PTGS evaluation
PTGS by ribozymes or RNAi takes place in the context of cellular housekeeping functions
and components. The PTGS silencing processes neither requires nor utilizes specialized
properties of the differentiated cellular phenotype. The target mRNA is transcribed in the
nucleus, is spliced, capped and polyadenylated before being trafficked to the cytoplasm.
Within the cytoplasm the mature mRNA can reside along trafficking streams, dock at
potential storage sites, or be used to translate target protein at the level of the ribosome. The
mature mRNA is expected to have associated RNA binding proteins, the bulk of which are
expressed in every human cell type. The ribozyme or RNAi will also associate with proteins
which are again expressed in every human cell type. The physical chemical environment
(ionic composition, ionic strength, pH, viscosity) around the target mRNA within the human
cytoplasm is also a housekeeping function that is expected to be maintained across diverse
human cellular lineages. The ribozyme or RNAi experiences the same housekeeping
environment in a human cultured cell as it would otherwise experience in a disease target
cell type in vivo. While in the cytoplasm the target mRNA or ribozyme may undergo
structural conformational changes with a broad range of kinetics. These fluctuations are
expected to be intrinsic to the local stability of the RNA at physiological temperature. The
action of a ribozyme against any mRNA target is expected to take place by the same
reaction mechanism regardless of what type of cell it operates within (e.g. HEK293S or rod
photoreceptor cell). The cellular protein components of the RNAi-induced silencing
complex also reside in housekeeping functions. Because of these facts, albeit not formally
investigated, it is highly unlikely that some differentiated cell type specific factor (e.g. a
unique RNA binding protein) will be proven to markedly influence PTGS reactions in
different types of human or mammalian cells. PTGS operates at the level of cellular
housekeeping, the set of functions and components that are shared among all cell types in an
organism and are necessary and essential for survival, vitality and support of the overlying
differentiated function. The reactions of a ribozyme or RNAi and its cognate mRNA target
are only dependent upon the relative molar ratios of the two operative species (enzyme and
target RNAs) that specify diffusion-limited collision frequency within the functional
enzymatic environment. And, for a ribozyme, no additional cellular machinery is necessary
to effect RNA based catalysis after the critical annealing event.
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The critical variables underlying cellular hhRz functionality are: 1) the identification of a
bonafide accessible site in the target mRNA that is stable over time within the cellular
milieu, 2) a hhRz that folds into a structural state in which it can both interact with target
mRNA by bp complementarity to perform catalysis, and 3) colocalization of the hhRz into
the same compartment as the target mRNA. The structure of the target mRNA and the
presence of an accessible site are dependent upon secondary and tertiary RNA structural
folding that is entirely conditional upon the primary sequence of the RNA and the
physicochemical conditions (ionic strength, temperature, pH) that are variables in this
process. The information needed for RNA secondary and tertiary structure is specified in the
primary sequence. The spontaneous process of target RNA folding is expected to follow the
same kinetic landscape regardless of the cell type in which this folding occurs due to the
commonality of the controlling physicochemical variables in all cells. Similarly, the primary
sequence of the hhRz and its chimera specifies the RNA folding landscape that may or may
not sponsor catalytic activity. HhRz and chimera folding is expected to occur with the same
kinetic landscape regardless of cell type. Another critical variable is the specification by the
hhRz/chimera RNA sequence of structure(s) that permit a long half-life within cells. At
equivalent levels of expression a hhRz with a longer half life will establish a higher steady
state enzyme level ([E]). A hhRz with a short half life decreases the steady state [E]/[S] ratio
and predicts a lower efficacy measured as target KD (↓[S]). A hhRz that is degraded in the
cell with a half life of 30 min will have little potential to effect a strong KD of a target
mRNA with a relatively stable half life of 10 or more hours, and even less efficacy against a
target with a shorter intrinsic half-life. Ideally, the hhRz primary sequence would be
designed to engineer a long cellular half-life to provide the best conditions for high level
efficacy. The only way that the hhRz can effect target mRNA KD is if it colocalizes with the
target mRNA in the same cellular compartment or subcompartment. Colocalization of hhRz
and target mRNA is essential to sponsor a high frequency of biophysical collisions at
physiological temperature that are needed to promote effective molecular recognition
(annealing) and formation of the enzyme: substrate complex. Clearly, the folded structure of
the hhRz RNA modulates the cellular trafficking and eventual localization of the enzyme.
Colocalization is dependent upon cellular trafficking signals and motifs that are found in the
folded hhRz and target and specified in the primary RNA sequences. Finally, to effect a high
frequency of productive collisional interactions in a diffusion-limited reaction the hhRz/
chimera concentration must be in substantial molar excess over the target mRNA.

To insure the strong expression, stability, and appropriate trafficking and compartmental
localization, the hhRz can be embedded in a chimeric RNA that has the desired prerequisite
properties. It is for these reasons that we have chosen the adenoviral VAI RNA as a chimera
in which to express hhRzs. VAI-type RNAs have a well established secondary and tertiary
structure, are expressed by strong intragenic Pol-III promoter (106–108 copies per
transfected cell), have long cellular half lives (~ 7–8 hours), and mostly traffic to the cellular
cytoplasm (Svensson and Akusjarvi, 1984; Prislei et al., 1997). All mRNA targets currently
relevant to ocular gene therapy spend the bulk of their intrinsic lifetimes in residence within
the cytoplasm, where a VAI-hhRz chimera naturally colocalizes. With a VAI-hhRz at such
high levels of expression and, at the extreme, an abundantly expressed target mRNA (104 –
105 copies per cell) transcribed by a Pol-II promoter, one expects that the [E]/[S] ratio will
be at least on the order of 10-100:1. With moderate or low levels of mRNA target abundance
the [E]/[S] ratio would be one to two orders of magnitude greater. Under these conditions of
([E] >(>) [S]) designed into our PTGS cellular testing paradigm, the measured KD efficacy
is expected to be solely a property of the accessibility of the target mRNA at the intended
annealing site in cellulo. In the challenge to identify lead hhRz candidates for therapeutic
development the first step is clearly to determine if the site of potential attack is accessible
in vivo. Optimization of such an agent can then occur after lead candidate identification. The
investigative paradigm established here seeks to identify lead candidate hhRzs as a first
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essential step in a stratified RNA drug development platform that includes target mRNA
accessibility determination, lead candidate identification, lead optimization, preclinical
animal model testing, and human clinical trials.

4.4. On the Kinetics of Ribozyme Mediated Gene Therapy
Is the timescale of our measures of RHO protein and mRNA KD by VAI-hhRzs over 48–72
hours consistent with the expected properties of the target mRNA and protein in
photoreceptors? That is, are these experiments representative outcomes of likely in vivo
performance? To evaluate this question we need to know the half life of the target mRNA
inside the cells in which it is expressed. A number of studies suggest that the half life for
RHO mRNA in photoreceptors can be estimated to be approximately 12 hrs (Korenbrot and
Fernald, 1989; McGinnis et al., 1992; Pierce et al., 1993). The function of a PTGS agent is
to reduce the mean half-life of the target mRNA in the cell which results in a new lower
steady state target mRNA level and hence reduced target protein translation. Intrinsic steady
state target mRNA levels are the result of the ratio of transcriptional synthetic rates and
natural mRNA degradation rates. For assumed constant transcriptional rates, we can
simulate the impact of a ribozyme on mRNA decay, which is a well known problem from
various engineering and biophysical disciplines. Assuming the natural half life of RHO
mRNA at 12 hrs, the occurrence of complete (100%) hhRz mediated KD at time t=0 hrs
would result in the decay of RHO mRNA as shown graphically (Fig. 11). The new steady
state (0% mRNA remaining) is reached between 4–6 half lives. At one half life (12 hrs)
there is approximately 37% (1/e) mRNA target reduction or 63% remaining. A single
exponential will decay to 1% of initial value at 5 times the half-life. Obviously, if there is no
impact of the PTGS agent then the steady state level of the target mRNA will not change
over practical time of analysis (horizontal line). The graph shows the simulated single
exponential decay of an mRNA species from an initial steady state concentration (y0
intercept) assuming that all new transcription of the target stopped at time t =0. This would
be equivalent to a complete PTGS knockout of target mRNA instantaneously upon
transfection. A PTGS agent adds a component to the intrinsic rate of decay of the mRNA,
which in effect decreases the half life of the mRNA target. If the PTGS agent is able to KD
only a fraction of the total RHO mRNA a new steady state (yf) will emerge where the
exponential flattens at a level that represents the ratio of new mRNA synthesis rate to the
decay rate (not shown). For simplicity here, we assume that at time t = 0 that all of the
synthesis of the target mRNA was obviated by the PTGS agent (100% KD). How long does
it take to approach the point of zero remaining mRNA? For the intrinsic 12 hr half life this
clearly occurs between 48–72 hrs (4–6 times the half life). In this study opsin protein levels
were measured at 48 hrs post transfection so we expect that we are sampling at the new
steady state. As a hhRz acts to enhance the decay rate, we have also modeled decay with
total decay half times of 9 hrs, 6 hrs, and 3 hrs. In these cases the decay to the final steady
state occurs more rapidly than the time scale of our experimental measures. Hence, we
expect that our measures at 48 and 72 hrs fully embrace a new steady state that has emerged
for the target RHO mRNA in the cellular expression system.

We next asked the question as to how we could expect our lead VAI-hhRzs to perform in
photoreceptor cells. To do so we need a reliable estimate of the copy number of the RHO
mRNA in rod photoreceptors. There are approximately 2 × 108 copies of RHO protein in the
normal mammalian rod photoreceptor outer segment. The RHO mRNA traffics selectively
to the outer segment side of the nucleus and is translated on polyribosomes there.
Approximately 10% of the total amount of RHO protein is lost each day as shed old discs,
and to maintain a steady-state outer segment length and visual pigment concentration, there
must be synthesis of an equivalent number of new RHO protein molecules (2.0 × 107
opsins/day = 1.33 × 104 opsins/min). Logically, we assume that there is a steady state
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concentration of RHO mRNA that is maintained in rod photoreceptors to support the steady
state level of daily RHO protein translated. This steady state concentration of RHO mRNA
must reflect the relative rates of synthesis (transcription) and intrinsic first order decay.
From general molecular and cellular biology we assume that each mRNA can be loaded
with ribosomes (polyribosome) up to a maximum value of one ribosome each 100 nt (coding
region), and that the ribosomes move along the mRNA at a speed of 100 nt/sec. With a
coding region of 1044 nt there are approximately 10 ribosomes/opsin mRNA. At the
expected translation speed it will take 1 min to make the full RHO polypeptide. With 10
ribosomes translating on the RHO mRNA coding region at steady state then the intrinsic
RHO protein translation or synthetic rate (ks,P) is 10 opsins/min-mRNA or 1.44 × 104

opsins/mRNA-day. The number of RHO mRNAs at steady state (NR,ss) in the mammalian
photoreceptor is then estimated at:

With an intrinsic RHO mRNA half life of 12 hrs we can calculate an intrinsic degradation

rate (kd,R) of RHO mRNA  which is 9.63/min With the expected steady state
number of RHO mRNAs/cell and the intrinsic degradation rate we can estimate the
transcriptional synthetic rate (ks,R) (ks,R = NR,ss *kR,d) (ks,R = 1.35 mRNAs/min). With the
daily loss of 10% of the rod outer segment the intrinsic half life (τd,P) of RHO protein loss
(to reach 1/e or 63.2% of maximum; e = 2.718) is 3.7 days. The intrinsic decay rate of RHO

protein  is then 1.30 × 10−4/min. The steady state numbers of RHO protein
(NP,ss) can then be estimated (Almagor and Paigen, 1988):

(1)

where kd,hhRz is the rate of RHO mRNA degradation contributed by the hhRz. Assuming
the rates calculated above and initially that kd,hhRz is zero, then Np,ss is found to be 1.08 ×
108 RHO protein molecules per photoreceptor outer segment, which is clearly on the correct
order of known biology.

To understand how a hhRz might impact RHO protein expression the photoreceptor we need
to estimate kd,hhRz. Fortunately, we can obtain an estimate of this value from HEK293
expression experiments. We can use available data to estimate the number of opsin mRNAs
in HEK293S cells under stable transfection conditions. We are able to purify by
immunoaffinity approximately 20 μg of human rod opsin from 6.6 × 107 cells (two 15 cm
dishes of confluent cells) of WT-HEK293S cells (line 12), which is equivalent to 0.5 × 10−9

moles of protein or 3 × 1014 molecules (Sullivan and Satchwell, 2000; Sullivan and Shukla,
1999). In this stable cell line the opsin cDNA is expressed from a CMV promoter/enhancer.
The steady state value of 5 × 106 opsin molecules/cell is consistent with our prior measures
by spectrophotometry and electrophysiology in this same exact cell line (Sullivan and
Shukla, 1999; Shukla and Sullivan, 1999; Sullivan and Satchwell, 2000). In a transient
transfection experiment, as used in the current set of experiments, there is at least 20 μg of
opsin synthesized in a 48 hr period post transfection. Initially assuming equivalence of the
rate of RHO protein translation per mRNA between the photoreceptor and HEK293 cell
(ks,P = 1.44 × 104 opsins/mRNA-day) then for 5 × 106 opsins made in a 48 hr period per
cell, or a minimum of 2.5 × 106 opsins/day (1 × 105 opsins/hr) then we can estimate NR,ss
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equal to 174 RHO mRNAs/cell. When naïve HEK293S cells are transfected transiently with
an equivalent CMV expression plasmid, as conducted in this experimental design, there are
at least 2–3 fold greater amounts of opsin which are synthesized in the same number of cells
over 48 hrs. By proportionality this would raise the average number of RHO mRNAs to
approximately 500 mRNAs/cell or about 40% of the level in a mammalian rod
photoreceptor at steady state. It appears that the HEK293S cell system under transient CMV
promoter expression of RHO cDNAs is fairly efficient and generates approximately 40% of
the amount of RHO mRNAs at steady state and within one log order of the number of RHO
protein molecules per day. This is not entirely surprising because the CMV promoter, like
the rod opsin promoter, is quite strong. With 500 RHO mRNA molecules at steady state and
an estimate of the intrinsic kd,R (9.63 × 10−4/min) we can calculate the expected
transcriptional rate of RHO in HEK293 cells (ks,R,293 = 0.48 mRNAs/min). With 500 RHO
mRNAs/cell and the photoreceptor value of ks,p we can estimate that 1.44 × 107 opsin
proteins are made per cell over the 48 hr period of the experimental paradigm used here. A
30% maximum KD of RHO protein leads to an estimated decrease of 4.32 × 106 opsins/cell.
From this estimate we can use ks,P to calculate the number loss of RHO mRNA molecules
from each cell (a decrease of 150 RHO mRNAs) which leaves approximately 350 RHO
mRNAs remaining per cell. Assuming that this is a new steady state value we can use the
HEK293-specific RHO mRNA synthetic rate (ks,R,293 = 0.48 mRNA/min) to calculate the
total RHO mRNA degradation rate (kd,T,R = kd,R + kd,R,hhRz) finding that kd,T,R is estimated
at 1.38 × 10−3/min. This leads us to a new half life of the RHO mRNA of 504 min (8.4 hrs).
We use our estimates of kd,T,R and kd,R to calculate kd,R,hhRz(4.12 × 10−4/min). It is relevant
that this value is within the measured range of hhRz cleavage rates for long target mRNAs
that occur in vivo (Birikh et al., 1997; Hendrix et al., 1996; Bertrand et al. 1994). This rate is
the product of the cellular hhRz concentration and the second order reaction rate (both
unknowns). We will assume that the hhRz (e.g. hhRz 266) would behave according to the
same second order reaction rate in a photoreceptor and that the hhRz concentration (e.g.
expressed by delivered AAV genomes) is likewise the same. Using equation (1) and the
estimates obtained we find that NP,ss is approximately 70% of normal or a 30% KD of RHO
protein. Hence, with a combination of a few critical assumptions and measured values our
model suggests that an equivalent level of RHO protein KD could occur in photoreceptors
with the current lead hhRz candidates. The impact over many half lives of the protein would
be a shorter rod outer segment.

4.5. Preclinical and potential clinical applications of 266 and 1411 hhRzs
The target used in this study is a human mRNA and all hhRzs were designed to precisely
recognize human RHO mRNA target by Watson-Crick base pairs. All of the lead candidate
hhRzs identified in this study could be used in all or nearly all currently known human RHO
mutations (N > 125) (Gal et al., 1997). Since these hhRzs were designed as mutation-
independent “KD” agents it might be necessary to design allelic variant genes that encode
WT or WT-like proteins that are translated from mRNAs that are resistant to cleavage by the
cognate lead hhRz. We have examined the capacity to form allelic variant WT opsins for the
hhRz cleavage sites used in this study (Table 3). All of the sites targeted by the hhRzs could
be simply and silently altered to form allelic variant WT constructs with no protein coding
changes, except for an allelic variant KD-RECON target for hhRz 262, but this did not
become a lead candidate. On a preclinical level it is ideal to test ribozymes in small or large
scale animal models that are humanized for the target mRNA of concern. Mouse models of
human RP have been generated on the mouse rod opsin knockout background with human
mutant RHO genomic constructs (Li et al., 1996, 1998). However, animal models not
humanized for the desired target have also been used in preclinical testing for ribozymes or
RNAi (Lewin et al., 1998; LaVail et al., 2000; Gorbatyuk et al., 2005, 2007). We examined
the extent of primary sequence conservation among human, pig, dog, rat, and mouse RHO
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mRNAs for the annealing of successful 266, 1411, and 1414 lead human hhRzs (Table 4).
The site targeted by Rz525/hhRz485 is also shown for comparison. For the CUC↓ 266 hhRz
annealing site there is high complementarity among all organisms compared. Mouse and rat
rod opsin mRNA primary sequences are identical to a region of human RHO mRNA
targeted, and dog and pig mRNAs have only one nt difference. This is not surprising given
that the 266 hhRz is designed to cut human RHO mRNA in the coding region, and there is
an exceptionally high degree of conservation of rhodopsins at both the protein and mRNA
levels. There is minimal primary sequence complementarity of the mouse and rat RHO
mRNAs to human mRNA target sites in the 1410 loop (e.g. 5 of 14 nts are different for
hhRz 1411). The canine RHO mRNA 3' UTR shows surprising primary sequence
conservation with the human RHO mRNA in the 1410 region. Pig 3' UTR sequences were
not available for comparison. Even though regions of high primary sequence
complementarity occur around the CUC↓ 266 hhRz cleavage site in the coding region of rod
opsin mRNA, we emphasize that this does not imply that there will be equivalent
accessibility at this local sequence region within the secondary and/or tertiary structures
among the human, monkey, mouse, rat, pig, or dog mRNAs. This factor is often
unconsidered in preclinical studies, yet could play a substantial role in eventual clinical
efficacy outcomes (Sullivan et al., 2007). A successful PTGS agent designed, for example,
against a mouse, dog, or pig mRNA target and tested in small or larger scale mammalian
models that express animal target mRNAs could fail when transferred into a human clinical
trial, even if an identical region in primary RNA sequence is targeted. This could result
because the region is inaccessible to hhRz annealing at the secondary and tertiary structural
levels in the human target. Similarly, a PTGS agent designed against the human mRNA
could fail in a preclinical trial where the targets are animal mRNAs. To establish the best
conditions for equivalent clinical translation of efficacy the best target for preclinical studies
seeking proof-of-principle support for human therapeutic trials is a human mRNA expressed
in a mammalian model with knockouts in native target genes (Humphries et al., 1997; Lem
et al., 1999). Currently, such models are exceedingly rare, but much needed.

4.6. How much knockdown is enough for long term therapeutic rescue?
The issue of the minimum or maximum amount of RHO suppression needed to generate and
maintain therapeutic rescue remains unsolved and is a difficult problem indeed. Previous
studies showed that surprisingly low levels of mutant mRNA KD (~ 15%) were sufficient to
rescue photoreceptor degeneration over short and long term periods (1 year) in a rat model
expressing a mutant mouse rod opsin transgene (P23H) (Lewin et al., 1998; LaVail et al.,
2000). In this line of rats there are approximately equal levels of normal rat opsin mRNA
and mutant mouse P23H mRNA. The ribozymes used were mutation-specific agents
targeting an engineered cleavage site in the mouse mRNA. These elegant proof-of-principle
experimental studies indicated that low to moderate levels of KD may be sufficient in the
long term to rescue rod photoreceptors from mutant opsin expression, at least in rodent
models. Unfortunately, these hhRz agents cannot translate to large scale mammalian
preclinical models or to human clinical trials, which is the goal of RNA drug discovery. Two
mutation-independent hhRzs (Rz397 and Rz525) have been designed and tested in vitro, in
cultured cells, and in the rat P23H mouse RHO model of retinal degeneration (Gorbatyuk et
al., 2005, 2007). Both hhRzs were designed against conserved primary mRNA sequences
present in mouse, dog, and human RHO mRNAs, with the obvious intent of stepping
successful agents in mouse up to a canine retinal degeneration model due to a natural RHO
mutation (Kijas et al., 2002). In particular, the full AS span of Rz525/hhRz485 can precisely
anneal to human RHO if the region was accessible. After AAV-mediated transduction
Rz397 was able to KD remaining mouse RHO mRNA and protein by 60% and 80%,
respectively, in Rho+/− mice which express approximately 50% of normal levels of mouse
RHO (Gorbatyuk et al., 2005). A better performing Rz525/hhRz 485, that targets a different
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region of the mouse RHO mRNA, was able to KD 46% of mouse RHO P23H mRNA in the
same rat degeneration model and partially rescued ERG measures and retinal histology as
additional indices of efficacy (Gorbatyuk et al., 2007). Knockdown of mutant mouse RHO
at the protein level was, however, not detected. AAV vectors delivered Rz525/hhRz485
expression constructs subretinally on postnatal day 16. Expressed from a Pol-II promoter,
Rz525/hhRz485 reduced ERG a-wave and b-wave amplitude loss by about 50% compared
to control eyes (AAV GFP) when evaluated at 4, 8 and 12 weeks of age. Rz525/hhRz485
also rescued outer nuclear layer thickness in the superior retina by approximately 50%
relative to control eyes. The Rz525/hhRz485 has proven preclinical efficacy against a mouse
mRNA target.

In a HTS assay recently developed in this lab we compared the efficacy of Rz525/hhRz485
and hhRz 266 against the human rod opsin mRNA with both hhRzs expressed in the same
VAI RNA chimera (Yau and Sullivan, 2006, 2007; Kolniak et al., 2007; Yau et al., 2008).
The strong Pol-III based transcription from the VAI intragenic promoter is expected to
substantially increase expression of Rz525/hhRz485 relative to any Pol-II promoter, and the
VAI structure is expected to substantially increase the half-life of the Rz525/hhRz485
compared the poorly stabilized construct previously employed (Gorbatyuk et al., 2007). In
the Pol-II expression constructs used thus far for Rz525/hhRz485 the RNA is processed 3' to
the actual hhRz element by a downstream in cis hairpin ribozyme, which removes the
stabilizing polyadenylation sequence. The mammalian cellular lifetime of such trimmed
hhRzs that are capped but not polyadenylated has never been reported. The capacity of a 2'–
3' cyclic phosphate at the 3' end of the trimmed hhRz RNA to prevent 3' to 5' RNA
exonucleases is also unclear. In our HTS assay hhRz 266 (with a 6 bp Stem II design that
generates a predominant AS effect) performs consistently and significantly better (23.2%
KD) than both a six base pair stem II Rz525/hhRz485 (16.2% KD) and a classical 4 bp stem
II Rz525/hhRz485 (15.0% KD) against human RHO mRNA when expressed in a RHO-
IRES-SEAP dicistronic mRNA (Fig. 9). When tested under identical conditions, with all
other contributing variables being controlled and uniform, the improved performance of
hhRz CUC↓ 266 relative to Rz525/hhRz485 (GUC↓) is expected to result solely from a
higher level of accessibility in the region around the CUC↓ 266 cleavage site in humanRHO
mRNA relative to the region around GUC↓ 485. Additional bioinformatics and experimental
measures of accessibility of the full length human RHO mRNA indicate that the region
around 485 is not substantially detectable as an accessible site, when compared to the region
around the hhRz 266 cleavage site (Sullivan and Taggart, 2007; Sullivan et al., in
preparation; Taggart and Sullivan, in preparation).

This study indicates that with hhRz CUC↓ 266 we already have a PTGS agent for human
RHO that is improved in comparison to prior best-performing allele-independent hhRz
(Rz525/hhRz485) that exerted some rescue against retinal degeneration in the P23H rat
model (Gorbatyuk et al., 2007). Tacitly, we would expect the existing hhRz CUC↓ 266 to
have improved performance in vivo, especially when expressed within the VAI-hhRz
chimera. Further work is necessary to determine the extent to which optimized versions of
hhRz CUC↓ 266 can exert even greater target KD, or if hhRzs targeting other sites might
prove more efficacious. Subsequent lead optimization studies are appropriately performed in
cellulo prior to more costly animal experimentation. Animal experimentation can occur in an
appropriate humanized model in which outcome results are indeed directly translatable to
human clinical studies. The agents we have designed and tested are already proven-fit for
targeting toxic gain-of-function mutations in human RHO mRNA. For a KD-RECON
strategy one must also design and test an allelic variant cDNA and expression construct for a
hhRz-resistant RHO mRNA that will reconstitute normal levels of wild type RHO
expression in the rod photoreceptors. We demonstrated here how such allelic variant RHO
targets can be generated. Long term therapy will likely require regulation of expression or
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activity of the PTGS agent, real time evaluation of efficacy through appropriate clinical
testing measures, and certainly a much deeper knowledge of global photoreceptor gene
expression over the time span of the retinal degeneration in appropriate animal models.

4.7. Conclusions
The problem to identify accessible regions for annealing in target RNAs is a particularly
severe one that has limited the development of efficacious PTGS agents for the
pharmaceutical market over the last three decades. A robust in silico RNA computational
approach predicted accessible regions in a model human disease target mRNA and these
regions supported successful rational hhRz development. The three lead hhRzs recognize
substantial ss annealing platforms predicted in stable secondary structures. Regions
predicted to be substantially hybridized or small ss annealing platforms on stable hybridized
regions did not support successful hhRz development. These outcomes suggest that a
bioinformatics approach has validity to detect accessible regions at least in RHO mRNA and
suggests the types of regions that are susceptible to hhRz attack. This bioinformatics driven
study contributes to validation of our hypothetical model that large stable ss regions are the
best regions for hhRz targeting. The VAI-hhRz constructs (hhRz CUC↓ 266, hhRz CUC↓
1411, hhRz AUA↓ 1414) that demonstrated significant target protein KD could be useful in
preclinical gene therapy or functional genomics studies. These KD hhRzs target all known
mutations in the human RHO gene that underlie autosomal dominant RP. The hhRz CUC↓
266 performs better against human RHO mRNA than the best-performing established allele-
independent hhRz (Rz525/hhRz 485) that was designed to target mouse, dog, and human
RHO mRNAs. Optimization of the 266 CUC↓ hhRz, the 1411/1414 hhRzs, or identification
of hhRzs that target other more accessible regions could ultimately lead to deeper target
RHO protein suppression. The hhRzs tested under this rigorous experimental efficacy
paradigm to determine regions of target mRNA accessibility in cellulo are proven against
human disease target mRNAs expressed in cultured human cells. HhRzs and PTGS agents in
general function at the level of cellular housekeeping properties, which reside below
differentiated functions. Human cell testing strategies simulate most of the relevant
operational biophysical variables for PTGS testing that otherwise exist in retinal cells that
express mutant or overexpressed genes. The biocomplexity of RNA biology and PTGS is
well represented within the housekeeping functions of all mammalian cell types and requires
no functional specialization. While cellular model systems certainly do not preclude the
need for animal model systems to test efficacy and toxicity, they are useful tools for
development and optimization of allied PTGS agents prior to more costly and much slower
testing in animal models of disease. Cellular model systems can also be used for robust
screens of combinatorial PTGS expression libraries in search of the best agent against a
given target mRNA. A cell based approach, developed in part in this report, is modular,
versatile, and cost effective and can be applied to RNA drug discovery for any full length
cloned human disease gene.
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Figure 1.
Schematic for the structure and function of a hhRz as a catalytic RNA. The structure of a
classical hhRz with a 4 bp Stem II region, the catalytic core consensus region, and two
antisense flanks that are directed to anneal to the target region of the mRNA. If the targeted
region of the mRNA is exposed as a single-stranded platform, full rapid annealing of the
hhRz AS flanks can occur. Upon full annealing the core enzyme is in a position to promote
hydrolysis of the phosphodiester bond immediately downstream of the NUH↓ cleavage
recognition motif. If product release can occur, the hhRz is then able to direct RNA catalysis
to other mRNA targets (enzymatic turnover). If the targeted region is not fully exposed the
rates of annealing are slowed and efficacy is suppressed.
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Figure 2.
Examples of MFold search for sterically accessible regions in human RHO mRNA. MFold
was used with 250 nt overlapping windows or 1400 nt overlapping windows. Each fold of
each overlapping segment of the target mRNA generated a set or ensemble of structures.
Output from each ensemble (up to 99 structural images) was carefully examined for large ss
regions. In this study these accessible sites sought were loops capping stable stems. The
frequency of recurrence of ss site in a single ensemble was taken as the number of times the
ss element occurred over the total number of images in the ensemble. Estimates of
potentially accessible regions were averaged over multiple ensembles from folding windows
containing the region. The frequency of recurrence of the dominant substate conformation
was also tabulated. Shown here are minimal folding energy structures from 1400 nt or 250
nt windows (Panel A: 1400 nt wide window folding the range of 1–1400 nt of the target;
Panel B: 250 nt window folding the range of 201–450 of the target; Panel C: 1283 nt
window folding the range of 250–1532 of target; Panel D: 1283 nt window folding the range
of 250–1532 of target). Sites targeted in this study in single stranded and folded regions are
indicated.
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Figure 3.
SFold analysis in regions of MFold predictors. The SFold true probability of access was
determined in full length human rod opsin mRNA. SFold output was plotted in two regions
containing targeted regions where MFold indicated accessible or inaccessible regions: (A)
200–850, (B) 882–1532. Target regions are indicated by overlying horizontal bars and
numbers. Regions predicted to contain stable structures containing ss loops of varying size
all have mean SFold probabilities greater than 0.5. The 350 and 485 regions, predicted to be
inaccessible, have low SFold probabilities.
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Figure 4.
OligoWalk analysis of LFE. OligoWalk was used to identify the local target break energy
(LFE). A 15 nt window was used which is equivalent to the hhRz annealing platforms used
in this study (7/7nt) including the single nt which does not form a Watson-Crick base pair at
the site of cleavage. The raw output of OligoWalk provides the target break energy (LFE)
for each nt. The horizontal bars and numbering indicate regions targeted in this study.
Regions determined by MFold structural state analysis to contain stable ss annealing
platforms, also confirmed by SFold analysis, are shown here to have more positive LFE
levels, whereas the 350 region is a stable state with strong negative LFE.
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Figure 5.
Correlation of MFold, SFold, and LFE parameters. (A) We plotted the mean MFold
probability (and SEM) for the dominant substate(s) and the mean SFold probability over the
regions of interest initially established by MFold analysis. A linear regression line was fit to
the data set without constraint to the origin. There is a high degree of correlation (R = 0.991,
p = 1.31E-4) between these estimators. The fitted line passes unconstrained essentially
through the origin (0.03) and the slope is 1.03 ± 0.011. (B) Comparison of a scaled positive
LFE measure with the MFold frequency found no significant correlation (R = 0.2867, p =
0.5331). (C) Compared of a scaled positive LFE measure with the SFold probability also
found no significant correlation (R = 0.3332, p = 0.4653). The MFold and SFold estimators
of accessibility measure similar features, while the LFE measure appears to be an entirely
independent estimator. Note the deep LFE values for the predicted inaccessible sites at 350
and 485.
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Figure 6.
Ribozyme targeted regions. Stable high frequency recurrent stem loop structural motifs
containing single stranded annealing platforms were selected as suitable candidate platforms
for hhRz targeting. The 33 nt ss loop in region 250 extends from nts 249–281 in the human
RHO mRNA sequence (NM000539). The 8 nt ss loop in region 780 extends from nts 780–
787. The 39 nt ss loop in region 1190 extends from nts 1182–1220 and the 12 nt ss substate
loop extends from nts 1178–1189. The 14 nt ss loop extends from nts 1406–1419. Available
hhRz cleavage sites within these structural motifs are shown by arrows. The NUH↓ sites
targeted in this study are shown by arrowheads.
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Figure 7.
VAI-hhRz chimeric expression construct. (A) The VAI-hhRz chimera RNA is expressed
from a gene with an intragenic Pol-III promoter (A and B boxes) and terminates after a
polyuridine tetramer. The loop sequence into which the hhRz cDNA is cloned between the
SalI and PstI sites is stabilized by a long (19 bp) GC rich stem. An adapter sequence inserted
between and separating the SalI and PstI sites in the loop makes hhRz cDNA cloning much
more efficient. Other than this adapter element, the overall sequence of the pGVAL vector
was not altered from the vector which has been used successfully in prior studies (Lieber
and Strauss, 1995). (B) The hhRz was cloned into an expected loop region engineered into
the adenoviral VAI RNA (Lieber and Strauss, 1995). This VAI RNA has stable apical and
basal stems and its central domain (functional) (box) was obviated by the engineered stem
loop structure to hold the hhRz and create a flexible steric environment where it could
function (box). (C). Stabilized hhRz design. A 7 nt/7 nt symmetrical antisense flank design
was used centered on the intended NUH↓ cleavage motif. The catalytic core is shown using
the established numbering scheme (Hertel et al., 1992). The nt in the core enzyme that is
mutated to form a catalytically inactivated hhRz is also shown (G5C). Stem II was extended
by 2 bp to add six hydrogen bonds to the helical stack in order to stabilize folding. This
extended stem was capped with a single stranded 5' UUCG 3' loop that also promotes
stabilization of the overlying stem structure. Stable folding of Stem II protects the catalytic
domain from misfolding. Stem II is engineered with a rare 7 bp RsrII site that allows
straightforward identification of successful hhRz cDNA ligation into pGVAL-ad.
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Figure 8.
Quantitative analysis of hhRz knockdown of opsin protein expression. (A) Broad linear
dynamic range of measure. We determined the dynamic range of Cy5-labeled antibody
measure for western blotting. Lyophilized Cy5-labeled goat anti-mouse-IgG antibody was
prepared with water and 50% glycerol to a final concentration of 1.33 mg/ml (9.5 μM). This
stock was diluted serially in water (concentration range: 0.19 μM (1/50 dil) – 19 pM
(1/500,000 dil)) and 25 μl aliquots were spotted in triplicate directly onto the window of a
Storm 860 fluorimeter platform and scanned at 200 μm resolution at 800 Volts in the red
laser diode excitation mode. Cy5 fluorescence volume counts were acquired in ImageQuant.
Mean values and SEM are plotted vs. the number of moles of antibody spotted (1 attomole =
10−18 moles). A linear regression line was fit through the origin (Slope = 6.51977 ± 0.21479
volume counts/attomole Cy5 (1.08E-5 volume counts/Cy5 molecule); R = 0.99225, p ≤
0.0001). Arrows pointing to the fitted line show the mean values (unnormalized) of Cy5
fluorescence obtained from each sample of the RHO KD analysis. All values fall within the
linear dynamic range of Cy5 measure. (B) Western blot analysis of opsin protein KD by
pGVAL-hhRz constructs. Transfected HEK293E cells were harvested at 48 hrs post
transfection and cell number was determined prior to nonionic detergent extraction. After
nuclei removal total cellular protein (cytoplasmic, microsomal) was measured prior to
Western analysis with equal amounts of total protein added to each well on a single gel.
Data from a representative immunoblot is shown from cells cotransfected with pGVAL-ad
(without hhRz) (control) or with pGVAL-hhRz (specific constructs), and pCDNA3-WT-
RHO. pEGFP-N1 was used to assess uniformity of transfection efficiency across samples
(data not shown). Membranes were probed with 1D4 mouse opsin monoclonal IgG primary
and then a Cy5-labelled goat anti-mouse IgG. Volume fluorescence counts of RHO in each
region of interest box were obtained and output to spreadsheets for statistical analysis. (C)
Ribozyme efficacy analysis. The data set was assembled from a large number of
experiments (Numbers of experiments (N) for each condition: Control: 29; hhRz 262: 18;
hhRz 266: 23; hhRz 272: 20; hhRz 356: 11; hhRz 780: 11; hhRz 1197: 19; hhRz 1411: 19;
hhRz 1414: 16). Mean levels of opsin remaining (REM) after pGVAL-hhRz transfections
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were normalized to opsin REM in pGVAL (no hhRz) control. The mean and SEM is shown
for each experimental factor. pGVAL (no hhRz) is always normalized to itself so the mean
is 1.0 and variance zero. ANOVA and post-hoc statistical tests were used (see text) to
determine that the 266, 1411, and 1414 pGVAL-hhRz constructs promote statistically
significant (p < 0.05) KD of opsin protein relative to pGVAL. The 356 and 785 control
pGVAL-hhRz constructs do not promote any KD relative to pGVAL.
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Figure 9.
Comparison of active vs. inactive 266 and 1411 hhRzs to promote opsin knockdown. A
single catalytic core mutation (G5C) was used to inactivate the catalytic function of the
hhRz to test for reversal of significant KD effects in active 266 and 1411 pGVAL-hhRzs
(Number of experiments for each condition: Active hhRz 266: 23; Inactive hhRz 266: 7;
Active hhRz 1411: 19; Inactive hhRz 1411: 3). Pairwise comparisons show no significant
differences in KD between the active and inactive hhRzs at site 266 (t = −0.1865, p =
0.8534) and site 1411 (t = −1.588, p = 0.1279).
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Figure 10.
Comparison of active hhRz 266 against two forms of Rz525/hhRz485. Two Stem II forms of
hhRz 485 were evaluated [6 bp Stem II (hhRz 485-1) and 4 bp Stem II (hhRz 485-2)]. hhRz
485-2 is identical to the hhRz used in Gorbatyuk et al. (2007), which was not expressed in a
VAI chimera in that study. All hhRz cDNAs were expressed in the adenoviral VAI chimera
(pUC-VAL, a next generation derivative of pGVAL used above). Constructs were evaluated
by transfection of the ribozyme or control plasmid into HEK293S cells stably expressing a
dicistronic construct, Rho-IRES-SEAP. Secreted alkaline phosphatase (SEAP) levels were
measured at 72 hours post transfection by a high throughput fluorescence enzyme assay. The
maximum KD possible with this assay is no more than 50%. One-way ANOVA indicated a
refutation of the null hypothesis that all the means were identical (F = 20.44, p = 4.33E-10).
Within group t-tests were used to identify which pairs were significantly different (criterion
p ≤ 0.05). pUC-VAL (control VAI RNA without hhRz) was compared to hhRz 266 (t =
−7.40, p = 7.40E-10, significant), hhRz 485-1 (6 bp Stem II) (t = −4.34, p = 8.55E-5,
significant), and hhRz 485-2 (4 bp Stem II) (t = −3.72, p = 5.66E-4, significant). All hhRzs
promoted significant KD. HhRz 266 was compared with hhRz 485-1 (t = 2.27, p = 0.03,
significant) and hhRz 485-2 (t = 2.38, p = 0.02, significant). VAI-HhRz CUC↓ 266 is more
potent than VAI-Rz525/hhRz485 against the human RHO mRNA. Finally the two forms of
hhRz 485 were compared and found not to be significantly different (t = 0.31, p = 0.75).
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Figure 11.
Model outcomes for the kinetics of RHO mRNA suppression by a hhRz. Mammalian RHO
mRNA has a half life (τ) of approximately 12 hrs. In a quantitative model of a steady state
expression cellular system the numbers of target mRNAs remains constant. This means that
the rate of synthesis is equal to the intrinsic rate of natural decay of the mRNA, or the ratio
of synthesis to decay is equal to 1.0. If the rate of synthesis suddenly decreased to zero, then
the decay of the numbers of target mRNAs would follow the natural decay time course with
a τ equal to 12 hrs. Note that at the 48 or 72 hr readout points, or between 4–6 times the
intrinsic expected half life of the RHO mRNA target (τ = 12 hrs), that the steady state has
clearly been reached. With a hhRz contributing an increasingly stronger additional
component to the decay process (time constant of decay now 9hrs, 6 hrs, or 3 hrs), again
without any new transcription, the percent of target would decrease progressively even faster
and the 48 or 72 hr assay readout points would again reliably sample the new steady states
that emerge. Even if we underestimated the target half life and it was 2 fold greater (τ = 24
hrs) then the 48 and 72 hr time points would still give reasonable estimates of the relative
KD between effective and ineffective agents.
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Table 2

Rank Ordering of hhRz by Experimental KD Efficacy

hhRz Mean REM ± SEM Mean KD (%) Rank Order

1411 0.73579 ± 0.0658 26.42 1

266 0.76261 ± 0.04885 23.73 2

1414 0.78687 ± 0.08429 21.31 3

1197 0.80263 ± 0.10941 19.74 4

262 0.80278 ± 0.09761 19.74 5

272 0.947 ± 0.10776 5.30 6

Control 1.0 ± 0.0 0.00 7

785 1.05818 ± 0.13844 −5.80 8

356 1.07545 ± 0.18671 −7.55 9

pG-VAL-hhRz constructs targeting bolded sites showed statistically significant knockdown (p ≤ 0.05). “Control” is the same pGVAL vector that
expresses the engineered VAI RNA but does not contain a hhRz sequence. Note that these values were obtained by Western analysis and do not
contain evaluation of the hhRz 485 candidate.
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Table 4

Comparison of mammalian RHO primary sequences around lead hhRz cleavage sites and the 485 site.

hhRz CUC↓ 266 Target Sites

266 ↓

Homo sapiens 249 5' ---- UUCCCCAUCAACUUCCUC↓ACGCUCUACGUCACC ---- 3' 281

Macaca fascicularis 249 5' ---- UUCCCCAUCAACUUCCUC↓ACGCUCUACGUCACU ---- 3' 281

Sus scrofa 154 5' ---- UUCCCCAUCAACUUCCUC↓ACGCUCUACGUCACG ---- 3' 186

Canis familiaris 290 5' ---- UUCCCCAUCAACUUCCUC↓ACGCTCUACGUCACA ---- 3' 322

Mus musculus 232 5' ---- UUCCCCAUCAACUUCCUC↓ACGCUCUACGUCACC ---- 3' 264

Rattus norvegicus 237 5' ---- UUCCCCAUCAACUUCCUC↓ACGCUCUACGUCACC ---- 3' 269

hhRz CUC↓1411 and 1414 AUC↓ Target Sites

1411↓ 1414↓

Homo sapiens 1398 5' ---- CCUCCUCCCAACUC ↓AUC↓ UUUCAGGAA ---- 3' 1423

Macaca fascicularis 1409 5' ---- CCUCCUCCCAGCUC ↓AUC↓ UUUCAGGAA ---- 3' 1434

Sus scrofa n.a.

Canis familiaris 1422 5' ---- CCUCCCCCCAACUC ↓AUC↓ UCUCAGGAA ---- 3' 1447

Mus musculus 1383 5' ---- CCCUCCCUCAGCUU ↓GUC↓ UAUCAGGAA ---- 3' 1408

Rattus norvegicus 1385 5' ---- CCUCCCCUCAGCUU ↓GUG UCUCAGGAA ---- 3' 1410

Rz525/hhRz485

485 ↓

Homo sapiens 474 5' ---- UCCUUGGUGGUC↓CUGGCCAUCGAGCGG ---- 3' 500

Macaca fascicularis 474 5' ---- UCCUUGGUGGUC↓CUGGCCAUCGAACGG ---- 3' 500

Sus scrofa 379 5' ----UCCUUGGUGGUC↓CUGGCCAUUGAACGG---- 3' 405

Canis familiaris 515 5' ----UCUUUGGUGGUC↓CUGGCCAUUGAGCGG---- 3' 541

Mus musculus 457 5' ---- UCCCUGGUGGUC↓CUGGCCAUCGAGCGC---- 3' 483

Rattus norvegicus 462 5' ---- UCCCUGGUAGUC↓CUGGCCAUUGAGCGC---- 3' 488

hhRz NUH↓ cleavage sites are written in bold. Nucleotides different from human are written in bold underlined font. For the hhRz 266 target site
the entire single stranded region of the predicted loop in RHO mRNA is shown. For the hhRz 1411 and 1414 target sites the entire single stranded
region of the predicted loop is shown including additional nucleotides on each side. The regions underlined in the human RHO mRNA segments
are the total primary sequence span to which hhRz 266, 485, or 1411 is expected to anneal. The 1414 target site is shifted three nt to the right of the
one for site 1411.

The hhRz 266 and hhRz 485 target sites are located in the coding region while the hhRz 1411 and 1414 target sites are located in the 3' UTR. Note
the high complementarity across mammalian targets for hhRz 266 and hhRz 485 and the lower degree of complementarity (especially for mouse
and rat) for hhRz 1411 and 1414 sites. The GenBank accession numbers for the RHO mRNAs and their sizes are: human (NM000539, 2767 nt),
monkey (S76579, 1848 nt), mouse (NM145383, 3249 nt), rat (NM033441, 1493 nt), dog (X71380, 2589 nt), and pig (AF008947, 1150 nt). n.a: the
published pig rod opsin mRNA is incomplete has no 5'UT and an incomplete 3'UT.
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