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Abstract

Widespread use of gene therapy technologies is limited in part by the lack of small genetic 

switches with wide dynamic ranges that control transgene expression without the requirement of 

additional protein components1–5. Here, we engineered a class of type III hammerhead ribozymes 

to develop RNA switches that are highly efficient at cis-cleaving mammalian mRNAs and showed 

that they can be tightly regulated by a steric-blocking antisense oligonucleotide. Our variant 

ribozymes enable in vivo regulation of adeno-associated virus (AAV)-delivered transgenes, 

allowing dose-dependent control of protein expression up to 223-fold over at least 43 weeks. To 

test the potential of these reversible on-switches in gene therapy for anemia of chronic kidney 

disease6, we demonstrate regulated expression of physiological levels of erythropoietin with a 

well-tolerated dose of the inducer oligonucleotide. These small, modular, and efficient RNA 

switches may improve the safety and efficacy, and broaden the use of gene therapies.

RNA-based switches7–15 have two key strengths over protein-dependent transcriptional 

switches for gene-therapy applications. First, these switches are generally small (<200 bp), 

and thus can be easily incorporated into gene-therapy vectors with limited packaging 

capacity, for example those based on adeno-associated virus (AAV)16. Second, RNA 

switches do not require a potentially immunogenic non-self protein such as the rtTA protein 

for the Tet-On transcriptional activation system5. However, most RNA-based switches suffer 

from a narrow regulatory range, which usually precludes their use in vivo10–14. This narrow 

range can be a consequence of limited efficiency of the RNA effector domain or poor 
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response to the exogenous control agent. For example, hammerhead ribozymes, a class of 

small self-cleaving ribozymes with fast cleavage kinetics, are widely-used effector domains 

for RNA switches7–13. However, introduction of the most efficient of these ribozymes (N79, 

N117, and N107)ref.9 at the 3′ UTR of a reporter gene affords only a 15- to 18-fold decrease 

in reporter expression relative to that observed with an inactive form of the same ribozyme 

in cell culture (Supplementary Fig. 1). This narrow dynamic range represents an upper 

theoretical bound on regulation using these ribozymes and is generally unsuitable for most 

in vivo applications.

To engineer RNA effector domains with wider dynamic ranges, we selected the modified 

Schistosoma mansoni hammerhead ribozyme, N107ref.9, as a starting point. We rationally 

designed a panel of ribozyme variants, introduced them into the 3′ UTR of a Gaussia 
luciferase (Gluc) gene, and tested their catalytic activity in a reporter inhibition assay in cell 

culture (Fig. 1a). A functional ribozyme’s catalytic activity was determined as its fold 

inhibition in Gluc expression relative to the expression observed with a corresponding 

catalytically inactive mutant. The N107 ribozyme, a type I hammerhead ribozyme17, 

afforded only an 18-fold inhibition of Gluc expression in 293T cells (Fig. 1b). We reasoned 

that base-pairing interactions holding the long leaving strand of stem I and the tertiary 

interactions between this strand and loop II may result in a relatively slow disassembly of 

the cleaved type I ribozyme, allowing translation to continue and facilitating re-ligation of 

the cleaved substrate strand (Supplementary Figs. 1a and b). In contrast, a type III ribozyme 

can have a shorter leaving strand and fewer tertiary interactions between its leaving strand 

and the remainder of the ribozyme. Thus, type III ribozymes may disassemble more quickly 

after cleavage, preventing translation or re-ligation. Indeed, the ribozyme-mediated fold-

inhibition of reporter expression significantly increased (P = 3.3×10−5) when N107 was 

converted to a type III ribozyme, T3H1, and placed at the 3′ UTR (Fig. 1b and 

Supplementary Figs. 1c-e). We then hypothesized that adjusting the stem-III annealing 

energy could accelerate disassembly without sacrificing cleavage efficiency (Supplementary 

Fig. 2a). Accordingly, we tested ribozyme variants with stem-III regions of varying lengths 

or with different potential inter-strand base stackings. Two of these stem-III variants, T3H16 

and T3H29, inhibited Gluc expression in 293T cells by ~300-fold and outperformed all other 

stem-III variants tested (Fig. 1b and Supplementary Figs. 2b-h). When ribozyme activities of 

these stem-III variants were plotted against their calculated stem-III annealing energies18, a 

peak of approximately −9 kcal/mol was observed, corresponding to the annealing energies 

of both T3H16 and T3H29 (Supplementary Fig. 2i). Tertiary interactions between loop II 

and a bulge on stem I enhanced hammerhead ribozyme activity by three orders of 

magnitude19(Supplementary Fig. 3a). We therefore modified stem I of T3H16 to facilitate 

these tertiary interactions and improve ribozyme activity. We observed, as expected, that 

changes designed to destabilize the bulge I structure (T3H40 and T3H41) or directly impair 

these tertiary interactions (T3H54, T3H56, and T3H57) impaired ribozyme activity 

dramatically (Supplementary Figs. 3b-d). In contrast, changes that could stabilize the bulge I 

further improved the ribozyme activity to ~1000-fold (T3H44; Fig. 1b and Supplementary 

Fig. 3b). Finally, by changing the T3H44 loop I nucleotides to more stable tetraloops20, 

ribozyme activity increased to ~1200-fold (Fig. 1b, and Supplementary Fig. 3e). Thus, by 

converting hammerhead ribozyme N107 to a type III ribozyme, and by optimizing its stem 
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III, stem I, and stem-I loop, ribozyme activity increased from 18- to ~1200-fold in 293T 

cells. The most efficient of these ribozymes, T3H48, was 60- to 80-fold more active than the 

type I ribozymes N107 and N117, and 92-fold more active than sTRSV ribozyme21, a well-

characterized type III ribozyme (Supplementary Figs. 3f-j). Sequences and secondary 

structures of the native Schistosoma mansoni ribozyme, N107, and key milestones in this 

optimization process are shown in Figure 1c. We further characterized these milestone 

ribozymes in four additional cell lines. Although some cell type-dependent variation in 

efficiency was observed, the order of ribozyme efficiency was unchanged across these cell 

lines, indicating these optimizations are not cell-type dependent (Supplementary Fig. 4a).

Ribozyme activity can be regulated by complementary phosphorodiamidate morpholino 

oligomers9 (Fig. 2a). These morpholinos are a class of RNase H-independent antisense 

oligonucleotides that have been widely used to control splicing in scientific and clinical 

contexts, and have been approved for use in humans22,23. We first tested a panel of 

morpholinos complementary to different regions of T3H16 ribozyme for their ability to 

interfere with T3H16 self cleavage and thus induce gene expression. The M3 morpholino, 

which targets 5’ portion of the stem I, most efficiently interfered with T3H16 placed at the 

3’ UTR of Gluc gene, inducing ~14-fold expression of Gluc in 293T cells, whereas the same 

morpholino had no effect on an inactive ribozyme control (Figs. 2b and c). We then tested an 

octa-guanidine dendrimer-coupled form24 of M3 oligo, v-M3, with the ‘v’ denoting this 

dendrimer modification. v-M3 induced Gluc expression up to 200-fold in 293T cells, an 

effect that was dose dependent and markedly greater when T3H16 was placed at the 3′ UTR 

than at the 5′ UTR (Figs. 2d and e), consistent with the ability of morpholinos to inhibit 

translation when targeting the 5′ UTR25. We speculate that M3 best regulates T3H16 

because it targets the 5′ region of the ribozyme, a region accessible during transcription 

before the ribozyme assembles. By contrast, morpholinos that target the 3′ region of the 

ribozyme must compete with the already synthesized 5′ strand. We accordingly assayed the 

ability of 5′-targeting morpholinos similar to M3 to regulate more efficient ribozyme 

variants (T3H38, T3H48) and a variant with a larger and more accessible stem-I loop 

(T3H52) (Fig. 2f). The most efficient regulation was afforded by v-M8, which specifically 

induced gene expression controlled by ribozyme T3H38 by ~300-fold in 293T cells (Fig. 2g 

and Supplementary Fig. 4b).

The exceptionally broad regulatory range of T3H38 by v-M8 suggested that this 

combination could provide useful in vivo control of an AAV transgene. We opted to assess 

this system in skeletal muscle because its slow turnover and extensive vascularization makes 

it a useful target tissue for gene therapies that express and secrete therapeutic proteins into 

the bloodstream to treat a range of human diseases 3,16,26–28. Mouse gastrocnemius muscles 

were accordingly injected with an AAV1 vector expressing a firefly luciferase (Fluc) gene 

with the T3H38 ribozyme at its 3′ UTR (Fig. 3a). We observed efficient and dose-dependent 

induction of luciferase expression by the functional morpholino, v-M8, but not the control 

morpholino, v-NC (Figs. 3b and c, Supplementary Fig. 5a). Of note, intramuscular injection 

of morpholino only induced luciferase expression from the morpholino-injected hindlimb 

but not the opposite hindlimb. In addition, this locally induced expression was markedly 

more efficient than the expression induced by systemic injections of 25-fold higher 

morpholino dose (Fig. 3d and Supplementary Figs. 5b-d). Of note, v-M8 showed modest off-
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target effect on several ubiquitously expressed genes (Supplementary Fig. 6). These data 

together indicate that local administration of morpholino for transgene regulation is more 

specific, more efficient, and safer for potential medical applications. Moreover, with local 

induction, luciferase expression could be repeatedly induced by more than 100-fold over a 

period of at least 43 weeks (Fig. 3e and Supplementary Fig. 7a). Reporter expression in 

these mice remained inducible even 20 months after AAV injection (Supplementary Fig. 7b). 

Liver is another attractive target organ for gene therapy16. Although the T3H38 ribozyme is 

similarly efficient in mouse liver and muscle tissue, we observed that our switch could 

regulate AAV-delivered transgene expression in liver by only 3-fold (Supplementary Figs. 

7c-e). The higher regulatory range in muscle is likely a result of a higher effective 

concentration in muscle tissue when the morpholino is locally administered. More efficient 

regulation of liver expression may be achieved by replacing the octa-guanidine dendrimer in 

v-M8 with liver-targeting N-acetylgalactosamine29. Collectively, our data suggest a 

morpholino-regulated ribozyme-based on-switch is a feasible means of locally regulating 

expression of secreted biologics from muscle tissue.

To highlight one medically useful application of this system, we sought to control the 

expression of AAV-delivered erythropoietin (Epo), a commonly administered biologic for 

the treatment of anemia associated with chronic kidney disease6,30. Mouse gastrocnemius 

muscles were injected with an AAV1 vector delivering the murine Epo gene with the T3H38 

ribozyme at its 3′ UTR (Fig. 4a). The v-M8 morpholino was administered twelve days later 

to the same site. v-M8 induced Epo expression and hematocrit levels to those observed with 

an Epo transgene incorporating a catalytically inactive T3H38 (Fig. 4b). Epo concentrations 

remained elevated over at least two weeks with an induction half-life of 122 hours. In 

contrast, the half-life of recombinant Epo protein was ~3 hours, consistent with previous 

studies31. Morpholino-induced Epo peaked at 15,000 pg/ml, 100-fold higher than 

physiological concentrations, and far higher than what would be optimal for Epo 

treatment32. We thus injected mice intramuscularly with lower doses of AAV (5×109 and 

2×109 genome copies) and also varied the dose of morpholino (0, 0.1, 0.5 and 2.5 mg/kg). 

We observed morpholino- as well as AAV-dose-dependent induction of erythropoietin 

expression and hematocrit elevation (Figs. 4c-f and Supplementary Fig. 8). When mice were 

injected with 5×109 genome copies of AAV, the lowest tested dose of morpholino (0.1 

mg/kg) induced Epo expression at close-to-physiological concentrations for over a week 

(Fig. 4c and Supplementary Fig. 8a). When the AAV dose was further lowered to 2×109 

genome copies, morpholino-induced Epo expression peaked at only 110 pg/ml, a 

concentration lower than physiological levels, but induced hematocrit remained elevated for 

more than 4 weeks (Figs. 4e and f, Supplementary Fig. 8b), reflecting the sensitivity of 

hemocrit values to low Epo levels and the extended life-span of red blood cells. Figures 4g 

and h summarize Epo induction values in response to different doses of morpholino and 

AAV, respectively. Thus, sustained expression of physiologically relevant levels of Epo can 

be induced from a T3H38 ribozyme-regulated AAV transgene by administration of 0.1–0.5 

mg/kg morpholino. These doses of v-M8 morpholino are 25- to 125-fold lower than the 

tested highest tolerable dose of v-M8 in mice (12.5 mg/kg; Supplementary Fig. 9).

Gene therapy has begun to provide impressive therapeutic benefits and potential cures for a 

range of human diseases, including inherited genetic diseases, cancers, and infectious 
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diseases16,33. Most of these applications use an AAV vector to express a therapeutic protein, 

an approach favored due to the safety of these vectors and their relatively lower 

immunogenicity15. RNA-based switches, with their small size and lack of dependence on 

exogenous proteins, make ideal regulators of AAV transgenes, but their narrow regulatory 

ranges preclude their in vivo use10–14. A single exception to this is an on-switch system built 

from an engineered hammerhead ribozyme similar to N107, but regulation of this system is 

mediated by a compound that disrupts ribozyme function by directly incorporating a 

nucleoside analogue into the transgene mRNA9,34, and thus would not be suitable for 

clinical applications.

Here we increased the dynamic range of a hammerhead ribozyme and combined it with an 

optimized morpholino to develop an on-switch system efficient enough for in vivo use. 

Specifically, we observed in mice an approximately 200-fold induction of an AAV-expressed 

biologic, comparable to regulation mediated by exogenous transcription factors3,35. 

Moreover, the dose of AAV vectors used here, 5×109 genome copies per mouse, is 5 to 40 

fold lower than what was used to achieve similar expression with transcriptional regulatory 

switches3,35, highlighting both the safety and cost-effectiveness of the system developed 

here. Notably, morpholinos have the potential to be safe in humans, and indeed a 

morpholino has been approved for human use for doses up to 50 mg/kg weekly infused 

systemically23. We show that morpholino concentration of 0.1 mg/kg administered locally 

can induce physiological levels of Epo (Fig. 4c and Supplementary Fig. 8a), suggesting that 

this inducible system may be safe enough for human use.

Epo-deficient anemia contributes substantially to morbidity and mortality among chronic 

kidney disease patients, and recombinant Epo protein is the standard of care for this 

condition6,30. However, elevated risk of cardiovascular complications and death are thought 

associated with the high Cmax of plasma Epo after administration of recombinant 

protein32,36. Due to its short half-life, the Cmax of recombinant Epo necessary to maintain 

therapeutic levels typically requires initial concentrations 6- to 60-fold over physiological 

Epo concentrations6,37. In this study, a single administration of morpholino at a well-

tolerated dose induced physiological levels of Epo with an induction half-life ~40-times that 

of passively administered Epo proteins (Figs. 4b and g). Thus, a tightly regulated AAV-based 

Epo expression system such as that demonstrated here could circumvent safety concerns 

associated with the current standard of care. Moreover, the absence of exogenous regulatory 

proteins, and the ability to delay transgene expression until well after AAV-induced innate 

responses subside, may prevent the emergence of anti-transgene antibodies observed with 

other AAV-based systems38,39. The expression of Epo from human tissue may also obviate 

immune responses observed with Epo manufactured in non-human cell lines40.

The utility of the reversible on-switch developed here extends beyond Epo expression. The 

size of the regulatory element is 63 bp, small enough, for example, to control expression of a 

CRISPR effector protein and guide RNA in the same AAV vector, minimizing off-target 

activity and immunogenicity in therapeutic settings. Moreover, roughly half of unregulated 

transgene expression can be recovered. It is therefore useful in contexts, such as therapeutic 

antibodies, where high expression is paramount. The system is promoter-independent, 

allowing tissue-specific induction. Local administration and induction allow for independent 
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regulation of two or more therapeutics in the same individual. As shown, morpholino 

induction can last for weeks, improving the half-lives of short-lived proteins or peptides. 

Finally, some of these properties may be useful for regulating survival, payload expression, 

or local activation of cell-based gene therapies33.

METHODS

Plasmids

DNA fragments encoding ribozyme variants were synthesized by Integrated DNA 

Technologies (IDT). Dual-reporter plasmids encoding a ribozyme-regulated Gaussia 

luciferase (Gluc) gene and an unregulated Cypridina luciferase (Cluc) gene were constructed 

by cloning a Gluc gene fragment and a ribozyme-encoding DNA fragment into the pCMV-

CLuc2 (New England Biolabs) between XmaI and BstBI restriction sites. AAV vector 

plasmids encoding firefly luciferase (Fluc) reporter were constructed by cloning a Fluc gene 

fragment and a T3H38 ribozyme-encoding DNA fragment into the pAAV-MCS plasmid 

(Agilent Technologies) between EcoRI and XhoI restriction sites. AAV vector plasmids 

encoding the mouse erythropoietin (Epo) transgene were constructed by cloning a CASI 

promoter27, a mouse Epo gene fragment, and a T3H38 ribozyme-encoding DNA fragment 

into the pAAV-MCS plasmid (Agilent Technologies) between MluI and XhoI restriction 

sites.

Cell culture

All the cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Life 

Technologies) at 37°C in a 5% CO2-humidified incubator. All growth media were 

supplemented with 2 mM Glutamax-I™ (Life Technologies), 100 μM non-essential amino 

acids (Life Technologies), 100 U/mL penicillin and 100 μg/mL streptomycin (Life 

Technologies), and 10% FBS (Hyclone). Cell lines from ATCC (293T, HeLa, MEF, and 

A549) were confirmed mycoplasma-free by the provider.

Measurement of ribozyme-regulated gene expression in transiently transfected cells

Cells seeded in polylysine pre-treated 48-well plate with antibiotic-free growth medium 

were transfected with 25 ng of the ribozyme-regulated Gluc expression plasmids using 0.3 

μL Lipofectamine 2000 (Life Technologies) for three to five hours. Expression of Gluc and 

Cluc reporters was measured one day post transfection. A functional ribozyme’s activity was 

calculated as ‘fold’ inhibition in the Gluc expression relative to the inactive ribozyme 

control. Cluc was used as a reference reporter for plasmid dose and transfection efficiency.

Measurement of unmodified morpholino-induced gene expression in transiently 
transfected cells

Cells seeded in polylysine pre-treated 48-well plate with antibiotic-free growth medium 

were transfected with 25 ng of the ribozyme-regulated Gluc expression plasmids using 0.3 

μL Lipofectamine 2000 (Life Technologies) for three to five hours. Cell culture medium was 

then changed with fresh medium. After additional two hours, cells were treated overnight 

with 10 μM unmodified morpholino (synthesized by Gene Tools) and 1.2 μL Endo-Porter 

delivery reagent (Gene Tools) in 200 μL culture medium. Expression of Gluc and Cluc 
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reporters was measured one day post transfection. A functional morpholino’s activity was 

calculated as fold induction in the Gluc reporter expression relative to the Gluc expression 

from control morpholino-treated cells. Cluc was used as a reference reporter for plasmid 

dose and transfection efficiency.

Measurement of octa-guanidine dendrimer-coupled morpholino-induced gene expression 
in transiently transfected cells

Cells seeded in polylysine pre-treated 48-well plate with antibiotic-free growth medium 

were first incubated overnight with 10 μM morpholino (synthesized by Gene Tools) in 200 

μL culture medium. Cell culture medium was then changed with fresh medium. After 

additional three hours, cells were transfected with 25 ng of the ribozyme-regulated Gluc 

expression plasmids using 0.3 μL Lipofectamine 2000 (Life Technologies) for three to five 

hours. Expression of Gluc and Cluc reporters was measured on day one or two post 

transfection. A functional morpholino’s activity was calculated as fold induction in the Gluc 

reporter expression relative to the Gluc expression from control morpholino-treated cells. 

Cluc was used as a reference reporter for plasmid dose and transfection efficiency.

Gluc and Cluc luminescence flash assays

To measure Gluc expression, 20 μL of cell culture supernatant of each sample and 100 μL of 

assay buffer containing 4 μM coelenterazine native (Biosynth Chemistry & Biology) were 

added to one well of a 96-well white opaque assay plate (Corning), and measured with the 

Centro LB 960 microplate luminometer (Berthold Technologies) for 0.5 second/well. Cluc 

expression was measured using Pierce Cypridina Luciferase Flash Assay Kit (Thermo 

Scientific Pierce) following the manufacturer’s instructions. In brief, 20 μL of cell culture 

supernatant of each sample and 50 μL of Cluc assay buffer (Cypridina Flash Assay Buffer + 

Vargulin) were added to one well of a 96-well black opaque assay plate (Corning), and 

measured with the Centro LB 960 microplate luminometer for 0.1 second/well.

Production of adeno-associated virus (AAV) vectors

293T cells plated at 70% confluence in 150 mm cell culture dishes (Corning) were 

transfected using PEI MAX 40K Linear (Polysciences) with 13 μg of plasmid encoding 

AAV replication and capsid proteins, 13 μg of plasmid encoding helper proteins, and 13 μg 

of pAAV-MCS-based plasmids encoding ribozyme-regulated Fluc, or mouse Epo. Sixty to 

seventy-two hours post-transfection, cells were harvested for AAV particle purification using 

All-Serotype AAVpro Purification Kit (Takara). Purified AAV particles were concentrated in 

PBS to ~1×1013 genome copies/ml. Titers of the particles were determined by quantitative 

PCR using AAVpro Titration Kit Ver.2 (Takara).

Mouse AAV experiments

Six-week-old male or 8-week-old female BALB/c mice (Charles River Laboratories, or The 

Jackson Laboratory) were randomly separated into age-matched groups without blinding. 

For muscle transduction experiments, mice were intramuscularly (i.m.) injected in the 

gastrocnemius muscles with 20 μL of purified AAV1 particles (0.2, 0.5, or 1×1010 genome 

copies per mice) carrying firefly luciferase (Fluc) or mouse Epo gene regulated by active or 
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inactive T3H38 ribozyme. For liver transduction experiments, mice were intravenously (i.v.) 

injected with 100 μL of purified AAV8 particles (1×1010 genome copies per mice) carrying 

Fluc gene regulated by an active or an inactive T3H38 ribozyme. At different time points 

post AAV injection, as shown in each figure, mice were either i.m. injected at the same 

AAV-injection site with 0.1, 0.5 or 2.5 mg/kg of octa-guanidine dendrimer-coupled control 

(v-NC) or v-M8 morpholino in 40 μL PBS, or i.v. injected with 12.5 mg/kg of v-M8 in 100 

μL PBS. As a control experiment for AAV-delivered mouse Epo, a group of 4 mice received 

no AAV were intraperitoneally (i.p.) injected with 3 μg of recombinant mouse Epo protein 

(BioLegend) in 100 μL PBS. Mice injected with AAV-Fluc were subjected to in vivo 
bioluminescence imaging to quantify Fluc expression at the indicated time points. Mice 

injected with AAV-Epo were subjected to blood sample collection and measurements of 

hematocrit counts and plasma Epo concentration at the indicated time points. All mice 

studies were performed in accordance with the Scripps Florida Institutional Animal Care 

and Use Committee animal use protocol number 17–026.

In vivo Fluc bioluminescent imaging

Prior to imaging, the mice were i.p. injected with 100 μL of 30 mg/ml RediJect D-Luciferin 

Ultra bioluminescent substrate (PerkinElmer). Mice were then anesthetized with isoflurane 

and imaged within 20 minutes for bioluminescence using the in vivo imager. All the 

bioluminescence data, except for those shown in Supplementary Figures 7d and e, were 

collected using the IVIS Spectrum In Vivo Imaging System (PerkinElmer), and 

bioluminescent photon outputs were quantified using the Living Image Software 

(PerkinElmer). The bioluminescence data shown in Supplementary Figures 7d and e were 

collected using the Lago X optical imaging system (Spectral Instruments Imaging) and 

analyzed using Aura software (Spectral Instruments Imaging).

Measuring hematocrit counts and plasma Epo concentration

At each indicated time point in Figure 4, 27 μL of blood sample was collected from tail vein 

of each mouse and mixed immediately with 3 μL of 0.2M EDTA. The blood samples were 

then drawn into heparin-treated microhematocrit capillary tubes (Fisher Scientific) and 

centrifuged at 16,000 g for 3 min at 4oC using a micro-hematocrit centrifuge (Thermo 

Scientific). Hematocrit counts were then measured with a Critocaps micro-hematocrit tube 

reader (Leica Microsystems Inc). Then plasma samples in the capillary tubes were collected 

and stored at −80oC. Twenty-fold diluted plasma samples were then used for measuring 

plasma Epo protein concentration using Mouse Erythropoietin Quantikine ELISA Kit 

(R&D), and ELISA samples were measured with Victor X3 multi-label plate reader 

(PerkinElmer). Paired sample Student’s t-tests were performed to analyze the statistical 

significance of the plasma Epo concentration and hematocrit count differences among 

different treatment groups.

v-M8 morpholino off-target analysis

Total RNA samples were first prepared from morpholino-treated 293T cells using Trizol 

reagent (Life Technologies), and then treated with amplification grade DNase I (Thermo 

Fisher Scientific). Then 100–300 ng total RNA and a pair of 11 PCR-validated transcript-

specific primers were subjected to a RT-qPCR reaction using Luna Universal One-Step RT-
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qPCR kit (New England BioLabs) and Eco Real-Time PCR system (Illumina). Relative 

quantification of each potential off-target transcript was performed using GAPDH as an 

internal control.

v-M8 morpholino in vivo dose tolerance test

Nineteen- or eight-week old female BALB/c mice (The Jackson Laboratory) were i.v. 

injected with v-M8 morpholino at 0, 2.5, 5.0, 10.0, or 12.5 mg/kg/day for two days or four 

days. Mice body weights were measured at the indicated time points. All mice studies were 

performed in accordance with the Scripps Florida Institutional Animal Care and Use 

Committee animal use protocol number 17–026.

Statistical analysis

Data expressed as mean values ± s.d. or s.e.m. Statistical analyses were performed using 

one-sided paired-sample or two-sample Student’s t-test using GraphPad Prism 6.0 software 

when applicable. Differences were considered significant at P < 0.01 or P < 0.05 as 

indicated.

Life Science Reporting Summary

Further information on experimental design and reagents is available in the Nature Research 

Reporting Summary linked to this article.

Data availability

Our research resources, including methods, plasmids, and protocols, are available upon 
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Figure 1. Development of a class of highly efficient hammerhead ribozymes (HHR).
(a) A diagram representing HHR-mediated inactivation of gene expression. (b) A panel of 

engineered HHR variants were tested in a reporter assay in which an expression vector 

encoding Gaussia luciferase (Gluc) and Cypridina luciferase (Cluc), each driven by an 

independent promoter, was used. A catalytically active ribozyme variant was placed to the 

3′ UTR of the Gluc gene, and compared with a catalytically inactive form of the same 

ribozyme. Reporter plasmids were transfected into 293T cells, and the functional ribozyme’s 

activity was calculated as fold inhibition in the Gluc expression relative to the inactive 

ribozyme control. Cluc activity was simultaneously monitored to control for dose and 

transfection efficiencies. As shown, the catalytic activity of the previously described 
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Schistosoma mansoni HHR variant, N107, was improved from its original 18-fold to 1,200-

fold (blue bars) through a series of modifications, as represented above the figure. These 

include conversion of the type I HHR N107 to a type III HHR, optimization of stem III of 

the resulting type III ribozymes, modification of stem I to stabilize the tertiary interactions 

essential for ribozyme function, and alteration of loop I to facilitate hairpin formation. Data 

shown are representative of three independent experiments with similar results, and data 

points represent mean ± s.d. of three cell cultures. (c) Sequences and secondary structures of 

a natural Schistosoma mansoni HHR, the N107 ribozyme, and milestone type III ribozyme 

variants characterized in panel b. Differences between the native Schistosoma mansoni 
ribozyme and N107 are indicated in black. Successive modifications from N107 are 

indicated in blue. Further details are provided in the legend of Supplementary Figure 1.
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Figure 2. Efficient regulation of gene expression using optimized type III ribozymes.
(a) A diagram showing how an antisense oligonucleotide can inactivate a ribozyme to rescue 

protein expression. (b) The sequence and secondary structure of T3H16 ribozyme and the 

target regions complementary to the panel of phosphorodiamidate morpholino oligomers 

characterized in panel c. (c) 293T or Huh7 cells transfected with catalytically active or 

inactive T3H16 ribozyme-regulated reporter plasmids were treated with 10 μM of the 

indicated morpholino variants (M2 through M6) or an identical length control morpholino 

(NC). A functional morpholino’s activity was calculated as fold induction in the Gluc 

reporter expression relative to the Gluc expression from the NC control morpholino-treated 

cells. (d) Experiments similar to those in panel c except that the indicated cells were treated 

with an octa-guanidine dendrimer-coupled form of the M3 oligo, v-M3, and a similarly 

coupled control oligo, v-NC. (e) v-M3 morpholino-mediated induction of Gluc was 

compared using reporter plasmids with the T3H16 ribozyme placed at 3’ UTR or 5’ UTR. v-

M3R is randomized from the v-M3 sequence. Note that induction is significantly (two-

sample t-test, one-sided, P = 0.007) greater when the ribozyme is placed at 3’ UTR. (f) The 

sequences and secondary structures of three ribozyme variants, which have greater catalytic 
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activity than T3H16 (T3H38, T3H48) or larger stem-I loop for morpholino targeting 

(T3H52), and the complementary target regions of the indicated morpholinos. (g) Octa-

guanidine dendrimer-coupled forms of morpholinos M3 and M7-M10 (v-M3, v-M7 through 

v-M10) were tested in 293T and Huh7 cells for induction of Gluc expression from the 

corresponding ribozyme variant-controlled reporter plasmid. Numbers above the figure 

indicate the fold induction mediated by each morpholino. Data shown are representative of 

two or three independent experiments with similar results, and data points represent mean ± 

s.d. of three cell cultures.
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Figure 3. In vivo induction of an adeno-associated virus (AAV) reporter transgene.
(a) A diagram representing the AAV vector and the experimental design used in the animal 

studies of panels b through e. (b) Six-week old male BALB/c mice were intramuscularly 

(i.m.) injected in the left gastrocnemius muscle with 1×1010 genome copies (GC) of AAV 

particles carrying a T3H38-regulated firefly luciferase (Fluc) gene. Two weeks post AAV 

injection, mice were i.m. injected at the same site with 0.5 or 2.5 mg/kg of a control (v-NC) 

or the v-M8 morpholino. Bioluminescence imaging was performed at days 0 and 2 post-

morpholino injection. These experiments were independently repeated three times with 

similar results. (c) Quantitation of luciferase expression shown in panel b. (d) An experiment 

similar to that shown in panel b except that 8-week old female BALB/c mice were i.m. 

injected at both hindlimbs with 5×109 GC of T3H38-regulated AAV-Fluc. One group of 

mice then received an i.m. injection of 0.5 mg/kg v-M8 morpholino to one hindlimb and 

PBS to the other hindlimb. The other group received 12.5 mg/kg v-M8 morpholino via tail 

vein injection. Quantification of bioluminescence for the indicated time points is shown. 

Representative bioluminescent images for basal expression and induced peak expression are 

shown. (e) An experiment similar to that shown in panel b except that two groups of 8-week 

old female BALB/c mice were injected multiple times with the v-NC or v-M8 morpholino as 

indicated by the arrows. Bioluminescence imaging was performed at the indicated time 

points. Note that the third injection of group 2 was omitted due to a technical error. Numbers 

beside each peak indicate fold-induction over background measured before the first 
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morpholino dose. Data points in panels c, d, and e represent mean ± s.d. of three, five, and 

four mice per group, respectively.
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Figure 4. In vivo regulation of an erythropoietin (Epo) transgene.
(a) A diagram representing the AAV vector and the experimental design used in the 

following animal studies. (b) Eight-week old female BALB/c mice were i.m. injected with 

1×1010 GC of AAV particles carrying an active (T3H38a; upper right panel) or inactive 

(T3H38in; lower left panel) T3H38-regulated mouse erythropoietin (Epo) gene. Mice 

injected with active ribozyme-regulated AAV were further treated with 0.5 mg/kg of the v-

M8 morpholino. Mice received no treatment (upper left panel) and a group of mice 

intraperitoneally injected with 3 μg recombinant mouse Epo protein (lower right panel) were 

used as controls. Hematocrit counts (blue lines) and plasma Epo protein concentrations (red 

lines) were measured at the indicated time points. Each line represents values obtained from 

a single mouse. The morpholino induction experiments were independently repeated twice 

with similar results. (c-f) Experiments similar to panel b except that the mice were injected 

with 5×109 GC (c and d) or 2×109 GC (e and f) of AAV particles carrying active T3H38-

regulated mouse Epo gene and then treated with the indicated doses of the v-M8 

morpholino. All differences among sets of mice treated with different morpholino 

Zhong et al. Page 18

Nat Biotechnol. Author manuscript; available in PMC 2020 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations are significant (paired-sample Student’s t-test, one-sided, P < 0.01 for panels 

c, e, and f, P < 0.05 for panel d) except for hematocrit values at 0.5 and 2.5 mg/kg (panel d). 

(g-h) Morpholino-induced peak Epo expression data from panel c are plotted by morpholino 

dose (g), and data from panels b, c, and e are plotted by AAV titers (h). Endogenous Epo 

concentrations (150 pg/ml) have been subtracted to determine fold induction of AAV-

expressed Epo. The half-life of Epo induction and induction fold are shown above the 

figures Data points in panels c-h represent mean ± s.d. for three mice per group.
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