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Development of an RNA device framework that targets 
endogenous genes in human cells  
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Abstract 

Ligand-responsive genetic control systems are important tools in synthetic 

biology.  Such tools are especially valuable when they include the capability to regulate 

endogenous genes.  Allosteric ribozyme switches have been designed based on 

hammerhead ribozymes and RNA aptamers, and have demonstrated programmable 

ligand-responsive genetic regulation in diverse cell types.  We attempted to adapt this 

class of cis-acting genetic control elements to function in trans.  Previous work has 

demonstrated the division of a cis-acting hammerhead ribozyme into an enzyme strand 

and a substrate strand that reconstitute catalytic activity upon annealing with one another.  

We developed a design strategy to divide the allosteric ribozyme switch into two strands, 

such that the sensor component is entirely contained within the enzyme strand.  We 

investigated the ability of our trans-ribozyme designs to regulate the expression of genes 

in trans in human cell lines.  Cleavage activity of the trans-ribozyme platform was 

optimized using cis-ribozymes as a model, and our results indicate that the ribozyme stem 

sequence is not as mutable as previously reported.  We verified the cleavage activity of 

our optimized trans-ribozyme design in vitro, and coupled that design to a variety of 

ancillary genetic elements to direct stability, structure, processing, and localization of the 

ribozyme transcript in vivo.  However, we were unable to demonstrate trans-ribozyme-

mediated gene silencing, likely due to deficiencies in trans-ribozyme transcript stability 

and localization.  
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Introduction 

The ability to regulate the expression of endogenous genes is a desired function 

for synthetic RNA-based control systems.  The capability to interact with and modulate 

endogenous genes enables the silencing of the negative effects of gene products from 

pathogenic RNA and aberrant messenger RNA (mRNA), forming the foundation for 

novel gene therapies and tissue engineering methodologies.  Such targeted gene silencing 

has been demonstrated in models of bacterial infection1, viral infection2–7, and cancer8–11.  

For example, ribozymes have been used to target multiple genes in the HIV genome, 

effectively inhibiting viral replication in both laboratory studies12,13 and clinical trials14–

16.  In another example, tumor growth and angiogenesis in a pancreatic cancer mouse 

model were inhibited by a short hairpin RNA (shRNA) targeting glycogen synthase 

kinase-3 β, an important serine/threonine protein kinase in tumorigenesis11. 

When regulating genes in mammalian cells using synthetic RNA devices, it is 

often desirable to control the activity of those devices in response to user-specified 

molecular inputs.  This is especially true in the case of cancer therapeutics, where an 

important strategy to increase the efficacy and safety of the therapy is to target the 

regulatory effect to diseased cells while leaving healthy cells unaffected.  Such ligand-

responsive RNA-based genetic control elements have been demonstrated in mammalian 

cells.  In one example, alternative splicing was modulated using switches responsive to 

cancer biomarkers, such that presence of the biomarker allowed expression of herpes 

simplex virus–thymidine kinase (HSV-TK), conferring sensitivity to the pro-drug 

ganciclovir17.  In another example, the balance between proapoptotic and antiapoptotic 
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genes was controlled using shRNAs containing an aptamer for the archaeal ribosomal 

protein L7Ae, whose processing was inhibited by ligand binding18. 

There are several desirable features for an effective ligand-responsive gene-

regulatory device.  Many previously described platforms exhibit some of these key 

features, but very few exhibit all of them.  First, the device must be programmable to 

respond to different ligand inputs, turning gene expression either on or off in response to 

ligand binding.  Many of the reported ligand-responsive platforms are capable of 

modulating gene expression either up or down, but not both19–22.  Second, the basal level 

of activity and the switching range of the device must be readily tunable through small 

alterations to the design to easily adjust device function to application-specific levels.  

Third, the ligand sensor and gene-regulatory actuator components must be modular in 

assembly, such that the ligand-binding domain can be easily replaced with a sensor for a 

different input, and the actuator can be retargeted to regulate a different gene, without 

necessitating a full and lengthy redesign of the device.  Lastly, a device platform that is 

portable between organisms, such as microbes and higher eukaryotes, can allow for rapid 

prototyping and optimization of the device in simple organisms and later implementation 

in more complex organisms.  This property is limited to devices that incorporate actuators 

that do not depend on cell-specific machinery. 

RNA control elements derived from the hammerhead ribozyme of the satellite 

RNA of tobacco ringspot virus (sTRSV)23 have been demonstrated to exhibit these 

desired capabilities and thus provide a powerful ligand-responsive platform for 

mammalian gene regulation.  The allosteric ribozyme switch framework developed by 

Win and Smolke24 demonstrates programmable ligand-responsive genetic regulation 
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through a synthetic RNA device.  These devices transmit ligand sensing by an aptamer 

component into cleavage of the target gene’s mRNA by a ribozyme actuator component, 

which leads to degradation of the transcript and silencing of gene expression24.  The 

ribozyme switches can be programmed to respond to different ligand inputs through the 

incorporation of different aptamer sequences24.  The activity of ribozyme switches is 

readily tuned by altering individual nucleotides, which changes the three-dimensional 

folded state of the device, thus altering the basal level of catalytic activity and the energy 

difference between the active and inactive conformations.  This, in turn, determines the 

difference in gene expression between the ON and OFF states24,25.  The modular 

components of the ribozyme switch platform can be easily replaced without affecting 

device activity, and the switch can be placed in the 3’ untranslated region (UTR) of any 

gene of interest to regulate its expression24.  Finally, because ribozyme cleavage does not 

rely on any cell-specific machinery, the platform is highly portable between organisms, 

supporting rapid prototyping systems that allow designs to be screened in a microbial 

host such as yeast and optimized designs subsequently ported to mammalian cells with 

little change in function26. 

The primary limitation of the ribozyme switch platform, as with many other 

previously demonstrated ligand-responsive regulation devices, is that it cannot be used to 

control endogenous genes24,27.  Instead it is limited to the regulation of transgenes, as the 

cis-acting genetic actuator must be encoded in the region immediately neighboring the 

target gene.  However, previous work has demonstrated that the hammerhead ribozyme 

can function as two separate molecules, an enzyme strand and a substrate strand, that 

reconstitute catalytic activity upon annealing with one another28,29.  These trans-acting 
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ribozymes can be tailored to a specific target sequence through the identity of targeting 

arms that base-pair to regions in the target gene, and can thus be used to target 

endogenous genes.  In an early demonstration, a trans-ribozyme was programmed to 

target the gag gene of HIV-1, lowering levels of that transcript in human cells2. 

Since this initial demonstration of endogenous gene regulation, investigators have 

examined factors that determine the functional activity of trans-ribozymes in vivo.  Trans-

ribozymes were found to function far more effectively in the cytoplasm than the nucleus, 

and localization strategies have been employed to target trans-ribozyme transcripts to the 

cytoplasm30,31.  Taira and colleagues coupled trans-ribozymes to transfer RNA (tRNA) to 

take advantage of its cytoplasmic localization and stability29,31, and used a random library 

to screen the region linking the trans-ribozyme and tRNA for increased stability32.  

Another important factor is the secondary structure of both the trans-ribozyme and target 

transcripts, which can interfere with binding.  In one notable study, a trans-ribozyme was 

linked to an RNA helicase protein, which removed secondary structure from the target 

mRNA to allow proper binding and cleavage33.  However, there is disagreement in the 

field on the effectiveness of trans-ribozymes as gene-regulatory elements, as the studies 

on trans-ribozymes have rarely included a non-cleaving control trans-ribozyme to clearly 

demonstrate that observed levels of gene expression knockdown are due to mRNA 

cleavage from the ribozyme, rather than antisense effects as a result of binding of the 

trans-ribozyme to the transcript.  Indeed, one study investigating trans-ribozymes found 

that these gene-regulatory elements were no more effective at silencing their target gene 

than equivalent non-catalytic antisense sequences3. 
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We attempted to extend the cis-acting ribozyme switch platform developed by 

Win and Smolke24 to a trans-acting platform capable of regulating the expression of 

endogenous genes.  We divided the allosteric ribozyme switch into an enzyme strand and 

a substrate strand, such that the sensor component is entirely contained within the enzyme 

strand.  We sought to leverage all of the advantages of the existing cis-ribozyme switch 

platform while overcoming its limitation of being able to regulate only heterologous 

genes.  We designed three trans-ribozymes and placed their cognate target sequences in 

the 3’ UTR of a fluorescent reporter gene, which we integrated into the chromosome of a 

human cell line to model the targeting of an endogenous gene.  Based on our initial 

results indicating that the trans-ribozyme designs were unable to silence the target gene, 

we performed additional studies to optimize the cleavage activity and gene expression 

knockdown in a model cis-ribozyme architecture, which led to the development of an 

improved trans-ribozyme design.  We also varied the trans-ribozyme expression system, 

incorporating genetic elements intended to increase the ability of the trans-ribozyme to 

anneal to and cleave the target strand.  Our results indicate that the sequence flexibility of 

the trans-ribozyme is severely restricted, limiting the capability to design trans-ribozymes 

to target any gene of choice.  We were unable to demonstrate gene regulation in vivo 

from our trans-ribozyme designs, likely due to issues of trans-ribozyme transcript 

stability and localization. 
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Results 

Design of a trans-ribozyme-based regulatory element in human cells 

We first attempted to establish the capabilities of trans-acting RNA devices to 

regulate endogenous cellular transcripts in human cells.  The design of the trans-

ribozyme is based on a modification of a hammerhead ribozyme34 that was optimized to 

enhance cleavage activity in the presence of physiological Mg2+ concentrations and 

hybridization efficiency between the two strands.  As shown in Figure 2.1A, the sequence 

of the hammerhead ribozyme is divided in two at loop I, such that the cleavage site is 

located in the target transcript.  Stems I and III are formed through the hybridization of 

the ribozyme targeting arms to complementary regions of the target transcript, whereas 

stem II and loop II are entirely contained within the trans-acting ribozyme strand.  This 

places almost all of the nucleotides reported to be conserved in the enzyme strand, with 

only the conserved NUX cleavage site in the target strand35.  Such designs have shown 

higher cleavage activity in vitro than designs in which the ribozyme is divided at loop 

II34, and they are more directly adapted to the cis-ribozyme-based RNA device 

framework24, as any aptamer can then be integrated into loop II.  To maintain the tertiary 

interactions between nucleotides in loops I and II that have been shown to be necessary 

for catalytic activity at physiological Mg2+ concentrations36, stem I of the ribozyme 

strand contains a bulge that mimics loop I.  When the ribozyme strand and target 

transcript anneal the catalytic core is effectively reconstituted and the target strand is 

cleaved.  Integration of the target sequence in the flexible regulatory space of the 3’ UTR 

of a reporter gene enables knockdown of that gene through targeted cleavage and 

subsequent degradation of its mRNA (Figure 2.1B). 
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Figure 2.1.  Structure and function of the trans-ribozyme.  (A) The hammerhead 

ribozyme in cis and trans forms.  The catalytic core is shown in magenta, loops and 

bulges are shown in blue, the ribozyme strand is shown in black, and the target strand is 

shown in purple.  The cleavage site is indicated with an arrow.  (B) The trans-ribozyme 

binds and cleaves the target sequence in the 3’ UTR of the gene of interest, destabilizing 

the transcript and reducing protein expression.  Partially adapted from Win and Smolke24. 

 

Preliminary studies previously performed in the Smolke laboratory focused on the 

optimization of trans-ribozyme activity under physiological conditions.  In vitro 

experiments on a trans-ribozyme derived from the sTRSV hammerhead ribozyme 

demonstrated that the length of the targeting arms significantly impacts hybridization 
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interactions, and therefore cleavage rate, at physiological Mg2+ concentrations.  

Specifically, cleavage activity was shown to be highest when the targeting arm 5’ of 

bulge I and the stem III targeting arm are 16 and 7 base pairs long, respectively.  

Preliminary experiments conducted in yeast showed limited trans-ribozyme activity (Kate 

Galloway, unpublished results), but we hypothesized that design modifications would 

allow higher activity to be achieved in human cells. 

The trans-ribozyme molecular design strategies address challenges in the cleavage 

activity and hybridization efficiency in adapting the unimolecular cis-acting system to the 

bimolecular trans-acting system.  However, in implementing a trans-ribozyme in a 

cellular system the next level of design must address the stability and localization of the 

trans-acting molecule, two critical factors in the efficacy of trans-acting RNA regulatory 

systems.  Preliminary experiments previously conducted in the Smolke laboratory have 

demonstrated that these two factors limit the regulatory activity of trans-ribozymes in 

yeast cells (Kate Galloway, unpublished results).  However, it is likely that differences in 

the time scales of RNA transcription, processing, trafficking, and degradation may allow 

trans-ribozymes to function more effectively in human cells than in yeast. 

Three trans-ribozymes were designed and tested in human cells (Figure 2.2).  Two 

of the trans-ribozymes are derived from previously studied34 hammerhead ribozymes: 

sTRSV and peach latent mosaic viroid (PLMVd).  The third trans-ribozyme is based on 

the core of PLMVd but has modified stems designed to target a sequence within the 

coding region of a yeast-enhanced green fluorescent protein (yEGFP).  The trans-

ribozymes are flanked immediately upstream and downstream by small hairpins, intended 

to insulate the trans-ribozyme sequence from the surrounding transcript and prevent 
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intramolecular binding of the targeting arms, which must remain single-stranded in order 

to bind to the target sequence.  Each trans-ribozyme is coupled with a unique targeting 

sequence, such that hybridization of the targeting arms reconstitutes stems I and III, 

forming a catalytically active ribozyme.  The targeting sequences are placed within the 3’ 

UTR of EGFP such that cleavage can be detected by monitoring fluorescence levels.  

Additionally, the targeting sequences are placed in multiple copies within the 3’ UTR in 

order to examine the regulatory activity of the trans-ribozymes as a function of the 

number of target sites. 

 

 

Figure 2.2.  Structures of trans-ribozymes bound to target sequences.  Coloring is the 

same as in Figure 2.1. 

 

 

Characterization of initial trans-ribozyme designs in a human cell line 

The trans-ribozymes are expressed from either a cytomegalovirus (CMV) RNA 

polymerase II (Pol II) or a U6 RNA polymerase III (Pol III) promoter.  Pol II promoters 
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generally control the synthesis of mRNAs, which are capped on their 5’ ends with 7-

methylguanosine and polyadenylated on their 3’ ends.  The 5’ cap and poly(A) tail 

associate with one another through a complex of proteins, thereby forming a circular 

messenger ribonucleoprotein (mRNP) complex that exhibits greater resistance to 

decapping enzymes and thus increased stability.  In contrast, Pol III promoters generally 

control the synthesis of small non-coding RNAs, such as microRNAs (miRNAs) and 

small interfering RNAs (siRNAs), and do not have a 5’ cap or poly(A) tail.  The trans-

ribozyme gene is assembled on a plasmid containing the fluorescent reporter gene 

DsRed-Express, which enables gating for cells that have been transfected with the 

plasmid (Figure 2.3). 
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Figure 2.3.  Trans-ribozyme and target gene characterization system.  The trans-

ribozyme is inserted between two insulating hairpins in a multiple cloning site (red lines).  

The resulting plasmid is transfected into cells with EGFP and the target sequence stably 

integrated into the genome. 

 

EGFP and the target sequence(s) in its 3’ UTR are stably integrated into the 

genome of human embryonic kidney 293 (HEK293) cells using the Flp-In system to 

generate isogenic stable cell lines (Figure 2.3).  The gene is inserted into a plasmid 

backbone containing a Flp Recombination Target (FRT) site, thus allowing stable 

integration through genetic recombination in cell lines that have been engineered to 

contain a single copy of the FRT site in their genome.  Integrating the fluorescent reporter 

gene in this way enables effective modeling of the targeting of endogenous transcripts by 

exogenous trans-ribozymes. 

To quantify trans-ribozyme regulatory activity, stable cell lines expressing GFP 

with target sequence(s) were transiently transfected with a plasmid encoding a trans-

ribozyme (Figure 2.3).  GFP fluorescence was measured using flow cytometry, gating for 

transfected cells so that only cells harboring the plasmid encoding a trans-ribozyme were 

analyzed.  Decreased GFP fluorescence is expected to correlate with increased regulatory 

activity.  Analysis of the fluorescence of stable cell lines demonstrates that GFP 

constructs containing one copy of the target sequence are expressed at a higher level than 

GFP constructs containing multiple (2x or 4x) copies (Figure 2.4).  These results indicate 

that the presence of target sequences in the 3’ UTR may have some nonspecific effect on 

the expression of the target gene, potentially through transcript destabilization or 
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translational efficiency.  However, even with these nonspecific effects, the data clearly 

indicate that none of the trans-ribozyme designs are able to downregulate expression of 

the target gene in this assay (Figure 2.4). 

 

 

Figure 2.4.  Activity of trans-ribozymes.  GFP fluorescence levels are reported for stably 

integrated constructs encoding one or multiple copies of trans-ribozyme target sequences 

transfected with constructs encoding trans-ribozymes.  Mistargeting trans-ribozymes that 

do not bind to the target sequence are included for comparison.  Reported values are 

geometric mean ± s.d. from biological duplicates. 

 

There are two possible explanations for why the trans-ribozymes do not exhibit 

gene silencing activity.  One possibility is that the two strands may not properly anneal in 

vivo to form a catalytically active ribozyme.  A second possibility is that although the two 

strands properly anneal, the ribozyme as formed does not cleave at a sufficient rate to 

downregulate gene expression.  It has previously been demonstrated that ribozyme 
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cleavage rate is correlated with in vivo gene knockdown37, and specifically that if the 

cleavage rate is too low then gene regulation will not be observed. 

 

Cis-ribozymes as a model for optimizing in vivo cleavage activity 

To investigate whether the cleavage rate of the formed trans-ribozyme would be 

sufficient to observe knockdown in vivo, we designed Type I cis-ribozymes based on the 

sTRSV trans-ribozyme.  Such designs remove the variable of whether the two strands can 

properly anneal in the cell and allow investigation of gene knockdown through ribozyme 

cleavage.  K was formed by adding a GUUG tetraloop to the end of Stem III of the 

sTRSV trans-ribozyme (Figure 2.5), covalently joining the two strands into one.  W is 

based on K but more closely resembles wild-type sTRSV, and Y even more so; W has the 

stem III sequence of sTRSV and Y is identical to W but with the loop I sequence reverted 

to that of wild-type sTRSV.  CU is identical to Y except that the distal portion of stem I is 

integrated into a different position in bulge I.  CU LsIII is identical to CU but with stem 

III extended by four base pairs, and CU LsIII inversion is identical to CU LsIII but with a 

stem III A-U pair changed to U-A.  CK LsI, CK LsIII, and CK LsIV are all identical to 

CU LsIII but with the sequences of stem I, stem III, or both, respectively, from K.  U 

LsIII is identical to CU LsIII except that the distal portion of stem I is integrated into a 

different position in bulge I.  Finally, HHe-PLMVd is adapted from a previously 

described trans-ribozyme4, and 3-way AA and 3-way AAA are based on CU LsIII but 

include a three-way junction with an additional helix in stem I38. 
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Figure 2.5.  Structures of cis-ribozymes used to model trans-ribozyme activity.  Stems 

are shown in black, the catalytic core is shown in magenta, and loops and bulges are 

shown in blue. 
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Characterization of Type I cis-ribozymes in a human cell line 

Each Type I cis-ribozyme was placed in the 3’ UTR of EGFP and gene regulation 

activity was measured in transient transfection assays by flow cytometry.  K exhibited 

very little activity, with GFP fluorescence 80% of the non-cleaving control (Figure 2.6), 

indicating that the sTRSV trans-ribozyme would likely not be able to silence its target in 

vivo.  The sequence of W is more closely related to wild-type sTRSV and Y even more 

so, and the activity of these designs reflects this.  The alteration of the stem I integration 

point in CU leads to greater activity, and the extension of stem III in CU LsIII leads to a 

level of activity approaching that of sTRSV, with 8% expression compared to non-

cleaving control.  Inversion of the A-U base pair had a small detrimental effect on 

activity, while the three CK designs exhibited better activity the more similar they were 

to CU LsIII.  Finally, U LsIII and HHe-PLMVd exhibited high levels of regulatory 

activity, while the 3-way designs showed little activity.  These results suggest that the 

sequences of the ribozyme stems are not as flexible as previously reported2,35,39–41. 
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Figure 2.6.  Activity of type I cis-ribozymes.  Type I cis-ribozymes model the activity of 

trans-ribozymes.  Relative GFP fluorescence levels are reported for transiently 

transfected constructs encoding ribozyme switch sequences.  Reported values are 

geometric mean ± s.d. from biological duplicates or triplicates and normalized to the non-

cleaving sTRSVctrl. 

 

 

Development of an improved trans-ribozyme 

Based on its high level of gene-regulatory activity CU LsIII was chosen as the 

basis for a new trans-ribozyme design (Figure 2.7A).  In vitro cleavage assays were 

performed to confirm the binding activity of the CU LsIII trans-ribozyme.  For these 

experiments, the trans-ribozyme and target strands were synthesized using in vitro 

transcription, purified, and denatured and renatured separately.  The RNA strands were 

then incubated together in a buffer representative of physiological conditions (500 µM 

MgCl2, 100mM NaCl, 50mM Tris-HCl (pH 7.5) at 37°C).  Under these assay conditions, 

CU LsIII exhibited a cleavage rate of ~0.3 min−1 (Figure 2.7B), which is comparable to 

the cleavage rates of other ribozyme switches successfully used to regulate gene 

expression in yeast and mammalian cells25,26.  The results suggest that the CU LsIII trans-

ribozyme is capable of binding and cleaving its target and should be capable of doing so 

in vivo at a rate sufficient for controlling gene expression levels. 
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Figure 2.7.  The improved trans-ribozyme.  (A) Structure of the optimized CU LsIII 

trans-ribozyme.  (B) In vitro cleavage activity of the CU LsIII trans-ribozyme.  Cleavage 

of the internally radiolabeled target strand is monitored over time with PAGE, allowing 

calculation of the cleavage rate. 
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Incorporation of ancillary elements in the trans-ribozyme transcript to direct 

stability, structure, processing, and localization 

There are a number of reasons why the trans-ribozymes described above may not 

be able to effectively cleave their target transcripts in human cells.  The main obstacles 

are likely the stability of the trans-ribozyme strand in the cellular environment and the 

ability of this strand to bind to its target strand in the time scale of its lifetime.  These 

issues are related, in that the less time required for the trans-ribozyme strand to bind to its 

target the less time it needs to exist in the cell, and the higher the stability of the trans-

ribozyme strand the more time it will have to bind to its target.  To address these issues, 

we developed a variety of expression constructs incorporating ancillary genetic elements 

into the sequence context of the CU LsIII trans-ribozyme. 

When expressed from the CMV Pol II promoter, the trans-ribozyme is part of a 

longer transcript.  Since the trans-ribozyme may interact with other parts of the transcript 

in a way that disrupts binding and cleaving of the target strand, we designed a construct 

containing cis-ribozymes immediately upstream and downstream of the trans-ribozyme 

and its insulating hairpins (Figure 2.8A).  This construct was intended to function by 

cleaving the trans-ribozyme out of the transcript, potentially making the trans-ribozyme 

more accessible for binding to the target strand.  However, the trans-ribozyme strand may 

be highly unstable once excised from the rest of the mRNP, so we also designed a 

construct containing large hairpins internal to the cis-ribozymes (Figure 2.8B).  

Following cis-ribozyme cleavage these large hairpins are expected to stabilize the 5’ and 

3’ ends of the excised transcript, protecting the trans-ribozyme strand from RNA 

exonuclease activity.  These large hairpins were also tested in constructs without cis-
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ribozymes, in both the CMV Pol II and U6 Pol III promoter expression systems (Figure 

2.8C). 

 

 

Figure 2.8.  Trans-ribozyme ancillary elements.  (A) Cis-ribozymes cleave the trans-

ribozyme (with its insulating hairpins) out of the larger transcript.  (B) Large hairpins 

stabilize the ends of the trans-ribozyme strand after excision.  (C) Large hairpins stabilize 

Pol II and Pol III trans-ribozyme transcripts.  (D) tRNAVal stabilizes the trans-ribozyme 

transcript and localizes it to the cytoplasm. 

 

Alternatively, we inserted tRNAVal immediately upstream of the trans-ribozyme 

(Figure 2.8D), adapting work from Koseki and colleagues29.  They demonstrated that 
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their chimeric tRNA trans-ribozymes were highly stable in human cells and localized to 

the cytoplasm, and were able to cleave HIV-1 RNA in vivo31.  We attempted to reproduce 

their work in our experimental system, using their HIV-targeting Rz2, as well as 

replacing the HIV trans-ribozyme with CU LsIII. 

We assayed the ancillary elements with flow cytometry using transient 

transfections of stable lines as described above (Figure 2.3).  None of the ancillary 

elements conferred activity on the CU LsIII trans-ribozyme (Figure 2.9).  Additionally, 

we were unable to reproduce the activity of the HIV tRNA trans-ribozyme reported by 

Koseki and colleagues.  We hypothesized that the stability of the GFP reporter used in 

our studies might be too high, such that significant protein levels remain even when the 

associated mRNA is cleaved by trans-ribozymes, masking the knockdown effect.  To 

address this possibility, we replaced GFP with destabilized enhanced GFP (d2EGFP)42, 

which has a much shorter half-life than its parent.  However, this modification to the 

experimental system did not result in detectable trans-ribozyme activity. 
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Figure 2.9.  Activity of trans-ribozymes with ancillary elements.  GFP fluorescence 

levels are reported for stably integrated constructs encoding trans-ribozyme target 

sequences transfected with constructs encoding trans-ribozymes with ancillary elements.  

Reported values are geometric mean ± s.d. from biological duplicates and normalized to 

non-cleaving control trans-ribozymes. 

 

 

 

Discussion 

We attempted to develop a trans-acting version of the cis-acting ribozyme switch 

platform previously developed in the Smolke laboratory24.  Our trans-ribozyme 

architecture benefits from the previous engineering efforts directed to the cis-acting 

platform, in particular the design principles for aptamer integration with the ribozyme to 

build functional ligand-responsive gene-regulatory devices.  The trans-ribozyme switch 

platform should have the added advantage of being able to regulate endogenous gene 

targets in trans in response to specified molecular inputs.  However, there are additional 

requirements for such a trans-acting RNA device to function properly.  Specifically, the 

functional RNA must be expressed in the cell at an appropriate concentration and 

localized appropriately, the binding site on the mRNA target must be accessible, and 

once annealed the duplex must fold into a catalytically active conformation. 

Since we did not observe gene-regulatory activity from our initial trans-acting 

ribozyme designs (Figure 2.4), we first examined the ability of our designs to exhibit 

cleavage activity when annealed to the target sequence.  Specifically, we constructed and 
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characterized cis-ribozyme versions of our trans-ribozyme designs, which were more 

likely to fold into the desired conformation based on the unimolecular context.  Indeed, 

the cis version of the sTRSV trans-ribozyme exhibited minimal regulatory activity 

(Figure 2.6).  We investigated the effects of stem length, stem and loop sequence, and 

loop I integration position on in vivo activity.  We found that deviation from the sTRSV 

sequence in the ribozyme stems was detrimental to ribozyme function (Figure 2.6).  This 

was surprising given that the stem sequence has generally been considered to be mutable 

due to its sequence diversity among natural hammerhead ribozymes, unlike the highly 

conserved catalytic core35,39–41.  These investigations led to the design of a new trans-

ribozyme with a high degree of sequence similarity to sTRSV, which we used for all 

subsequent device optimization. 

Following development of the optimized trans-ribozyme design, we further 

explored modifications to the design of the expression system that would support a high 

level of expression of the trans-ribozyme transcript.  In particular, the transcription rate of 

the trans-ribozyme expression system was set to a high level by testing two strong 

promoters that act through different mechanisms, the CMV (Pol II) and U6 (Pol III) 

promoters.  We further introduced design elements to reduce the degradation rate of the 

trans-ribozyme transcript by incorporating large hairpins on the 5’ and 3’ ends of the Pol 

III transcript and the unprotected portion of the Pol II transcript following excision from 

the mRNP mediated by cis-ribozymes.  We also used a chimeric tRNA trans-ribozyme 

expression platform, which had previously been demonstrated to support gene regulation 

from a trans-ribozyme and shown to have a long half-life in vivo29. 
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In addition to being present in cells at a sufficiently high concentration, a 

functional trans-ribozyme must also be localized to the same subcellular location as its 

target to be able to bind and cleave.  Co-localization of the trans-ribozyme and target 

strands has been shown to be important for activity3, and we hypothesized that the 

chimeric tRNA trans-ribozymes would be transported to the cytoplasm, increasing their 

local concentration in the vicinity of their target mRNA and thereby improving 

hybridization efficiency.  We incorporated hairpins immediately upstream and 

downstream of the trans-ribozyme to insulate it from the surrounding transcript, 

attempting to minimize misfolding that would occlude the targeting arms.  We 

demonstrated with in vitro cleavage assays that the trans-ribozyme is capable of 

annealing with and cleaving its target sequence under physiological conditions (Figure 

2.7). 

Despite optimization of cleavage activity in model cis-ribozymes and 

incorporation of design elements to increase trans-ribozyme stability in vivo, we were 

unable to demonstrate trans-ribozyme-mediated gene-regulatory activity (Figure 2.9).  

We demonstrated with model cis-ribozymes that cleavage activity was sufficiently high 

to produce a large amount of gene knockdown, and we showed that the in vitro cleavage 

activity of our improved trans-ribozyme was comparable to that of previously 

characterized in vivo functional cis-ribozymes in yeast a mammalian systems.  Taken 

together these results suggest that our trans-ribozyme did not function in vivo due to 

issues with transcript levels and co-localization with the target strand.  Our efforts to 

improve trans-ribozyme stability and localization did not resolve these issues. 
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One possible area for further investigation is target site accessibility, which we 

did not address with any of our designs.  It has been shown that in a typical mRNA many 

target sites will be inaccessible due to secondary and tertiary structure33,35.  Optimization 

of target site location within the target mRNA strand could lead to functional trans-

ribozymes.  However, successful regulation of an endogenous gene could require 

extensive screening of many trans-ribozymes targeting different target sites.  Another 

possible strategy is employing RNA localization elements to target trans-ribozyme 

transcripts to the specific subcellular location of the mRNA target43,44, increasing the 

local effective concentration and increasing the likelihood of hybridization between the 

two strands. 

The finding that the sequence of the ribozyme stems is less flexible than expected 

coupled with the issue of target site accessibility severely limits the capability of trans-

ribozymes to target endogenous genes.  Furthermore, the independence of trans-

ribozymes from cell-specific machinery makes them vulnerable to degradation, while 

other methods for regulating endogenous genes, such as miRNA45 and clustered regularly 

interspaced palindromic repeats interference (CRISPRi)46, benefit from protein 

complexes that protect the RNA and facilitate interaction with the target strand.  Taken 

together, the limitations of the trans-ribozyme platform present a significant challenge to 

the regulation of endogenous genes, while other RNA-based platforms are more effective 

and promising.  Ligand-responsive miRNAs have previously been demonstrated45, and 

although allosteric regulation has not yet been demonstrated for CRISPRi, such capability 

may soon be realized.  These platforms may therefore be better poised to provide 

programmable ligand-responsive regulation of endogenous genes. 



 II-27 

Methods 

Plasmid construction 

All plasmids were constructed using standard molecular biology techniques.  

Oligonucleotides were synthesized by Integrated DNA Technologies and the Stanford 

Protein and Nucleic Acid Facility.  Cloning enzymes, including restriction enzymes and 

T4 DNA ligase, were obtained from New England Biolabs.  Ligation products were 

electroporated into Escherichia coli DH10B (Life Technologies) using a GenePulser XP 

(Bio-Rad Laboratories) system using standard methods.  Clones were screened using 

colony polymerase chain reaction (PCR) and verified by sequencing (Laragen Inc. and 

Elim Biopharmaceuticals).  15% glycerol stocks were made from E. coli in logarithmic 

growth phase and stored at −80°C. 

A standardized cloning method was developed to facilitate insertion of trans-

ribozymes into various sequence contexts.  The DNA fragment insertFseI was inserted 

into pCS1036 (courtesy Yvonne Chen) (derived from pcDNA3.1(+) (Life Technologies)) 

between the restriction sites KpnI/XhoI to form pCS1576 (Figure 2.10), which contained 

a U6 and a CMV promoter for expressing trans-ribozymes and DsRed-Express as a 

transfection control.  Cassettes containing restriction sites, a terminator (U6 only), and 

small hairpins designed to prevent intramolecular binding of the trans-ribozyme targeting 

arms (U6 trans-ribozyme cassette and CMV trans-ribozyme cassette) were inserted 

downstream of the U6 (between BamHI/EcoRI) and CMV (between FseI/XhoI) 

promoters to form pCS1646 and pCS1662, respectively (Figure 2.10).  Ancillary cis-

ribozymes were inserted into pCS1662 between HindIII/KpnI and XbaI/ApaI to form 

pCS1955.  Ancillary large stabilizing hairpins were inserted into pCS1646 between 
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BamHI/BsrGI and AscI/ClaI and into pCS1662 between KpnI/FseI and XhoI/XbaI to 

form pCS1953 and pCS1954, respectively.  Both ancillary cis-ribozymes and large 

stabilizing hairpins were inserted into pCS1662 (using the same restriction sites used to 

form pCS1955 and pCS1954) to form pCS1956.  Trans-ribozymes were inserted into 

pCS1646, pCS1662, pCS1955, pCS1953, pCS1954, and pCS1956 between PacI/AgeI. 

 

 

eGFP 1585..2301

1572 KpnI (1)
1566 HindIII (1)

CMV 887..1474

375 EcoRV (1)
369 EcoRI (1)
346 BamHI (1)

2294 BsrGI (1)
2305 XhoI (1)
2311 XbaI (1)
2317 ApaI (1)
bGHpA 2348..2572

2601 MfeI (1)
2646 NruI (1)

CMV 2673..3229
DsRed-Express 3341..4031

bGHpA 4057..4281

SV40\PA 6133..6264

Neomycin 5165..5959

SV40 4760..5130
f1 4327..4755

Bla 8420..8322

pCS1036
8457 bp

12 BglII (1)
U6 17..347

5083 AvrII (1)

pUC 6646..7317

Ampicillin 8321..7461
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1933 NruI (1)
1888 MfeI (1)
bGHpA 1635..1859

1604 ApaI (1)
1598 XbaI (1)
1592 XhoI (1)
1581 FseI (1)
1572 KpnI (1)
1566 HindIII (1)

CMV 887..1474
375 EcoRV (1)
369 EcoRI (1)
346 BamHI (1)

U6 17..347
12 BglII (1)

CMV 1959..2516

DsRed-Express 2628..3318

bGHpA 3344..3568
f1 3614..4042

SV40\PA 5551..5420

Neomycin 4452..5246

4370 AvrII (1)
SV40 4047..4417

Ampicillin 7608..6748
Bla 7707..7609

pCS1576
7744 bp

pUC 5933..6604
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bGHpA 1727..1951
1696 ApaI (1)
1690 XbaI (1)
1684 XhoI (1)
1673 FseI (1)
1664 KpnI (1)
1658 HindIII (1)

CMV 979..1566

467 EcoRV (2)
461 EcoRI (1)
443 ClaI (1)
440 EcoRV (2)
432 AscI (1)

401 AgeI (1)
390 PacI (1)

355 BsrGI (1)
346 BamHI (1)

U6 17..347
12 BglII (1)

1980 MfeI (1)
2025 NruI (1)

CMV 2051..2608

DsRed-Express 2720..3410

bGHpA 3436..3660

Neomycin 4544..5338

4462 AvrII (1)
SV40 4139..4509

f1 3706..4134

pUC 6025..6696

Ampicillin 7700..6840
Bla 7799..7701

pCS1646
7836 bp
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bGHpA 1703..1927
1672 ApaI (1)
1666 XbaI (1)
1660 XhoI (1)
1629 AgeI (1)
1618 PacI (1)
1581 FseI (1)
1572 KpnI (1)
1566 HindIII (1)

CMV 887..1474
375 EcoRV (1)
369 EcoRI (1)
346 BamHI (1)

U6 17..347
12 BglII (1)

1956 MfeI (1)
2001 NruI (1)

CMV 2027..2584

DsRed-Express 2696..3386

bGHpA 3412..3636
f1 3682..4110

SV40\PA 5619..5488

Neomycin 4520..5314

4438 AvrII (1)
SV40 4115..4485

pUC 6001..6672

Bla 7775..7677

pCS1662
7812 bp

Ampicillin 7676..6816

DsRedEx 875..1553

869 BamHI (1)

CMV 223..812
161 MfeI (1)

12 BglII (1)

1558 AgeI (1)
1568 ClaI (1)
1578 XhoI (2)
1584 XbaI (3)
1590 ApaI (2)
1638 XhoI (2)
1644 XbaI (3)
1650 ApaI (2)

bGHpA 1681..1905
FRT 2189..2236
2216 XbaI (3)

2484 EcoRI (1)
HygroR 2244..3264

pUC 4582..3909

SV40 3396..3526

Bla 5686..5588

pCS2129
5723 bp

Ampicillin 5587..4727



 II-32 

 

Figure 2.10.  Plasmid maps. 

 

The plasmid d2EGFP-Flp-In (courtesy Ryan Bloom) (derived from pcDNA5/FRT 

(Life Technologies)) was digested with NruI/EcoRV and blunt-end ligated to form 

pCS2129 (Figure 2.10), which contained DsRed-Express as a transfection control.  Trans-

ribozymes with tRNAVal 5’ and 3’ sequences were inserted into pCS2129 between 

BglII/MfeI. 

The DNA fragment insertAvrII was inserted into pCS1302 (courtesy Yvonne 

Chen) (derived from pcDNA5/FRT) between AvrII/ApaI to form pCS1592 (Figure 2.10), 

which contained a CMV promoter expressing EGFP.  Trans-ribozyme target sequences in 

one or multiple copies with spacers were digested out of pCS1306 and pCS1642 

(sTRSV), pCS1305 and pCS1495 (PLMVd), and pCS1492 and pCS1496 (yEGFP) 

EGFP 917..1654

917 KpnI (1)
911 HindIII (1)

CMV 232..819
206 NruI (1)

161 MfeI (1)
12 BglII (1)

1639 BsrGI (1)
1659 AvrII (1)
1668 XhoI (1)
1677 ApaI (1)

bGHpA 1708..1932

FRT 2216..2263
2243 XbaI (1)

2511 EcoRI (1)
HygroR 2271..3291

pUC 4609..3936

SV40 3423..3553

Ampicillin 5614..4754

Bla 5713..5615

pCS1592
5750 bp
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(courtesy Kate Galloway) and inserted into pCS1592 using AvrII/XhoI.  CU LsIII and 

HIV target sequences were inserted into pCS1592 between AvrII/XhoI to form pCS1966 

and pCS2603, respectively.  The coding region of d2EGFP was PCR amplified from the 

plasmid d2EGFP-Flp-In using the primers d2eGFP HindIII 62 F and d2eGFP AvrII 62 R 

and inserted into pCS1966 between HindIII/AvrII to form pCS2147.  The resulting 

plasmids were used to create isogenic stable cell lines through the Flp-In system (Life 

Technologies). 

Type I ribozymes with spacers were inserted into pCS1036, which contained a 

CMV promoter expressing EGFP and DsRed-Express as a transfection control, between 

XhoI/ApaI (Figure 2.10). 

 

Human cell culture 

Flp-In HEK293 cells (Life Technologies) were cultured in 10 mL (10 cm dish) or 

3 mL (6 cm dish) Dulbecco's Modified Eagle's medium (DMEM) (Life Technologies) 

supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and 100 mg/L 

zeocin (Life Technologies) in a humidified incubator at 37°C and 5% CO2.  Cells were 

seeded at 2x104 cells/mL and passaged regularly using 0.25% trypsin-EDTA (Life 

Technologies), with media replaced every 48–72 hours.  Cells stably integrated with Flp-

In constructs were cultured similarly, except the cell culture media were supplemented 

with 100 mg/L hygromycin B (Life Technologies) and no zeocin. 
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Stable cell line generation 

Flp-In HEK293 cells were seeded at 1x105 cells/mL in 2 mL (6-well plate) 

DMEM with 10% FBS.  24 hours later the cells were cotransfected with a pcDNA5/FRT-

derived plasmid and pOG44 (Life Technologies) in a 1:9 ratio using FuGENE 6 or 

FuGENE HD (Promega) according to the manufacturer’s instructions.  Typically DNA 

and FuGENE were incubated together in Opti-MEM in a 1:3:50 (g:L:L) ratio for 

approximately 1 hour, with 2 mL samples receiving 2 µg of DNA.  24 hours after 

transfection the cells were resuspended using 0.25% trypsin-EDTA and DMEM with 

10% FBS, and ¼ of the cells were used to seed 2 mL (6-well plate) DMEM with 10% 

FBS.  24 hours later the media were replaced with DMEM with 10% FBS and 200 mg/L 

hygromycin B.  The media were replaced every 72–96 hours until macroscopic colonies 

were visible, usually after 10–14 days.  Colonies were pooled together with 0.25% 

trypsin-EDTA and passaged into DMEM with 10% FBS and 100 mg/L hygromycin B.  

10% dimethyl sulfoxide (DMSO) stocks were made from resuspended cells, cooled by 1 

degree/minute to −80°C, then stored at −320°C. 

 

Transient transfection 

Flp-In HEK293 cells were seeded at 1x105 or 3x105 cells/mL in 500 µL (24-well 

plate) DMEM with 10% FBS.  23–29 hours after seeding the cells were transfected with 

plasmid using FuGENE 6 or FuGENE HD according to the manufacturer’s instructions.  

Typically DNA and FuGENE were incubated together in Opti-MEM in a 1:3:50 (g:L:L) 

ratio for approximately 1 hour, with 500 µL samples receiving 500 ng of DNA. 
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Flow cytometry 

40–48 after transfection fluorescence data were obtained by flow cytometry using 

the Quanta Cell Lab Flow Cytometer equipped with a 488 nm laser (Beckman Coulter).  

Viability was gated by side scatter and electronic volume, and viable cells were further 

gated for DsRed expression, which served as a transfection control.  GFP and DsRed 

fluorescence was measured through 525/30 nm band-pass and 610 nm long-pass filters, 

respectively.  Data were analyzed using FlowJo (Tree Star Inc.).  Geometric mean values 

from biological replicates were reported with an error range of ±1 standard deviation.  

Geometric mean fluorescence values were normalized to those of a control with no 

ribozyme or an inactive ribozyme. 

 

In vitro cleavage assays 

The CU LsIII trans-ribozyme and its target strand were amplified by PCR from 

plasmids pCS1949 and pCS1966, respectively, using the primers CU HP T7 F and CU 

HP T7 R for the ribozyme strand and the primers Barcode T7 F and Barcode T7 R for the 

target strand.  The forward primers added the T7 promoter sequence.  Trans-ribozyme 

RNA was generated by in vitro transcription using 1 µg PCR product DNA as a template, 

with 40 mM Tris-HCl, pH 7.9, 16 mM MgCl2, 10 mM dithiothreitol (DTT), 2 mM 

spermidine, 3 mM rATP, rCTP, rGTP, and rUTP, 40 U RNaseOUT (Life Technologies), 

and 50 U T7 RNA polymerase (New England Biolabs) in 25 µL total volume and 

incubated at 37°C for approximately 2 hours.  The transcription product was treated with 

2 U of DNaseI (New England Biolabs) at 37°C for approximately 15 min and purified 

using the RNA Clean & Concentrator-25 kit (Zymo Research) according to the 
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manufacturer’s instructions.  Internally radiolabeled target strand RNA was generated by 

in vitro transcription using a similar method, except with rGTP reduced to 300 µM and 

supplemented with 5 µCi [α-32P]rGTP. 

Trans-ribozyme and radiolabeled target RNA were denatured separately by 

heating to 95°C in 50 mM Tris-HCl and 100 mM NaCl, then cooled by 1.2°C/minute to 

37°C.  Trans-ribozyme (1 µM final concentration) was added to target (100 nM final 

concentration) and the reaction was initiated by adding MgCl2 (500 µM final 

concentration) and incubating at 37°C.  Aliquots were removed and quenched with RNA 

stop/load buffer (95% formamide, 30 mM EDTA, 0.25% bromophenol blue, 0.25% 

xylene cyanol) on ice.  Reaction products were heated to 95°C for 5 min, snap cooled on 

ice for 5 min, and separated by 12% (w/v) denaturing polyacrylamide gel electrophoresis 

(PAGE) with 8.3M urea.  The 32P radioactivity of cleaved and uncleaved bands was 

quantified by phosphorimager analysis using a Molecular Imager FX (Bio-Rad 

Laboratories) and Quantity One software (Bio-Rad Laboratories). 
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Supplementary Tables 

Supplementary Table 2.1.  Primer and oligonucleotide sequences. 

Name DNA sequence 
insertFseI AAAGGCCGGCCAAA 
insertAvrII AAACTCGAGAAA 

sTRSV trans ATCCTCCAATCCTTTAGCTTTGACTCCTGATGAGTGGGTGA
CCACGAAACTGATGAC 

sTRSV target 
sequence GTCATCAGTCGAGTCATACTAAAGGATAGGAGGAAT 

PLMVd trans TCTTACTGAATTTACCTAACCCCACTGATGAGTCGCTGAAA
TGCGACGAAACTTTGCTT 

PLMVd target 
sequence AAGCAAAGTCTGGGGGGTAAATATCAAGTAAGA 

yEGFP trans AGCAGTAACAAATTCTTAAAACAACTGATGAGTCGCTGAA
ATGCGACGAAACCATGTG 

yEGFP target 
sequence CACATGGTCTTGTTAGAATTTGTTACTGCT 

CU LsIII trans ATCCTCCAATCCTTTATTTCCGGTCTGATGAGTCCGTGAGG
ACGAAACAGCTGAC 

CU LsIII ctrl 
trans 

ATCCTCCAATCCTTTATTTCCGGTGTACTGTGTCCGTGAGG
ACCGAACAGCTGAC 

CU LsIII target 
sequence GTCAGCTGTCACCGGATGTGCTAAAGGATAGGAGGA 

HIV trans ACACAACACTGATGAGGACCGAAAGGTCCGAAACGGGCAC 
HIV ctrl trans ACACAACACTAATGAGGACCGAAAGGTCCGAAACGGGCAC 
HIV target 
sequence GTGCCCGTCTGTTGTGT 

target sequence 
5' spacer TAAATCTAGGAAACAAA 

target sequence 
3' spacer ATAAACAAACTCGATCCGCGAAAAAACCGCGGA 

U6 trans-
ribozyme 
cassette 

GTCTGTACAGGTGTCTTCTTGAGCATGCTCAAGAGACATTA
ATTAAACAACCGGTACGTCCATTACAAAGTAATGGACGTG
GCGCGCCGATATCGATAAATTTTTTAAA 

CMV trans-
ribozyme 
cassette 

GGTGTCTTCTTGAGCATGCTCAAGAGACATTAATTAAACAA
CCGGTACGTCCATTACAAAGTAATGGACGT 

ancillary large 
hairpin U6 5' GTGTCACTTGCAGTATTAGCAAATAATACATGCAAGTGAC 

ancillary large 
hairpin U6 3' 
and CMV 

GTCACTTGCAGTATTAGCAAATAATACATGCAAGTGAC 
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ancillary cis-
ribozyme 5' 

AAACAAAATCCTTTATTTCCGGTCTGATGAGTCCGTGAGGA
CGAAACAGCTGACAAAAGTCAGCTGTCACCGGATGTGCTA
AAGGATAAAAAGA 

ancillary cis-
ribozyme 3' 

AAACAAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGT
CCGTGAGGACGAAACAGCAAAAAGA 

tRNA 5' 
AGGACTAGTCTTTTAGGTCAAAAAGAAGAAGCTTTGTAAC
CGTTGGTTTCCGTAGTGTAGTGGTTATCACGTTCGCCTAAC
ACGCGAAAGGTCCCCGGTTCGAAACCGGGCACTACAA 

tRNA 3' GTCGGAAACGGTTTTTTTCTATCGCGTCGAC 

sTRSVctrl GCTGTCACCGGATGTGCTTTCCGGTACGTGAGGTCCGTGAG
GACAGAACAGC 

sTRSV GCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGAG
GACGAAACAGC 

K ATCCTTTAGCTTTGACTCCTGATGAGTGGGTGACCACGAAA
CTGATGACGTTGGTCATCAGTCGAGTCATACTAAAGGAT 

W ATCCTTTAGCTTTCCGGTCTGATGAGTCCGTGAGGACGAAA
CAGCAAAAGCTGTCACCGGATACTAAAGGAT 

Y ATCCTTTAGCTTTCCGGTCTGATGAGTCCGTGAGGACGAAA
CAGCAAAAGCTGTCACCGGATGTTAAAGGAT 

CU ATCCTTTATTTCCGGTCTGATGAGTCCGTGAGGACGAAACA
GCAAAAGCTGTCACCGGATGTGCTAAAGGAT 

CU LsIII ATCCTTTATTTCCGGTCTGATGAGTCCGTGAGGACGAAACA
GCTGACAAAAGTCAGCTGTCACCGGATGTGCTAAAGGAT 

CU LsIII 
inversion 

ATCCTTTATTTCCGGTCTGATGAGTCCGTGAGGACGAAACT
GCTGACAAAAGTCAGCAGTCACCGGATGTGCTAAAGGAT 

CK LsI ATCCTTTATTTGACTCCTGATGAGTCCGTGAGGACGAAACA
GCTGACAAAAGTCAGCTGTCGAGTCATGTGCTAAAGGAT 

CK LsIII ATCCTTTATTTCCGGTCTGATGAGTCCGTGAGGACGAAACT
GATGACAAAAGTCATCAGTCACCGGATGTGCTAAAGGAT 

CK LsIV ATCCTTTATTTGACTCCTGATGAGTCCGTGAGGACGAAACT
GATGACAAAAGTCATCAGTCGAGTCATGTGCTAAAGGAT 

U LsIII ATCGAATATGTGCTTTCCGGTCTGATGAGTCCGTGAGGACG
AAACAGCTGACAAAAGTCAGCTGTCACCGGATATTCGAT 

HHe-PLMVd 
GTGGTTCATAACACCTCTGATGAGTCGCTGAAATGCGACG
AAACCTCCTGAGCAAAAGCTCAGGAGGTCAGGTGTGAACC
AC 

3-way AA 
GGGATCAGTAAGGATGTGCTTTCCGGTCTGATGAGTCCGTG
AGGACGAAACAGCTGACAAAAGTCAGCTGTCACCACTGAT
CCC 

3-way AAA 
GGGATCAGTAAAGGATGTGCTTTCCGGTCTGATGAGTCCGT
GAGGACGAAACAGCTGACAAAAGTCAGCTGTCACCACTGA
TCCC 

A 5' spacer AAACAAACAAA 
A 3' spacer AAAAAGAAAAATAAAAATTTTTTGGAA 
B 5' spacer AATAAATAAAA 
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B 3' spacer CAAATAAACAAACACTC 
d2eGFP 
HindIII 62 F TAGAAGCTTATGGTGAGCAAGGGCGAGGAG 

d2eGFP AvrII 
62 R 

AAGCCTAGGTTTTGCTACACATTGATCCTAGCAGAAGCACA
GG 

CU HP T7 F TTCTAATACGACTCACTATAGGGTGTCTTCTTGAGCATGCT
CAAGAGACATTAATTAAATCCTC 

CU HP T7 R ACGTCCATTACTTTGTAATGGACGTACCGGTG 

Barcode T7 F TTCTAATACGACTCACTATAGGACAAGTAACTCGAAAAAC
CTAGGTAAATCTAGGAAACAAAGT 

Barcode T7 R CTTTCTCGAGTCCGCGGTTTTTTCGC 
 
 
 
 
 
 
Supplementary Table 2.2.  Plasmid constructs. 

Plasmid Description 
pCS1592 pCS1302 with insertAvrII inserted between AvrII/ApaI 

pCS1631 pCS1592 with sTRSV target sequence with spacers inserted between 
AvrII/XhoI 

pCS1632 pCS1592 with sTRSV target sequence (4 copy) with spacers inserted 
between AvrII/XhoI 

pCS1629 pCS1592 with PLMVd target sequence with spacers inserted between 
AvrII/XhoI 

pCS1630 pCS1592 with PLMVd target sequence (4 copy) with spacers inserted 
between AvrII/XhoI 

pCS1633 pCS1592 with yEGFP target sequence with spacers inserted between 
AvrII/XhoI 

pCS1634 pCS1592 with yEGFP target sequence (4 copy) with spacers inserted 
between AvrII/XhoI 

pCS1966 pCS1592 with CU LsIII target sequence with spacers inserted between 
AvrII/XhoI 

pCS2063 pCS1592 with HIV target sequence with spacers inserted between 
AvrII/XhoI 

pCS1576 pCS1036 with insertFseI inserted between KpnI/XhoI 
pCS1646 pCS1576 with U6 trans-ribozyme cassette inserted between BamHI/EcoRI 
pCS1662 pCS1576 with CMV trans-ribozyme cassette inserted between FseI/XhoI 
pCS1655 pCS1646 with sTRSV trans inserted between PacI/AgeI 
pCS1653 pCS1646 with PLMVd trans inserted between PacI/AgeI 
pCS1657 pCS1646 with yEGFP trans inserted between PacI/AgeI 
pCS1685 pCS1662 with sTRSV trans inserted between PacI/AgeI 
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pCS1683 pCS1662 with PLMVd trans inserted between PacI/AgeI 
pCS1687 pCS1662 with yEGFP trans inserted between PacI/AgeI 
pCS1949 pCS1662 with CU LsIII trans inserted between PacI/AgeI 

pCS1955 pCS1662 with ancillary cis-ribozyme 5' inserted between HindIII/KpnI and 
ancillary cis-ribozyme 3' inserted between XbaI/ApaI 

pCS1956 
pCS1662 with ancillary cis-ribozyme 5' inserted between HindIII/KpnI, 
ancillary cis-ribozyme 3' inserted between XbaI/ApaI, and ancillary large 
hairpin U6 3' and CMV inserted between KpnI/FseI and XhoI/XbaI 

pCS1954 pCS1662 with ancillary large hairpin U6 3' and CMV inserted between 
KpnI/FseI and XhoI/XbaI 

pCS1953 pCS1646 with ancillary large hairpin U6 5' inserted between BamHI/BsrGI 
and ancillary large hairpin U6 3' and CMV inserted between AscI/ClaI 

pCS2012 pCS1955 with CU LsIII trans inserted between PacI/AgeI 
pCS2013 pCS1955 with CU LsIII ctrl trans inserted between PacI/AgeI 
pCS2014 pCS1956 with CU LsIII trans inserted between PacI/AgeI 
pCS2015 pCS1956 with CU LsIII ctrl trans inserted between PacI/AgeI 
pCS2010 pCS1954 with CU LsIII trans inserted between PacI/AgeI 
pCS2011 pCS1954 with CU LsIII ctrl trans inserted between PacI/AgeI 
pCS2008 pCS1953 with CU LsIII trans inserted between PacI/AgeI 
pCS2009 pCS1953 with CU LsIII ctrl trans inserted between PacI/AgeI 
pCS2129 pcDNA5/FRT with DsRed-Express inserted between BamHI/AgeI 

pCS2059 pCS2129 with tRNA 5' - CU LsIII trans - tRNA 3' inserted between 
BglII/MfeI 

pCS2060 pCS2129 with tRNA 5' - CU LsIII ctrl trans - tRNA 3' inserted between 
BglII/MfeI 

pCS2061 pCS2129 with tRNA 5' - HIV trans - tRNA 3' inserted between BglII/MfeI 

pCS2062 pCS2129 with tRNA 5' - HIV ctrl trans - tRNA 3' inserted between 
BglII/MfeI 

pCS1820 pCS1036 with sTRSVctrl with A spacers inserted between XhoI/ApaI 
pCS1819 pCS1036 with sTRSV with A spacers inserted between XhoI/ApaI 
pCS1816 pCS1036 with K with A spacers inserted between XhoI/ApaI 
pCS1817 pCS1036 with W with A spacers inserted between XhoI/ApaI 
pCS1818 pCS1036 with Y with A spacers inserted between XhoI/ApaI 
pCS2080 pCS1036 with CU with B spacers inserted between XhoI/ApaI 
pCS2081 pCS1036 with CU LsIII with B spacers inserted between XhoI/ApaI 

pCS2083 pCS1036 with CU LsIII inversion with B spacers inserted between 
XhoI/ApaI 

pCS1930 pCS1036 with CK LsI with A spacers inserted between XhoI/ApaI 
pCS1931 pCS1036 with CK LsIII with A spacers inserted between XhoI/ApaI 
pCS1932 pCS1036 with CK LsIV with A spacers inserted between XhoI/ApaI 
pCS2085 pCS1036 with U LsIII with B spacers inserted between XhoI/ApaI 
pCS2087 pCS1036 with HHe-PLMVd with B spacers inserted between XhoI/ApaI 
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pCS2088 pCS1036 with 3-way AA with B spacers inserted between XhoI/ApaI 
pCS2089 pCS1036 with 3-way AAA with B spacers inserted between XhoI/ApaI 
pCS2147 pCS1966 with d2EGFP inserted between HindIII/AvrII 

 
 
 
 
 
 
Supplementary Table 2.3.  Human cell lines with stably integrated constructs. 

Parental line Integrated plasmid construct 
Flp-In HEK293 pCS1631 
Flp-In HEK293 pCS1632 
Flp-In HEK293 pCS1629 
Flp-In HEK293 pCS1630 
Flp-In HEK293 pCS1633 
Flp-In HEK293 pCS1634 
Flp-In HEK293 pCS1966 
Flp-In HEK293 pCS2063 

 


