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Abstract

Nucleic acids are most commonly associated with the genetic code, transcription and gene

expression. Recently, interest has grown in engineering nucleic acids for biological applica-

tions such as controlling or detecting gene expression. The natural presence and functional-

ity of nucleic acids within living organisms coupled with their thermodynamic properties of

base-pairing make them ideal for interfacing (and possibly altering) biological systems. We

use engineered small conditional RNA or DNA (scRNA, scDNA, respectively) molecules to

control and detect gene expression. Three novel systems are presented: two for conditional

down-regulation of gene expression via RNA interference (RNAi) and a third system for

simultaneous sensitive detection of multiple RNAs using labeled scRNAs .

RNAi is a powerful tool to study genetic circuits by knocking down a gene of interest.

RNAi executes the logic: If gene Y is detected, silence gene Y. The fact that detection

and silencing are restricted to the same gene means that RNAi is constitutively on. This

poses a significant limitation when spatiotemporal control is needed. In this work, we

engineered small nucleic acid molecules that execute the logic: If mRNA X is detected,

form a Dicer substrate that targets independent mRNA Y for silencing. This is a step

towards implementing the logic of conditional RNAi: If gene X is detected, silence gene

Y. We use scRNAs and scDNAs to engineer signal transduction cascades that produce an

RNAi effector molecule in response to hybridization to a nucleic acid target X. The first

mechanism is solely based on hybridization cascades and uses scRNAs to produce a double-

stranded RNA (dsRNA) Dicer substrate against target gene Y. The second mechanism is



vii

based on hybridization of scDNAs to detect a nucleic acid target and produce a template for

transcription of a short hairpin RNA (shRNA) Dicer substrate against target gene Y. Test-

tube studies for both mechanisms demonstrate that the output Dicer substrate is produced

predominantly in the presence of a correct input target and is cleaved by Dicer to produce

a small interfering RNA (siRNA). Both output products can lead to gene knockdown in

tissue culture. To date, signal transduction is not observed in cells; possible reasons are

explored.

Signal transduction cascades are composed of multiple scRNAs (or scDNAs). The need

to study multiple molecules simultaneously has motivated the development of a highly

sensitive method for multiplexed northern blots. The core technology of our system is the

utilization of a hybridization chain reaction (HCR) of scRNAs as the detection signal for

a northern blot. To achieve multiplexing (simultaneous detection of multiple genes), we

use fluorescently tagged scRNAs. Moreover, by using radioactive labeling of scRNAs, the

system exhibits a five-fold increase, compared to the literature, in detection sensitivity.

Sensitive multiplexed northern blot detection provides an avenue for exploring the fate of

scRNAs and scDNAs in tissue culture.
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Chapter 1

Introduction

Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are essential

macromolecules for known forms of life. DNA stores the genetic information of a cell while

RNA molecules participate in transmitting, expressing and controlling this information.

Fortunately, one can do more with nucleic acids than carry genetic information. Using the

base-pairing properties of nucleic acids, one can use nucleic acids to design molecules that

self assemble into specified structures. This field is called nucleic acid nanotechnology or

nucleic acid engineering.

The field emerged three decades ago with the seminal work of Nadrian C. Seeman

who devised that it is possible to generate nucleic acid sequences that form 3- and 4-arm

junctions rather than linear double helix duplex [1, 2]. Since then, many other complex

structures have been engineered from DNA; 2-D structures such as lattices, tubes and

DNA origami as well as 3-D structures [3–7]. Compared to DNA, RNA can form non-

canonical base-pairs and is less hydrolitically stable. However, it has a rich conformational

and catalytic space and combined with its genetic encodability make it a powerful medium

for engineering nucleic acids for biological applications [8, 9]. As with DNA, a wide variety

of 2-D as well as 3-D structures have been composed out of RNA [9–12].

The goal of nucleic acid engineering is to design structures for real-life applications.

Structures can be made functional by using them as scaffolds for precise spatial positioning
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of other molecules. For example, metals can be positioned to serve as nano-wires or pro-

teins can potentially be arranged for X-ray crystallography or to bring together enzymatic

activities [13–16]. Three-dimensional structures such as molecular cages, can potentially be

used in medical applications as a drug delivery vehicle where the cargo (drug) is released in

a programmable way [17–20]. Self-assembled DNA nanoparticles functionalized with a tar-

geting ligand and fused to siRNAs can be used for targeted drug delivery into tumor cells

[21]. Furthermore, the fact that nucleic acids are used as the engineering material opens

up the opportunity to interface with biological samples for controlling gene expression. For

example, a biomolecular computer can be designed to analyze the levels of messenger RNA

species and in response produces a molecule that affects the level of gene expression [22].

A majority of nucleic acid structures described in the literature are static structures

formed by thermal annealing (a process in which the reactants are mixed together, heated

and then gradually cooled until they reach the desired structure). The target structure is

designed to have the lowest free energy compared to all other possible structures and is

therefore thermodynamically favorable to form. Dynamically formed nucleic acids struc-

tures can also be designed utilizing an isothermal process of strand displacement [23]. In

this process, two nucleic acid strands hybridize to each other while displacing a strand

that was previously hybridized. The newly revealed sequence can also initiate the reveal

of another sequence, resulting in a cascade. Strand displacement reactions are facilitated

by single-stranded regions called ‘toeholds’ that mediate a branch migration. Reactions

are driven forward by the gain of base-pairs in each step of the cascade and entropy gain

from disassembly reactions. Strand displacement cascades have been used to create logic

circuits [24, 25], walkers [26–29] and catalytic self-assembly [28].

In this field, our lab has introduced the concept of kinetically controlling strand dis-

placement cascades based on hairpin motifs (a type of small conditional RNA or DNA

(scRNA and scDNA, respectively)). The hairpin motif is composed of three features: a

toehold, a double-stranded stem and a loop (Figure 1.1(a)). Strand displacement reac-
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Figure 1.1: Hairpin and toehold-mediated branch migration nomenclature and
schematics. 5′ and 3′ polarity are differentiated by an arrow representation of the 3′ end.
Letters marked with * are complementary to the corresponding unmarked letter (e.g., ‘a’ is
complementary to ‘a*’). Base-pairs are represented by a black line. (a) Hairpin schematic.
A hairpin consists of three domains: a single-stranded toehold, a double-stranded stem
and an unpaired loop. Letters represent domains in the structure (‘a’ is a toehold, ‘b’
and ‘b*’ compose the stem and ‘c’ is the loop). (b) Toehold-mediated strand displacement
schematic. The red strand (termed initiator) displaces the stem of the hairpin. Domain
‘a*’ of the initiator binds to toehold ‘a’ of the hairpin; next, branch migration occurs
and domain ‘b*’ of the initiator displaces domain ‘b*’ of the hairpin. The binding of the
initiator to the hairpin results in a new structure, initiator·hairpin, with an exposed new
toehold ‘c’. Either ‘c’ or both ‘c -b*’ can serve to initiate a downstream reaction mediated
by another component (not shown).

tions cause the hairpin to change conformation and open up, resulting in a new initiator

that instead of being released is still bound to the initial initiator (Figure 1.1(b)). Using

hairpin-based cascades we have demonstrated autonomous locomotion [30], self-assembly

of branched dendrimers and catalytic self-assembly [28] and formation of a long dsDNA or

dsRNA polymer (hybridization chain reaction, HCR) [31, 32]. By functionalizing scRNAs

with fluorophores, a fluorescent HCR polymer can be grown. This strategy was used for

multiplexed detection of fluorescent in situ hybridization (FISH) with improved signal-to-

background compared to traditional FISH [32].

The focus of the work presented here is to expand the repertoire of applications available

from engineered nucleic acids using toehold-mediated strand displacement. Engineered

systems have the capacity to sense molecular cues (e.g., mRNA) and to produce an output

that leads to a change in the cell. Chapters 2, 3 and 4 present mechanisms with the aim
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of conditionally down-regulating gene expression via RNA interference (RNAi) in response

to detection of an input signal of an unrelated mRNA molecule. Chapter 2 presents a

catalytic system based on scRNAs that generates an RNAi effector molecule in response

to an mRNA target. In Chapter 3 we examine some possible explanations as to why

conditional RNAi is not obtained in tissue culture. Chapter 4 presents a system based

on scDNAs that conditionally transcribes an RNAi effector molecule. Finally, Chapter 5

expands upon the work presented by Choi et al. [32] to use fluorescent scRNAs as an

output signal for a sensitive, multiplexed northern blot detection of mRNAs and miRNAs.

The presented method has the potential to improve the study of transfected or expressed

scRNAs described in Chapter 3.
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Chapter 2

Engineering a conditional catalytic
DsiRNA formation mechanism

2.1 Introduction

RNA is a versatile molecule responsible for many processes within a cell. It serves both as

a template and as a component responsible for protein translation, RNA processing and

as a regulatory element. Regulatory RNAs are non-coding RNAs (ncRNAs) that control

gene expression; control of gene expression may be initiated by ribozymes, riboswitches,

riboregulators, antisense and RNA interference (RNAi) [1]. In this work, RNA’s ability to

down-regulate gene expression through RNA interference (RNAi) [2, 3] is utilized. RNAi

has the potential to silence any gene, which has made it an attractive tool to probe gene

function and serve as a potential therapeutic [4–6].

RNAi is a mechanism of post transcriptional gene silencing, induced by small interfering

RNAs (siRNAs) in a sequence specific manner. siRNAs are short dsRNAs 21–25 nucleotides

in length, with a phosphate at the 5′ end and a two-base overhang at the 3′ end [7–

10]. siRNAs can be introduced directly into the cell or they may be processed in the

cytoplasm from long double-stranded RNAs (dsRNAs) or short-hairpin RNAs (shRNAs)

by an RNaseIII endonuclease called Dicer [11–13]. Following siRNA formation, a single

strand of the siRNA, the guide strand, is incorporated into a complex of proteins known
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as the RNA-induced silencing complex (RISC) [14], while the second strand, the passenger

strand, gets degraded [15–18]. Next, RISC uses the guide strand to find the complementary

mRNA sequence via Watson-Crick base-pairing and endonucleolytically cleaves the target

mRNA [10, 19]. Once activated, RISC can undergo multiple rounds of mRNA cleavage,

mediating a robust response against the target gene [20].

The logic operation RNAi implements using an siRNA for gene Y is: silence gene Y.

As a result, RNAi is constitutively on. This may pose a limitation on the study of essential

genes as well as therapeutics. There are several approaches for spatio-temporal control

of RNAi, divided into “traditional” and “engineered” approaches. Traditional approaches

include targeted delivery [21] and controlled shRNA expression either by tissue-specific

promotors and/or activation/inactivation of promoters by small molecules or enzymatic

means [22–26] (discussed in Chapter 4). Engineered approaches rely on the use of non-

coding RNAs to control RNAi activity following detection of an input signal. These non-

coding RNAs harbor an RNAi effector molecule which, in its initial state, may or may not

be functional. The presence of an input signal results in a conformational change of the

molecule allowing RNAi to be turned on or off.

Small molecules have been used as the input signal to obtain conditional RNAi in cells

[27–31]. These mechanisms use an aptamer as the input signal that controls RNAi. In

addition to conditionality, small molecule activators also allow the output signal to be

tuned (e.g., more ligand, stronger signal). Current small-ligand based mechanisms rely on

cellular expression of the non-coding RNA and exogenous addition of the input signal.

As an alternative to small molecules, nucleic acids can be used to control the confor-

mation of non-coding RNAs; this opens the possibility of controlling RNAi via endogenous

nucleic acids such as mRNA. Several groups have attempted to achieve this goal. Xie et

al. [32] have engineered a sensor that generates an siRNA in response to a 140-nt RNA in

Drosophila embryo cell-free extract. While the system succeeds in detecting a long RNA

molecule, the detection sequence differs by two nucleotides from the sense strand of the



11

output siRNA resulting in the logic: If gene Y is detected, silence gene Y′.

With careful design, a conditional RNAi system can be engineered to implement the

logic operation: If gene X is detected, silence independent gene Y.

So far, two systems [33, 34] have been designed toward this goal. While both designs detect

and silence two independent sequences, they rely on the use of a short synthetic target and

not on a full-length mRNA. In the first system, Kumar et al. [34] based their design on

the miRNA pathway. In this pathway, a long stem-loop structure called primary-miRNA

is being processed by Drosha to produce a precursor-miRNA (pre-miRNA) which can

then be processed by Dicer [35, 36]. In their system, a non-coding RNA was expressed in

mammalian cells; upon the transfection of a short target X, the non-coding RNA underwent

a conformational change which resulted in the formation of a pri-miRNA. In the second

system, Masu et al. [33] engineered a system that, when annealed in a test tube with a short

synthetic RNA target X, generates a Dicer substrate. Neither system worked by detecting

an endogenous target. For RNAi activation in cells, the systems were either reacted outside

the cells or expressed inside the cells and triggered by addition of a chemically modified

synthetic target.

In this chapter, we present a conditional RNAi mechanism, that is intended to imple-

ments the logic: If gene X is detected, silence independent gene Y. Upon the detection of

mRNA X, the mechanism produces a Dicer substrate targeting gene Y. Conditional RNAi

activation is mediated by small conditional RNAs (scRNAs) through toehold-mediated

strand displacement. Activation of the mechanism is demonstrated in the presence of a

short synthetic nucleic acid target and full-length mRNA in a test tube. The mechanism

exhibits good ON-to-OFF ratio; in the absence of a detection target, minimal Dicer sub-

strate is formed. The Dicer substrate can be processed by Dicer in vitro while initial

and intermediate components remain intact. When generated in a test tube, the Dicer

substrate leads to down-regulation of gene expression in tissue culture.
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2.2 Mechanism

We envision a conditional RNAi mechanism based on Dicer processing. As such, the

output of the mechanism, the final product, must be an RNAi effector molecule: an siRNA,

shRNA or longer dsRNA. A long dsRNA was chosen since it allows more flexibility in the

design. Moreover, Kim et al. [37] have demonstrated that synthetic dsRNA duplexes 25–30

nucleotides long are more potent RNAi activators than siRNAs. This enhanced potency

is attributed to the fact that longer dsRNAs are Dicer substrates, directly linking siRNA

production and incorporation into RISC.

Our mechanism is based on metastable hairpins. By metastable we mean that the

hairpin conformation is not the global minima and it is kinetically trapped in a hairpin

state. A good mechanism should have good ON and OFF states. In the OFF state

the hairpins are kinetically trapped in the monomer state. In the presence of a detection

target (X) the mechanism is turned ON and the hairpins are “released” from their trap and

interact to form a Dicer substrate. The system components are hairpins with 3′ toeholds.

This way, as opposed to the mechanism presented in Appendix B, the siRNA antisense

sequence is never exposed as a single-stranded region during mechanism transduction and

therefore cannot interact with the silencing target prematurely.

The mechanism depicted in Figure 2.1, is an extension of the catalytic hairpin cascades

pioneered by Yin et al. [38]. The mechanism reactants consist of three hairpins: the first

hairpin (A) detects the detection target X, while the other two hairpins (B and C) serve

to produce a Dicer substrate against the silencing target Y. In the presence of detection

target X, toehold ‘a*’ of hairpin A binds to ‘a’ of the detection target, initiating a branch

migration of hairpin A, ending in the complex X·A and exposing ‘c’ on hairpin A (step

1, Figure 2.1). Next, toehold ‘c*’ of hairpin B binds to ‘c’ in the single-stranded region

of complex X·A, followed by a branch migration leading to the opening of hairpin B and

to the formation of complex X·A·B, exposing ‘x’ on B (step 2, Figure 2.1). In the third

step, toehold ‘x*’ of hairpin C binds to ‘x’ in the single-stranded region of complex X·A·B,
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leading to a branch migration and formation of complex X·A·B·C (step 3a, Figure 2.1).

Finally, entropy drives the release of complex B·C from X·A (step 3b, Figure 2.1). The

formed B·C complex harbors the output signal, domains ‘v-w-x-y-z’, which serve as a

substrate for Dicer, triggering the RNAi pathway.

The output of the mechanism (B·C in Figure 2.1) is inspired by Dicer substrate in-

terfering RNA (DsiRNA). Typical DsiRNAs contain a 25bp stem and a two nucleotide 3′

overhang in the antisense strand [37, 39, 40]. The incorporation of a 3′ overhang on only

one end introduces a preference for Dicer processing to start from that end since Dicer acts

as a molecular ruler, measuring its cleavage site from the 3′ end overhang [39, 41]. Due to

design constraints, the B·C final product contains a longer stem and a 5′ overhang instead

of a blunt end.

A notable feature of this mechanism is catalytic production of the final Dicer substrate

B·C. When complex B·C dissociates from X·A·B·C then X·A is released (step 3b, Figure

2.1). The re-emergence of complex X·A allows it to interact with a new B hairpin without

the need to detect a new target molecule. This way, the detection of one target molecule

(by one A hairpin) can lead to the formation of multiple Dicer substrates (B·C duplexes),

limited by the amount of B and C hairpins present.

2.3 Design

The design follows the logic operation: If gene X is detected, silence independent gene

Y. As can be seen in Figure 2.1, complete sequence independence is observed between

the detection target X (sequence ‘a-b-c-d’) and the silencing target Y (sequence ‘v-w-x-y-

z’). This makes it possible to re-program the mechanism to detect and silence different

genes. The sequence design space is constrained by the detection and silencing targets. The

sequences are constrained by either the detection target (DsRed mRNA) or silencing target

(destabilized eGFP mRNA, d2EGFP) with the exception of domain ‘e’. The purpose of this

domain is to allow some structural flexibility to the mRNA·A·B complex. Domain ‘e’ was
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set initially as two nucleotides but it can be made longer, shorter or removed altogether.

Domain ‘d’ in the loop of hairpin A is part of the detection feature of the hairpin. The

purpose of this domain is to help hairpin A stay bound to the target by the addition of

extra binding through the loop. This segment can also be removed if deemed unnecessary.

Sequences were assigned to our structures using the concentration-based multi-state

design feature on NUPACK [42, 43](Wolfe, unpublished data). It was previously demon-

strated in our lab that region 591–623 of DsRed is a good detection region. We therefore

specified the design code to chose the detection sequence from this region. The siRNA

output was selected from the full-length eGFP coding region. To assign sequences to struc-

tures, the design code locates regions in the mRNA that minimize the sum of the ensemble

defect (a measurement of how far the system is from an ideal design) [43, 44]. Designed

structures include the initial hairpin components (A, B, C), the final structure B·C as well

as the structures produced in the first and second steps (X·A and X·A·B, respectively).

Concentration based design was used to ensure that structure X·A·B dominates over dimer

X·A and monomer B in a dilute solution. The sequence segment ‘e’ that is not constrained

by the detection or silencing sequence was assigned by NUPACK to minimize the ensemble

defect.

Following the initial design of hairpins on NUPACK we used NUPACK’s thermody-

namic analysis tools [42, 45–47] to pick the set of designed sequences that performed best

according to the design specifications (starting materials form the correct structure and

that only desired complexes are formed). Based on thermodynamic analysis we then mod-

ified the dimensions of hairpins B and C to improve the design. Two nucleotides were

removed from the 5′ end of hairpin B and the corresponding two nucleotides were removed

from the toehold of hairpin C to ensure complementarity. This change made the stem of

hairpin B shorter while making the toehold longer and was predicted to improve the bind-

ing of hairpin B to complex Xshort·A (Xshort corresponds to the sequence of the detected

region on DsRed mRNA). To prevent Dicer from cleaving the starting and intermediate
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structures, we made the molecules shorter than a standard Dicer substrate and/or used

2′-OMe modifications.

Following initial in vitro studies (data not shown) the stem of hairpin C was shortened

by two nucleotides in order to obtain a longer toehold with the aim of improving conversion.

We also changed the 2′-OMe modification pattern of hairpin B. In the original design the

toehold of hairpin B was 2′-OMe while the rest of the hairpin was made of RNA. In the

second iteration, the toehold of hairpin B was changed to RNA and five bases at the 3′

end of the stem of hairpin B were changed to 2′-OMe. With this change we hoped to

achieve two goals: improve conversion and reduce leakage. When the toehold of hairpin

B binds to hairpin A we make 2′-OMe:RNA base-pairs rather than 2′-OMe:2′-OMe base-

pairs, potentially making a stronger bond which should improve our conversion. By placing

2′-OMe bases at the stem we change one end of the stem from RNA:RNA to RNA:2′-OMe,

again making a tighter bond [48, 49], which should reduce leakage. Alternative modification

patterns for all three hairpins were also explored (data not shown); we chose to proceed

with modifications which resulted in the best ON:OFF ratios and did not lead to unwanted

Dicer cleavage of reactants.

Hairpin A is made entirely of 2′-OMe, hairpin B has a stem which is partially modified

with 2′-OMe and the stem of hairpin C is half RNA and half 2′-OMe. The sequences listed

in Table 2.1 are the final versions used to generate the data presented in this chapter.

2.4 Results

2.4.1 In vitro studies

2.4.1.1 Study of ON:OFF properties of triggered Dicer substrate formation

A good mechanism is turned OFF in the absence of a detection target (hairpins do not

interact), while forming the final product (Dicer substrate) in its ON state upon the pres-

ence of a detection target. We demonstrate the different steps of our mechanism using



17

native polyacrylamide gel electrophoresis (Figure 2.2(a) and Figure A.1 in Appendix A).

In the OFF state, a minimal amount of Dicer substrate B·C is produced. The OFF state is

represented either using no target (lane 4, Figure 2.2(a)), an off-target mRNA Z (GAPDH

mRNA, lane 9, Figure 2.2(a)) or the output silencing target Y (d2EGFP mRNA, lane 10,

Figure 2.2(a)). The silencing target was used as an OFF state measurement since both

B and C hairpins contain sequences that are complementary to d2EGFP and we wanted

to verify that the output target cannot turn the mechanism ON by reversing the steps of

the mechanism. In the ON state, the Dicer substrate B·C is produced. The ON state is

demonstrated using both a short synthetic target (Xshort) and full-length DsRed mRNA

(X) (lanes 7,8 of Figure 2.2(a), respectively). The amount of B·C formed in the ON and

OFF states is quantified and normalized relative to production using Xshort (Figure 2.2(a)

and Figure A.2 in Appendix A).

2.4.1.2 Study of the catalytic properties of the mechanism

To demonstrate the catalytic property of the mechanism we used sub-stoichiometric amounts

of Xshort to trigger the formation of complex B·C. While the consumption of hairpin A is

limited by the amount of Xshort, if the mechanism is indeed catalytic then B and C will

still be consumed. As expected, the amount of B·C formed is greater than the amount of

Xshort present in the reaction; B and C are nearly consumed with as little as 0.3× Xshort

and roughly 50% are consumed with 0.1× Xshort within two hours (Figure 2.2(b), left to

right and Figure A.3 in Appendix A). The amount of B·C formed is quantified relative to

B·C production using 1× Xshort.

2.4.1.3 Dicer cleavage assays

The final product of our mechanism, complex B·C, was designed to be processed by Dicer

to produce an siRNA. We show here that indeed the Dicer substrate can be cut by Dicer

while the initial and intermediate components remain uncut. Components in the absence
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or presence of Xshort were subjected to an in vitro Dicer cleavage assay. In the OFF state,

none of the hairpins are processed by Dicer (Lane 2 in Figure 2.3), whereas in the ON

state, bands corresponding to an siRNA and higher molecular weight leftover products are

formed while the B·C band disappears (lane 4 in Figure 2.3). None of the other intermediate

complexes are processed by Dicer in vitro (see Figure A.4 in Appendix A).

2.4.1.4 Cell studies

We examine here the functionality of our mechanism in tissue culture. The sequences of

our mechanism were designed to detect DsRed and silence d2EGFP. The ON state of the

mechanism can be examined in cells expressing both DsRed and d2EGFP while the OFF

state can be examined in cells expressing only d2EGFP. Ideally, d2EGFP levels should be

knocked down in DsRed/d2EGFP expressing cells and remain unchanged in d2EGFP cells.
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We analyze our mechanism by examining the effect of each component on its own, the

full mechanism, a full mechanism with a short synthetic target as well as a DsiRNA control

against the same d2EGFP region. As can be seen in Figure 2.4(a), transfection of hairpin

A on its own results in DsRed down-regulation and d2EGFP up-regulation. Hairpin A

is designed to detect the target DsRed, the binding of hairpin A to DsRed may result in

DsRed knockdown by means of antisense or another pathway. RNAi is less likely since

hairpin A is entirely modified with 2′-OMe. The up-regulation of d2EGFP in response to

DsRed down-regulation might be due to more translation of d2EGFP now that DsRed is

not being generated. Hairpin B on its own seems to lead to some knockdown of d2EGFP.

In vitro Dicer cleavage assays show that hairpin B is not cut by Dicer (Figure 2.3 and

Figure A.4 in Appendix A). It is possible that the cellular environment allows hairpin B to

be cut by Dicer, or silencing may be mediated without Dicer processing (see discussion).

Hairpin C on its own does not significantly down-regulate DsRed or d2EGFP, as expected.

When the full mechanism (A+B+C) is introduced into cells DsRed is down-regulated and

surprisingly d2EGFP is highly up-regulated. Transfection of a full mechanism with a short

synthetic target (Xshort+A+B+C), of an annealed final product B·C or of a DsiRNA did

not result in d2EGFP knockdown.

When designing the mechanism, the d2EGFP silencing region was selected by the

NUPACK design code to optimize the ensemble defect of the mechanism and without

using prior knowledge regarding the effectiveness of the silenced region. Unfortunately, as

is evident from Figure 2.4(a), this region is not amenable to RNAi. Lack of silencing is

due to sequence and not transfection conditions as is exemplified by comparing DsiRNA

to DsiRNA2 in Figure Figure 2.4(b).

Due to the choice of d2EGFP silencing region, the current design was not capable

of leading to d2EGFP knockdown even if a Dicer substrate is formed once transfected.

We therefore modified the sequence of the design to detect the same DsRed region but

silence a d2EGFP region which works well according to data in the lab (for sequences see



21

DsiRNA page 203 triggered rnai notebook 1/16/2013

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

moc
k

DsiR
NA

DsiR
NA2

R
el

at
iv

e 
flu

or
es

ce
nc

e

d2EGFP
DsRed

(a)

A + 
B + 

C

X sh
ort

 +
 A + 

B + 
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

moc
k A B C

 

DsiR
NA

d2EGFP
DsRed

    
   B

•C

R
el

at
iv

e 
flu

or
es

ce
nc

e

(b)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

moc
k

DsiR
NA

DsiR
NA2

R
el

at
iv

e 
flu

or
es

ce
nc

e

d2EGFP
DsRed

(b)

A + 
B + 

C

X sh
ort

 +
 A + 

B + 
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

moc
k A B C

 

DsiR
NA

d2EGFP
DsRed

    
   B

•C

R
el

at
iv

e 
flu

or
es

ce
nc

e

(a)

page 193 triggered rnai notebook 12/10 - 12/12

Figure 2.4: Transfection of conditional Dicer substrate formation into HEK293
d2EGFP DsRed cells. Reverse transfection of 20pmol of each oligonucleotide or an-
nealed B·C. Flow cytometry was used to determine fluorescence. Mean fluorescence was
normalized relative to mock treated cells. Green bars represent relative d2EGFP fluores-
cence, red bars represent relative DsRed fluorescence. Error bars represent the standard
error of the mean of three samples. (a) Transfection of mechanism components. B·C was
annealed prior to transfection. (b) d2EGFP silencing via DsiRNA transfection. DsiRNA
targets the same d2EGFP region as the mechanism, DsiRNA2 was used as a control. See
table 2.2 for regions and sequences.
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Table 2.3). The ON and OFF states of the mechanism were compared by transfecting the

same mixture into cells lacking or expressing the DsRed detection target (Figure 2.5(a)

and (b), respectively). In both cell lines, transfection of a pre-annealed Dicer substrate

B2·C2 resulted in ∼80-90% d2EGFP knockdown, demonstrating that the final product

is functional and that the chosen d2EGFP silencing region works well. Transfection of

the three hairpins with a short synthetic target (Xshort+A2+B2+C2) resulted in ∼40%

d2EGFP knockdown in d2EGFP cells and ∼60% d2EGFP knockdown in d2EGFP DsRed

cells. Xshort was added to the hairpins immediately before the transfection reagent was

added to the mix so the reaction components were pre-incubated for a minimal time prior

to transfection. Comparing the silencing efficiency of B2·C2 relative to Xshort+A2+B2+C2

suggests that the reaction with Xshort does not go to completion and less B2·C2 is formed.

When the hairpin components of the mechanism are transfected (A2+B2+C2), ∼15%

d2EGFP knockdown is observed in d2EGFP cells (similar to B2 transfection on its own) and

∼40% d2EGFP knockdown in d2EGFP DsRed cells (Figure 2.5(a) and (b), respectively).

In cells expressing both d2EGFP and DsRed both B2 and C2 hairpins knockdown d2EGFP

by ∼20% (Figure 2.5(b)).

Next, we examine whether the ∼40% d2EGFP knockdown observed by A2+B2+C2

transfection into cells expressing for d2EGFP and DsRed is due to the mechanism being

turned ON. Due to the variability of the d2EGFP silencing efficiency between the two

cell lines we chose to use the DsRed expressing cell line for this study. Unfortunately, a

∼20% variability in d2EGFP knockdown exists between the two transfections of the ON

state (A2+B2+C2 samples in Figures 2.5(b) and (c)) making it difficult to compare the

separate experiments. Still, d2EGFP appears to be down-regulated by transfection of the

un-annealed B2 and C2 hairpins (sample B2 + C2 in Figure 2.5(c)). It is not clear if this

is due to leakage or a cumulative effect of each hairpin silencing d2EGFP on its own.
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Figure 2.5: Conditional Dicer substrate formation is not functional in vivo. Re-
verse transfection of 20pmol of each oligonucleotide or annealed B2·C2. Flow cytometry
was used to determine fluorescence. Mean fluorescence was normalized relative to mock
treated cells. Green bars represent relative d2EGFP fluorescence, red bars represent rel-
ative DsRed fluorescence. Error bars represent the standard error of the mean of three
samples. (a) Validation of OFF state. Transfection of mechanism components into cells
lacking the DsRed detection target. B2·C2 was annealed prior to transfection. (b) Valida-
tion of ON state. Transfection of mechanism components into cells expressing the DsRed
detection target. B2·C2 was annealed prior to transfection. (c) Transfection of leakage
controls into cells expressing DsRed and d2EGFP.
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2.5 Discussion

In this chapter we presented a catalytic mechanism that conditionally produces a Dicer

substrate upon the detection of an mRNA target. While traditional RNAi implements the

logic silence gene Y, the mechanism described in this chapter implements the logic if gene

X is detected then produce a Dicer substrate targeting independent gene Y. Our mechanism

is comprised of three scRNA hairpins which form a signal transduction cascade in which

the detection of an mRNA target X results in conformational change of the hairpins leading

to formation of a Dicer substrate targeting independent gene Y.

We demonstrated conditional Dicer substrate formation in a test tube. In the absence

of a detection target the hairpins do not interact and minimal Dicer substrate is formed.

Upon the presence of a short synthetic target or a full-length mRNA detection target

the output of the mechanism results in a Dicer substrate. The mechanism is catalytic,

detection of sub-stoichiometric amounts of target result in production of Dicer substrate

with observed turnover of approximately 100% with as little as 0.3× target and roughly

50% turnover is observed with as little as 0.1× target.

The produced Dicer substrate was inspired by DsiRNAs yet it is a non-canonical Dicer

substrate. Like a DsiRNA, it has a two nucleotide 3′ overhang on one end. The purpose

of this overhang is to introduce a preference for Dicer processing to start from that end.

Unlike a DsiRNA, its opposite end has a 5′ overhang instead of a blunt end. Despite

being a non-canonical substrate, it is cleaved by recombinant Dicer in vitro. Furthermore,

when transfected into cells it results in efficient gene knockdown, comparable to that of a

DsiRNA.

The silencing observed by the generated non-canonical Dicer substrate suggests that

the output of a functioning mechanism should result in gene knockdown. To date, we have

not been successful in achieving conditional RNAi in cells. Several factors can contribute

to our mechanism being non-functional in vivo. For the mechanism to work, three hairpins

need to be co-delivered into cells. Our current delivery strategy might be insufficient;



25

alternative delivery methods need to be explored. One such possibility is expressing the

scRNAs off a plasmid, this is further discussed in Chapter 3.

Our hairpins were designed to be small as well as chemically modified so that they are

not cleaved by Dicer. In vitro studies show that we were successful in this goal. Yet, some

silencing was observed by single hairpins in cells. It is possible that silencing is mediated

by non-Dicer pathways. Other than achieving gene-knockdown, it could also be that the

hairpins are bound or degraded by cellular proteins and are therefore not available to the

mechanism. This is discussed in further detail in Chapter 3.

For signal transduction to occur, the mechanism relies on toehold-mediated branch

migration. The toehold dimensions and/or effective concentration may not be sufficiently

high. Some DsRed knockdown is observed by hairpins A and A2 (Figure 2.4 and 2.5,

respectively). Both hairpins are fully modified with 2′-OMe and therefore are not expected

to be enzymatically processed. Therefore, we postulate that DsRed silencing is observed

via an antisense mechanism, suggesting that the hairpin is bound to the DsRed mRNA

and that toehold-mediated branch migration is observed. Further studies are needed to

validate this hypothesis.

The selected detection and silencing targets used are fluorescent proteins. Interest-

ingly, in some cases when d2EGFP expression is down-regulated, DsRed expression is

up-regulated and vice versa (see Figures 2.4 and 2.5). One explanation would be that the

mRNA of one fluorescent protein is degraded allowing for more translation of the other

fluorescent protein. However, this phenomenon is not consistent across different trans-

fected samples. For example, in Figure 2.5(b) transfection of DsiRNA2 results in d2EGFP

knockdown and DsRed up-regulation while transfection of annealed B2·C2 down-regulates

d2EGFP to the same extent of sample DsiRNA2 but DsRed expression does not appear to

change. The cause for this discrepancy could be activation of an immune response such as

protein kinase R (PKR) by B2·C2 but not by DsiRNA2. Activation of PKR would inhibit

translation [50, 51], potentially causing DsRed expression to remain unchanged. Further
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studies are needed to validate this hypothesis.

While still facing challenges in vivo, implementing conditional RNAi has profound

applications as both a research tool and as a therapeutic agent. As a research tool, triggered

RNAi mechanisms will allow gene Y to be silenced in a specific tissue or at a specific

developmental stage by appropriately selecting gene X. Alternatively, the spatio-temporal

expression of any gene can be reported visually by specifying gene Y as a fluorescent protein

or a regulator of a fluorescent protein. As a therapeutic, triggered RNAi could potentially

treat any disease that is encoded genetically and could benefit from down-regulation of

gene expression or specific cell death such as cancer or autoimmune diseases. For example,

to treat cancers, it could be possible to detect an mRNA cancer marker and silence a

housekeeping gene to kill the diseased cell.

The mechanism proposed in this work produces a dsRNA substrate designed to inter-

act with the RNAi pathway. However, it is not limited to RNAi. By altering the final

product this mechanism has the potential to (conditionally) interface with biology through

other means. The final product can have immunostimulatory effects through induction of

proinflamatory cytokines and type I interferon via interaction with receptors such as RIG-I

and TLRs etc [52–54]. The final product can also be designed to serve a double function

as both immunostimulatory and gene downregualtor [55]. Furthermore, gene knockdown is

not limited to eukaryotes encoding the RNAi pathway. It has recently been discovered that

bacteria and archaea have nucleic acid based adaptive immune systems termed CRISPR.

This system relies on small RNAs for sequence specific silencing of foreign nucleic acids

[56, 57]. As understanding of this system grows it is becoming evident that CRISPR, in a

similar fashion to RNAi, can be programmed as well [58, 59]. The above described mech-

anisms may offer the potential to conditionally knock down genes not only in eukaryotes

but in bacteria and archaea as well.



27

2.6 Materials and methods

Oligonucleotides. Oligonucleotides were synthesized and HPLC purified by Integrated

DNA Technologies (IDT). Strands were diluted to the desired concentration in 1× duplex

buffer (20 mM Hepes, pH 7.5, 100 mM Potassium Acetate). Oligonucleotide concentra-

tions were determined and adjusted using A260 absorbance on a NanoDrop8000 (Thermo

Scientific). Further adjustments were performed by incubating different ratios of individual

strands for 2 hours at 37◦C followed by gel electrophoresis until correct stoichiometry was

obtained.

Hairpins were snap cooled by heating them to 95◦C for 90 seconds followed by a 30 sec-

ond incubation on ice and room temperature incubation of at least 30 minutes. Complexes

were annealed by heating to 90◦C for 3 minutes followed by a controlled gradual cooling

at -1◦C per minute to 23◦C in a PCR block.

Oligonucleotide sequences. For a list of sequences see Tables 2.1, 2.2, 2.3.

To separate Xshort·A from B·C on a 20% native polyacrylamide gel, a target longer

than 27 nucleotides is needed. Therefore, a 33-nucleotides-long target was used. Three

bases were added to the 5′ end of the target and three bases were added to the 3′ end of

the target (see Table 2.1). These extra bases do not affect the properties of our mechanism

(data not shown).

Polyacrylamide gel electrophoresis. Hairpins and Xshort were used at 0.5µM each,

mRNA targets were used at 1µM. Reactions were carried out for two hours at 37◦C in

1× duplex buffer. 20% native polyacrylamide gels were cast and run in 1× TBE (Tris-

Borate-EDTA) at 200V. Denaturing polyacrylamide gels were cast and run in 1× TBE at

500V unless otherwise specified. Denaturing gels were pre-run at 500V for 1–2hr (unless

otherwise specified). Gels were stained in 1×SYBR Gold (Life Technologies) for 10 minutes

at room temperature and imaged using an FLA-5100 imaging system (Fuji Photo Film).

Quantification and band intensity plots. Multi Gauge ver3.0 (Fujifilm) software was

used for quantification and intensity plot data. Bands were quantified using the “Quant
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Strand Sequence

Xshort GGCAAGCUGGACAUCACCUCCCACAACGAGGAC
A UCACCUCCCACAACGCUUCAAGUCCGCCAUCUCUCGUUGUGGGAGGU

GAUGUCCAGCUU
B UCAAGUCCGCCAUGCCCG CAACGAUGGCGGACUUGAAGCGUUG
C CGCCAUGCCCGCAACGCUUCAAGUCCGCCAUCGUUG∗CGGGCAUGGCG

GACUUGAAG

Table 2.1: List of strands for triggered Dicer substrate formation mechanism. DsRed re-
gion: 592–618, d2EGFP region: 252–271. In red are sequences corresponding to DsRed, in
green are sequences corresponding to EGFP, in black are random bases. 2′-OMe modifica-
tions are underlined. ∗ The nucleotide at the 5′ end of the guide strand is part of the DsRed
coding sequence. This is not part of the overall design but rather a result of trimming of
hairpin C (see Section 2.3). Since silencing potency was not affected by this, we left it as
is.

Strand Sequence

DsiRNA sense UCAAGUCCGCCAUGCCCGCAACGAU
DsiRNA antisense AUCGUUGCGGGCAUGGCGGACUUGAAG
DsiRNA2 sense UACGGCAAGCUGACCCUGAAGUCUC
DsiRNA2 antisense GAGACUUCAGGGUCAGCUUGCCGUACA

Table 2.2: List of DsiRNA sequences. DsiRNA targets region 252–271 of d2EGFP.
DsiRNA2 targets region 118–140 of d2EGFP.

Strand Sequence

Xshort GGCAAGCUGGACAUCACCUCCCACAACGAGGAC
A2 UCACCUCCCACAACGCUGACCCUGAAGUUCCACUCGUUGUGGGAGGU

GAUGUCCAGCUU
B2 GACCCUGAAGUUCAUCUGCAACGGAACUUCAGGGUCAGCGUUG
C2 AAGUUCAUCUGCAACGCUGACCCUGAAGUUCCGUUG∗CAGAUGAACUU

CAGGGUCAG

Table 2.3: List of strands for triggered Dicer substrate formation mechanism 2. DsRed
region: 592–618, d2EGFP region: 127–148. In red are sequences corresponding to DsRed,
in green are sequences corresponding to EGFP, in black are random bases. 2′-OMe mod-
ifications are underlined. ∗ The nucleotide at the 5′ end of the guide strand is part of the
DsRed coding sequence. This is not part of the overall design but rather a result of trim-
ming of hairpin C (see Section 2.3). Since silencing potency was not affected by this, we
left it as is.
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Measure mode.” Data points for band intensity plots were gathered using the profile feature.

ON-to-OFF ratio was determined by setting the ON ratio with a short target to 100%.

In vitro Dicer assay. Dicer reactions were performed using the Recombinant Human

Turbo Dicer Enzyme kit (Genlantis) according to the manufacturer with some modifica-

tions. Reactions were preformed at 0.5µM in 10 µL using 0.5 unit of turbo Dicer. Hairpins

were snap cooled prior to Dicer reaction. Dicer, target and reactants were all mixed at

the same time (i.e., the reactants were not pre-incubated with their target prior to ad-

dition of Dicer). Dicer reactions were carried out for 2 hours at 37◦C, reactions were

stopped by the addition of the appropriate loading dye. siRNA formation was determined

by polyacrylamide gel electrophoresis.

Cell lines and transfections. HEK293 d2EGFP cells were a generous gift from Dr. Chase

Beisel. The destabilized EGFP sequence comes from pd2EGFP-1 plasmid (Clonetech,

PT3205-5 catalog #6008-1). HEK293 d2EGFP DsRed cells were generated by a sta-

ble transfection of pDsRed2-1-C1 (Clonetech, PT3603-5 catalog #632407) into HEK293

d2EGFP cells. Cells were maintained at 37◦C 5% CO2 in DMEM (Invitrogen) supple-

mented with 10% fetal bovine serum (Invitrogen). Transfections were carried out at

the specified oligonucleotide concentrations using Lipofectamine RNAiMAX transfection

reagent (Invitrogen) according to the reverse transfection protocol. 1–2*105 cells were

plated per well of a 24-well plate. Cell counts and viability were determined using the

Countess automated cell counter according to the manufacturer (Invitrogen).

Flow cytometry. 24–48 hours post transfection samples were trypsinized for 5 minutes

at 37◦C, the trypsin was then quenched with DMEM growth media supplemented with

10% FBS. Samples were run on a BD Accuri C6 flow cytometer (BD Biosciences). Healthy

cells were gated according to their scatter using untreated cells. Results represent the

normalized mean and error bars represent the standard deviation of the mean of three

transfected samples.

pTnT-DsRed construction. The DsRed mRNA coding sequence was amplified off
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pDsRed2-C1 (Clonetech, catalog #632407) using Taq DNA polymerase. The forward and

reverse primers included the MluI and NotI restriction sites (respectively) for directional

cloning. The DsRed mRNA coding sequence was cloned into pTnT vector (Promega, cat-

alog #L5610) between the MluI and NotI restriction sites. The construct was verified by

sequencing.

DsRed mRNA sequence

1 ATGGCCTCCT CCGAGAACGT CATCACCGAG TTCATGCGCT TCAAGGTGCG CATGGAGGGC

61 ACCGTGAACG GCCACGAGTT CGAGATCGAG GGCGAGGGCG AGGGCCGCCC CTACGAGGGC

121 CACAACACCG TGAAGCTGAA GGTGACCAAG GGCGGCCCCC TGCCCTTCGC CTGGGACATC

181 CTGTCCCCCC AGTTCCAGTA CGGCTCCAAG GTGTACGTGA AGCACCCCGC CGACATCCCC

241 GACTACAAGA AGCTGTCCTT CCCCGAGGGC TTCAAGTGGG AGCGCGTGAT GAACTTCGAG

301 GACGGCGGCG TGGCGACCGT GACCCAGGAC TCCTCCCTGC AGGACGGCTG CTTCATCTAC

361 AAGGTGAAGT TCATCGGCGT GAACTTCCCC TCCGACGGCC CCGTGATGCA GAAGAAGACC

421 ATGGGCTGGG AGGCCTCCAC CGAGCGCCTG TACCCCCGCG ACGGCGTGCT GAAGGGCGAG

481 ACCCACAAGG CCCTGAAGCT GAAGGACGGC GGCCACTACC TGGTGGAGTT CAAGTCCATC

541 TACATGGCCA AGAAGCCCGT GCAGCTGCCC GGCTACTACT ACGTGGACGC CAAGCTGGAC

601 ATCACCTCCC ACAACGAGGA CTACACCATC GTGGAGCAGT ACGAGCGCAC CGAGGGCCGC

661 CACCACCTGT TCCTGAGATC TCGAGCTCAA GCTTCGAATT CTGCAGTCGA CGGTACCGCG

721 GGCCCGGGAT CCACCGGATC TAGATAA

pGEM-T easy-d2EGFP construction. The d2EGFP mRNA coding sequence

was cloned from cells expressing d2EGFP (generous gift from Dr. Beisel) based on the

pd2EGFP-1 (Clontech, catalog #6008-1) sequence and cloned into pGEM-T easy vector

(Promega, catalog #A1360)

d2EGFP mRNA sequence

1 ATGGTGAGCA AGGGCGAGGA GCTGTTCACC GGGGTGGTGC CCATCCTGGT CGAGCTGGAC
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61 GGCGACGTAA ACGGCCACAA GTTCAGCGTG TCCGGCGAGG GCGAGGGCGA TGCCACCTAC

121 GGCAAGCTGA CCCTGAAGTT CATCTGCACC ACCGGCAAGC TGCCCGTGCC CTGGCCCACC

181 CTCGTGACCA CCCTGACCTA CGGCGTGCAG TGCTTCAGCC GCTACCCCGA CCACATGAAG

241 CAGCACGACT TCTTCAAGTC CGCCATGCCC GAAGGCTACG TCCAGGAGCG CACCATCTTC

301 TTCAAGGACG ACGGCAACTA CAAGACCCGC GCCGAGGTGA AGTTCGAGGG CGACACCCTG

361 GTGAACCGCA TCGAGCTGAA GGGCATCGAC TTCAAGGAGG ACGGCAACAT CCTGGGGCAC

421 AAGCTGGAGT ACAACTACAA CAGCCACAAC GTCTATATCA TGGCCGACAA GCAGAAGAAT

481 GGCATCAAGG TGAACTTCAA GATCCGCCAC AACATCGAGG ACGGCAGCGT GCAGCTCGCC

541 GACCACTACC AGCAGAACAC CCCCATCGGC GACGGCCCCG TGCTGCTGCC CGACAACCAC

601 TACCTGAGCA CCCAGTCCGC CCTGAGCAAA GACCCCAACG AGAAGCGCGA TCACATGGTC

661 CTGCTGGAGT TCGTGACCGC CGCCGGGATC ACTCTCGGCA TGGACGAGCT GTACAAGAAG

721 CTTAGCCATG GCTTCCCGCC GGAGGTGGAG GAGCAGGATG ATGGCACGCT GCCCATGTCT

781 TGTGCCCAGG AGAGCGGGAT GGACCGTCAC CCTGCAGCCT GTGCTTCTGC TAGGATCAAT

841 GTGTAG

mRNA in vitro transcription. pGEMTeasy-GAPDH was a gift from Lisa Hochrein.

Plasmids were linearized by restriction digestion. DsRed was in vitro transcribed us-

ing T7-Scribe Standard RNA IVT Kit (CELLSCRIPT) according to the manufacturer.

d2EGFP and GAPDH were in vitro transcribed using SP6-Scribe Standard RNA IVT Kit

(CELLSCRIPT) according to the manufacturer. Transcribed mRNA was purified using

RNeasy Protect Mini Kit (Qiagen) according to the manufacturer. mRNA concentration

was determined using A260 absorbance on a NanoDrop8000 (Thermo Scientific).
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Chapter 3

Characterization of cellular modes
of failure for conditional Dicer
substrate formation in tissue
culture

3.1 Introduction

In Chapter 2 we presented the design of a conditional catalytic RNAi mechanism that

intended to implement the logic operation: If gene X is detected, then silence independent

gene Y. We demonstrated that minimal Dicer substrate was formed in the absence of X

while in the presence of either a short synthetic or a full-length mRNA target X the Dicer

substrate for Y was generated. While the generated Dicer substrate is non-canonical, it

is functional. Dicer can process the substrate in vitro and when transfected into cells

as a pre-made complex, knockdown of Y was observed. Despite being able to design a

system that is functional in vitro, the mechanism does not lead to gene silencing in tissue

culture. The mode of failure may be due to a poor choice of sequences, a mechanistic flaw,

branch migration not occurring in cells, a problem in delivery, protein sequestration and/or

degradation of components or a combination thereof.

In our design process, both the hairpins as well as intermediate components were de-
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signed to not be processed by Dicer. This was done by keeping hairpin stem dimensions

smaller than standard shRNAs [1] and/or by using 2′-OMe chemical modifications so that

the duplexes are not cleaved by Dicer. However, recent findings suggest that molecules

shorter than standard siRNAs and shRNAs can also lead to gene silencing. Asymmetric

interfering RNA (aiRNA) duplexes with a full antisense strand and a 15bp sense strand

can lead to gene knockdown via RNAi [2–4] as can short siRNA with a 16bp duplex and

two base overhangs [3]. RNAi can also be achieved by segmenting the sense strand of siR-

NAs into two short sequences in order to generate a small internally segmented interfering

RNA (sisiRNA) [5]. shRNAs with shorter stems (16–19bp, termed sshRNA) are not pro-

cessed by Dicer in vitro, however they do maintain their gene silencing properties [6]. It is

speculated that a nuclease other than Dicer is responsible for cleavage of these sshRNAs.

Supporting this hypothesis, Ago2 has been recently found to catalyze the maturation of

pre-miRNA-451 [7–9]. The secondary structure of pre-miRNA-451 is similar to that of an

sshRNA; it contains a 17bp stem and is not processed by Dicer.

This chapter aims to characterize the reason why triggered RNAi is not observed in

tissue culture. To overcome delivery issues we constructed plasmids to express hairpins

or a subset of our mechanism. The fact that many non-canonical substrates can lead

to efficient RNAi raises the question whether our molecules also interact with the RNAi

pathway in a non-desired manner. We examine the fate of some of our hairpins inside the

cells. We address the question of whether the hairpins are being processed using northern

blots and of whether they can lead to Ago2-mediated silencing using 5′ rapid amplification

of complementary DNA (cDNA) ends (5′ RACE).

3.2 Results

We tested multiple designs for a conditional Dicer substrate formation mechanism in test

tube as well as in tissue culture. While the work in Chapter 2 was done using a 3′-

toehold-based mechanism, the work presented in this chapter uses hairpins both from a
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5′-toehold-based mechanism (see Appendix B) as well as a 3′-toehold-based mechanism. To

address the issues of poor choice of sequences and/or a mechanistic flaw we tried different

designs using different subsequences of DsRed and d2EGFP, as well as testing different

dimensions of toeholds, stems and loops. None of these variations resulted in a functional

mechanism in tissue culture (data not shown).

3.2.1 Examination of toehold mediated branch migration in tissue cul-

ture and combatting delivery

The conditional Dicer substrate formation mechanism is complex. Three hairpins must

enter the same cell, detect an endogenous mRNA target as well as interact with one another.

We next tried to reduce the complexity of the mechanism by using the minimal components

necessary to induce RNAi. The minimal requirements to form a Dicer substrate are the

single stranded region of hairpin M1.B (termed M1.Bshort) bound to hairpin M1.C (Figure

3.1(a), highlighted parts). If transfection of M1.Bshort together with hairpin M1.C will lead

to down-regulation of d2EGFP in cells, this is an indication that branch migration may be

occurring within cells. Figure 3.1(b) demonstrates that transfection of either component

on its own results in minimal down-regulation of d2EGFP; this is despite the fact that

M1.Bshort is the antisense sequence to d2EGFP. When transfected together (in the same

vesicle), M1.Bshort and M1.C can interact during the transfection process but may not

necessarily interact inside the cells. To verify, the transfection was split into two: one

complex contained only M1.Bshort while the second complex contained only M1.C, both

complexes were added to the cells simultaneously. Split transfection of M1.Bshort and M1.C

leads to approximately 50% knockdown of d2EGFP while transfection of the annealed

duplex or a control DsiRNA results in approximately 90% knockdown. No increase in

down-regulation was observed when the transfection concentration is increased ∼4-fold.

It is possible that, despite forming a separate transfection complex for each strand, the

M1.Bshort vesicles and the M1.C vesicles fuse during the transfection processes resulting in
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binding of M1.Bshort and M1.C outside of the cells and not in the cells. To rule this out,

hairpin M1.C was transfected on its own and three hours later an additional transfection

of M1.Bshort was done (Figure 3.1(b), 83nM C, then Bshort). Similar levels of d2EGFP

knockdown were observed compared to a split transfection. This data is suggestive of the

opening of hairpin M1.C by M1.Bshort inside cells. The cells were not washed prior to the

second transfection and so it is still possible that some vesicles containing M1.C remained

outside the cells and that those vesicles fused with the Bshort vesicles prior to entering the

cells. We therefore sought to express both strands in cells; expression of the components

rules out their interaction during transfection.

Strands were cloned into pSilencer plasmid (Ambion) under the control of an H1 pro-

moter between the BamHI and HindIII sites. Co-delivery of pSilencer-M1.Bshort with

hairpin M1.C or co-delivery of pSilencer-M1.Bshort and pSilencer-M1.C did not result in

d2EGFP knockdown (data not shown). To overcome the need to deliver two plasmids into

the same cell we next sought to express both strands off the same plasmid. M1.Bshort was

cloned into pSilencer under the control of a U6 promoter between the BamHI and HindIII

sites. A shorter version of M1.Bshort without domain ‘b’ (see Figure 3.1(a)) was used.

Domain ‘b’ is the two nucleotide overhang of the Dicer substrate, this overhang will be in-

troduced from the termination sequence of Pol III polymerase and is therefore unnecessary.

The U6 promoter: M1.Bshort cassette was amplified off the plasmid and cloned between the

NarI sites in pSilencer H1 promoter: M1.C plasmid. Expression of the simplified system

did not lead to d2EGFP knockdown. The observed reduction in d2EGFP levels appears

to be due to expression of hairpin M1.C, this is contradictory to data obtained from trans-

fecting hairpin M1.C (Figure 3.1(b) and (c)). Northern blot analysis was done to confirm

the expression of M1.C and M1.Bshort, however no signal was obtained (data not shown).

Future studies are needed to determine whether this is due to a low expression level or an

unoptimized blotting protocol. Expression of a GFP shRNA in combination with a DsRed

shRNA into d2EGFP DsRed expressing cells resulted in knockdown of both proteins as was
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determined by flow cytometry, suggesting that a different plasmid expressing two hairpins

is functional (data not shown).

An additional attempt to combat insufficient delivery of hairpins and/or degradation

was made by generating an expression plasmid that can transcribe three different inserts

under separate promoters. Such a plasmid will enable a single cell to transcribe the three

hairpins of the mechanism while a continuous production of hairpins would compensate for

hairpin degradation. Each insert was cloned using a different set of restriction sites allowing

for convenient exchange of inserts (Figure 3.2(a), for a list of constructed plasmids, refer to

the Materials and methods section). Transfection of a plasmid expressing a full conditional

Dicer substrate formation mechanism (sample A B C in Figure 3.2(b)) did not lead to down-

regulation of d2EGFP. The observed reduced expression of d2EGFP appears to be due to

expression of hairpin M1.C as can be seen by sample hairpin C and two negative control

shRNAs in Figure 3.2(b). The negative control shRNA does not lead to d2EGFP down-

regulation as can be seen by transfection of a plasmid expressing three negative control

shRNAs (Figure 3.2(b)). To examine whether the plasmid expresses all components, a

northern blot was performed. The data suggests that only hairpin M1.C is expressed in

significant levels in cells. An extremely faint band was detected for hairpin M1.B and no

signal was detected for hairpin M1.A.

Both U6 and H1 promoters are transcribed by RNA polymerase III and are therefore

competing for resources. Work comparing the efficiency of U6 versus the H1 promoters

for lentiviral delivery of shRNAs shows that the U6 promoter is superior to H1 in both

tissue culture and in vivo [10]. In the expression plasmid created, hairpin M1.C is under

the control of a U6 promoter whereas hairpins M1.A and M1.B are under the control of

an H1 promoter. This could result in the observed variation of hairpin expression. To

further pursue the expression of a full mechanism, the plasmid should be changed so that

all hairpins are under the control of the same promoter with the goal of achieving a similar

expression level for all hairpins.
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Figure 3.1: d2EGFP knockdown via a simplified triggered Dicer substrate for-
mation mechanism (M1). (a) Schematic representation of the simplified mechanism.
Highlighted regions represent the transfected strands. (b) Relative d2EGFP fluorescence
26 hours post transfection. Transfections were done in triplicate using 20nM final concen-
tration of each strand unless otherwise specified. (c) Plasmid expression of a simplified
mechanism. Relative d2EGFP fluorescence 48 hours post transfection. M1.Bshort+M1.C
and negative shRNA+GFP shRNA are plasmids expressing two different strands from the
same plasmid. One sample per transfection was analyzed.
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Figure 3.2: Expression of three hairpins from one plasmid, M1 mechanism. (a)
Schematic representation of the expression construct. Black arrows represent promoters
and their direction. Colored lines represent three different inserts. Restriction enzymes
used for the cloning of each hairpin are listed. Drawing is not to scale. (b) Relative d2EGFP
and DsRed fluorescence 48 hours post triple-expression plasmid transfection. Transfections
were done in triplicate, error bars represent the standard deviation of the mean. Negative
shRNA sequence was adapted from the pSilencer negative control (Ambion). (c) Northern
blot analysis for the expression of hairpins from a plasmid expressing M1.A, M1.B and M1.C
hairpins. A triple expression plasmid was transfected into HEK293 d2EGFP cells. Total
RNA was extracted using Trizol 24 hours post transfection, 30µg total RNA were run per
blot. Two pmol of synthetic M1.A and M1.B hairpins and five pmol of M1.C hairpin were
blotted as controls. Blotting conditions were according to the mirVana miRNA blotting
procedure (see Materials and methods in Chapter 5) using 40nM of biotin labeled DNA
probes. Probes are the reverse complement of each hairpin. Detection was carried out using
a biotin chromogenic detection kit (Thermo Scientific) according to the manufacturer.
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3.2.2 Study of hairpin degradation in tissue culture

Expression of hairpin M1.C in cells leads to d2EGFP knockdown which indicates that the

hairpin may get cleaved inside the cells. Hairpin M1.C has an 18bp stem, a 5′ eight-base

toehold and a 16-nucleotide loop with some secondary structure (Figure 3.3(a)). While it

has a shorter stem than a canonical Dicer substrate (as well as a non-canonical 5′ toehold)

the secondary structure of the loop may be considered as part of the stem. Indeed, this

hairpin can be processed by Dicer in vitro (see Appendix B Figure B.1)b)). We used 2′-OMe

blot analysis to determine whether hairpin M1.C is being cut inside the cells. Northern

blot confirms that a fraction of the hairpin is being cut 10 hours post transfection (Figure

3.3, C hairpin). Chemical modification of hairpin M1.C with 2′-OMe reduced cleavage as

expected (Figure 3.3, C2 hairpin and Appendix B Figure B.1(c)). It is yet to be determined

whether the observed lower band in Figure 3.3(c) (C2 hairpin) is due to some cleavage or

impurity in the IDT synthesis. Cleavage products were observed both via SYBRGold

staining pre-transfer and using a 2′O-Me blot (Figure 3.3(b) and (c), respectively). Not

all of the cleavage product bands are detected by blotting, this is probably due to the

choice of a full complement probe which has a hairpin secondary structure. To see if loop

size and secondary structure matter for cleavage we changed the loop of hairpin C to four

nucleotides (Figure 3.3, C3); the shorter loop did not affect cleavage.

3.2.3 Silencing by mechanism hairpin C is mediated by RNAi

In Chapter 2 we presented a system based on hairpins with 3′ toeholds. This section

focuses on studies done with hairpin M2.C from a 3′ toehold system. This hairpin is

shorter than the hairpin in Chapter 2. Hairpin M2.C is predicated to have a 15bp stem

and a six-nucleotide 3′ toehold (Figure 3.4(a), M2.C) and is therefore not a conventional

Dicer substrate. However, in vitro Dicer assays show that this hairpin can be somewhat

cleaved. To reduce Dicer processing hairpin M2.C was modified with 2′O-Me across the 5′

end of the stem and halfway into the loop (Figure 3.4(a), M2.C2). This modification pattern
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Figure 3.3: Hairpin C of mechanism M1 is partially degraded in tissue culture.
(a) Predicted minimum free energy secondary structure of hairpins analyzed by NUPACK.
Highlighted bases represent 2′O-Me modifications. (b) Pre-transfer SYBRGold staining of
2′O-Me blot gels. 50nM of each hairpin was transfected into HEK293A cells, transfections
were done in duplicate. Total RNA was extracted using Trizol 10 hours post transfec-
tion, all of the total RNA collected from two transfections was run per blot. One pmol of
synthetic M1.C hairpin was blotted as a control. (c) Northern blot analysis for the degra-
dation of hairpin C in cells. Blotting conditions were according to the mirVana miRNA
blotting procedure (see Materials and methods in chapter 5) using 20nM of biotin labeled
DNA probe (hairpin C reverse complement). Detection was carried out using a biotin
chromogenic detection kit (Thermo Scientific) according to the manufacturer.
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abrogated Dicer cleavage in vitro (Figure 3.4(b)). Mechanism M2 targets d2EGFP region

597–615. This region is not a good silencing target, as can be seen by the siRNA transfection

in Figure 3.4(c). Nevertheless, hairpin M2.C can lead to d2EGFP knockdown in similar

levels to an siRNA. As expected, M2.C2, which is chemically modified, exhibits reduced

d2EGFP knockdown. Supporting evidence comes from 2′O-Me blot analysis demonstrating

that hairpin C was digested to an siRNA-like size in tissue culture. While the chosen probe

and/or blotting conditions are not sufficient for detection of full-length M2.C and M2.C2,

a band corresponding an siRNA in size is observed in cells transfected with M2.C. Again,

hairpin M2.C2 does not appear to be cleaved (Figure 3.4(d)).

Finally, we use 5′ rapid amplification of cDNA ends (5′ RACE) to examine whether

knockdown is mediated by the RNAi pathway. Ago2 has a defined cleavage site and is

expected cut the target mRNA between bases nine and ten relative to the 5′ end of the

mRNA (10–11 nt downstream from the 5′ end of the guide strand) [11, 12]. If M2.C

silence via Ago2, the d2EGFP mRNA is expected to be cleaved between nucleotides 605

and 606. Figure 3.4(e) demonstrates the mRNA cut sites obtained by 5′ RACE from cells

transfected with M2.C or M2.C2. Indeed, cells transfected with M2.C mostly display a

cleavage pattern around the predicted site (Figure 3.4(e)). It is possible that the reason

why a uniform cleavage point is not observed is due to the non-canonical structure of M2.C.

It was difficult to obtain 5′ RACE data for M2.C2 cleavage. This is most likely due to the

fact that it results in low knockdown levels. Still, some data mapped to the siRNA region,

however not to the expected site (Figure 3.4(e)).

3.3 Discussion

We have discussed in this chapter several reasons why conditional Dicer substrate formation

is not functional in a cell. Issues such as delivery, the ability to carry out toehold-mediated

branch migration, hairpin processing in cells and mode of d2EGFP down-regulation were

explored. Initial studies of toehold-mediated branch migration using a minimal system
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Figure 3.4: Hairpin C of mechanism M2 leads to RNAi mediated knockdown.
(a) Predicted minimum free energy secondary structure of hairpins analyzed by NUPACK.
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ically modified M2.C2 is cut by Dicer in vitro (for methods see Materials and methods sec-
tion in Chapter 2). (c) Relative d2EGFP knockdown following hairpin or siRNA transfec-
toin. Mean fluorescence represents data from 3–4 independent experiments, error bars rep-
resent the standard deviation of the mean. (d) Northern blot analysis for the degradation of
hairpin C in cells. Blotting conditions were according to the mirVana miRNA blotting pro-
cedure (see Materials and methods in Chapter 5) using 20nM of biotin labeled 2′O-Me probe
(5′-AmGmCmCmAmCmUmAmCmCmUmGmAmGmCmAmCmCmCmAmG-3′). Detec-
tion was carried our using a biotin chromogenic detection kit (Thermo Scientific) according
to the manufacturer. (e) Observed d2EGFP knockdown is mediated by the RNAi pathway.
5′ RACE data obtained from transfection of a M2.C, M2.C2 and siRNA demonstrating the
cleavage point on d2EGFP.
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were promising, suggesting that toehold-mediated branch migration is likely occurring.

Attempts to express such a system resulted in silencing by hairpin M1.C, contradictory to

transfection of a synthetic hairpin (Figure 3.1(b) and (c)). Similar results were obtained

when trying to express a full mechanism Figure 3.2(b)). In addition, expression of a

full system resulted in the sole expression of hairpin C. This is most likely due to choice

of promoters. U6 promoter, which controls the expression of hairpin C, has a stronger

expression than the H1 promoter [10], which controls the expression of hairpins A and B.

For future expression of a full mechanism, the same promoter must be used to express all

three hairpins.

Due to the observed silencing by hairpin C, we next focused on examining the fate

of hairpin C once transfected into cells. Hairpin C was studied for both a 5′- and a 3′-

toehold mechanism (Figures 3.3 and 3.4, respectively). Despite being an sshRNA, hairpin

C can be processed by Dicer in vitro, and is cleaved in vivo; when chemically modified

with 2′O-Me, processing is negated. Hairpin C appears to down-regulate d2EGFP by an

RNAi-dependent mechanism of action as based on 5′ RACE data.

The short stem of hairpin C is shorter than that of a conventional shRNA, as for an

sshRNA. These hairpins are thought to be processed by an enzyme other than Dicer, pos-

sibly Ago2, in cells [6–9]. The activity of sshRNAs appears dependent on their designation.

Hairpins with the guide strand upstream (5′) to the loop region are designated as Left-

hand shRNAs (L shRNA) and those with the guide strand downstream to the loop (3′)

are designated as Right-hand (R shRNA) [6]. For R shRNAs it appears that endonucle-

olytic cleavage of the loop region is required for functional RNAi [13]. When the loop

region was changed to 2′O-Me, the potency of the same sshRNA has decreased. However,

when 2′O-Me and phosphorothioate (PS) modifications were placed on the passenger arm

across from Ago2’s slicer activity, the silencing ability of R sshRNAs was not significantly

affected. Conversely, L shRNAs do not depend on loop cleavage, but rather depend on

slicing activity (stem cleavage) [13]. Both types of hairpin C (5′- and 3′-toehold) are con-
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sidered to be R type hairpins. Processing of the loop may explain the observed silencing

of M2.C2, whereas M1.C2, whose entire loop is 2′O-Me, does not down-regulate d2EGFP

(Figure 3.4, data not shown for M1.C2). It would be interesting to see whether changing

hairpin M2.C2 to an RNA loop would improve its silencing capabilities.

To conclude, the work presented in this chapter suggests that at least part of the trans-

fected hairpins undergo unwanted processing. Similar analysis must be done for hairpins

A and B as well. It may be beneficial to alter their sequence in order to observe d2EGFP

knockdown and mRNA cleavage. Further studies are needed to determine whether hairpin

processing in cells is mediated by Dicer, Ago2 or another protein.

3.4 Materials and methods

Cell lines. HEK293 d2EGFP cells were a generous gift from Dr. Chase Beisel. The

destabilized EGFP sequence comes from pd2EGFP-1 plasmid (Clonetech, PT3205-5 cat-

alog #6008-1). HEK293 d2EGFP DsRed cells were generated by a stable transfection of

pDsRed2-1-C1 (Clonetech, PT3603-5 catalog #632407) into HEK293 d2EGFP cells. Cells

were maintained at 37◦C 5% CO2 in DMEM (Invitrogen) supplemented with 10% fetal

bovine serum (Invitrogen).

Oligo transfections. Transfections were carried out at the specified oligonucleotide con-

centrations using HiPerFect transfection reagent (Qiagen) according to the Fast-Forward

transfection protocol. 1–2*105 cells were plated per well of a 24-well plate. Cell counts

and viability were determined using the Countess automated cell counter according to the

manufacturer (Invitrogen).

Plasmid transfections. Transfections were done using Lipofectamine2000 (Invitrogen)

according to the manufacturer. Cell counts were determined as described above.

Flow cytometry. 24–48 hours post transfection samples were trypsinized for 5 minutes

at 37◦C, the trypsin was then quenched with DMEM growth media supplemented with

10% FBS. Samples were run on a BD Accuri C6 flow cytometer (BD Biosciences). Healthy
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cells were gated according to their scatter using untreated cells. Results represent the

normalized mean and error bars represent the standard deviation of the mean of three

transfected samples.

Construction of a three hairpin expression plasmid. A custom plasmid (pIDTS-

mart backbone) was synthesized by IDT containing the following insert: NotI restriction

site - H1 promoter - SacI restriction site - GFP shRNA - polIII termination sequence -

KpnI restriction site. The expression cassette was amplified using the following primers

and cloned into a pSilencer 2.1 U6 backbone between the EcoRI site:

pIDTSMART GFP shRNA for: 5′-ACGTAGGAATTCAGATCTGCGGCCGCAATTCATATTTGC-

3′ this primer adds the EcoRI and BglII restriction sites to the amplicon

pIDTSMART GFP shRNA rev: 5′-AGCTAGGAATTCATCGATGGTACCTTCCAAAAAAGACCCTG-

3′ this primer adds the EcoRI and ClaI restriction sites to the amplicon

A second custom plasmid (pIDTSmart backbone) was synthesized by IDT containing the

following insert: BglII restriction site - H1 promoter - SpeI restriction site - GFP shRNA -

polIII termination sequence - EcoRV restriction site - NotI restriction site. The expression

cassette was amplified using the following primers and cloned into a pSilencer 2.1 U6 H1

promoter backbone (see above) between the BglII and NotI sites:

pIDTSMARTv2 for for: 5′-GATTCTGAATTCAGATCTGTCAGGCTATGGCGCG-3′ this

primer adds the EcoRI restriction site to the amplicon

pIDTSMARTv2 rev: 5′-ATGACAGAATTCGATATCTTCCAAAAAAGACCC-3′ this primer

adds the EcoRI restriction site to the amplicon

All plasmids were verified to contain the correct sequence via sequencing (Laragen).
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Plasmid U6: BamHI HindIII H1: SacI KpnI H1: SpeI EcoRV

3×negative shRNA negative shRNA negative shRNA negative shRNA

M1.A 2×negative shRNA negative shRNA negative shRNA M1.A

M1.B 2×negative shRNA negative shRNA M1.B negative shRNA

M1.C 2×negative shRNA M1.C negative shRNA negative shRNA

M1.A M1.B negative shRNA negative shRNA M1.B M1.A

M1.B M1.C negative shRNA M1.C M1.B negative shRNA

M1.A M1.C negative shRNA M1.C negative shRNA M1.A

M1.A M1.B M1.C M1.C M1.B M1.A

Expression plasmid hairpin sequences

M1.A: 5′-CUCGAUCUCGAACUCGUGGCUGGUCAGCUUGCCGUACACGAGUUCG-3′

M1.B: 5′-CGAACUCGUGUACGGCAAGCUGACCGAGACUUCAGGGUCAGCUUGC

CGUACA-3′

M1.C: 5′-UACGGCAAGCUGACCCUGAAGUCUCGGUCAGCUUGCCGUACACGAG

ACUUCAGGGUCAGC-3′

Negative shRNA: 5′-GUCAGGCUAUCGCGUAUCGUUCAAGAGACGAUACGCGAUA

GCCUGAC-3′

5′ RACE. 30 pmol C hairpin were snap cooled and transfected into HEK293 d2EGFP cells

using RNAiMAX reverse transfection protocol (Invitrogen). 48 hours post transfection the

were samples were trypsinized for 5 minutes at 37◦C, the trypsin was then quenched with

DMEM growth media supplemented with 10% FBS. Triplicates were combined and total

RNA was extracted using ZR RNA MiniPrep kit (Zymo research) with an In-column DNa-

seI digestion according to the manufacturer or RNA spin mini (GE healthcare) according

to the manufacturer. 1.5µg total RNA were ligated to 20pmol of GeneRacer RNA oligo (5′-

CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA-3′): total RNA

and oligo were combined in a total volume of 10µl, heated to 65◦C for 5 minutes fol-

lowed by a 2 minute incubation on ice. Ligation was carried out for 1 hour at 37◦C
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using 20 units of RNA ligase 1 (NEB), 40 units RiboGuard (Epicenter), 1mM ATP 10%

PEG-8000 in a total volume of 20µl. Ligation products were then purified using RNeasy

mini kit (Qiagen) according to the manufacturer. cDNA was transcribed using Super-

ScriptIII (Invitrogen) according to the manufacturer using d2EGFP 839 rev primer (5′-

TTGATCCTAGCAGAAGCACAGGCT-3′). The cDNA was amplified using OneTaq hot

start 2× master mix with standard buffer (NEB) using touch-down PCR and the following

primers: GeneRacer 5′ primer (5′-CGACTGGAGCACGAGGACACTGA-3′) and d2EGFP

822 reverse primer (5′-ACAGGCTGCAGGGTGACGGTCCAT-3′). PCR program: 94◦C

for 2 minutes, 5 cycles of 94◦C for 30 seconds and 1 minute at 72◦C, 5 cycles of 94◦C

for 30 seconds and 1 minute at 70◦C, 20 cycles of 94◦C for 30 seconds, 66◦C for 30 sec-

onds, 68◦C for 1 minute, followed by a 5 minute incubation at 68◦C. A second nested

PCR reaction was carried out using the following primers: GeneRacer 5′ nested primer

(5′-GGACACTGACATGGACTGAAGGAGTA-3′) and d2EGFP 728 reverse primer (5′-

TGGCTAAGCTTCTTGTACAGCTCG-3′). PCR conditions are as listed above with the

following modification: for the 20 cycles annealing was done at 68◦C. PCR products were

sequenced by Laragen.

Sequences used:

M1.Bshort: 5′-ACCGAGACUUCAGGGUCAGCUUGCCGUACA-3′

M1.C: 5′-UACGGCAAGCUGACCCUGAAGUCUCGGUCAGCUUGCCGUACACGAGACUU

CAGGGUCAGC-3′

M1.C2: 5′-mUmAmCmGmGmCmAmAGCUGACCCUGAAGUmCmUmCmGmGmUmCmA

mGmCmUmUmGmCmCmGmUmAmCmAmCmGmAmGmAmCmUmUmCmAmGmGmG

mUmCmAmGmC-3′

M1.C3: 5′-UACGGCAAGCUGACCCUGAAGUCUCGGUCACGAGACUUCAGGGUCAGC-

3′

M2.C: 5′-UACCUGAGCACCCAGCCACUACCUCUGGGUGCUCAGGUAGUGGCU-3′

M2.c2: 5′-mUmAmCmCmUmGmAmGmCmAmCmCmCmAmGmCmCmAmCUACCUC
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UGGGUGCUCAGGUAGUGGCU-3′
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Chapter 4

Engineering a conditional shRNA
transcription mechanism

4.1 Introduction

As introduced in Chapter 2, RNAi can be induced by siRNAs, dsRNAs, and shRNAs.

Once in cells, these molecules turn RNAi on. The need for spatio-temporal induction of

RNAi has led to the development of methods to conditionally activate RNAi. In this

chapter, we present a conditional shRNA transcription mechanism. We engineered an

inactive promoter upstream to an shRNA coding sequence. Upon the presence of an input

nucleic acid detection molecule, the promoter changes conformation into an active state,

thus driving the expression of an shRNA.

shRNAs can be transfected directly into cells, however, it is common practice to incor-

porate them into vectors and have them transcribed in cells under the control of polymerase

II (pol II) or polymerase III (pol III) promoters [1–4]. Once transcribed, the shRNA is

exported from the nucleus to the cytoplasm by Exportin-5 and processed by Dicer into an

siRNA [2, 5, 6]. Pol III promoters such as the U6 and H1 promoters are ideal for the pro-

duction of shRNAs as they naturally transcribe small RNA transcripts lacking a 5′ cap and

a polyadenylation tail [1]. In addition, their transcription initiation point and termination

signal (4–6 thymidines) are well defined, ensuring expression of an shRNA with an exact
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sequence and without added bases, a property critical for siRNA generation [7, 8]. Pol II

promoter-driven shRNAs can be expressed in a tissue specific matter and are transcribed as

micro-RNA precursors that have a 5′ cap and polyadenylation tail that must be processed

[9, 10].

Constitutively expressed shRNAs have the advantage of mediating prolonged silenc-

ing phenotypes compared to chemically synthesized siRNAs, yet they limit the analysis of

genes essential for cell survival, cell cycle regulation and cell development. Another disad-

vantage of constitutive shRNA expression is the risk of off-target effects due to saturation

of endogenous silencing pathways [11, 12]. Therefore, a conditional shRNA expression

system may be favorable. To this end, tissue specific promoters [10, 13, 14] or inducible

promoters [8, 10] can be used. Inducible promoters can be either reversible or irreversible.

Reversible induction of shRNA expression systems are most commonly based on tetracy-

cline or ecdysone [10, 15–19]. Irreversible systems are based on the removal of a genetic

element that inhibits or promotes transcription and are mostly based on Cre-loxP or Flp

recombination [10, 20–22].

Recently, the use of non-coding RNAs to control shRNAs has been developed [23–27].

In this approach, non-coding RNAs containing an shRNA sequence and an aptamer are

expressed either in an on (shRNA accessible to RNAi machinery) or in an off (shRNA

inaccessible to RNAi machinery) conformation. Addition of a small molecule induces a

conformational change in the non-coding RNA which results in turning RNAi from an on

state to an off state (or vice versa).

With the exception of tissue specific promoters, a limitation of the approaches described

so far is that they rely on the addition of an external molecule (small ligand or an enzyme).

An advantage for enzymes is that they can be co-expressed with the shRNA or genetically

encoded into the cells. An advantage for the use of a ligand is that ligand concentration

can tune the level of shRNA expression. A disadvantage is that the need to add an inducer

in addition to an expression construct complicates the system.



60

An alternative approach to achieve conditional shRNA transcription is to rely on nucleic

acids as the inducer molecule. Similar to aptamer-based approaches, nucleic acids can lead

to structural changes in conformation of a nucleic acid molecule thus making it active or

inactive. Nucleic acid triggers offer a further advantage over aptamers in that they can

be programmable, whereas aptamers cannot. An important aspect of a nucleic acid-based

approach is that the inducer can be an endogenous nucleic acid target. This overcomes the

need to deliver or express an inducer. By choosing the inducer appropriately (e.g., mRNA

target expressed only in a subset of cells), spatio-temporal control of expression can be

achieved.

We present a method to control shRNA transcription based on nucleic acids. Similar

to the mechanism in Chapter 2, this mechanism follows the logic operation: If gene X is

detected, silence independent gene Y. This mechanism is fundamentally different from the

mechanism described in Chapter 2 because in this design, the Dicer substrate (shRNA)

is made by enzymatic means and not solely based on strand displacement cascades. To

achieve such a design, the transduction molecules must be made of DNA, whereas the

design described in Chapter 2 is made of RNA and 2′-OMe. The concept behind this

mechanism is that a promoter is active only when a sufficient number of base pairs are

formed. Kim et al. [28] have previously demonstrated the use of conditional hybridization

of a double-stranded DNA promoter in order to obtain conditional in vitro transcription.

Here, conditional shRNA transcription is mediated by small conditional DNAs (scDNAs)

through toehold-mediated strand displacement. Activation of the mechanism is demon-

strated in the presence of a short synthetic nucleic acid target in a test tube. The mecha-

nism exhibits good ON-to-OFF ratio; in the absence of a detection target, minimal shRNA

is transcribed. The transcribed shRNA can be processed by Dicer in vitro as well as lead

to d2EGFP knockdown in tissue culture.
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4.2 Mechanism and Design

4.2.1 Mechanism

We have designed a conditional RNAi mechanism based on conditional shRNA transcrip-

tion. The concept behind this mechanism is that a promoter is active only when a sufficient

number of base pairs are present. In the absence of a detection target X (OFF state), the

hairpins maintain their secondary structure and should not interact with one another. In

the presence of a detection target X (ON state), interaction between the hairpins occurs,

a functional promoter is formed and an shRNA targeting gene Y is transcribed.

Our mechanism is comprised of two metastable DNA hairpins kinetically trapped in the

hairpin state. The presence of a detection target X starts a cascade of events that allows

the hairpins to reach a thermodynamic equilubrium that otherwise cannot be reached in

short time scales. The system (Figure 4.1) has the following domains: a target recognition

sequence (‘b*-a*’), a disrupted promoter sequence (‘p1-p2’), an shRNA coding sequence

(‘z-y*-z*’) and a transcription termination sequence (‘t’). In the presence of a detection

target, toehold ‘b*’ of hairpin A can bind to the target leading to a branch migration in

which complex X·A is formed (Step 1). Next, toehold ‘p1*’ of hairpin B nucleates with

segment ‘p1’ of hairpin A resulting in a branch migration in which complex X·A·B is formed

(Step 2). Complex X·A·B now has a full dsDNA promoter followed by an shRNA coding

sequence which can be transcribed (Step 3). This mechanism is catalytic in the sense that

one template can be transcribed into multiple shRNAs.

4.2.2 Design

The design follows the logic operation: If gene X is detected, silence independent gene Y.

As can be seen in Figure 4.1, complete sequence independence is observed between the

detection target X (sequence ‘a-b’) and the silencing target Y (sequence ‘z’). This allows

one to re-program the mechanism to detect and silence different genes. The design space
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Figure 4.1: Conditional shRNA transcription mechanism schematic. The detection
target X is recognized by A (Step 1), leading to the binding and opening of B (Step 2),
which in turn forms an intact promoter and drives the transcription of a shRNA against
the silencing target Y (Step 3).

is constrained for this mechanism. All sequences but the loop of the shRNA (domain ‘y’)

are constrained by the detection target, silencing target, termination signal and promoter

sequence. Some flexibility exists in the choice of dimensions for the shRNA (stem and

loop size); typically, shRNA with 19–29bp stems separated by a 4–9 nucleotide loop are

used [1, 29, 30]. We have chosen to use a 19bp stem with a six nucleotide loop. Careful

consideration had to be put into the length specification of ‘p1’. It needs to be long

enough to make ‘p2-p2*’ a non-functional promoter, yet short enough in order to minimize

the interaction between hairpins A in B in the absence of a detection target (OFF state,

also termed ‘leakage’). Leakage is also controlled by the length choice of domain ‘a’: the

longer ‘a’, the less favorable it is for hairpin A to bind to hairpin B in the absence of a

detection target. Sequences were assigned to our structures using the design feature on

NUPACK [31, 32]. Sequences were specified for the promoter choice (discussed below)

and for the shRNA. The shRNA sequence targets a destabilized version of enhanced green

fluorescent protein (d2EGFP) and was adapted from an siRNA used by Ohert et al. [33].

To allow more flexibility in the design, for the work presented here, the target sequence

was unspecified and the sequence was assigned by NUPACK to minimize the ensemble

defect (a measurement of how far the system is from an ideal system)[32, 34]. We then
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used the thermodynamic analysis tool on NUPACK [31, 35–37] to handpick the set of

designed sequences that performed best based on further analysis (starting materials form

the correct structure and that only desired complexes are formed).

4.2.3 Promoter choice

A suitable promoter for use in triggered shRNA transcription should have a defined tran-

scription start site and preferably a transcription stop site. The promoter should be min-

imally active when not in full duplex form. Ideally, it should also be short for design and

synthesis purposes. Natural candidates were the short and well-characterized bacterio-

phage T3 [38], SP6 [39] and T7 [40] promoters as well as the mammalian H1 promoter [41].

In this work we use the T7 and H1 promoters (for work pertaining to the H1 promoter see

appendix C).

T7 RNA polymerase is not present in mammalian cells and therefore a T7-promoter

based mechanism is less likely to interfere with endogenous pathways. However, this also

means that T7 RNA polymerase needs to be introduced into mammalian cells, which is a

disadvantage. The T7 promoter is extremely short, requiring only 17 nucleotides and has

a well-defined transcription start site, both of which are a great advantage. Considering

its short length, we postulated that by making half of the promoter single stranded, the

promoters’ function will be disrupted. Some termination of transcription is achieved by

the synthesis of an RNA hairpin followed by a stretch of uridine (U) residues [42–44]. We

have therefore added a poly-U termination sequence after the shRNA (domain ‘t’, Figure

4.1). Another major advantage is the availability of enzyme for in vitro transcription.

The use of T7 RNA polymerase in vitro to transcribe the strands of an siRNA as well as

shRNAs to mediate RNAi has been well documented [2, 8, 45]. Conditional transcription

has also been demonstrated in vitro by controlling the activity of the promoter using

nucleic acid hybridization [28, 46]. Several groups have demonstrated that mammalian

cells expressing the T7 RNA polymerase enzyme can trigger RNAi when presented with an
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siRNA or shRNA under the control of a T7 promoter [47–49]. This strategy could be made

conditional by expressing T7 RNA polymerase under the control of an inducible promoter.

4.3 Results

4.3.1 In vitro studies

The mechanism has two parts: conditional transcription template formation and shRNA

transcription. For both parts, our aim was to verify that in the absence of a detection

target, the OFF state is preserved, and that the presence of a detection target switches

the mechanism to its ON state (complex X·A·B is formed and an shRNA is transcribed).

Native polyacrylamide gel electrophoresis demonstrates that minimal A·B duplex fomation

is observed in the OFF state, while a higher order complex Xshort·A·B is formed in the

presence of a short synthetic DNA target Xshort (lanes 3 and 5 (respectively) in Figure

4.2(a) and Figure C.1(a) in Appendix C). The system also converts with Xshort that is

made of RNA as is demonstrated in Figure C.1(b) in Appendix C. Radioactive in vitro

transcription was used to verify that the T7 promoter is off when the target is absent and

that it can transcribe an shRNA in the presence of a detection target. In the OFF state,

minimal shRNA is produced (3.2%) while in the ON state an shRNA is formed (lanes 1

and 3 in Figure 4.2(b) and (c)); the shRNA transcribed can be cut into an siRNA by Dicer

as demonstrated in Figure 4.2(b) lanes 2 and 4. Minimal transcription is observed from

the reactants or intermediates in the absence of a target (Figure C.2 in Appendix C). The

transcribed shRNA contains the expected shRNA sequence as can be seen by northern blot

using a probe against the expected shRNA sequence (Figure 4.2(d)).

4.3.2 In vivo studies

So far we have demonstrated the conditional transcription of an shRNA that harbors a

sequence targeting d2EGFP. The termination signal for T7 RNA polymerase is not very
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Figure 4.2: Conditional shRNA transcription. (a) Transcription template formation
in vitro. In the OFF state, a minimal amount of A·B is produced (lane 3). In the ON
state, the transcription template Xshort·A·B is produced (lane 5). (b) Conditional shRNA
transcription and siRNA production in vitro. Radioactive shRNA transcription followed
by Dicer processing. In the OFF state, a minimal amount of shRNA is transcribed (lane
1). In the ON state, a significant amount of shRNA is transcribed (lane 3). The shRNA is
cleaved by Dicer to produce an siRNA (lanes 2,4). (−/+) indicates the absence/presence
of Dicer. (c) ON:OFF shRNA transcripiton ratio. The shRNA band in panel (b) (− dicer
lanes) was quantified and band intensity plotted. (d) Northern blot analysis demonstrating
that the transcribed shRNA binds to the expected shRNA probe sequence.
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strong and therefore the transcribed shRNA can have varying lengths of a 3′ overhang

(up to 16 nucleotides for a run-off transcript). Studies suggest that for shRNAs with 3′

overhangs longer than three nucleotides, Dicer no longer uses the “3′ end rule” to determine

the cleavage site but rather cleaves the shRNA in a similar pattern as if it contained a three-

nucleotide overhang [50]. Since the transcribed shRNA might not have a canonical shRNA

overhang, we next tested whether it can down-regulate d2EGFP. Figure 4.3 demonstrates

that a 20nM transfection of in vitro transcribed shRNA into HEK293 d2EGFP cells can

down-regulate d2EGFP. This suggests that if the mechanism functions in cells, then a

functional shRNA will be produced.

To test the functionality of our system in tissue culture, we needed cells that have the

RNAi machinery and that express T7 RNA polymerase. We generated a stable HEK293

d2EGFP cell line expressing a cytoplasmic version of T7 RNA polymerase (see Materials

and methods). The expression of T7 RNA polymerase was confirmed by western blot and

compared to a T7 RNA polymerase enzyme solution (Figure 4.4(a)). The in vivo activity

of the T7 RNA polymerase was demonstrated by reverse transcription PCR (RTPCR)

following the transfection of a plasmid (pT7CAT [51]) containing the chloramphenicol

acetyltransferase (CAT) gene flanked by T7 promoter and termination signals. Figure

4.4(b) demonstrates that the CAT gene is being transcribed in cells transfected with the

pT7CAT plasmid that express the T7 RNA polymerase mRNA (Figure 4.4(c)).

Next, we examined if, under the control of a T7 promotor, a linear DNA template

containing an shRNA against d2EGFP can lead to d2EGFP down-regulation. Multiple

attempts using various transfection reagents (Lipofectamine2000 (Invitrogen), Trans-IT-

Oligo (Mirus)) as well as different amounts of DNA, the use of a carrier plasmid, and

scrambled shRNA and promoter sequences were used. No significant down regulation of

d2EGFP that can be attributed to RNAi was observed (data not shown). It appeared

that when mild d2EGFP knockdown was observed it was sequence independent and/or

due to toxicity during the transfection. Due to the lack of a proper positive control we did
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Figure 4.3: In vitro transcribed shRNA down-regulates d2EGFP. 20nM of in vitro
transcribed shRNA were reverse-transfected (HiPerFect, Qiagen) into HEK293 d2EGFP
cells. Transcribed shRNA was purified using a MasterPure RNA purification kit (Epi-
centere) according to the manufacturer. Images were taken with an inverted fluorescent
microscope 48 hours post transfection.

not pursue the examination of the conditional shRNA transcription mechanism in tissue

culture.

4.4 Discussion

In this chapter we introduced a conditional shRNA transcription mechanism based on T7

RNA polymerase. The mechanism implements the logic: If gene X mRNA is detected,

then produce an shRNA specific to independent gene Y. While following the same logic

operation as the mechanism presented in Chapter 2, conditional shRNA transcription is

fundamentally different. This mechanism is based on DNA and relies on cellular machinery

for shRNA transcription. This mechanism is potentially cheaper, more nuclease resistant,

and is programable using different promoters. As such, the mechanism was re-programmed

to use an H1 pol III promoter as demonstrated in Appendix C.

For the T7-promoter-based system, we showed that in a test tube, the mechanism
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Figure 4.4: T7 RNA expression and functionality in HEK293 d2EGFP cell line.
(a) Western blot of T7 RNA polymerase from protein extracted from HEK293 d2EGFP
T7 cell line. Lanes 1 and 2: protein extracted from two cell line clones. Lanes 3 and 4: T7
RNA polymerase enzyme solution (Epicentere). (b) RTPCR using CAT primers following
2µg or 3µg pT7CAT plasmid transfection into HEK293d2EGFP T7 cell line. (c) RTPCR
using T7 RNA polymerase primers following 2µg or 3µg pT7CAT plasmid transfection into
HEK293d2EGFP T7 cell line.

conditionally transcribes an shRNA and that the shRNA is cleaved by Dicer to produce an

siRNA. The mechanism exhibits a good ON-to-OFF ratio; minimal shRNA is transcribed

in the absence of a detection target, while the presence of a detection target leads to

significant shRNA transcription. We also demonstrated that the transcribed shRNA is

functional, when introduced into cells expressing d2EGFP, the fluorescence intensity is

knocked down.

T7 RNA polymerase is not endogenous to mammalian cells. We have therefore gen-

erated a stable cell line expressing d2EGFP and T7 RNA polymerase to test conditional

shRNA transcription in vivo. However, we were not able to down-regulate d2EGFP via

T7 transcription of shRNA from a linear DNA template and therefore conditional shRNA

transcription has not been attempted. RNAi knockdown using linear DNA templates con-

taining either a T7, H1 or U6 promoter has been previously demonstrated [49, 52, 53]

suggesting this approach should work with further optimization. It is possible that the

expression of T7 RNA polymerase is not high enough. T7 RNA polymerase is expressed

biscistronically with an antibiotic selection marker, increasing the selection pressure will
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select for cells expressing more enzyme. Further optimization of the transfection of short

dsDNA oligonucleotides may also be needed.

Some modifications to the design may be needed to obtain efficient conditional shRNA

transcription in vivo. In the current design, the transcription template is not released from

the bound target. To achieve transcription while bound to a target mRNA, it may be

necessary to add a spacer sequence between the promoter region and the mRNA binding

site to accommodate the RNA polymerase; we have yet to explore this case. The immuno-

stimulatory effects of a T7-RNA-polymerase-transcribed shRNA also need to be addressed.

The transcription product of T7 RNA polymerase contains a 5′ triphosphate. It was re-

cently discovered that triphosphates induce type I interferon through activation of retinoic

acid-inducible protein 1 (RIG-1) [54, 55]. Consequently, siRNAs and shRNAs transcribed

by T7 RNA polymerase may induce an interferon response [56]. Some work suggests that

the presence of 3′ overhangs [57, 58] or that additional guanine residues at the 5′ end or a

5′ overhang abrogate interferon induction [58, 59]. For the transcribed shRNA, it should

be verified that knockdown is due to RNAi and not interferon. While our design already

contains a 3′ overhang, modifications may be needed at the 5′ end sequence if interferon

induction is observed.

The proposed mechanism can be extended from RNAi to other cellular pathways that

interact with nucleic acids. Many bacteria and archaea also use RNA to guide the de-

struction of foreign genetic elements [60, 61]. In response to viral or plasmid challenge,

short nucleic acid elements from the invader are integrated into the host genome into a

clustered regularly interspaced short palindromic repeat (CRISPR) [62–64]. The CRISPR

loci is transcribed and the transcript is processed into short CRISPR-derived RNAs (cr-

RNAs) [65] which guide the destruction of complementary genetic elements [64, 65]. Three

types of CRISPR systems exist, which differ in the crRNA precursor (single-stranded vs.

double-stranded RNA) [66, 67] and in whether they target DNA or RNA for destruction

[68]. It has been demonstrated in vitro that engineered crRNAs can direct the cleavage of
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a selected target [69, 70]. While the CRISPR mechanism is quite distinct from RNAi, the

use of complementary nucleic acids for gene silencing suggests that the described mecha-

nism can be adjusted to trigger gene silencing in bacteria as well by transcribing a crRNA

precursor.
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4.5 Materials and methods

Strand sequences. The hairpins and target for this mechanism are DNA. The T7 pro-

moter sequence used is TAATACGACTCACTATAG, where G is the first base incorpo-

rated into the transcript. The shRNA sequence is GCAGCACGACUUCUUCAAGAGCU-

GACUUGAAGAAGUCGUGCUGCUU where the last two U’s are incorporated from the

transcription termination signal. The detection target used for this design is a random

sequence, the transcribed shRNA targets nucleotides 240–258 on eGFP.

Strand Sequence

X ATAAGCCCTCATCCAACT
A AGTTGGATGAGGGCTTATTAATACGACTCACTATAGCAGCACGACTT

CTTCAAGAGCTGACTTGAAGAAGTCGTGCTGCTATAGTGAGATAAG
CCCTC

B CTCACTATAAAAAAAAGCAGCACGACTTCTTCAAGTCAGCTCTTGAA
GAAGTCGTGCTGCTATAGTGAGTCGTATTA

Table 4.1: List of strands for T7-promoter-based shRNA transcripiton.

Oligonucleotides. Oligonucleotides were synthesized by Integrated DNA Technologies

(IDT). DNA hairpins were synthesized as two pieces (each PAGE purified by IDT) which

were then ligated to produce the full hairpin. Ligation was performed using T4 DNA

ligase (New England Biolabs) and were purified using denaturing polyacrylamide gel elec-

trophoresis followed by an ethanol precipitation.

Oligonucleotide concentrations were determined and adjusted using A260 absorbance on

a NanoDrop8000 (Thermo Scientific). Further adjustments were performed by incubating

different ratios of individual strands for 2 hours at 37◦C followed by gel electrophoresis

until correct stoichiometry was obtained.

Hairpins were snap-cooled by heating them to 95◦C for 90 seconds followed by a 30 sec-

ond incubation on ice and room temperature incubation of at least 30 minutes. Complexes

were annealed by heating to 90◦C for 3 minutes followed by a controlled gradual cooling

at -1◦C per minute to 23◦C in a PCR block.
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Polyacrylamide gel electrophoresis. Reactants were incubated at 0.5µM each for

two hours at 37◦C in 1× SPSC buffer (50mM Na2HPO4, 0.5M NaCl, pH7.5). Native

polyacrylamide gels were cast and run in 1× TBE (Tris-Borate-EDTA) at 200V. Denaturing

polyacrylamide gels were cast and run in 1× TBE at 500V unless otherwise specified.

Denaturing gels were pre-run at 500V for 1–2hr (unless otherwise specified). Gels were

stained in 1× SYBR Gold (Life Technologies) for 10 minutes at room temperature and

imaged using an FLA-5100 imaging system (Fuji Photo Film).

In vitro transcription. Oligonucleotides were snap cooled prior to transcription. Tran-

scription was carried out using the T7-Scribe standard RNA IVT kit (CELLSCRIPT) ac-

cording to the manufacturer, 2pmol of each DNA strand were included per 20µl reaction.

For radioactive transcription only 50nmole of UTP was used in combination with 3–4µl of

[α−32P] UTP (10mCi/ml, MP Biomedicals). Transcription reactions were incubated for 3

hours at 37◦C followed by 20 minutes of DnaseI treatment at 37◦C. Transcription products

were recovered by Organic extraction / Chromatography / Ethanol precipitation. The re-

action volume was adjusted to 200µl using RNase-free water and extracted using 1:1 (v/v)

TE-saturated phenol/chloroform. Unincorporated NTP’s were removed from the aqueous

phase by spin column chromatography using NucAway spin columns (Life Technologies)

according to the manufacturer. Ethanol precipitation was done by incubation on ice for

15 minutes in 1:10 (v/v) of 3M sodium acetate and 2.5× (v/v) 95% EtOH. The RNA was

pelleted followed a 70% EtOH wash. The pellet was dried and resuspended in 1× duplex

buffer. Counts were measured on a Beckman LS-5000TD Liquid Scintillation Counter.

5′ end labeling. microRNA and siRNA markers (New England Biolabs) were 5′ end

labeled with [γ−32P] ATP (10mCi/ml, MP Biomedicals) using T4 polynucleotide kinase

(New England Biolabs). Unincorporated [γ−32P] ATP were removed by spin column chro-

matography using Illustra MicroSpin G-25 columns (GE Healthcare) according to the man-

ufacturer.

In vitro Dicer assay. Dicer reactions were performed using the Recombinant Human
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Turbo Dicer Enzyme kit (Genlantis) according to the manufacturer with some modifi-

cations. The volume corresponding to 10,000–20,000 cpm of labeled shRNA from“ON”

reaction X·A·B was used for the Dicer reactions (i.e., if 2µl of shRNA from X·A·B tran-

scription reaction correspond to 20,000 cpm then 2µl were used from the other reactions

as well). One Dicer unit per 20,000 cpm was used. Hairpins were snap cooled prior to

Dicer reaction. Reactions were carried out for 2 hours at 37◦C, reactions were stopped by

the addition of the appropriate loading dye. siRNA formation was determined by EMSA.

Radioactive gels were exposed overnight onto an image plate (Fujifilm type BAS-MS) and

scanned using an FLA-5100 imaging system (Fuji Photo Film).

Quantification and band intensity plots. Multi Gauge ver2.0 (Fujifilm) software was

used for quantification and intensity plot data. Bands were quantified using the “Quant

Measure mode.” Data points for band intensity plots were gathered using the profile feature.

ON-to-OFF ratio was determined by setting the ON ratio with a short target to 100%.

Northern blot. See miRNA blotting procedure with Ultrahyb-Oliog in materials and

methods of Chapter 5. Biotin chromogenic detection (Thermo Scientific) according to the

manufacturer. Probe: 5′-biotin-AAG CAG CAC GAC TTC TTC AAG TCA GCT CTT

GAA GAA GTC GTG CTG C -3′

HEK293 d2EGFP-T7 RNA polymerase cell line generation. HEK293 d2EGFP

cells were a generous gift from Dr. Chase Beisel. T7 RNA polymerase was cloned from

pT7POL26 (Gentaur) into pIREShyg3 vector (clontech) by Keyclone Technologies to gen-

erate pIREShyg-T7 pol. pIREShyg-T7 pol plasmid was linearized with Bstz17I (NEB)

followed by nucleotide removal using QIAquick nucleotide removal kit (Qiagen). 400ng of

linearized plasmid were transfected into 293 d2EGFP cells using Attractene transfection

reagent (Qiagen) according to the manufacturer. Transfected cells were selected in DMEM

supplemented with 10% FBS, 1% Penicillin-Streptomycin 125µg/ml Hygromycin B. Cells

were grown at 37◦C 5% CO2.

Western blot. Protein was extracted from cells using CellLytic M (Sigma-Aldrich) ac-
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cording to the manufacturer. Bradford reagent (Sigma Aldrich) was used to determine

the amount of protein according to the manufacturer. 36µg of protein were denatured by

heating to 95◦C for five minutes and separated on a 10% TRIS-HCL SDS polyacyrlamide

gel (Bio-Rad). Protein was transferred to a nitrocellulose membrane using semi dry trans-

fer (Owl separation systems). The membrane was blocked overnight at 4◦C in 1× TBST

(10mM Tris, 150mM NaCl, 0.05%(v/v) Tween20, pH 7.5) 5% non-fat milk and 2% BSA.

Following blocking the membrane was washed 3 times in 1× TBST and then blotted in

1× TBST with 1:1,000 mouse anti T7 RNA polymerase monoclonal antibody (Novagen

catalog #70566-3). The membrane was then washed 3 times in 1× TBST and incubated

in 1× TBST containing 1:2000 Anti-mouse IgG HRP-linked antibody (Cell Signaling cat-

alog #7076). The membrane was washed in 1× TBST and signal was developed using

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) according to the

manufacturer.

Plasmid transfection for reverse transcription PCR. The pT7CAT plasmid was a

generous gift from Dr. Bernard Moss (NIH). Transfections were carried out using Lipofec-

tamine2000 (Invitrogen) according to the manufacturer. RNA was extracted 24 hours

post transfection using Trizol (Invitrogen) followed by a DnaseI treatment (NEB) ac-

cording to the manufacturer. EDTA was added to the sample to a 0.5M final concen-

tration and the Dnase was heat inactivated by a 10 minute incubation at 4◦C. cDNA

was generated using the High Capacity cDNA Reverse Transcription kit (Applied Biosys-

tems catalog #4368814) according to the manufacturer. The cDNA was then PCR ampli-

fied using the Taq PCR Core kit (Qiagen catalog #201223) with the following program:

3 minute incubation at 94◦C followed by 30 cycles of 0.5 minute at 94◦C, 0.5 minute

at 60◦C, 1 minute at 72◦C, an additional 10 minute incubation at 72◦C was added at

the end. CAT primers: Forward 5′-ATTCACATTCTTGCCCGCCTGATG-3′ Reverse 5′-

GGAAGCCATCACAAACGGCATGAT-3′

T7 polymerase primers: Forward 5′-AACTCCCGATGAAACCGGAAGACA-3′ Reverse
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5′-ACCTTGCGGGTTGAACATTGACAC-3′
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Chapter 5

Sensitive multiplexed northern
blots via hybridization chain
reaction (HCR)

5.1 Introduction

In Chapter 2, we presented a mechanism for conditional RNAi activation based on scRNAs.

Despite being able to design a system that is functional in vitro, the mechanism did not lead

to gene silencing in tissue culture. One concern was the degradation of scRNAs in cells.

In Chapter 3, we examined the fate of transfected or expressed scRNAs using northern

hybridization. Since the mechanism is comprised of three different scRNAs, three separate

northern blots are needed (one per scRNA). For expressed scRNAs, when no signal was

detected on the blot, a concern we had was whether the scRNAs are being expressed, or

whether the expression level is too low to be detected. Detection of low expression levels

might also be a concern for conditional shRNA transcription presented in Chapter 4; this

has not been studied. To solve these issues, our aim was to develop a sensitive multiplexed

northern blot hybridization assay. For gene expression studies, a sensitive multiplexed

assay would allow blotting a control reference gene as well as multiple genes of interest in

one single experiment.
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5.1.1 Northern blot

Northern blot is a hybridization-based technique which was developed as a variation of an

older method used to detect DNA, the Southern blot [1]. The purpose of this method is to

identify the presence and size of a specific RNA within a sample. The northern blot protocol

includes the following main steps: RNA isolation, electrophoretic separation of RNA under

denaturing conditions, RNA transfer and crosslinking to a membrane, hybridization of the

membrane with a probe for the gene of interest and visualization of signal [2, 3]. The

location of the signal obtained by the probe indicates the size of the RNA while the intensity

of the signal provides information about the quantity of bound RNA.

Northern blot is not typically used for quantitative analysis and is considered to be semi-

quantitative, providing information regarding relative RNA expression within a sample or

across samples [3, 4]. To compare RNA between different samples, at least two probes

must be used. The first probe targets the gene of interest and the second probe is used

as a normalizing control, targeting a second gene that should be present in equal amounts

across all samples. Though it is possible to hybridize the sample and the control probe

concurrently [5] (if the two targets have distinct size), this is not commonly practiced.

Instead, after hybridization and visualization of the first probe, the membrane is re-stripped

of the bound probe and hybridized again to detect a second target (e.g., the control).

Stripping and re-probing of the membrane can be difficult and reduce sensitivity [2].

5.1.2 Northern blot probes and detection strategies

Northern blot is a versatile technique; the length, base chemistry, and detection moiety

can all be changed [2]. Short oligonucleotide probes [6, 7] can be used as well as full- [5]

or partial-length cDNA [8]. Because hybridization is based on base pairing, alternative

bases to DNA and RNA can be used, depending on probe length. For example, short

probes can be made of 2′-OMe, locked nucleic acids (LNA) [9, 10], etc. For detection,

both radioactive and non-radioactive probes can be used. Labeling strategies include end-
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labeling [11, 12] as well as uniform probe labeling. Uniform labeling can be achieved using

random-primer [13], nick translation [14, 15] and transcription reactions [16–18], all of

which are rapid methods that provide high-density labeling. Due to its high sensitivity,

radioactive labeling with 32P is most commonly used. However, the health hazard, safety

measurements and special training associated with radiation use as well as short half-life

of the probe are a great disadvantage. Non-isotopic probes include the use of fluorescently

labeled nucleotides or haptens (e.g digoxigenin or biotin) [19–22] which are incorporated

into the probe. While fluorescent probes can be visualized directly, haptens are detected

by an antibody conjugated to alkaline phosphatase (AP) or horseradish peroxidase (HRP)

via chemiluminescent detection [6, 8, 23]. Similarly, both AP and HRP can be directly

conjugated to the probe and assayed by chemiluminescence [21].

5.1.3 Northern blot in comparison to other methods

While northern blot is widely used throughout the field, new techniques offer advantages

over it. Mainly, most newer techniques are considered to be more sensitive, and they also

tend to be less sensitive to RNA degradation. Real-time PCR, nuclease protection assays,

and fluorescent in situ hybridization (FISH) allow examination of multiple genes at once,

and microarrays are high-throughput. FISH does not require the isolation of RNA, and in

addition, provides information about RNA localization within the cell or tissue. However,

no single method provides comprehensive information and so a thorough analysis of gene

expression often requires the use of multiple techniques. The only method that provides

information regarding both sequence and length is the northern blot. For this reason,

northern blot is still widely used for RNA detection and to validate results obtained with

other methods. It also provides information about the RNA condition (e.g., degradation)

and it can distinguish between splice variants [2, 3].

As previously mentioned, the need to strip and re-probe a northern blot membrane

in order to detect multiple targets is a limitation of the technique. To the best of our
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knowledge, only one attempt has been made to develop a multiplexed northern blot assay.

Hoeltke et al. [24] have developed a colorimetric multiplexed northern blot protocol. Dif-

ferentially labeled probes have been used against two different targets. Probe labeling was

done with digoxigenin or biotin. Each label is detected by alkaline phosphatase conjugate

and three different naphtol-AS3-phosphate/diazonium salt combinations as substrates to

AP. While hybridization to the different probes can be carried out simultaneously, label

detection is carried out sequentially. Between each detection step, a heat/EDTA treatment

is carried out to inactivate the formerly bound AP. The results are visualized as blue and

red bands; if the target is bound by more than one probe, the signal results in a mixed

color. The great advantage of this method is that it removes the need to strip and re-probe

a membrane for detection of more than one target. However, it is still necessary to perform

the detection reaction consecutively. Unfortunately, the dyes used in order to detect mul-

tiple colors at once are less sensitive than other colorimetric detection dyes; no other dye

combination with improved sensitivity has been reported, thus making this method less

applicable. Fluorescently labeled northern blot probes can be generated, however, they are

considered to be less sensitive than other detection methods and are therefore not widely

used [21].

In this chapter, we explore the use of a hybridization chain reaction (HCR) in order to

simultaneously detect multiple targets on a northern blot.

5.1.4 Hybridization chain reaction (HCR)

In an HCR system [25], two complementary hairpins are designed to be kinetically trapped

in a monomer state. Each hairpin has two single-stranded regions: a toehold and a loop.

The complement to the toehold of one hairpin is sequestered in the loop of the other hairpin

(and vice versa), kinetically trapping the hairpins. Upon the presence of an initiator, a

cascade of reactions begins in which the hairpins form a nicked double-stranded polymer.

In Figure 5.1(a) hairpins H1 and H2 are kinetically trapped. Upon the presence of initiator
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I in Figure 5.1(b) the toehold ‘a’ of hairpin H1 base-pairs with its complementary target

‘a*’ in initiator I. Next, the stem ‘b’ of hairpin H1 binds to ‘b*’ in the initiator, the complex

I·H1 is formed. Following the binding of H1 to the initiator I the loop ‘c’ and half of the

stem ‘b*’ of hairpin H1 are exposed as single-stranded regions. In the next step (Figure

5.1(c)), toehold ‘c*’ of hairpin H2 binds to ‘c’ in the complex I·H1, followed by binding of

the stems ‘b-b*’ and in the formation of a complex I·H1·H2. Once hairpin H2 is bound and

open, a single-stranded region ‘a* -b*’ is exposed. This region is identical to the original

initiator sequence and thus a new H1 hairpin can add to the polymer followed by another

H2 hairpin, leading to the formation of a long alternating H1·H2 polymer.

Our lab has recently utilized HCR to develop a multiplexed fluorescent in situ hy-

bridization method [26]. Gene probes were designed to include a single-stranded “tail”

region which is an HCR initiator sequence. Orthogonal HCR polymers were designed,

each initiated by a different initiator sequence. The HCR polymers are made fluorescent

by attaching fluorescent dyes to the hairpin monomers. Multiple fluorescent polymers can

be grown off the same mRNA by using multiple probes (with the same initiator sequence)

against a target gene. Using this method, five mRNAs were detected in a single experiment

within a single biological sample. In order to detect other mRNAs, all that is needed is to

design a new probe complementary to a gene of interest.

In this chapter, HCR is utilized to improve the northern blot method. A great dis-

advantage of a northern blot is that in order to detect multiple genes, current practice

requires stripping and re-probing the blot. This is time consuming, difficult and may re-

duce sensitivity of the blot. By using multiplexed fluorescent HCR as a detection moiety

of probe hybridization, we can detect four targets simultaneously; this is demonstrated for

both mRNA targets and miRNA targets. Fluorescence detection is not as sensitive as the

standard radio-isotope 32P. By using a radioactive HCR polymer, we demonstrate miRNA

detection of 0.01 femtomol, a 5-fold improvement relative to the current literature [10].
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Figure 5.1: HCR polymer formations schematic. Letters marked with * are comple-
mentary to the corresponding unmarked letter (e.g a is complementary to a*). (a) Hairpins
H1 and H2 are kinetically trapped in monomer state. (b) In the presence of initiator I
hairpin H1 binds to the initiator and undergoes a conformation change, exposing the loop
stem, forming complex I·H1. (c) The exposed loop and stem of hairpin H1 enable hairpin
H2 to bind, forming a complex I·H1·H2 and exposing its loop and stem. The open form
of H2 is identical to the initiator, enabling to another H1 hairpin to bind. A hybridiza-
tion chain reaction occurs which forms a nicked double-stranded alternating H1 and H2
hairpins.

5.2 HCR as a detection method for northern blots

An HCR polymer can be used to detect and amplify the signal of a northern blot probe.

Figure 5.2 depicts an overview of the northern blot procedure with HCR amplification as

the signal detection step. To use HCR for detection, the probe design needs to be altered

from that of “standard” probes. Traditional probes have a region complementary to the

target RNA as well as a detection moiety such as a radioactive or hapten label. For HCR

detection, the detection moiety of the probe is changed into a nucleotide sequence which

is an HCR initiator. Once the probe is hybridized to its target, an HCR initiator “tail”

is left unbound to the membrane (Figure 5.2, probe hybridization). After unbound probe

is washed, HCR amplifier hairpins are added to the blot and an HCR polymer is grown

off of each target-bound probe. Each amplifier hairpin is labeled, therefore each polymer

contains multiple labels resulting in signal amplification (Figure 5.2, HCR amplification).

The unbound hairpins are then washed and the signal is detected accordingly.

The HCR amplifiers are orthogonal. By using a different initiator per target-specific

probe, a different polymer can be grown off multiple types of targets (Figure 5.2, red,

blue and yellow polymers). The signal can be further amplified by growing multiple HCR
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polymers per target. This can be achieved by using multiple probes per target, each with

the same initiator sequence. For detection, any molecule used for standard northern blot

probes can be used. Because HCR systems are orthogonal, multiplexing is inherent. Thus,

as long as the probes are selective enough, multiple targets can be detected simultaneously.

For multiplexing, distinct fluorescent labels should be used for each HCR amplifier.

5.3 Results

5.3.1 HCR “dot blot”

We used a dot blot to show that HCR can be used to detect a target mRNA in a blot

format. To that end, we used a dot-blot approach, where an mRNA of interest is spotted

in known amounts onto a membrane and detected using fluorescent HCR. Choi et al. [26]

have previously used probes designed to target enhanced green fluorescent protein (EGFP)

for in situ hybridization using HCR amplification. One of these probes was used for the dot

blot since it was pre-validated and a plasmid for in vitro transcription of EGFP was present

in the lab. This probe is 81 nucleotides long with a 50-nucleotide gene specific region, a

5-base spacer and a 26-nucleotide HCR initiator. Mild blotting conditions were used to

promote probe binding since no hybridization to other targets was expected. Blotting

conditions were adapted from mirVana miRNA isolation kit (Ambion).

Figure 5.3 demonstrates that HCR polymers can indeed be grown off an mRNA-bound

probe attached to a positively charged nylon membrane. Figure 5.3(a) suggests a sensitiv-

ity estimated at three femtomoles. A second blot was performed using smaller amounts

of spotted mRNA to see whether the sensitivity achieved in Figure 5.3(a) is due to full

consumption of amplifiers or due to a sensitivity limit. A slight improvement in signal was

observed when less RNA was spotted (Figure 5.3(b)). Taken together, both blots suggest

a detection limit on the order of one to three femtomoles. This is less sensitive than com-

mercial buffers such as ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion), which
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Figure 5.2: Northern blot detection via HCR schematic. Each probe contains an
HCR initiator sequence. A different HCR polymer can be grown off each target, according
to the initiator sequence. The two colors of each probe symbol the target binding sequence
and the initiator sequence. Blue hairpins can form a polymer off blue initiator sequences
etc. Arrows on probes and hairpins represent the 3′ end. Stars represent the detection
moiety.
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left blot is from detection notebook 3/16 - 3/18 2011. page 4
right blot is from detection notebook 3/21 - 3/22 2011. page 5
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Figure 5.3: EGFP ”dot blot” detection via HCR. Serial dilutions of in vitro tran-
scribed EGFP mRNA were spotted onto a Nytran SPC (Whatman) membrane. RNA was
cross-linked to the membrane by baking for 2 hours at 80◦C. Blotting was done in mild
conditions according to the mirVana miRNA blotting procedure (see Materials and meth-
ods). The EGFP probes (see Table 5.2.)were used at a 2nM concentration. Probe detection
was carried out using a 10nM (each) amplifier solution in hybridization buffer. Amplifiers
were snap cooled prior to hybridization and amplification step was carried out over night
at room temperature in the dark (system A1, see Table 5.3). The amount of moles per
spot were estimated based on a EGFP mRNA molecular weight of 223069.33 gr/mole. (a)
Two-fold dilution series starting with 1600 nanogram EGFP mRNA. (b) Two-fold dilution
series starting with 20 nanogram EGFP mRNA.

advertise the detection of 10,000 molecules (attomolar range). This sensitivity is based on

the use of very pure and highly radioactive probes with prolonged exposure times (days)

and 100% efficiency in probe hybridization to the target — conditions which are not stan-

dardly achieved. It is possible that the use of a different buffer such as ULTRAhyb might

improve the hybridization conditions.

5.3.2 mRNA blots

5.3.2.1 Specificity and blotting conditions

To check for specificity of the assay (probe binding and non-specific HCR amplification) and

to examine blotting conditions, destabilized enhanced green fluorescent protein (d2EGFP)

was chosen as the detection target. This gene was chosen mainly due to its visible phenotype
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in tissue culture and due to the availability of cell lines with and without d2EGFP. In

addition, in our lab we have multiple probes against EGFP which have been validated in

situ. These probes also match up with the d2EGFP sequence. Probes are 81 nucleotides

in total with a 50-nucleotide gene specific region, a 5-nucleotide spacer and a 26-nucleotide

HCR initiator sequence.

mRNA blots from total RNA were attempted using the same conditions for the dot

blot. These conditions were not stringent enough and led to non-specific probe biding, most

likely to ribosomal RNA (293A vs. 293 d2EGFP lanes in Figure 5.4(a)). Blotting was also

attempted with the same hybridization and amplification buffer conditions that were used

for in situ HCR amplification [26]. These conditions were not compatible for blotting

and resulted in no signal (including for in vitro transcribed mRNA; data not shown).

Finally, probe hybridization and HCR amplification were attempted using ULTRAhyb

hybridization buffer (Ambion). Prior to RNA transfer to the membrane, the gel was

stained with SYBRGold to verify the integrity of the RNA (Figure 5.4(b)). Staining of

ribosomal RNA demonstrates that the RNA has not been degraded; the amount of in vitro

transcribed mRNA (30ng) is not visible by SYBRGold staining in these conditions (control

mRNA lane, Figure 5.4(b)). Figure 5.4(c) demonstrates that an HCR signal is obtained

only for lanes containing either in vitro transcribed EGFP mRNA (control mRNA lane) or

total RNA from d2EGFP expressing cells but not for total RNA from non-expressing 293A

cells. The lack of signal in total RNA from 293A cells is due to the lack of d2EGFP mRNA

and not due to mRNA degradation as evident by Figure 5.4(b). Thus, these conditions are

suitable for specific mRNA detection and HCR amplification.

5.3.2.2 Multiplexed detection of endogenous targets

So far we have shown that HCR can detect over-expressed d2EGFP mRNA. We now demon-

strate HCR’s ability to detect endogenous levels of mRNA expression using glyceraldehyde-

3-phosphate dehydrogenase (GAPDH). We chose GAPDH due to its relatively high expres-
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BFigure 5.4: Specific d2EGFP detection via HCR. In vitro transcribed EGFP mRNA
and total RNA extracted from 293A or 293 d2EGFP cells were separated on 1% denaturing
agarose and transferred onto a Nytran SPC (Whatman) membrane. Following cross-linking
and pre-hybridization a probe against d2EGFP (see Table 5.2) was added and hybridized
overnight. The gel was washed three times before HCR amplification. The signal was
amplified overnight using 14.3nM of each amplifier hairpin (system A3, see Table 5.3)
labeled with Alexa 532. The membrane was washed 3 times prior to imaging. (a) Alexa
532 signal from blotted membrane. Blotting was done in mild conditions according to
the mirVana miRNA blotting procedure (see Materials and methods sectoin). 5.7nM of
EGFP probe were used for hybridization. (b) SYBRGold staining of electrophorated RNA
prior to transfer demonstrating the RNA is intact (30ng control mRNA and 22.5µg total
RNA). (c) Alexa 532 signal from blotted membrane. Blotting conditions: pre-hybridization
and hybridization with 9.17nM probe in ULTRAhyb. Two 5 minute washes at room
temperature in low stringency buffer followed by a 5 minute wash in high stringency buffer
at 55◦C (NorthernMax kit, Ambion). After amplification the high stringency wash was
done at 45◦C.
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sion level and because it is commonly used as a control in northern blot experiments. To

demonstrate that the detected GAPDH mRNA runs corresponding to its size, a sepa-

rate HCR system was used to detect a single-stranded RNA ladder (NEB). Probes are

81 nucleotides long with a 50-nucleotide gene-specific region, a 5-nucleotide spacer and a

26-nucleotide HCR initiator sequence. An HCR system labeled with Alexa 488 was used

to detect an ssRNA ladder probe and an HCR system labeled with Alexa 647 was used to

detect GAPDH probes. The expected length of GAPDH mRNA is 1401 nucleotides (NCBI

accession NM 002046); a band corresponding to a size between 1000–2000 nucleotides is

present in the Alexa 647 channel in Figure 5.5(a), suggesting that this is GAPDH. Both

total RNA as well as total mRNA were used for this assay; total mRNA was used to

control for non-specific binding to ribosomal RNA since it should be mostly depleted of

ribosomal RNA. Figure 5.5(b) demonstrates that the 18S unit of the ribosomal RNA runs

similar in size (1869 nucleotides, NCBI accession NR 003286) to the 2000nt marker, further

supporting that the observed detected band is GAPDH and not ribosomal RNA.

To further validate that the observed signal is due to GAPDH detection and not riboso-

mal RNA (rRNA), a probe specific for 18S rRNA [27] was used in combination with probes

against GAPDH and a single-stranded RNA (ssRNA) ladder. The 18S rRNA probe has a

20-nucleotide binding region whereas the other probes have a 50-nucleotide binding region.

All probes have a binding region to the sequence of interest as well as an initiator for HCR.

GAPDH, 18S rRNA and an ssRNA ladder were all detected using three orthogonal HCR

systems; each system was labeled with a different fluorophore. Figure 5.6 demonstrates

that a signal obtained for GAPDH (red) indeed runs lower than the 18S rRNA (green

signal). In addition, it is observed that while the MicroPoly(A) purist kit does a good job

of removing most of the 18S rRNA, some still remains as is observed by the green band in

the total mRNA lane.
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Figure 5.5: Multiplexed GAPDH and ssRNA ladder detection via HCR. Blotting
was performed according to the mRNA blotting procedure (see Materials and methods).
(a) Total RNA (34.5µg, Trizol extraction) or total mRNA (940ng, MicroPoly(A) purist
(Ambion)) extracted from 293A cells were separated on 1% denaturing agarose and trans-
ferred onto a BrightStar-PLUS SPC (Whatman) membrane. As a size marker, 1.25µg
ssRNA ladder (NEB) was used. Following cross-linking and pre-hybridization, five probes
against GAPDH (each with an initiator for HCR system A1) were added to a 1.8nM final
concentration (each), to detect the ladder, 16.3nM probe with an initiator for HCR system
A2 was used. HCR amplification was performed at 20nM of each amplifier hairpin. Alexa
488 amplifiers bind to probes against ssRNA ladder, Alexa 647 amplifiers bind to probes
against GAPDH. (b) SYBRGold staining of total RNA and ssRNA ladder demonstrates
the RNA is intact and the size of ribosomal RNA bands. For a list of probes and HCR
amplifier systems see Tables 5.2 and 5.3.
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Figure 5.6: Multiplexed detection of GAPDH, 18S rRNA and ssRNA ladder
via HCR. Total RNA (8µg, mirVana extraction) or total mRNA (920ng, MicroPoly(A)
purist (Ambion)) extracted from 293A cells were separated on 1% denaturing agarose and
transferred onto a BrightStar Plus (Ambion) membrane. As a size marker 1µg, ssRNA
ladder (NEB) was used. Blotting was performed according to the mRNA blotting procedure
(see Materials and methods section). Five probes against GAPDH (each with an initiator
for HCR system A1) were added to a 8.5nM final concentration (each). To detect the
ladder, 8.5nM probe with an initiator for HCR system A2 was used. To detect 18S rRNA,
10nM probe with an initiator for HCR system A6 was used. HCR amplification was
performed at 28.5nM of each amplifier hairpin. Alexa 488 amplifiers bind to the 18S rRNA
probe, Alexa 546 amplifiers bind to the ssRNA ladder probe, Alexa 647 amplifiers bind to
the GAPDH probes. For a list of probes and HCR amplifier systems see Tables 5.2 and
5.3.
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5.3.3 miRNA blots

Our next goal was to use HCR to detect small RNAs in the range of 19–60 nucleotides (such

as siRNAs, miRNAs, piwi-interacting RNAs (piRNAs) [28–30] and our own scRNAs). The

detection of small RNAs is more challenging than that of longer mRNAs. Their abundance

is typically low and combined with the loss of small RNAs during the extraction process, the

blotting procedure requires increased sensitivity. Additionally, due to their short sequence,

only one probe can be used per target which may reduce the amount of labels per target.

Due to these challenges, a sensitive multiplexed assay using HCR is advantageous.

5.3.3.1 Blotting conditions for miRNAs

To examine miRNA detection using HCR, we chose hsa-miR-16a as the miRNA target, U6

small nuclear 1 (RNU6-1) as an internal control, and a microRNA marker (NEB) as a size

marker. The U6 gene is 106 nucleotides long and is often used as a small-RNA loading

control. Probes for the miRNA and the ladder are the full complement to the target. For

the ladder, the complement to the 17 nucleotides that are present in all three bands was

used as the probe. Due to initial difficulties in detecting microRNAs (data not shown), two

additional controls were used: a synthetic miR16a target was used to check that the probe

and blotting conditions can bind the miR-16a target, and in addition, the synthetic target

was spiked into the sample prior to RNA extraction to check for the ability to recover

miRNAs.

Two blotting conditions were used, one at room temperature as suggested by the

mirVana protocol (for a detailed protocol see Materials and methods section; Figure 5.7(a))

and one at 55◦C probe hybridization and 45◦C HCR amplification as observed suitable for

in situ [26] and mRNA blotting (Figure 5.7(b)). Figure 5.7 demonstrates that blotting at

room temperature leads to non-specific HCR amplification as is evident both for the U6

probe and the miR-16a probe, while blotting in elevated temperatures results in specific

detection (Figure 5.7(a) vs. Figure 5.7(b), blue and red channels). The miR-16a probe is
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able to amplify its target. However, a signal was not observed for total RNA or samples

enriched for small RNAs. The low signal obtained from the spiked sample suggests that

the extraction procedure may result in partial loss of miRNAs or that the cross-linking

process is not sufficient. Nevertheless, the possibility that miR-16a is not expressed, or

expressed at non-detectable levels cannot be ruled out.

Real-time PCR was used to verify the expression level of miR-16a in HEK293A cells.

The expression of miR-16a is estimated to be 4.5±0.08 1-fold lower than that of U6. Once it

was verified that miR-16a is present in the HEK293 cell line, we used a FAM-labeled LNA

probe (Exiqon) against miR-16a to examine the northern blot procedure. LNA probes are

commonly used as probes in northern blot detection and are considered to have increased

sensitivity and specificity compared to DNA and RNA probes [9, 31]. The labeled LNA

probe and a synthetic target were used as controls in the blot. Blotting conditions according

to the mirVana protocol did not yield any signal, including for the control groups (data

not shown). Given that using ULTRAhyb for the mRNA blots significantly improved the

blotting conditions, we tried blotting with ULTRAhyb-Oligo (Ambion), which is designed

for short probes. Figure 5.8(a) demonstrates that while the blotting conditions are sufficient

for detection of the synthetic target and probe controls, they are not suitable for detection

of endogenous levels of miR-16a.

Next, we examined the cross-linking conditions. Both short-wave UV light and baking

cross-link RNA to the membrane through interactions with the RNA bases. Cross-linking

of bases within the RNA target, especially for short targets, reduces their availability to

interact with the probe. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) cross-

linking is thought to work via the 5′ terminal phosphate of the small RNA and results in

an immobilized RNA which has more free bases to interact with a probe. The use of EDC

has improved the detection of small RNAs by a minimum of 20-fold [32]. By altering the

cross-linking method to EDC, miR-16a was detected in total RNA, total RNA spiked with

1For calculation of the error see Materials and methods section.
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Figure 5.7: Multiplexed detection of synthetic miR-16a target, endogenous U6
RNA and microRNA ladder via HCR. Extraction of small RNAs was done from
HEK293 d2EGFP cells according to the mirVana enrichment procedure for small RNAs
(Ambion). For the sample spiked with a synthetic target, the target was added prior to ex-
traction. 60ng microRNA marker, 0.5pmol synthetic miR-16a target, 720ng of small RNA
extraction with a spiked synthetic marker, 975ng of small RNA extraction and 22.5µg total
RNA extracted with ZR RNA MiniPrep (Zymo Research) were separated on a 15% denatur-
ing polyacrylamide gel. Blotting was carried out according to the mirVana miRNA blotting
procedure (see Materials and methods section). Probes were used at a 5nM concentration
each. Amplification was done at 10nM. (a) Hybridization, wash and HCR amplification
at room temperature. (b) Hybridization and wash at 55◦C, HCR amplification and wash
at 45◦C. Probes: microRNA ladder A2 initiator, miR-16a A1 initiator, U6 A5 initiator.
Amplifiers: A1 Alexa 647, A2 Alexa 488, A5 Alexa 546. For a list of probes and HCR
amplifier systems see Tables 5.2 and 5.3.
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 blot A is from miRNA notebook 12/7/11- 12/8 2011. page 21
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Figure 5.8: Detection of endogenous miR-16a target using a FAM-labeled LNA
probe. Extraction of total RNA or small RNAs was done from HEK293A or HEK293
d2EGFP cells according to the relevant mirVana protocol (Ambion). Detection of the
probe was done using 1.5mg/ml alkaline phosphatase anti-fluorescein antibody (Vector
Laboratories) followed by BCIP/NBT chromogenic detection. (a) 15µg total RNA, 1.6µg
small RNAs, 0.5pmol synthetic miR-16a and 5pmol FAM-labeled LNA probe were blotted
onto a positively charged nylon membrane. Cross-linking was done by baking for 30 minutes
at 80◦C. Probe concentration for hybridization was 1.25nM. (b) 34µg total RNA, 18.5µg
total RNA spiked with 0.1pmol synthetic miR-16a (after extraction), 0.1pmol synthetic
miR-16a were blotted onto a positively charged nylon membrane. Cross-linking was done
using EDC. Probe concentration for hybridization was 3.3nM.

a synthetic miR-16a target and a synthetic miR-16a target using a FAM-labeled LNA probe

(Figure 5.8(b)). Taken together, these results suggest that the use of ULTRAhyb-Oligo

in combination with EDC cross-linking are good conditions for detection of endogenous

miRNAs.

5.3.3.2 Multiple HCR-initiator probes

The low abundance of miRNAs makes them a difficult target to detect. While the signal of

mRNAs can be amplified by the use of multiple probes per target (thus growing multiple

HCR polymers per target), the short length of small RNA targets allows use of only one

probe per target. In order to try and increase the signal generated per probe, multiple

initiators can be attached to an HCR probe, allowing one probe to facilitate the polymer-

ization of multiple polymers. Figure 5.9 depicts this strategy using double-initiator (DI)
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Figure 5.9: HCR-based detection using probes with multiple initiators
schematic. Target (black), probe region complementary to the target (dark blue), initia-
tor sequence (turquoise), spacer sequence between initiators (orange), amplifier hairpins
(light blue) and detection moiety (star).

and quad-initiator (QI) probes. Figure 5.10 demonstrates that increasing the number of

initiators increases the observed signal as expected. It is yet to be determined whether

this relationship is linear. Compared to the signal of a single initiator (SI probe), a DI

probe increased the signal by 1.84±0.56 and a QI probe increased the signal by 3.07±0.98.

Signal increase represents the average increase in signal across three independent experi-

ments; errors represent the standard error of the mean. Amplification was done at 60nM

for each amplifier hairpin for SI, DI and QI probes. To verify that this regime is in excess,

an additional sample with 120nM amplifier hairpins was included with a QI probe. The

signal did not significantly change by doubling the amount of amplifier suggesting that

60nM is a sufficient concentration.

5.3.3.3 Multiplexed miRNA detection using HCR

By using EDC cross-linking in combination with ULTRAhyb-Oligo for probe hybridization,

a DI probe and HCR amplification, it is possible to detect endogenous levels of miR-16a

in 293A total RNA (Figure 5.11). We next examined whether it is possible to detect two
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Figure 5.10: HCR-based detection using probes with single, double and quad
initiators. One pmol synthetic miR-16a target were blotted using 20nM of single-, double-
, or quad-initiator probes for HCR system A1. Amplification was carried out at 60nM or
120nM (indicated in the figure) with Alexa 546-labeled amplifiers. The histogram depicts
the normalized intensity of each band. For a detailed method see miRNA blotting procedure
with ULTRAhyb-Oligo in the Materials and methods section. For a list of probes and HCR
amplifier systems see Tables 5.2 and 5.3.

different microRNAs simultaneously. The challenge in this case is that both miRNAs would

be present at the same location on the membrane. To this end, we have chosen miR-21

as the second miRNA target. Based on data obtained in small RNA library sequencing,

we expect this microRNA to be expressed at very low levels in HEK cells and expressed

at similar levels to miR-16a in the glioblastoma cell line U87MG [33]. The use of RNA

extracted from both cell lines can be used as a positive and negative control on a blot.

Figure 5.12 demonstrates that a microRNA ladder, U6 RNA, miR-16a and miR-21

can all be detected simultaneously in a northern blot procedure; these targets could be

detected from as little as 1µg total RNA (Figure 5.12(c) and (d)). In order to detect all

four targets, the microRNA ladder, as well as one probe, had to use the same label due to

technical reasons related to lab equipment. The amplifier systems were different and only

the labeling (Alexa dye) is identical. Detection of two microRNAs is not limited to small

(endogenous) amounts of target; 0.5pmol (each) of miR-16a and miR-21 can be detected

using multiplexed blotting (Figure 5.13).

Based on small-RNA library sequencing data [33], we expected miR-16a and miR-21

to be expressed at similar levels in U87MG cells. However, detection of miR-16a was

surprisingly low (Figure 5.12). This is not likely due to the blotting procedure, as is

evident from Figure 5.13. It might be due to a variation in the glioblstoma cell line used
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Figure 5.11: Multiplexed HCR-based detection of endogenous miR-16a. 12ng
microRNA marker, 0.1pmol synthetic miR-16a, 25.8µg total RNA and 364ng extracted
RNA enriched for small RNAs were used for blotting. Hybridize with miR-16a-DI probe,
U6 short SI probe, microRNA marker probe DI at 5.7nM. After hybridization and HCR
amplification the membrane was washed twice in 2×SSC 0.1% SDS at room temperature
for 5 minutes followed by a 5-minute wash in 0.1×SSC 0.1% SDS at 37◦C. For a list of
probes and HCR amplifier systems see Tables 5.2 and 5.3.

or due to bias in small RNA library sequencing [34, 35]. The expression of each microRNA

relative to U6 was examined using qRT-PCR in both cell lines. Preliminary data show that

expression of miR-16a in U87MG cells is indeed lower than expression of miR-21 and in the

HEK293A cell line, miR-21 is expressed at lower levels than miR-16a (data not shown).

5.3.3.4 Detection limit of HCR-based miRNA northern blot detection

Kim et al. [10] have recently reported that by using digoxigenin-labeled LNA probes in

combination with EDC cross-linking, detection of 0.05 femtomol miRNA was achieved;

this is comparable to radioactive labeling. We next examined whether HCR detection can

compare in sensitivity. Using serial dilutions of synthetic miR-16a, HCR detection with a

QI probe using Alexa 647-labeled amplifiers has a sensitivity limit of 0.1 femtomol (Figure

5.14(a)). Radioactive labeling with 32P is most commonly used due to its high sensitivity.

Whereas using a DI probe with 32P labeled HCR amplifiers maintains a sensitivity of 0.1
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Figure 5.12: Multiplexed HCR-based detection of endogenous miR-16a, miR-
21 and U6. All blots were performed using 20nM probes and 60nM of each amplifier
hairpin. For detailed methods see miRNA blotting procedure with ULTRAhyb-Oligo in
the Materials and methods section. Probes: ladder DI A2, U6short SI A5, miR-16a QI A1,
miR-21 QI A3. (a) 5µg total RNA, 24ng microRNA marker. Amplifiers: A1 Alexa 647,
A2 Alexa 647, A3 Alexa 546, A5 Alexa 488. (b) 3µg total RNA, 18ng microRNA marker.
Amplifiers: A1 Alexa 546, A2 Alexa 488, A3 Alexa 647, A5 Alexa 488. (c) 1µg total RNA,
18ng microRNA marker. Slightly less than 20nM probe for the microRNA ladder were
used. Amplifiers: same as panel C. (d) Greyscale representation of panel (c). For a list of
probes and HCR amplifier systems see Tables 5.2 and 5.3.
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Figure 5.13: Multiplexed HCR-based detection of miR-16a and miR-21. 0.5pmol
of synthetic microRNA targets were blotted using 20nM probes and 50nM of each amplifier
hairpin, for a detailed method see miRNA blotting procedure with ULTRAhyb-Oligo in
the Materials and methods section. Probes: miR-16a DI A1, miR-21 DI A3. Amplifiers:
A1 Alexa 647, A3 Alexa 488. For a list of probes and HCR amplifier systems see Tables
5.2 and 5.3.

0.1 0.0
3

0.0
1

0.0
03

00.0
01

(a)
fmol 0.1 0.0

3
0.0

1
0.0

03
00.0

01
(c)

0.1 0.0
3

0.0
1

0.0
03

00.0
01

(b)

Figure 5.14: Sensitivity of HCR-based detection. Serial dilutions of 5′ phosphorylated
synthetic miR-16a targets blotted using ULTRAhyb-Oligo (see Materials and methods
section). (a) 20nM QI A1 probe, 60nM A1 amplifiers labeled with Alexa 647. (b) 20nM
DI A1 probe, 0.5×106cpm/ml of each 32P amplifier hairpin (106cpm/ml total). (c) 13.5nM
QI A1 probe, 0.5×106cpm/ml of each 32P amplifier hairpin. For a list of probes and HCR
amplifier systems see Tables 5.2 and 5.3.

femtomol, by using radioactive HCR with a QI, probe the detection limit improves to

0.01 femtomol, a five-fold sensitivity increase compared to that reported in the literature

(Figure 5.14(b) and (c)). The QI sensitivity limit is maintained when probe concentration

is increased from 13.5nM to 20nM (data not shown).

5.3.3.5 Estimation of polymer length

Finally, we wanted to know how many hairpins (fluorphores) are present in each HCR

polymer. To estimate the number of hairpins present, the signal obtained from one probe

labeled with an Alexa dye was compared to the signal obtained from an HCR polymer
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Figure 5.15: Estimation of HCR polymer length. 2pmol 5′ phosphorylated synthetic
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labeled amplifiers. The blot of the single labeled probe was blot underwent the exact same
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systems see Tables 5.2 and 5.3.

initiated by a QI probe. The signal obtained for the QI probe was roughly 33 times higher

than that of a probe with one label. The signal obtained for a QI probe should be composed

of four HCR polymers, estimating a polymer length of about eight hairpins per polymer

(Figure 5.15). This estimate is in agreement with estimation of the polymer length of an

SI probe against d2EGFP (data not shown).

5.4 Discussion

We have presented the use of a hybridization chain reaction as a method for northern blot

detection. We have shown that HCR is suitable to detect both long targets such as mRNAs

as well as short targets such as microRNAs. In HCR detection, the target probe contains

an additional “tail” which serves as an HCR initiator. During the detection step, a polymer

is grown off of each bound probe. Each amplifier hairpin is labeled with a detection moiety

(fluorescent dye or radio-label) for signal readout. The HCR polymers are orthogonal using

a different HCR initiator on each probe each target has a unique polymer attached to it.

The main advantage of HCR over current detection methods (e.g 32P, biotin etc.) is

that it allows for parallel multiplexing. By labeling each HCR hairpin (and therefore
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polymer) with a specific fluorophore, each polymer is visualized distinctly and specifically

with its own target. Thus, multiple targets can be probed and detected simultaneously

on the same blot. Not only does this significantly save time, but it also reduces the risk

and complications involved with stripping and re-probing blots. Many possibilities exist

for the generation of orthogonal HCR polymers. The limitation in the number of targets

that can be detected simultaneously is technical and depends on the spectral channels of

the imaging device.

A limitation of fluorescent HCR is that fluorescence is typically less sensitive than

radioactive labeling [21] with 32P. In this work, we show a detection limit of about 0.1

femtomol miR-16a using a quad-initiator RNA HCR probe, whereas the reported literature

suggest a detection limit of 0.05 femtomol using a 32P or digoxigenin-labeled LNA probe

[10]. However, if HCR labeling is switched to 32P, then the detection limit of HCR becomes

0.01 femtomol, a 5-fold improvement relative to the literature.

Further improvements to sensitivity can also be made by changing the nucleotide com-

position of the probe to 2′-OMe or LNA. The main drawback is that these may not allow

for multiple initiators; due to synthesis technicalities they cannot be transcribed, and are

more expensive.

Alternatively, improvements to sensitivity can be made by increasing polymer length

or increasing the number of polymers per target. Our work suggests that each polymer is

composed of approximately eight hairpins, while gel studies for the same polymers suggest

a mean length of 20 hairpins [26]. Further optimization of hybridization conditions may

be needed to grow longer polymers. For long RNA targets, multiple probes can be used

to grow multiple polymers per target and thus improve sensitivity. This strategy is not

possible with short miRNA targets. To overcome this, we have designed probes with

multiple initiators. This way, one probe can have multiple HCR-polymers attached to it

therefore leading to an increase in signal. Indeed, we have shown that multiple-initiator

probes lead to a stronger signal when compared to a single-initiator probe. A further
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increase in signal may be obtained by optimizing the spacer length between the initiator

sequences.

Other strategies based on nucleic acids structures have been used to obtain signal am-

plification. Mainly, the use of DNA dendrimers and branched DNA (bDNA) assays have

been used as the amplification method [36–42]. These assays were mostly focused on signal

amplification for ISH, microarrays, miRNA detection in microtiter plates and plasma. Al-

though these strategies can potentially be used for signal amplification in blotting methods,

to the best of our knowledge, this is not common practice.

The work presented here is not limited to northern blot detection of multiple targets.

It may also be used to detect the same target mRNA redundantly in two channels using

different HCR systems. This can assist in validating the specificity of probes. More broadly,

HCR can be used as a detection method for many other hybridization-based techniques

such as Southern blot, array formats and possibly for point-of-care detection. This work

provides a stepping stone toward achieving sensitive, multiplexed detection in diverse in

vitro settings using HCR.
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5.5 Materials and methods

in vitro transcription. pCS2plus-EGFP plasmid was a generous gift from Dr. Le Trinh.

The plasmid was linearized with NotI prior to SP6 transcription. Transcription was carried

out using AmpliScribe SP6 high yield transcription kit (Epicenter), according to the man-

ufacturer. The transcribed RNA was purified using Qiagen’s RNeasy mini kit according to

the manufacturer, on-column DNaseI digestion was performed. RNA was quantified using

A260 absorbance on a NanoDrop8000 (Thermo Scientific).

Snap cool. Amplifier hairpins were snap cooled by heating them to 95◦C for 90 seconds

followed by a ≥30 minute incubation at room temperature in the dark.

Cell lines. HEK293A cells were purchased from Invitrogen (catalong #R705-07), HEK293

d2EGFP cells were a generous gift from Dr. Chase Beisel. The destabilized EGFP sequence

comes from pd2EGFP-1 plasmid (Clonetech, PT3205-5 catalog #6008-1). Cells were main-

tained at 37◦C 5% CO2 in DMEM (Invitrogen) supplemented with 10% fetal bovine serum

(Invitrogen).

RNA extraction. Total RNA was extracted either with Trizol reagent (Ambion), ZR

RNA MiniPrep (Zymo Research) or mirVana miRNA isolation kit (Ambion).

mRNA blotting procedure. Denaturing formaldehyde/MOPS agarose gel was prepared

with 1×NorthernMax denaturing gel buffer (Ambion) according to the manufacturer. Prior

to loading, total RNA was mixed 1:1 (vol/vol) with formamide and heated to 65◦C for 15

minutes. The gel was run in 1×MOPS buffer (Ambion) at 55Volts for 2–3 hours. The gel

was washed four times in water prior to transfer. A positively charged nylon membrane

(BrightStar-Plus (Ambion) or Nytran-SPC (Whatman)) was pre-wet in water and then

equilibrated 5 minutes in 20×SSC. RNA transfer to the membrane by “downward transfer”

in 20×SSC for 3–4 hours. The RNA was cross-linked to the membrane by baking at 80◦C

for two hours between two 3MM Whatman filter sheets. The membrane was pre-hybridized

at 65◦C for at least 30 minutes in ULTRAhyb (Ambion). Probes were added to the pre-

hybridization solution and hybridization was carried out overnight at 55◦C. The blots were
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washed twice in 2×SSC 0.1% SDS for 5 minutes at room temperature followed by a 5-

minute 0.1×SSC 0.1%SDS wash at 55◦C unless otherwise specified. The membrane was

then pre-hybridized again in ULTRAhyb followed by addition of snap cooled HCR amplifier

hairpins. Amplification was carried out overnight at 45◦C in the dark. Prior to imaging, the

blots were washed twice in 2×SSC 0.1% SDS for 5 minutes at room temperature followed

by a 5-minute 0.1×SSC 0.1%SDS wash at 45◦C unless otherwise specified.

mirVana miRNA blotting procedure. Pre-hybridization was carried out for at least

an hour at 65◦C in 6×SSC, 10×Denhardt’s solution, 0.2%SDS. Probes were hybridized to

the membrane overnight at room temperature in 6×SSC, 5×Denhardt’s solution, 0.2% SDS

unless otherwise specified. The membrane was washed at room temperature three times

in 6XSSC, 0.2% SDS prior to HCR amplification unless otherwise specified. Amplification

was carried out at room temperature overnight in the dark unless otherwise specified. After

amplification the membrane was washed as indicated above.

miRNA blotting procedure with ULTRAhyb-Oligo. Samples were run on a 15%

denaturing polyacrylamide gel at 300 volts for 25–30 minutes. When total RNA was

used, the gel was pre-run prior to loading the RNA. For electrophoresis, the samples were

mixed 1:1(vol/vol) with formamide and heated to 95◦C for 5 minutes or to 65◦C for 15

minutes . A positively charged nylon membrane (Roche) or NytranSPC (Whatman) was

pre-wet in water and then equilibrated 5 minutes in 0.5×TBE prior to transfer. Semi-

dry transfer in 0.5×TBE was used at 0.8mA to 2mA per square centimeter of gel for 45

minutes to 2 hours using a Panther semidry electroblotter (Owl separation systems). Unless

otherwise specified, the RNA was cross-linked to the membrane using EDC (see below).

Pre-hybridization, hybridization and HCR amplification were carried out in ULTRAhyb-

Oligo (Ambion) at 37◦C unless otherwise specified. The membrane was washed 2–3 times

in 2×SSC 0.5% SDS or 2×SSC 0.1% SDS for 5–15 minutes after probe hybridization and

after amplification.

BCIP/NBT chromogenic detection. Detection was done using the protocol and solu-
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tions in the Biotin Chromogenic Detection kit (Thermo Scientific). Alternatively, blocking

was done in 1X casein solution (Vector Laboratories) and washed in 1×PBS 1% Tween20.

EDC cross-linking. 245µl of 12.5M 1-methylimidazole (Alfa Aesar) were added to 9ml

of RNAse-free water. pH was adjusted to 8 using 1M HCl. 0.753gr of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC; Sigma or Bio-Rad) were added to the solution

and the volume was adjusted to 24ml with water. The EDC solution was used to saturate

a 3MM Whatman chromatography paper. The membrane was placed on the saturated

sheet with the RNA side facing up and both the membrane and the Whatman paper were

wrapped in Saran. Cross-linking was done by a 1–2 hour incubation at 60◦C. Following

cross-linking, the membrane was washed with water to remove excess cross-linking solution.

Imaging. Membranes were imaged on an FLA-5100 imaging system (Fuji Photo Film).

Radioactive membranes were exposed onto an image plate (Fujifilm type BAS-MS) and

scanned using the IP-S mode at 600V. Fluorescent membranes were scanned using the

following settings:

Dye Excitation Filter

Alexa 488 473 nm BP 530 ± 10nm
Alexa 532 532 nm BP 570 ± 10nm
Alexa 647 635 nm LP 665 nm

Table 5.1: Excitation lasers and emission filters used.

Quantification. Multi Gauge ver3.0 (Fujifilm) software was used to quantify gels using

the quantitative analysis with a profile feature.

5′ end labeling. HCR amplifier hairpins were 5′ end labeled with [γ−32P] ATP (10mCi/ml,

MP Biomedicals) using T4 polynucleotide kinase (New England Biolabs). Unincorporated

[γ−32P] ATP were removed by spin column chromatography using Illustra MicroSpin G-

25 columns (GE Healthcare) according to the manufacturer. Counts were measured on a

Beckman LS-5000TD Liquid Scintillation Counter.

qPCR analysis. RNA for qPCR was extracted using TaqMan MicroRNA Cells-to-Ct kit

(Ambion) according to the manufacturer. cDNA was synthesized using TaqMan microRNA
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reverse transcription kit (Ambion). Real-time PCR reaction was prepared using TaqMan

Universal PCR Master Mix, No AmpErase UNG and carried out in a CFX96 (Bio-Rad).

TaqMan primer pairs used were purchased from Applied Biosystems: hsa-miR-16 (catalog

#000391), hsa-miR-21 (catalog #000397) and U6 snRNA (catalog #001973).

Expression of microRNA relative to U6 was done by simplifying the Pfaffl method [43]

to include only one sample while correcting for qPCR efficiency of each reaction using the

equation,

Ratio =
U6

microRNA
=
EmicroRNA

Ct(microRNA)

EU6
Ct(U6)

. (5.1)

Three biological replicates were included and three technical replicates per biological repli-

cate (9 data points total).

The efficiency of the reaction was calculated using the following equation E=10
−1

slope

where the slope was calculated based on a serial 10-fold dilution of a cDNA sample. Re-

actions with Ct values higher than 36 were not used for the analysis. Each dilution series

was analyzed in triplicate.

To account for the uncertainty in the Ct values on the Ratio (equation (5.1)), we use the

simple propagation of errors. The uncertainty, σf of a quantity f(x, y), that is a function

of variables x and y with known uncertainties σx and σy, is given by,

σf =

√(
∂f

∂x
σx

)2

+

(
∂f

∂y
σy

)2

. (5.2)

Thus, the uncertainty in the Ratio (equation (5.1)), given the uncertainties σCt(microRNA)

and σCt(U6)
is given by,

σRatio = Ratio

√(
log(EmicroRNA)σCt(microRNA)

)2
+
(
log(EU6)σCt(U6)

)2
. (5.3)

Probe HCR system Sequence
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EGFP SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAAGUUCUUCUGCUUGUCGGC

CAUGAUAUAGACGUUGUGGCUG

UUGUAGUUGU

EGFP SI A3 GACUACUGAUAACUGGAUUGCCUUAG

AAUUUGUUCUUCUGCUUGUCGGC

CAUGAUAUAGACGUUGUGGCUG

UUGUAGUUGU

GAPDH 1 SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAAAAAAGAAGAUGCGGCUGA

CUGUCGAACAGGAGGAGCAGAG

AGCGAAGCGG

GAPDH 2 SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAAUCCGUUGACUCCGACCUU

CACCUUCCCCAUGGUGUCUGAG

CGAUGUGGCU

GAPDH 3 SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAACCCGUUCUCAGCCUUGAC

GGUGCCAUGGAAUUUGCCAUGG

GUGGAAUCAU

GAPDH 4 SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAAUUCCACGAUACCAAAGUU

GUCAUGGAUGACCUUGGCCAGG

GGUGCUAAGC

GAPDH 5 SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAAUCGCUGUUGAAGUCAGAG

GAGACCACCUGGUGCUCAGUGU
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AGCCCAGGAU

18S rRNA SI A6 CCACAUACCAUCAGACCAGACUAGAC

AAAUACGGAACUACGACGGUAUC

UG

Low range ssRNA ladder SI A2 GACCCUAAGCAUACAUCGUCCUUCAU

UUUUUCUCGACGAAGACUCCC

ssRNA ladder SI A2 GACCCUAAGCAUACAUCGUCCUUCA

UUUUUUAUUUUUUCCAAGACAU

CUUCCAGUCGCUGGCGCUUGG

GGUACCAUCAGCU

miRNA ladder SI A2 GACCCUAAGCAUACAUCGUCCUUCAU

UUUUUAUCUCAACCAGCCACUG

miRNA ladder DI A2 GACCCUAAGCAUACAUCGUCCUUCAU

UUUUUGACCCUAAGCAUACAUCGUCC

UUCAUUUUUUAUCUCAACCAGCC

ACUG

hsa-miR-16a SI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAACGCCAAUAUUUACGUGCU

GCUA

hsa-miR-16a DI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAACCGAAUACAAAGCAUCAACGA

CUAGAAAAAACGCCAAUAUUUACG

UGCUGCUA

hsa-miR-16a QI A1 CCGAAUACAAAGCAUCAACGACUAGA

AAAAACCGAAUACAAAGCAUCAACGA

CUAGAAAAAACCGAAUACAAAGCAUC

AACGACUAGAAAAAACCGAAUACAAA
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GCAUCAACGACUAGAAAAAACGCCA

AUAUUUACGUGCUGCUA

hsa-miR-21 QI A3 GACUACUGAUAACUGGAUUGCCUUAG

AAUUUGACUACUGAUAACUGGAUUGC

CUUAGAAUUUGACUACUGAUAACUGG

AUUGCCUUAGAAUUUGACUACUGAUA

ACUGGAUUGCCUUAGAAUUUUCAAC

AUCAGUCUGAUAAGCUA

U6 SI A5 UACGCCCUAAGAAUCCGAACCCUAUG

AAAUACGUUCCAAUUUUAGUAUA

UGUGCUGCCGAAGCGA

U6 short SI A5 UACGCCCUAAGAAUCCGAACCCUAUG

AAAUAUGUGCUGCCGAAGCGA

Table 5.2: List of probes used. In bold is the target binding

sequence, italicized is the 5nt spacer, the rest is the initia-

tor(s) sequence. Sequences are listed 5′ to 3′
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HCR system Hairpin Sequence

A1 H1 UCUAGUCGUUGAUGCUUUGUAUUCGGCGACAGAUAAC
CGAAUACAAAGCAUC /C9-dye-3′/

A1 H2 /5′-dye-C12/ CCGAAUACAAAGCAUCAACGACUAGAGAU
GCUUUGUAUUCGGUUAUCUGUCG

A2 H1 AUGAAGGACGAUGUAUGCUUAGGGUCGACUUCCAUAG
ACCCUAAGCAUACAU /C9-dye-3′/

A2 H2 /5′-dye-C12/ GACCCUAAGCAUACAUCGUCCUUCAUAUG
UAUGCUUAGGGUCUAUGGAAGUC

A3 H1 CUAAGGCAAUCCAGUUAUCAGUAGUCUGACACGACUG
ACUACUGAUAACUGG /C9-dye-3′/

A3 H2 /5′-dye-C12/ GACUACUGAUAACUGGAUUGCCUUAGCCA
GUUAUCAGUAGUCAGUCGUGUCA

A5 H1 CAUAGGGUUCGGAUUCUUAGGGCGUAGCAGCAUCAAU
ACGCCCUAAGAAUCC /C9-dye-3′/

A5 H2 /5′-dye-C12/ UACGCCCUAAGAAUCCGAACCCUAUGGGA
UUCUUAGGGCGUAUUGAUGCUGC

A6 H1 GUCUAGUCUGGUCUGAUGGUAUGUGGACAAUCCUAGC
CACAUACCAUCAGAC /C9-dye-3′/

A6 H2 /5′-dye-C12/ CCACAUACCAUCAGACCAGACUAGACGUCU
GAUGGUAUGUGGCUAGGAUUGU

Table 5.3: List of HCR amplifiers used. Sequences are listed 5′ to 3′ .
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Appendix A

Supplementary information for
Chapter 2

A.1 Stepping gel

Each step of the conditional catalytic Dicer substrate formation mechanism was validated

by comparing conversion to anneal on native polyacrylamide gel electrophoresis.

• Detection target Xshort, hairpin A, hairpin B, and hairpin C are run individually as

reactant size markers (lanes 1–4, Figure A.1).

• Step 1: Detection target Xshort and hairpin A interact to form a band that corre-

sponds to product Xshort·A (lane 5, Figure A.1). As expected, this product migrates

at about the same speed as the annealed product Xshort·A (lane 6, Figure A.1).

• Step 2: Detection target Xshort, hairpin A, and hairpin B interact to form a band that

corresponds to product Xshort·A·B (lane 7, Figure A.1). As expected, this product

migrates at about the same speed as the annealed product Xshort·A·B (lane 8, Figure

A.1).

• Step 3: Detection target Xshort, hairpin A, hairpin B, and hairpin C interact to form

bands that correspond to products Xshort·A, B·C and Xshort·A·B·C (lane 9, Figure
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A.1). As expected, similar products are observed in the annealed reaction (lane 10,

Figure A.1).

• In the absence of a detection target (OFF state), the hairpins are metastable and

minimal B·C is formed (lane 11, Figure A.1). When all three hairpins are annealed,

a product corresponding to B·C is formed (lane 12, Figure A.1).

• In the absence of a detection target, hairpins B and C are metastable (lane 13, Figure

A.1). When the two hairpins are annealed, a product corresponding to B·C is formed

(lane 14, Figure A.1). Lane 14 also serves as a size marker for the expected final

product B·C.

• Not all of B and C are consumed in the anneal, possibly because the basepairs in the

hairpins form more easily than intermolecular basepairs.

A.2 Quantification of ON and OFF states

Three independent experiments were carried out to examine the ON and OFF states of

conditional Dicer substrate formation (Figure A.2). The amount of Dicer substrate B·C

formed was quantified relative to detection target Xshort. The mechanism is turned ON

by either a short synthetic target or DsRed mRNA (lanes Xshort and X, respectively, in

Figure A.2). Minimal B·C is produced in the OFF states. The OFF state was examined in

the absence of a detection target, in the presence of an off-target mRNA GAPDH or in the

presence of the silencing target d2EGFP mRNA (lanes “no target”, Z and Y, respectively

in Figure A.2).

A.3 Quantification of catalytic property

Three independent experiments were carried out to examine the catalytic property of condi-

tional Dicer substrate formation. The amount of Dicer substrate B·C formed was quantified
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relative to 1× detection target Xshort. Minimal B·C is produced in the absence of a detec-

tion target, whereas as little as 0.1× Xshort is sufficient to convert roughly 50% of hairpins

B and C. Conversion with 0.3× Xshort is equivalent to conversion with 1× Xshort (Figure

A.3).

A.4 In vitro Dicer assay

Validation that only the final product, B·C, of the conditional catalytic DsiRNA formation

mechanism is processed by Dicer. Each step of the reaction was subjected to incubation

in Dicer reaction conditions in the presence ‘+’ lanes or absence ‘−’ lanes of Dicer. For a

detailed description of each step see section A.1. Complex B·C is formed in the presence

of detection target Xshort and hairpin A (lanes 13, 14, Figure A.4(a)), or when hairpins

B and C are pre-annealed (lanes 15, 16, Figure A.4(a)). Minimal B·C is formed in the

absence of Xshort (lanes 7, 8, Figure A.4(a)). Native and denaturing polyacrylamide gel

electrophoresis demonstrate that the B·C complex is processed by Dicer to form an siRNA

(lanes 8, 14, 16, Figure A.4(a) and (b), respectively). Xshort·A is not fully denatured under

these conditions as evidenced by lanes 9 through 14 of Figure A.4(b).
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Figure A.1: Stepping gel for the conditional catalytic DsiRNA formation mech-
anism. Native polyacrylamide gel electrophoresis demonstrating each step of the reaction
depicted in Figure 2.1. A 0.5µM reaction master mix was prepared for each duplicate. The
master mix was then split into two separate reactions: 2-hour incubation at 37◦C and an
anneal. Reactions were run on 20% polyacrylamide gel at 200 volts for 9.5 hours in 1×TBE
followed by SYBRGold staining.
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Figure A.2: Quantification of B·C final product formation in ON and OFF states.
ON states (Xshort, DsRed mRNA target X) and OFF states (no target, GAPDH mRNA
target Z and silencing d2EGFP target Y) of the mechanism. Plots represent the normalized
intensity of B·C in each lane across three separate experiments. Quantification was done as
described in methods section of Chapter 2. A 0.5µM reaction master mix containing A, B
and C was prepared. The master mix was then split into the separate reactions and targets
were added for a 2-hour incubation at 37◦C. Reactions were run on 20% polyacrylamide
gel at 200 volts for 10.5 hours in 1×TBE followed by SYBRGold staining. Images were
edited to remove irrelevant lanes, missing lanes are represented as a white space.
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Figure A.3: Quantification of catalytic B·C final product formation. Sub-
stoichiometric amounts of target Xshort generate above stoichiometric amounts of B·C.
Plots represent the normalized intensity of B·C in each lane across three separate experi-
ments. Quantification was done as described in methods section of Chapter 2. A 0.5µM
reaction master mix containing A, B and C was prepared. The master mix was then split
into the separate reactions and targets were added for a 2-hour incubation at 37◦C. Reac-
tions were run on 20% polyacrylamide gel at 200 volts for 10.5 hours in 1×TBE followed
by SYBRGold staining.
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Figure A.4: Dicer processing gel for the conditional catalytic DsiRNA formation
mechanism. 0.5µM reaction master mix was prepared for each duplicate. The master
mix was then split into two separate reactions, with and without Dicer. Reactions were
incubated for 2 hours at 37◦C. (a) Native polyacrylamide gel electrophoresis. 4µl of each
reaction were run on 20% polyacrylamide gel at 200 volts for 10.5 hours in 1×TBE followed
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132

Appendix B

Supplementary information for
Chapter 3

B.1 Catalytic Dicer substrate formation mechanism based

on 5′-toehold hairpins

Prior to designing the conditional Dicer substrate formation mechanism presented in Chap-

ter 2, several mechanisms using a 5′-toehold based hairpins were explored. Figure B.1(a)

depicts a schematic representation of such a mechanism (M1). In vitro Dicer cleavage as-

says of strands corresponding to mechanism M1 demonstrate that hairpin C, as well as

complexes Xshort·A and Xshort·A·B, get degraded by Dicer (Figure B.1(b), no Dicer ‘−’

lanes vs. Dicer ‘+’ lanes). Some degradation is also observed for hairpins A and B. Using

2′-OMe chemical modifications (hairpins A2, B2 and C2) abrogate this pattern such that

only the final product B2·C2 is processed (Figure B.1(c), no Dicer ‘−’ lanes vs. Dicer ‘+’

lanes). Using a mechanism with hairpins that is based on 5′-toeholds results in premature

exposure of the antisense strand of the siRNA. In complex Xshort·A·B a single-stranded

region of hairpin B is exposed containing the domains ‘z*-y*-x*’ which comprise the anti-

sense (Figure B.1(a)); this might affect the performance of the mechanism. For this reason,

this current version of a 5′-toehold mechanism is not suitable for in vivo application.
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Figure B.1: Catalytic Dicer substrate formation mechanism based on 5′-toehold
hairpins (M1). (a) Schematic representation of 5′-toehold hairpin based mechanism. (b)
In vitro Dicer cleavage assay of M1 mechanism using Dicer block it kit (Invitrogen). Dicer
reaction was carried out according to the manufacturer. (c) 2′-OMe chemical modifications
of M1 mechanism abrogate unwanted Dicer cleavage. Dicer reaction was carried out as
described in the Materials and methods section of Chapter 2. For a list of unmodified
M1 sequences refer to the materials and methods section of Chapter 3. 2′-OMe-modified
sequences are listed in Table B.1
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Strand Sequence

M1.A2 CUCGAUCUCGAACUCGUGGCUGGUCAGCUUGCCGUACACGA
GUUCG

M1.B2 CGAACUCGUGUACGGCAAGCUGACCGAGACUUCAGGGUCAG
CUUGCCGUACA

M1.C2 UACGGCAAGCUGACCCUGAAGUCUCGGUCAGCUUGCCGUAC
ACGAGACUUCAGGGUCAGC

Table B.1: List of M1 sequences modified with 2′-OMe. 2′-OMe modifications are under-
lined.
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Appendix C

Supplementary information for
Chapter 4

C.1 Stepping gel

Each step of the conditional shRNA transcription mechanism was validated by comparing

conversion to anneal on native polyacrylamide gel electrophoresis. Both DNA and RNA

Xshort targets were used (Figure C.1 (a) and (b), respectively). The order of the lanes is

identical across both gels.

• Detection target Xshort, hairpin A, and hairpin B are run individually as reactant

size markers (lanes 1–3, Figure C.1).

• Step 1: Detection target Xshort and hairpin A interact to form a band that corre-

sponds to product Xshort·A (lane 4, Figure C.1). As expected, this product migrates

at about the same speed as the annealed product Xshort·A (lane 5, Figure C.1).

• Step 2: Detection target Xshort, hairpin A, and hairpin B interact to form a band that

corresponds to product Xshort·A·B (lane 6, Figure C.1). As expected, this product

migrates at about the same speed as the annealed product Xshort·A·B (lane 7, Figure

C.1).
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• In the absence of a detection target, the hairpins are metastable and minimal A·B

is formed (lane 8, Figure C.1). When the two hairpins are annealed, a product

corresponding to A·B is formed (lane 9, Figure C.1).

C.1.1 Conditional shRNA transcription and Dicer gel

Transcription products for each step of the conditional shRNA transcription mechanism

were examined by radioactive in vitro transcription (odd lanes (‘−’ Dicer) in Figure C.2).

An in vitro Dicer cleavage assay demonstrates that the products are cleaved to generate

the expected siRNA (even lanes (‘+’ Dicer) in Figure C.2).

• The disrupted T7 promoter is inactive. Minimal transcription is observed from either

hairpin A or B (lanes 1 and 3, respectively, Figure C.2).

• Step 1: Some transcription is observed from Xshort·A (lane 5, Figure C.2). The

product is larger than the expected shRNA and is minimally present in the presence

of hairpin B (lane 5 vs. lane 9, Figure C.2).

• Step 2: The major transcription product of Xshort·A·B corresponds to an shRNA in

size (lane, 9 Figure C.2). As expected, this product is cleaved by Dicer to generate

an siRNA (lane 10, Figure C.2).

• In the absence of a detection target (OFF state), the hairpins are metastable and

minimal shRNA is transcribed (lane 7, Figure C.2).

C.1.2 Quantification of ON-to-OFF ratios

The ON and OFF ratios of conditional shRNA transcription were determined by quanti-

fying the shRNA transcription product. As expected, minimal transcription is observed in

the absence of a detection target Xshort (Figure C.3).
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C.2 Design of a triggered shRNA transcription mechanism

using the H1 promoter

Promoter choice

The second promoter considered for conditional shRNA transcription was the mam-

malian H1 promoter; discussed below are its advantages and disadvantages. The H1 pro-

moter is a mammalian RNA polymerase III (Pol III) promoter that naturally drives the

expression of small RNAs and is commonly used to express shRNAs [1–4]. It is relatively

small (100bp), and has well-defined transcription and termination sites [5, 6]. Transcription

is terminated when Pol III encounters a run of four or five thymidines; we have therefore

added a poly-T termination sequence after the hairpin (domain ‘t’ in Figure 4.1). Another

advantage of the H1 promoter is that it is endogenously present in cells (unlike T7 RNA

polymerase). However, this raises the possibility of interfering with endogenous pathways

which is a disadvantage. Other concerns were the promoter size and the lack of in vitro

assays for transcription. Despite being short, relative to other promoters, 99bp are signifi-

cantly longer than molecules previously engineered in the lab and we were not sure whether

we would be able to engineer them to undergo toehold-mediated branch migration.

Design

The design follows the same logic operation as the T7-promoter-based system described

in Chapter 4. However, whereas the T7-promoter-based design is metastable, the H1-

promoter-based system is designed to be stable. Meaning, the secondary structure of the

starting components (hairpins A and B) is the thermodynamic minimum and therefore it

is not favorable for hairpins A and B to interact. We also added cooperative and stronger

binding to this design. Segment ‘a*’ was added to the toehold of hairpin B, this segment also

binds the detection target X. Therefore, both hairpin A and hairpin B bind to the target,

further stabilizing their interaction (Figure C.4). Sequence design and thermodynamic

analysis was performed as discussed in Chapter 4. The transcribed shRNA is designed to
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down-regulate d2EGFP.

Hairpin construction

A challenge present in this design, in comparison to the T7 promoter design, is the

size of the hairpins. Despite using a relatively short promoter, the promoter itself is 99

nucleotides long. In addition, the shRNA and target detection sequences need to be added.

The total length of hairpin A is 290 nucleotides, and of hairpin B 256 nucleotides. In order

to construct these hairpins, each hairpin was ordered as four segments which were annealed

together by heating to 95◦C for 2 minutes followed by a controlled gradual cooling at -1◦C

per minute to 23◦C in a PCR block in 1× T4 DNA ligase buffer (NEB). After the anneal,

T4 DNA ligase was added to the reaction and ligation was carried out overnight at 16◦C

followed by a denaturing PAGE purification and ethanol precipitation. The full length of

the hairpins was verified by using fluorescently labeled probes that bind to the 5′ or 3′ end

of each hairpin (data not shown). Helper strands (strands that bind to the hairpin to assist

in binding the probe) were used to facilitate binding to the 3′ end of hairpin A and 5′ end

of hairpin B, helper strands were used.

In vitro studies

Each step of the conditional shRNA transcription mechanism was validated by com-

paring conversion to anneal on agarose gel electrophoresis.

• Detection target Xshort, hairpin A, and hairpin B were run individually as reactant

size markers; Xshort cannot be visualized under these conditons (lanes 1–3, Figure

C.5).

• Step 1: Detection target Xshort and hairpin A interact to form a band that corre-

sponds to product Xshort·A (lane 4, Figure C.5). As expected, this product migrates

at about the same speed as the annealed product Xshort·A (lane 5, Figure C.5). Hair-

pin B cannot bind to Xshort without cooperativity from hairpin A (lanes 6,7 Figure

C.5).
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• Step 2: Detection target Xshort, hairpin A, and hairpin B interact to form a band that

corresponds to product Xshort·A·B (lane 8, Figure C.5). As expected, this product

migrates at about the same speed as the annealed product Xshort·A·B (lane 9, Figure

C.5).

• In the absence of a detection target (OFF state), the hairpins are stable and minimal

A·B is formed. As expected from stable hairpins, when annealed, minimal product

corresponding to A·B is formed (lanes 9 and 10, respectively, Figure C.5). It is yet

to be determined whether the observed higher products are due to A or B dimers or

to the product A·B.

The components of this mechanism are significantly larger than previously studied

hairpins in the lab, requiring a branch migration of over 100 bases. Not only were we able

to design a system composed of large components that performs well (good ON and OFF

states), but this is also a first demonstration of long branch migration in vitro.

To the best of our knowledge, no in vitro Pol III transcription system is available.

To obtain Pol III transcription in vitro, we tried to use HeLaScribe Nuclear Extract in

vitro Transcription system (Promega). However, no transcription was observed. The kit

is specifically designed to use with Pol II promoters and therefore may not contain Pol III

or may not have appropriate conditions for Pol III transcriptions. Due to the presence of

RNA Pol III in cells we chose to proceed to in vivo studies.

In vivo studies

The H1 promoter is being transcribed by the mammalian RNA Pol III; therefore,

transfection of our mechanism is expected to down-regulate d2EGFP. As described in

Chapter 4, the two parts of the mechanism are transcription template formation and shRNA

transcription. Our first goal was to examine whether the final product can be transcribed

and lead to RNAi-mediated d2EGFP knockdown. This was tested by transfection of an

annealed final product (Xshort·A·B) into d2EGFP-expressing cells. As controls, plasmid
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transfection and a linear PCR fragment of the H1 promoter driving the expression of an

shRNA targeting the same d2EGFP region (PCR amplification off a plasmid, see Materials

and methods) were used. To facilitate the transfection of short linear DNA fragments,

pOri-e1 plasmid (generous gift from Fred Tan) was used as carrier DNA. The selected

shRNA target down-regulates d2EGFP as can be seen by the pSilencer transfection in

Figure C.6. The annealed mechanism does not lead to d2EGFP knockdown (Figure C.6,

Annealed). Transfection of a short linear DNA fragment (Figure C.6, PCR) is able to

knockdown d2EGFP about 70%, suggesting that the transfection conditions are suitable.

This suggests that the annealed structure is not being transcribed, possibly due to steric

hindrance making the H1 promoter inaccessible to Pol III. A spacer sequence between the

target binding site and the H1 promoter might be needed in order to fit RNA Pol III

and to achieve transcription of the Xshort·A·B template. Further studies are needed in

order to achieve transcription of an annealed mechanism in tissue culture. Once resolved,

the full mechanism (transcription template formation followed by shRNA transcription)

can be studied. Optimization will most likely be needed in determining the appropriate

dimensions for promoter segments ‘p1’ and ‘p2’. Indeed, preliminary data of hairpin A

transfection into d2EGFP-expressing cells suggests that the current segmentation may

result in d2EGFP knockdown (data not shown).

Conclusion

We have designed a stable conditional shRNA transcription system based on the mam-

malian H1 promoter. The use of the H1 promoter requires that the system components

(hairpins) be significantly larger than previously studied. Using large hairpins we were

able to engineer conditional hybridization cascades that performed according to design.

The hairpins did not interact in the absence of a detection target, while the presence of

a detection target resulted in the expected final product formation. Due to the lack of

an established Pol III in vitro transcription system we were unable to test transcriptional

activity of our mechanism. Transfection of short PCR fragments containing a d2EGFP
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shRNA under the control of the H1 promoter resulted in approximately 70% d2EGFP

knockdown, whereas an annealed reaction had no effect on d2EGFP expression. Addi-

tional work is required to obtain correct dimensions that enable RNA Pol III to transcribe

the H1 promoter while bound to a template, as well as make the H1 promoter inactive in

its initial, partially unpaired, state of each hairpin.

In comparison to the T7-promoter-based system presented in Chapter 4, the study of

this mechanism is more challenging. The need for large hairpins requires a difficult ligation

of several templates making small modifications to the system cumbersome. The lack of an

in vitro transcription system is also a drawback, making it difficult to decouple transcription

and transfection. The endogenous presence of RNA Pol III in mammalian cells is both an

advantage and a disadvantage. The advantage is that a special cell line does not need to be

created to study the system, while the disadvantage is that our mechanism might interfere

with endogenous processes making it more difficult to interpret results. However, from a

practical standpoint, the use of the H1-promoter-based system is more appropriate both

for studying gene function via conditional RNAi and for therapeutic applications.

C.3 Materials and methods

Strand sequences. The hairpins and detection target for this mechanism are DNA. The

H1 promoter sequence used (Table C.1) was adapted from pSilencer3.1 plasmid (Ambion).

The d2EGFP shRNA target sequence (Table C.1) was adapted from Beisel et al.[7] (cor-

responding to bases 128–150). The shRNA 3′ overhang is a UU incorporated from the

transcription termination signal. The target used as the input for this design is a random

sequence. See Table C.2 for full sequences.

Cloning of pSilencer d2EGFP shRNA. The shRNA coding sequence corresponding

to the same d2EGFP region as the mechanism (see above) was cloned into pSilencer3.1

H1 Hygro (Ambion) according to the manufacturer using the recommended loop sequence.
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Domain Size

shRNA target GAC CCT GAA GTT CAT CTG CAC C
H1 promoter AAT TCA TAT TTG CAT GTC GCT ATG TGT TCT GGG AAA

TCA CCA TAA ACG TGA AAT GTC TTT GGA TTT GGG AAT
CTT ATA AGT TCT GTA TGA GAC CAC TCG

Table C.1: List of strands for H1-promoter-based shRNA transcripiton.

Strand Size

X GCT ATA ACG CAT AAT CAC CTC ATA ACA GTT CAA TCT CCC
A GGG AGA TTG AAC TGT TAT GAG GTG ATT ATA ATT CAT ATT TGC

ATG TCG CTA TGT GTT CTG GGA AAT CAC CAT AAA CGT GAA ATG
TCT TTG GAT TTG GGA ATC TTA TAA GTT CTG TAT GAG ACC ACT
CGG GTG CAG ATG AAC TTC AGG GTC CTC ACA GAC CCT GAA GTT
CAT CTG CAC CCG AGT GGT CTC ATA CAG AAC TTA TAA GAT TCC
CAA ATC CAA AGA CAT TTC ACG TTT ATG GTG ATT TCC CAG AAC
ACA TAG CGA CAT GCA AAA TAA TCA CCT CAT AAC AGT TC

B TTT GCA TGT CGC TAT GTG TTC TGG GAA ATC ACC ATA AAC
GTG AAA TGT CTT TGG ATT TGG GAA TCT TAT AAG TTC TGT
ATG AGA CCA CTC GAA AAA AGG TGC AGA TGA ACT TCA GGG
TCT GTG AGG ACC CTG AAG TTC ATC TGC ACC CGA GTG GTC
TCA TAC AGA ACT TAT AAG ATT CCC AAA TCC AAA GAC ATT TCA
CGT TTA TGG TGA TTT CCC AGA ACA CAT AGC GAC ATG CAA ATA
TGA ATT GCG TTA TAG C

Table C.2: List of strands for H1-promoter-based shRNA transcripiton.

Briefly, shRNA template oligonucleotides were diluted to 1µg/µl and annealed in DNA

annealing solution by heating to 90◦C for 3 minutes and incubating for one hour at 37◦C.

The annealed template was then diluted to 8ng/µl and ligated into the pSilencer vector.

Clones were verified by sequencing.

Strand Sequence

5′ GAT CCG CCC TGA AGT TCA TCT GCA CTT CAA GAG AGT GCA GAT GAA CTT
CAG GGT CTT TTT TGG AAA

3′ AGC TTT TCC AAA AAA GAC CCT GAA GTT CAT CTG CAC TCT CTT GAA GTG
CAG ATG AAC TTC AGG GCG

Note: The shRNA sequence should read ‘GACCC...’ but instead is ‘GCCC...’ (missing A in position 130 of
d2EGFP). This does not affect the silencing ability of the shRNA.

Table C.3: DNA templates for cloning d2EGFP shRNA into pSilencer plasmid.
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Linear DNA template from pSilencer d2EGFP shRNA. A short PCR fragment

containing the H1 promoter and d2EGFP shRNA was PCR amplified off the pSilencer

d2EGFP shRNA plasmid using the following primers and conditions:

5′ primer, m13(-20) forward: 5′-GTA AAA CGA CGG CCA GT-3′

3′ primer, pSilencer sequencing rev: 5′-GAG TTA GCT CAC TCA TTA GGC -3′

PCR conditions: annealing temperature of 55◦C, protocol according to AccuPrime PFX

supermix (Invitrogen). The PCR product was either gel purified from an agarose gel

using the QIAquick gel extraction kit (Qiagen) or using the QIAquick PCR purification

kit according to the manufacturer.
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Figure C.1: Conditional shRNA transcription template formation. Native poly-
acrylamide gel electrophoresis demonstrating each step of the reaction depicted in Figure
4.2. (a) DNA detection target Xshort. (b) RNA detection target Xshort. A 0.5µM reac-
tion master mix was prepared for each duplicate. The master mix was then split into two
separate reactions: 2-hour incubation at 37◦C and an anneal. Reactions were run on 10%
polyacrylamide gel at 200 volts for 1.5 hours in 1×TBE followed by SYBRGold staining.
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denaturingFigure C.2: Conditional shRNA transcription and Dicer processing. Gel elec-
trophoresis demonstrating the transcription product of each step of the reaction depicted
in Figure 4.1 of Chapter 4. Odd lanes (−) were not subjected to Dicer processing, while
even lanes (+) were cleaved by Dicer. Each reaction was split into two, one half was
run on a native gel and the other on a denaturing gel. (a) 20% native polyacrylamide
gel electrophoresis, 250 volts for four hours. (b) 15% denaturing polyacrylamide gel elec-
trophoresis, 500 volts for 1.5 hours.
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Figure C.3: Quantification of transcribed shRNA product. Radioactive in vitro
transcription in the presence or absence of detection target Xshort. The shRNA band in
three separate experiments was quantified and the band intensity was plotted. For methods
see the Materials and methods section in Chapter 4.
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Figure C.5: Conditional shRNA transcription template formation with H1 pro-
moter. Agarose gel electrophoresis demonstrating each step of the reaction depicted in
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run on 1% agarose gel, SYBRGold was pre-added to the loading dye.
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Figure C.6: Transfection of an annealed H1-promoter-based mechanism does not
lead to d2EGFP knockdown. HEK293 d2EGFP cells were transfected with pSilencer
d2EGFP plasmid (pSilencer), pOri-e1 (pOri), pOri-e1 with an annealed mechanism (An-
nealed) or pOri-e1 with a linear DNA template containing the H1 promoter and shRNA
PCR amplified from pSilencer (PCR). Transfection was done in a 24-well plate formate
according to the Lipofectamine2000 protocol (Invitrogen) using 800ng plasmid DNA and
180ng linear DNA. 44 hours post transfection, cells were analyzed on a flow cytometer.
Transfections were normalized relative to a mock transfection.


