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CHAPTER 6

Regulated knockdown of Apolipoprotein B100
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Abstract

RNA interference (RNAIi) emerges as a potent approach for inhibition of disease-
related genes. However overexpression of RNAi inducers may cause cytotoxicity
because of saturation of the endogenous microRNA (miRNA) processing pathway.
Expression of short hairpin RNA (shRNA) or artificial miRNA from constitutive or tissue
specific polymerase Il (pol Il) promoters has been shown to reduce RNA| toxicity in vivo
and in vitro and controlling and limiting expression by using inducible pol Il promoters
would allow time- and dose-dependent expression of therapeutic ShRNA or miRNA
when the inducer is administered. In this study we evaluated the GeneSwitch (GS)
system for inducible expression of artificial miRNA targeting Apolipoprotein B100
(miApoB). Highly effective luciferase reporter inhibition by GS-miApoB was observed
after induction with mifiprestone (MFP) and the effect was dependent on the amount
of the GeneSwitch transactivator (TA). Deletion analysis of the core elements of the
GS pol Il promoter, the TATA box (TATA) and initiator sequence (INR) revealed that
both are important for the functioning of the promoter in response to the inducer
and any deletions result in loss of function. When TA and GS-miApoB encoding
cassettes were placed in 4 different orientations in a single backbone, variant #3,
where the transcription occurs in the opposite directions, showed the best luciferase
reporter knockdown when MFP induced and least basal activity when non-induced.
Quantification of small interfering RNA (siRNA) processed from the different GS
variants revealed that the variant #3 expressed the highest amount of molecules.
Finally, we showed that 4 miRNAs targeting the Huntingtin gene (Htt) cloned into
the GS variant #3 demonstrated increased GFP and siRNA expression when induced
with MFP. Our results demonstrate that the GeneSwitch system is capable of driving
expression of artificial miRNA in a controlled manner in vitro when placed on a single
backbone without compromising its properties. Controlled expression of therapeutic

miRNA with the GeneSwitch system may constitute additional safety measure to limit
n toxicity of RNAI based gene therapy.
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Regulated expression of miRNA by the GeneSwitch inducible system

Introduction

One of the goals of the RNAI gene therapy is the delivery of inhibitory molecules to
the targeted tissue to achieve stable and therapeutic inhibition of disease related genes.
However the ability to express high levels of sShRNA/miRNA for extended periods of time
creates the need for drug-regulated gene expression systems. shRNA have been shown
to induce acute toxicity when over-expressed in vivo, which leads to fatality in mice [1,2],
particularly when potent polymerase Ill (pol Ill) promoters are used to drive expression
of shRNA, resulting in saturation of the endogenous RNAi machinery leading to the
global deregulation of gene expression. The toxicity may be circumvented by expressing
shRNA from the weaker pol Il promoters which can be tissue specific or inducible [3-7],
but the exact rules for successful expression of shRNA from pol Il promoters are far
from understood. As an alternative to shRNA, artificial miRNA scaffolds can be used as
miRNA are naturally expressed from pol Il promoters [8]. Inducible expression of artificial
miRNA can provide an additional safety level where expression can be quantitatively and
temporally controlled.

Several inducible gene expression systems have been developed including
tetracycline, rapamycine, IPTG, ecdysone, and MFP dependent technologies. [9-12].
Generally they consist of two elements: the first is a chimeric protein capable of
modulating gene expression in a drug-dependent manner and the second is an
inducible promoter which is often a minimal pol Il promoter linked to sequences
recognized by the chimeric protein. Additionally, two mechanisms of gene regulation
can be distinguished, called On- and Off-switch. In the first mechanism, the chimeric
transactivator protein binds specifically to its DNA recognition sequence within
the inducible promoter in the presence of the inducer, which in consequence
activates gene expression. In the second mechanism the chimeric protein-repressor
is constantly bound to its recognition sequences and upon induction dissociates
allowing transcription. Any inducible gene expression system should fulfill several
requirements for safe and long term gene therapy application including a low basal
expression in the absence of inducer and a high induction ratio. Another important
safety requirement is that the chimeric proteins used in inducible systems, in active or
inactive form, do not interfere with endogenous gene expression, because chimeric
proteins are formed from potent transcription factors that can lead to unspecific
activation of endogenous promoters and thus interfere with cellular processes [13].
The safety aspects should also be determined for all inducible system components
within the context of immune system activation.

The GeneSwitch regulated expression is one of the best characterized systems
for inducible gene expression [11,12,14-16]. It exploits a hybrid transactivator
(TA) containing a DNA binding domain from the yeast Gal4 protein (Gal4 BD), a
truncated ligand binding domain from human progesterone receptor (PR) and a
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p65 transcriptional activation domain of the human NF-kappa B transcription factor
(hp65). The second component is the GeneSwitch inducible promoter, which consists
of minimal pol Il promoter with upstream activation sequences (Gal4) that can be
recognized by Gal4 BD domains of the TA protein. The system is induced by MFP,
which is an anti progestin that binds to the PR domain of the TA protein. Upon
induction the TA changes its confirmation and as a dimer specifically binds to the Gal4
sites to activate gene transcription. The major advantage of the system is that it lacks
virally- or bacterially-derived components thus limiting a potential immune reaction
to TA expression. Another advantage of the system is its inducer, which is a marketed
drug with well characterized pharmacokinetics whereas the induction occurs at sub-
therapeutic concentrations [17]. On the other hand, MFP has been shown to interfere
with biological pathways which increase toxicity risk for applications where prolonged
exposure to the inducer may be necessary [18]. Additionally some of the interactions
of TA domains have been already described. Expression of TA for one month resulted
in transcriptional changes in the liver [13]. However they were not associated with
any biochemical or morphological changes, this aspect needs more attention.

Unlike the doxycycline and tetracycline (Tet) inducible systems, GeneSwitch has
not been validated for RNAI induction. [19-24]. The former systems are derived
from the bacterial tetracycline inducible system where tetracycline repressor protein
(TetR) controls expression of the TetA protein that pumps tetracycline antibiotic out
of the cell by binding to tetracycline responsive elements (TRE) upstream of the
TetA promoter. Addition of tetracycline (or doxycyline) leads to a change in the TetR
confirmation which dissociates from the promoter region and allows expression of
TetA. Tetracycline-inducible systems such as TetOn, TetOff or Trex have been shown
to be able to control shRNA or artificial miRNA expression in vitro and in vivo [19-24].
Regulated TetOff expression of shRNA targeting Polo-kinase 1 (Plk1) resulted in

97% mMRNA knockdown in vitro [22]. Subsequently the Plk1 protein was inhibited
n up to 86% which correlated with a significant inhibition of tumor cell growth [22].
Additionally, a conditionally replicating Human immunodeficiency virus (HIV)-based
vector that stably expresses an inducible antiviral sShRNA against HIV-1 was proposed
as vaccine for HIV infections [23]. Upon doxycyline induction, virus was shown to
spread efficiently to all HIV-susceptible cells. Subsequent doxycycline withdrawal the
constitutive shRNA expression cassette was active resulting in viral inhibition [23].
Proof-of-concept has also been established in transgenic mice enabling inducible and
reversible expression of shRNA against Replication protein A, subunit 3 (Rpa3) which
resulted in a block of cell proliferation and rapid atrophy of the intestinal epithelium
which led to weight loss and lethality within 8-11 day after shRNA induction [24].
However, the use of TetOn and TetOff systems in preclinical and clinical studies is

limited because they are dependent on bacterially derived —potentially immunogenic
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proteins [25-27]. Other systems validated for shRNA or artificial miRNA expressions are
the IPTG and ecdysone inducible systems [28,29]. The first one was shown to tightly
regulate and induce shRNA targeting luciferase and tumor suppressor protein p53 in
both transiently transfected cells and established stable clones [29]. Knockdown of
the p53 protein in vitro was also demonstrated with the ecdysone-inducible system
[30], where dose- and time-dependent inhibition of p53 was associated with changes
in cell morphology and concomitant reduction of p21, downstream target of p53.
Withdrawal of the inducer completely reversed the phenotype.

In the current study we evaluated the GeneSwitch system for inducible expression
of an artificial miRNA that efficiently targets ApoB. In order to facilitate usage
of the GeneSwitch system in vivo, its structural elements were incorporated in a
single backbone in 4 different variants, which were later evaluated for knockdown
efficiency, basal expression and inducibility. Variant #3, where the two elements are
transcribed in an antisense orientation, was identified as the best configuration as it
demonstrated lowest basal expression when non-induced and highest activation rate
in the induced state. Finally to check the system robustness, inducible expression of
four additional miRNAs targeting the Htt gene was shown for variant #3. Our data
demonstrate the feasibility of the GeneSwitch inducible miRNA expression system
that should be considered for future therapeutic RNAi applications.

Results

Knockdown efficacy of GS-miApoB depends on TA concentration
and duration of the induction

We have previously identified and tested in vivo a highly active artificial miRNA
targeting Apolipoprotein B100 (miApoB) [31]. However, the knockdown effect
decreased over time and some signs of mild toxicity have been observed. Therefore,
as a next step we developed a regulated miApoB expression based on the MFP-
inducible GeneSwitch system. The two components of the GeneSwitch system were
a chimeric TA that activates transcription exclusively in presence of MFP and the
miApoB expressed from the GeneSwitch promoter (GS-miApoB) in response to TA
binding (Fig. 1a). As a negative control, a scrambled miRNA not targeting any gene in
the mammalian genome was placed under the control of the GeneSwitch (GS-miScr)
or CMV promoters (CMV-miScr). Constitutive expressed miApoB (CMV-miApoB)
was used as positive control. All constructs expressed green fluorescent protein
version emerald (EmGFP), which allowed monitoring of the transfection efficacy
and MFP induction (Fig. 1a). The inhibitory effect of GS-miApoB was evaluated
by co-transfecting human embryonic kidney 293T (HEK293T) cells with a reporter
expressing renilla luciferase that contained the ApoB target sequence in its 3'UTR
(Luc-ApoB) and increasing amounts of the TA-encoding plasmid (Fig. 1b). By adding
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10 nM MFP 24 h post transfection, transcription from GS-miApoB was induced and
luciferase luminescence was measured 48 h later. As a negative control CMV-miScr
or GS-miScr were used where the renilla/firefly luciferase ratio was set at 100% and
the relative inhibition of the Luc-ApoB reporter was calculated.

In the absence of TA, basal expression resulted in ~60% knockdown of Luc-ApoB
both in MFP induced and non-induced state (Fig 1b). When increasing amounts of
the TA plasmid were added, relative luciferase inhibition in non-induced cells was
between 60% and 85% and upon MFP induction even stronger knockdown was
measured (Fig. 1b). Addition of 10 ng TA to GS-miApoB resulted in lowest basal
expression and highest induction rate therefore it was chosen for other experiments.

Because GeneSwitch inducible expression peaks between 24 and 72 h after MFP
induction, the maximal inhibitory effect was determined over time. HEK293T cells
were co-transfected with 50 ng GS-miApoB, 10 ng Luc-ApoB and 10 ng TA plasmids
(Fig. 1c). Twenty four hours after transfection cells were induced with MFP and after
another 24, 48, and 72 h samples were harvested and luciferase inhibition was
measured. Maximal Luc-ApoB knockdown was observed 48 h after MFP induction
and it was ~80% in induced cell compared to ~50% in non-induced cells. After 72 h
the Luc-ApoB knockdown was weaker and was 51% and 22% in MFP induced and
non-induced cells, respectively (Fig. 1¢).

GeneSwitch promoter analysis reveals that TATA box and INR are essential
components and play important role in MFP induction

Initially we confirmed that the GeneSwitch system is capable of driving miApoB
expression and established the optimal TA concentration and MFP induction time. Next,
the inducible promoter was optimized to reduce the miApoB basal expression levels since
without MFP induction, a ~50% knockdown of Luc-ApoB was already observed. Based
on manual sequence identification, two core components of the GeneSwitch promoter,
a TATA box and an initiator element (INR) were identified. In order to evaluate their

n function for basal expression and/or maximal induction of GS-miApoB, mutants lacking
TATA (ATATA-miApoB), INR (AINR-miApoB) or both TATA and INR (ATATAAINR-miApoB)
were designed (Fig. 2a). HEK293T cells were co-transfected with 50 ng GS-miApoB,
ATATA-miApoB, AINR-miApoB or ATATAAINR-miApoB together with 10 ng of Luc-ApoB
reporter and 10 ng TA plasmid. By adding 10 nM MFP transcription of miApoB was
induced and Luc-ApoB knockdown was measured 48 h post induction with reference to
CMV-miScr and GS-miScr controls. Upon induction luciferase knockdown by GS-miApoB
was 64% while it was 31%, 34% and 36% for ATATA-miApoB, AINR-miApoB and
ATATAAINR-miApoB mutants (Fig. 2b). Moreover, none of the deletion constructs was
MFP induced above basal levels indicating that the TATA and INR elements are essential
for transcriptional activity of the GeneSwitch promoter. Additionally no GFP expression
from the deletion mutants was observed (data not shown).

180



Regulated expression of miRNA by the GeneSwitch inducible system

o . GeneSwitch™ miApoB expressing
GeneSwitch™™ transactivator (TA) plasmid (GS-miApoB)

Ivs8
#xGals

- ~
P S
~
- ~<
- ~<

— caump | hPR-LBD | hoes  J—

a
3

-~ GS-miScr -MFP
-m- GS-miScr +MFP
—+ GS-miApoB -MFP
-¥- GS-miApoB +MFP

-e- GS-miScr -MFP

-% GS-miScr +MFP
?%zi -k GS-miApoB -MFP

-¥- GS-miApoB +MFP

=]
S

a
3

>

relative luciferase activity (%)

g
>
=
2
°
©
3
0
8
j
£
o
2
(3
2
8
e

0 T T T T 1
010 50 100 150 200 250 24 48 72
GeneSwitch TA plasmid [ng] Time post induction [hours]

Figure 1. Structure and knockdown efficacy of miRNA targeting ApoB (miApoB) expressed
from the GeneSwitch system. (a) Schematic representation of the GeneSwitch system for inducible
expression of artificial miRNA. The system consists of two structural components: the transactivator
protein (TA) expressed from the CMV promoter and miRNA expressing construct (GS-miApoB). Gal4
BD - Yeast Gal4 DNA binding domain, hPR-LBD - Human progesterone receptor ligand binding
domain, p65 - Human NF-kB activation domain subunit, Gal4- Gal4 BD binding site, TATA- TATA
box, INR- initiator sequence, EmGFP- Emerald Green Fluorescent Protein (b) Knockdown of Luc-ApoB
reporter by GS-miApoB. Cells were transfected with 10 ng Luc-ApoB reporter, 50 ng GS-miApoB
expressing plasmid and 10, 50, 100 or 250 ng of GeneSwitch TA expressing plasmid. Twenty four
hours after transfection medium was changed and samples were induced with 10 nM MFP (+MFP)
or were not induced (-MFP). Renilla and firefly luciferase were measured 48 h post-MFP induction.
Renilla luciferase expression was normalized to firefly luciferase expression. CMV-miApoB was used
as a positive control, CMV-miScr and GS-miScr served as negative controls and were set at 100%.
Data are represented as mean values +SD from a representative experiment from three independent
experiments. (c) Knockdown of the Luc-ApoB reporter, by GS-miApoB at 24, 48 and 72 h post-MFP
induction. Cells were transfected with 10 ng Luc-ApoB reporter, 50 ng GS-miApoB expressing plasmid
and 50 ng of GeneSwitch TA expressing plasmid. Experimental conditions are as described in Fig. 1b.

Incorporation of GS-miApoB and TA elements in a single backbone results in
high MFP inducibility and high basal expression levels

Inducible systems where all components can be integrated in a single backbone are
desirable for therapeutic RNAi applications. Therefore the TA and GS-miApoB elements
were placed adjacent to each other in a single vector backbone (Fig. 3a). The TA
expression cassette was cloned upstream to GS-miApoB resulting in sense orientation
of the two elements (Fig. 3a). HEK293T cells were co-transfected with 50 ng of the
GS-miApoB single backbone variant with 10 ng of Luc-ApoB. Twenty four hours post
transfection cells were induced and after another 48 h GFP induction was monitored.
High GFP expression was observed for both GS-miScr and GS-miApoB only upon MFP
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Figure 2. Structure and knockdown efficacy of miApoB expressed from a single backbone
GS-miApoB. (a) Schematic representation of GS-miApoB for inducible expression of artificial miApoB,
where all structural components were placed in a single backbone. The names of the structural
components are indicted in Fig. 1. Arrows represent the direction of transcription (b) Representative
image of GFP fluorescence 48 h without (-MFP) or after induction with 10 nM MFP (+MFP). Cells were
transfected with 10 ng Luc-ApoB reporter and 50 ng GS-miApoB expressing plasmid. Pictures were
taken using the same exposure and magnification settings. (c) Changes in the number of GFP positive
cells after MFP induction. Experimental setup was as described in (b) 1000 events were counted with
flow cytometry and fold change of GFP expression was calculated for each construct by dividing the
amount of cells GFP positive after MFP induction by the number of GFP positive cells without MFP
induction. (d) Knockdown of Luc-ApoB reporter, by the single backbone GS-miApoB system. Cells
were transfected with 10 ng Luc-ApoB reporter and 50 ng GS-miApoB expressing plasmid. Twenty
four hours after transfection medium was changed and samples were either induced with 10 nM
MFP (+MFP) or were not induced (-MFP). Renilla and firefly luciferase were measured 48 h post-
induction. Renilla luciferase expression was normalized to firefly luciferase expression. CMV-miApoB
was used as a positive control, CMV-miScr and GS-miScr served as negative controls and were set at
100%. Bars with stripes represent negative controls. Data are represented as mean values £SD from a
representative experiment from three independent experiments.




Regulated expression of miRNA by the GeneSwitch inducible system

induction (Fig. 3b). Quantification of GFP positive cells with flow cytometry revealed
that there were ~4 fold more GFP positive cells for GS-miScr and GS-miApoB when
induced with MFP compared to non-induced cells (Fig. 3c). To determine whether the
induction observed on GFP correlates with Luc-ApoB knockdown by the GS-miApoB
single backbone variant, luciferase assay was performed. Surprisingly for the single
backbone GS-miApoB variant MFP induction did not further decrease Luc-ApoB
expression (Fig. 3d). In both non-induced and induced cells Luc-ApoB was inhibited

a
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Figure 3. Structure and knockdown efficacy of GS-miApoB expressed from the GeneSwitch
system with consecutive deletions in the inducible promoter. (a) Schematic representation of
GS-miApoB for inducible expression of artificial miRNA, where several structural parts were deleted.
Three different GeneSwitch deletion variants were designed where the TATA box (ATATA-miApoB),
the INR sequence (AINR-miApoB) or both components were deleted (ATATAAINR —miApoB) (b)
Knockdown of Luc-ApoB reporter, by GS-miApoB after induction with the different GeneSwitch
deletion variants: ATATA-miApoB, AINR-miApoB or ATATAAINR-miApoB. Cells were transfected
with 10 ng Luc-ApoB reporter, 50 ng GS-miApoB, ATATA-miApoB, AINR-miApoB or ATATAAINR-
miApoB and 10 ng of the TA plasmid. Reaction conditions were as described in Fig. 1b. Bars with
stripes represent negative controls. Data are represented as mean values +SD from a representative
experiment from three independent experiments.
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up to 80% indicating that the basal expression with the single backbone GS-miApoB
was greater than with the two plasmids system. Reduction of the GS-miApoB and
MFP concentrations did not show an improvement in basal expression which still
resulted in ~80% Luc-ApoB knockdown (data no shown).

Inducibility and basal expression depends on the positioning and orientation
of GS-miApoB and TA elements within a single backbone

It has been shown that the expression and activity of the inducible systems depends on
the orientation of expression cassettes in a single backbone [32-34]. To achieve optimal
induction and minimal basal expression, the TA and GS-miApoB elements were cloned
in different orientations resulting in 4 distinct variants (Fig. 4a). In all variants GS-miApoB
was cloned upstream of TA expression cassette. In variant #1 both cassettes were in sense
orientation. In variant #2 GS-miApoB and TA cassettes were in a head-to-head orientation.
In variant #3 and #4 GS-miApoB and TA cassettes were opposite and antisense to each
other, respectively (Fig. 4a). HEK293T cells were co-transfected with 50 ng of variants
#1-#4, induced with MFP 24h later and 48 h post induction, Luc-ApoB knockdown was
measured (Fig. 4b). As anticipated, the different orientations varied in terms of basal
expression and induction. Variants #1 and #2 exhibited mild induction and low basal
activity. For variant #1 the Luc-ApoB knockdown was 32% and 38% for non-induced and
MEFP induced cells, respectively. For variant #2 knockdown was 28% for non-induced and
42% for MFP induced cells respectively. Variants #3 and #4 exhibited lowest basal activity
and highest induction rate. For variant #3 basal expression resulted in 25% knockdown
of Luc-ApoB, which was stronger upon induction and reached 59%. Similarly variant #4
resulted in 22% and 51% knockdown when non-induced and MFP induced, respectively.

Next, the correlation was determined between the inhibitory effect, induction rate,
and the number of processed siApoB molecules from the GS-miApoB variants #1-#4

n Figure 4. Structure and knockdown efficacy of GS-miApoB expressed from a single »
backbone with four different orientations of the GeneSwitch and TA elements. (a) Schematic
representation of variants #1 - #4 of the single backbone GS-miApoB, with different orientations of
the GeneSwitch and TA elements In variant #1 both cassettes were in sense orientation. In variant
#2 GS-miApoB and TA cassettes were in head-to-head orientations. In variant #3 and #4 GS-miApoB
and TA cassettes were opposite and antisense to each other, respectively. The names of the structural
components are indicted in Fig. T1a. Arrows represent direction of transcription. (b) Knockdown of
the Luc-ApoB reporter, by the single backbone GS-miApoB system variants #1 to #4. Cells were
transfected with 10 ng Luc-ApoB reporter and 50 ng GS-miApoB variants #1-#4. Reaction conditions
are as described in Fig. 1b. Bars with stripes represent negative controls. Data are represented as
mean values +SD from three experiments analyzed with the factor correction method. (c) siApoB
expression in HEK293T cells from the single backbone GS-miApoB variants #1-#4. RNA was isolated
48 hours post-MFP induction and siApoB-specific small RNA TagMan was performed. siRNA copy
number per cell was calculated based on the amplification plot of a dilution series of synthetic siApoB
RNA standard (IDT, Coralville, IA). The trend line value of the standard line was used to calculate the
siApoB copy number cell, assuming 15 pg RNA per cell [39].
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(Fig. 4c). Small RNA specific Tagman assay was designed for detecting the guide strand
of miApoB and the amount of molecules per cell was calculated based on synthetic
standard line. All variants showed a clear increase of the amount of siApoB molecules
per cell after MFP induction. Variant #1 expressed the highest amount of siApoB
molecules compared to other variants. Variants #3 and #4 exhibited lowest basal
expression and highest induction rate which is in line with Luc-ApoB knockdown data.

Variant #3 where the GS-miApoB and TA elements were positioned opposite to each
other showed the best configuration for inducible expression of artificial miRNA targeting
ApoB. To check if this is a general rule, we tested the inducibility of four additional
efficient miRNAs targeting the Htt gene cloned in GS variant #3. miH10, miH12, miS7
and miS15 are targeting different regions of Htt and have been already validated as
potent huntingtin inhibitors (data not shown). HEK293T cells were co-transfected with
50 ng of GS-miH10, GS-mH12, GS-miS7 or GS-miS15 variants #3 and 48 h post MFP
induction total RNA was isolated (Fig. 4b). The induction was measured by quantifying
the siRNA molecules expressed with and without MFP induction using specific small RNA
Tagman assay. The results show between 4 and 7 times siRNA induction proving the
robustness of GS variant #3 for inducible miRNA expression (Fig. 5a).

Discussion

Recent developments towards clinical applications of RNAI made it apparent that
regulable and temporal expression may be necessary to circumvent toxicity resulting
from aspecific off-targeting effects or oversaturation of the endogenous miRNA
pathway. Inducible systems have been widely used for control of gene expression.
These systems are composed of a chimeric transcription factor, inducer and a
promoter that reacts upon transcription factor binding. The GeneSwitch inducible
system is one of the promising candidates for RNAi gene therapy since it lacks
bacterially derived components and the MFP inducer is an already approved drug

n with known pharmacokinetics. Although the GeneSwitch system can effectively
regulate gene expression in vivo and in vitro using plasmid or viral delivery, to date
there are no reports of its application for RNAIi induction. We addressed this question
by optimizing miApoB expression from the GeneSwitch system initially using a two-
plasmid system and later by combining the GeneSwitch elements in four different
orientations in a single backbone.

The transactivator and promoter elements are essential parts of each inducible
system that characterize its parameters: basal expression, fold induction, and
maximum expression levels. Therefore, we investigated the optimal conditions for
minimal basal activity without induction with MFP and the maximal inducibility after
addition of inducer. By increasing the amount of TA plasmid the basal expression of
the inducible promoter also increased suggesting that even in non-active state TA is
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capable of binding to Gal4 elements in the GeneSwitch promoter. Another important
aspect of the inducible systems is their temporal control of gene expression. The
effect of the induction is dose dependent and increases until it reaches maximal
expression. Generally after 24 h the expression using GeneSwitch system reaches
maximum level in vitro [11,35], however in our case 24 hours time was not sufficient
to observe increase in luciferase inhibition. The maximal knockdown of luciferase was
observed after 48 hours and after 72 hours the inhibition of luciferase was weaker.

In this study, we also carried out deletion analysis of the GeneSwitch promoter
to identify regions that control the responsiveness and the spatiotemporal gene
expression. Manual analysis of the GeneSwitch promoter identified common elements
of pol Il promoters: a TATA box and an INR sequence [36,37]. Deletion analysis showed
that both TATA box and INR are essential components of the GeneSwitch promoter and
any perturbations resulted in a functional loss probably due to inefficient transcription.
An interesting alternative to the promoter modification is to incorporate more Gal4
sequences upstream to the promoter, which can improve promoter inducibility. This
was already shown for mIFNb expression with the GeneSwitch inducible system [14].
Although we did not optimize the TA expression cassette itself an interesting option
is to use tissue specific promoters for expression of the TA protein. This would lower
the extent of unregulated expression associated with the constitutive TA expression
from the CMV promoter. Alternatively TA can be expressed from the promoter that,
like the transgene, is responsive to MFP. In this auto-inducible system, the TA can
induce both the transgene and its own expression.

A vector based regulated expression for GeneSwitch system has already been
validated in vitro and in vivo using mouse interferon beta (mIFNb) [14]. Similarly to our
studies four variants of a single backbone expression system with different orientations
were tested and all 4 variants resulted in mIFNb /n vitro induction raging from
360 — 1480 fold. In two variants (pGT23 and pGT24) the mIFNb cassette was cloned

n upstream of TA expression cassette in sense and opposite orientations respectively.
In two other (pGT25 and pGT25) the TA expression cassette was upstream of mIFNb
and was cloned in sense and head-to-head orientations respectively. This means that
pGT23 is equivalent to our variant #1, pGT24 is variant #3 and pGT25 is GS-miApoB.
pGT26 does not have equivalent in our study. The variant which exhibited the greatest
induction was pGT23 followed by pGT26, pGT24 and pGT25. Interestingly, all single
backbone variants outperformed the two-plasmid system in the inducible rate and
the level of mIFNb expression but all construct, when induced, expressed less mIFNb
than the constitutive CMV promoter. Surprisingly, in vivo measurement of IP-10,
which is a validated biomarker for mIFNb showed a different trend and the variant
that resulted in the best IP-10 induction was pGT26 followed by variants pGT25,
pGT24 and pGT23. In vivo all variants were as active as the two-plasmid system in
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IP-10 induction and they were also outperforming CMV expressed mIFNb. Despite
the similar approach to optimize the GeneSwitch system, a direct comparison to our
results is not feasible because the luciferase knockdown is caused by an increase of
the siRNA amount which in consequence inhibits the protein expression. Additionally
the exact mechanism of the GeneSwitch system induction has not been investigated
thus a high protein expression may be a combination of an increased transcription
and increased translation or both. By contrast to reported induction of mIFNb, our
results show much lower induction of expressed siRNA: 4-6 fold increase in MFP
induced cells compared to the non-induced cells.

Inducible expression is an interesting approach to avoid potential problems that
can be associated with therapeutic RNAi applications. It has been reported that ShRNA
can lead to severe toxicity when high doses are used [1,2] and that by lowering siRNA
expression -either using pol Il promoters or by incorporation of a siRNA sequence in
an artificial miRNA scaffold [9]- toxic side effects can be abolished. In our previous
study, we have demonstrated a more sustained ApoB target knockdown by miApoB
over the shApoB in long-term in vivo experiments [31]. Nonetheless, the inhibitory
effect of miApoB expressed with a liver-specific promoter and shApoB was lost after
27 weeks. Additionally it has been shown that processing of sShRNA and miRNA may
lead to unanticipated silencing of other genes (off-targeting) which also can cause
toxicity. Because of the complexity of RNAI processing in vivo, these interactions
are difficult to predict and evaluate. Still RNAI toxicity has been shown to be dose
dependent therefore limiting the expression of siRNA molecules with inducible
systems may reduce potential risk. Although the present study provides a proof of
concept for controlling siRNA expression in vitro, the reduction of the toxicity of
GeneSwitch expressed miRNA in vitro and in vivo needs to be further investigated.

An important aspect is the robustness of the GeneSwitch system, which should be
capable of expressing any miRNA. We have shown that variant #3 was also capable
of driving expression of 4 miRNAs targeting Htt. Unequivocal induction of both GFP
and miRNA expression was observed. Additionally gene knockdown in vivo, using
the GeneSwitch system, needs to be investigated. The plasmids described in this
study could be used in the context of viral vectors such as AAV for a long-term
expression in vivo. Beside Htt knockdown for Huntington disease and ApoB for FH,
other potential applications that can be treated with GeneSwitch inducible RNA|
include cancer and viral infections (HIV, Hepatitis B virus and Hepatitis C virus).

In conclusion, we have tested the GeneSwitch system and constructed a single
backbone to express the artificial miRNA targeting ApoB and Htt. This vector enabled
regulation of the miRNA expression and proved efficient in Luc-ApoB knockdown
in vitro. Combination of the AAV delivery and the inducible expression of an artificial
miRNA would allow a long-term therapeutics effect simultaneously limiting possible
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side effects. This will provide an additional safety level for future clinical applications
compared to the ubiquitously expressed shRNA/MIiRNA.

Materials and methods

DNA constructs

GeneSwtich miApoB (GS-miApoB) construct was made by amplification of a 1384 bp
fragment of pCDNA6.2 construct containing EmGFP and miApoB using pr967 and
pr968 primers and ligating into the Ncol and Kpnl sites of the pIF1683 (Inovio, San
Diego, CA). The plF1683 contains minimal pol Il promoter with 4 upstream activation
elements (Gal4). The construction of pCDNA6.2 containing miRNA targeting ApoB
has been described previously [36]. Similarly negative scrambled control miRNA
(GS-miScr) was made by PCR amplification o pcDNA6.2-GW/EmGFP-miR-neg
(Invitrogen, Carlsbad, CA) using the same primer set. The GeneSwitch TA plasmid
was constructed by amplification of 2200 bp fragment of pGS1984 (Inovio, San
Diego, CA) using primers pr965 and pr966 and ligating into the Xbal and Rsrll sites of
the pTRCGW vector (Inovio, San Diego, CA). pGS1984 contains TA under the control
of the beta-actin promoter. The end construct expressed TA protein form constitutive
CMV promoter. All miRNA and primer sequences are listed in Table S1.

The GeneSwitch inducible promoter mutation variants variant were designed
as followed. Promoter fragments of 200 bp with desired mutation (ATATA, AINR,
ATATAAINR) were synthesized and cloned into pIDTsmart vector resulting in
pIDTsmartATATA, plDTsmartAINR, pIDTsmartATATAAINR vectors (IDT, Coralville, 1A).
Then pIDTsmartATATA smart was digested with EcoRI and Xhol ligated into pIF1683
plasmid digested with the same restriction sites resulting in ATATA-miApoB construct.
ATATAAINR-miApoB was constructed analogously to ATATA-miApoB construct. AINR-
miApoB was made by with EcoRI and Bgll digestion of pIDTsmartAINR and ligation

into the same restriction sites of plF1683.

n The GeneSwitch single backbone variant was designed as followed. The GS fragment
(1223 bp) was cut from plF1683 plasmid by Sbfl and Acc65I digestion and ligated into
the Pst/and Acc65/ digested pKS+ (Stratagene, La Jolla, CA) resulting in pKS-GS plasmid.
Next the TA expressing plasmid was digested with Sspl and Fspl and blunt ligated into
BamHI sites of pKS-GS resulting in pKS-GS-TA plasmid. To replace beta-actin for CMV
promoter in the TA expression cassette, the GS-TA fragment (2539 bp) was obtained
by Nhel digestion of pKS-GS-TA and ligated into Spel digested pTRCGW. The construct
was named as pTRC-GS-TA. Finally, the 1384 bp fragment of pCDNA6.2 construct
containing EmGFP and miApoB was PCR amplified using primers miRfw and miRrv and
ligated into the Sacll and Notl sites of the pTRC-GS-TA resulting in a single backbone
GS-miApoB construct. GeneSwitch orientations #1-#4 were designed as followed. The
TA expression cassette was digested with Kpnl and ligated into GS-miApoB construct,
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which was digested with the same enzyme. The insert was ligated in sense or antisense
orientations resulting in variant #1 and variant #3. To create variants #2 and #4 the
GS-miApoB expression cassette in variants #1 and #3 was inverted by Sbfl digestion
and relegation. The presence of miApoB was verified by sequencing.

To create vectors expressing miRNA targeting Htt, 278 bp fragments of pCDNAG.2
constructs containing miH10, miH12, miS7 and S15 were PCR amplified with primers
prGS3fw and prGS3rv and the inserts were blunt ligated into DraV and EcorV digested
variant #3 construct. Construction of the Luc-ApoB reporter vector has been described
before [38] Generation of this reporter vector has been described previously. All the
sequences of the oligonucleotides used in this study are listed in Table S1.

Cell culture and transfections

The human embryonic kidney (HEK293T) cell line were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies, Grand Island, NY) containing
10% fetal calf serum, 100 U/ml penicillin and 100 U/ml streptomycin, at 37°C and
5% CO,. For luciferase assay or siRNA expression analysis, cells were seeded in 96-
or 24-well plates at a density of 3x10% or 1.2x10° cells per well, respectively, in
DMEM one day prior transfection. Transfections were performed with Lipofectamine
2000 reagent (Life Technologies, Grand Island, NY) according to the manufacturer’s
instructions. Cells were induced with 10 nM mifiprestone (Sigma) which was prepared
the day of the induction from the TmM stock.

Luciferase assay

HEK293T cells were transfected with 10 ng Luc-ApoB reporter, 50 ng GS-miApoB
expressing plasmid and 10, 50, 100 or 250 ng of TA expressing plasmid or with 10 ng
Luc-ApoB reporter or 50 ng of GeneSwitch variants #1- #4. Twenty four hours after
transfection medium was changed and samples were induced with 10 nM Mifiprestone
(+MFP) or were not induced (-MFP). Renilla and firefly luciferase were measured at
indicated time points post-MFP induction. Renilla luciferase expression was normalized
to firefly luciferase expression. CMV-miApoB was used as a positive control, CMV-miScr
and GS-miScr served as negative controls and were set at 100%. Transfected cells were
assayed at 48 h post-transfection in 20 pl 1x passive lysis buffer (Promega, Madison,
WI) using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI).

Flow cytometry

Cells were transfected with 10 ng Luc-ApoB reporter and 50 ng of GS-miApoB
single backbone variant. Twenty four hours after transfection medium was changed
and samples were induced with 10 nM Mifiprestone (+MFP) or were not induced
(-MFP). Cells were fixed and analyzed on FACSCalibur flow cytometer instrument
(BD Biosciences, San Jose, CA). 1000 events were counted and fold change of GFP
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expression was calculated for each construct by dividing the amount of cells GFP
positive after MFP induction by the number of GFP positive cells without MFP induction.

siRNA and miRNA detection by small RNA Tagman assay

RT reactions for siApoB, siH10, siH12, siS7 and siS15 expression were performed
with the TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA) using 10 ng RNA and 3 pl custom-made specific RT-stem-loop primers (Applied
Biosystems, Foster City, CA) according to the manufacturer’s instructions. The TagMan
assay was done in 20 pl using 1,33 pl cDNA, 1 ul custom-made siRNA-specific primer
with FAM-labeled fluorogenic probe (Applied Biosystems) and 10 upl TagMan 2x
Universal PCR Master Mix (Applied Biosystems). Amplification of the beta actin gene
was used as a RNA quality and loading control. For siApoB copy number per cell
was calculated based on the amplification plot of a dilution series of synthetic siRNA
standards (IDT, Coralville, IA). Tenfold dilutions (100 pg — 1 fg) of the guide strand of
the synthetic siRNA oligo were used to create a standard line. The copy number of
each dilution was calculated according to the formula 1 mol = 6.02 x 102 molecules.
The trend line value of the standard line was used to calculate the siRNA copy number
per cell, assuming 15 pg RNA per cell. siH10, siH12, siS7 and siS15 expression levels
were normalized to beta actin as an internal control, and the relative expression 2-24¢t
method of Livak and Schmittgen was used for analysis of the induction [40].

Supplementary material

Table S1. Oligonucleotides used in this study

Name Sequence (5'-3')

pro965  CGTCTAGAGCATTGGAACGCGGATTCCC
proee6  TTCGGTCCGTCGAGCCCTACAGGTTGTC
n pro967  TTCCATGGGCAGGCTTTAAAACCATGGTGAGCAAGGGCGAGGAGCTGTC
pro68  TTGGTACCATGCATCCTGCAGGCTAGAGCCCCAGCTGCGCAGATCCATCAGAGATTTTGAGAC
miRfw  ACTCCGCGGGCAGGCTTTAAAACCATGGTGAG
miRrv  ACTGCGGCCGCGTACAAGAAGCTGGGTCTAGAT

prGS3fw GGCATGGACGAGCTGTACAA
prGS3rv. CTCTAGATCAACCACTTTGT
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