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Abstract
Synthetic biology facilitates both the design and fabrication of biological
components and systems that do not already exist in the natural world. From an
engineering point of view, synthetic biology is akin to building a complex machine by
assembling simpler parts. Complex genetic machines can also be built by a modular and
rational assembly of simpler biological parts. These biological machines can profoundly
affect various cellular processes including the transcriptional machinery. In this thesis I
demonstrate the utilization of biological parts according to synthetic biology principles
to solve three distinct transcription-level problems: 1) How to efficiently select for
transgene excision in induced pluripotent stem cells (iPSCs)? 2) How to eliminate
transposase expression following piggyBac-mediated transgenesis? 3) How to
reprogram cell lineage specification by the dCas9/gRNA transactivator-induced
expression of endogenous transcription factors?
Viral vectors remain the most efficient and popular in deriving induced
pluripotent stem cells (iPSCs). For translation, it is important to silence or remove the
reprogramming factors after induction of pluripotency. In the first study, we design an
excisable loxP-flanked lentiviral construct that a) includes all the reprogramming
elements in a single lentiviral vector expressed by a strong EF-1α promoter; b) enables
easy determination of lentiviral titer; c) enables transgene removal and cell enrichment
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using LoxP-site-specific Cre-recombinase excision and Herpes Simplex Virus-thymidine
kinase/ganciclovir (HSV-tk/gan) negative selection; and d) allows for transgene excision
in a colony format. With our design, a reprogramming efficiency comparable to that
reported in the literature without boosting molecules can be consistently obtained. To
further demonstrate the utility of this Cre-loxP/HSV-tk/gan strategy, we incorporate a
non-viral therapeutic transgene (human blood coagulation Factor IX) in the iPSCs,
whose expression can be controlled by a temporal pulse of Cre recombinase. The
robustness of this platform enables the implementation of an efficacious and costeffective protocol for iPSC generation and their subsequent transgenesis for downstream
studies.
Transgene insertion plays an important role in gene therapy and in biological
studies. Transposon-based systems that integrate transgenes by transposase-catalyzed
“cut-and-paste” mechanism have emerged as an attractive system for transgenesis.
Hyperactive piggyBac transposon is particularly promising due to its ability to integrate
large transgenes with high efficiency. However, prolonged expression of transposase
can become a potential source of genotoxic effects due to uncontrolled transposition of
the integrated transgene from one chromosomal locus to another. In the second study
we propose a vector design to decrease post-transposition expression of transposase and
to eliminate the cells that have residual transposase expression. We design a single
plasmid construct that combines the transposase and the transpositioning transgene
v

element to share a single polyA sequence for termination. Consequently, the transposase
element is deactivated after transposition. We also co-express Herpes Simplex Virus
thymidine kinase (HSV-tk) with the transposase. Therefore, cells having residual
transposase expression can be eliminated by the administration of ganciclovir. We
demonstrate the utility of this combination transposon system by integrating and
expressing a model therapeutic gene, human coagulation Factor IX, in HEK293T cells.
Genome editing by the efficient CRISPR/Cas9 system shows tremendous promise
with ease of customization and the capability to multiplex distinguishing it from other
such technologies. Endogenous gene activation is another aspect of CRISPR/Cas9
technology particularly attractive for biotechnology and medicine. However, the
CRISPR/Cas9 technology for gene activation leaves much room for improvement. In the
final study of this thesis we show that the fusion of two transactivation (VP64) domains
to Cas9 dramatically enhances gene activation to a level that is sufficient to achieve
direct cell reprogramming. Targeted activation of the endogenous Myod1 gene locus
with this system leads to stable and sustained reprogramming of mouse embryonic
fibroblasts into skeletal myocytes.
In conclusion, this dissertation demonstrates the power of utilizing biological
parts in a rational and systematic way to rectify problems associated with cell fate
reprogramming and transposon-based gene delivery. Through design of genetic
constructs aided by synthetic biology principles, I aspire to make contributions to the
vi

related fields of cellular reprogramming, stem cell differentiation, genomics, epigenetics,
cell-based disease models, gene therapy, and regenerative medicine.
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1. Introduction, background and thesis objectives
1.1 Introduction
Synthetic biology is defined as both the design and fabrication of biological
components and systems that do not already exist in the natural world and the re-design
and fabrication of existing biological systems (http://syntheticbiology.org/).
Alternatively, synthetic biology is defined as the engineering of biology: the synthesis of
complex, biologically based (or inspired) systems which display functions that do not
exist in nature. This engineering perspective may be applied at all levels of the hierarchy
of biological structures – from individual molecules to whole cells, tissues and
organisms. In essence, synthetic biology will enable the design of ‘biological systems’ in
a rational and systematic way (Synthetic Biology: Applying Engineering to
Biology: Report of a NEST High-Level Expert Group of the European Commission,
http://www.synbiosafe.eu/uploads///pdf/EU-highlevel-syntheticbiology.pdf). There is a
great variation in how synthetic biology is perceived by various authorities and as a
result there is no one definition that is agreed by all. Synthetic biology has attracted
biologists, chemists, engineers and computer scientists to work together on utilizing
biological tools to design novel systems which can operate from sub-cellular to
organismal levels. Conventionally, synthetic biology systems are perceived to act at the
transcriptional, posttranscriptional and the translational levels along with the structural
level where components from different systems interact with each other (Table 1) (1). A
1

wider definition can also include systems acting at other levels like epigenetic, cellular,
tissue and organ.
The initial thrust of synthetic biology was to design genetic circuits generating
simple output kinetics like on-off and oscillatory, or participating in cell to cell
communication (2-4). The output in metazoans is never as simple as in these early
models. The output is complex and noisy as these systems do not work in isolation and
there is a lot of crosstalk (5). The output is also modulated by the cellular metabolic state
and competition for resources in the cell. The complexities become more pronounced as
we move from an in vitro to an in vivo system where signal acquisition and
interpretation also becomes a challenge. Even with the aforementioned impediments
synthetic biology-based approaches have made immense contribution in understanding
disease pathogenesis, designing novel therapies including gene therapy, bioremediation, bio-fuel production and biomanufacturing (6-11).
From an engineering point of view, synthetic biology is akin to building a
complex machine by assembling simple parts. Complex genetic machines can also be
built by a modular and rational assembly of standard biological parts
(http://igem.org/Main_Page). The goal of synthetic biology is not to discover new parts
but to work with the parts that are already available in nature. Combination of these
parts generates a system that hitherto did not exist in nature (12,13). Synthetic biology
projects begin with a thorough understanding of the biological problem and the
2

potential solutions. An assessment is made of the functionalities that needs to be
incorporated in the synthetic system. This is followed by a search for appropriate
biological parts which can cater to the various functional demands. The knowledge of
these parts come from the vast amount of experimental data that the biologists have
acquired. With ever increasing utilization of bioinformatics, the discovery of new parts
and their properties is being done at a far more rapid pace than ever. Once the parts to
be used have been determined it is imperative to use tools to predict the outcome of an
assembly of these parts. Previous experience of working with these parts and biological
machines contributes a lot towards selecting the right parts and assembling them in an
appropriate order for the desired outcome. Computational tools can also be helpful in
predicting the outcome. Unlike building traditional machines where the parts,
knowledge, computational simulation and human ingenuity can come together to form
a product in a consistent manner; in synthetic biology the first three aspects still need to
be perfected. The number of new parts that are being discovered is ever increasing.
Biological knowledge about complex systems is yet to mature. Moreover simplistic
computational models cannot capture the complexity of biological systems in totality.
Therefore their predictive value also needs much improvement. However, human
ingenuity is not in short supply in synthetic biology.
Once the appropriate parts are identified and acquired they are assembled by
various molecular biology techniques. The assembled synthetic biological machine
3

undergoes testing at various levels: in vitro (both in the test tube and on cultured cells)
and in vivo (in an animal model). On detection of deficiencies in the outcome, parts are
revisited and is followed either by the replacement or addition of new parts or both. To
make a biological machine it is not always necessary to include new parts. Sometimes
rationalized assembly of parts i.e. the removal of parts from an assembly may also give
the desired results. The definition of biological parts should not be narrowed down only
to nucleic acid parts. Parts can also mean amino acids, proteins, cells, tissues and organs.
It can also mean existing synthetic machines. Moreover standardized parts can
themselves be modified to improve or diminish their efficacy according to the needs.
Synthetic biology is as much about tinkering with existing parts in vivo and in vitro to
reach a new state, as about assembling existing parts to build a new system (Figure 1).
In this thesis I demonstrate the utilization of these biological parts according to
synthetic biology principles to solve three distinct transcription-level problems.
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Table 1: The synthetic biology toolbox: common components used in synthetic
biological systems
Reproduced from Chen et al. Genome Biology 2012 13:240 doi:10.1186/gb-2012-13-2-240
Level

Component

Function

Transcriptional

Constitutive promoter
libraries (14,15)

Provide continuously ON gene
expression at pre-determined levels

Inducible promoters (e.g.
responsive to tetracycline,
IPTG, acetaldehyde (16),
or light (17))
Non-coding regulatory
RNAs (18) (such as
riboregulators (19,20),
ribozyme switches (21,22),
and RNAi
switches (23,24))

Provide conditional and, in certain
cases, titratable gene expression in
response to inducer signal

Posttranscriptional

Alternative splicing
modulators (25)
RNase substrate
libraries (26)
Posttranslational

Degradation tags (27,28)

Split inteins (29,30)

Structural

Protein (31-33), RNA (34),
and DNA (35) scaffolds

5

Control protein production levels
by regulating mRNA stability or
translation initiation in response to
molecular input
Control protein production levels
or protein activity by regulating
alternative splicing of mRNA in
response to molecular input
Control protein levels through
tunable hairpin elements that
direct transcript cleavage
Modulate protein levels by
shortening protein half-lives
Provide biosensing and modulate
protein activity by conditionally
splicing inactive protein fragments
together into functional wholes
Regulate signaling and metabolic
pathway flux by controlling the
localization and stoichiometry of
pathway components and
intermediate products

Figure 1: Examples of engineering biological parts to build a new synthetic system.
From an engineering point of view, synthetic biology is akin to building a complex
machine by assembling simple parts. Complex genetic machines can also be built by a
modular and rational assembly of simpler biological parts. These complex synthetic
machines can impart new functionality to existing biological system. The goal of
synthetic biology is not to discover new parts but to work with the parts that are already
available in nature. Combination of these parts generates a system that hitherto did not
exist in nature. Even non-nucleic acid, higher order entities like cells can be considered
as a biological part which can be assembled by using tissue engineering principles to
form a synthetic tissue.
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1.2 Problem statements and proposed solutions
1.2.1 Problem statement 1: How to efficiently select for transgene
excision in induced pluripotent stem cells?
1.2.1.1 Overview of the problem
Reprogramming of somatic cells into a pluripotent-stem-cell-like state by
retrovirus-based expression of Yamanaka transcription factors (Oct3/4, Sox2, Klf4 and cMyc) have opened up new vistas in using lineage-specific cells for disease modeling,
drug screening, developmental biology studies and cell-based therapies (36-46).
Lentiviral approach for the delivery of the reprogramming factors has been preferred
because of its high efficiency of transgene insertion and pluripotency induction, except
for translation (47). The integrative nature of lentiviral transgenesis would require
excision of the transgenes after reprogramming. It has been demonstrated that iPSCs
with their transgenes excised resemble ES cell-lines more than the iPS cell-lines that have
the reprogramming transgenes unexcised (48). Moreover, expression of the
reprogramming factors may be aberrantly activated in the iPSCs to interfere with
differentiation. Therefore, investigators have looked at various ways to remove the
transgenes after lentiviral reprogramming.
Cre recombinase-mediated excision of LoxP-flanked reprogramming cassette has
been extensively reported in the literature. This approach is usually based, firstly, on a
transient expression of a GFP-tagged-Cre expression cassette in the reprogrammed cells.
Subsequently, GFP+ cells are sorted and screened for transgene excision (49). This
7

procedure assumes that almost all the GFP+ cells will have their transgenes removed by
Cre recombinase. However, due to the frequent cell division in iPSCs leading to quick
dilution of the Cre recombinase transcripts and the stochastic nature of Cre
recombinase-mediated excision (50), it is unlikely that most of the iPSCs will have their
reprogramming transgenes excised. This method therefore mandates an extensive and
laborious screening procedure for isolating the iPSCs with excised transgene. Secondly,
a florescent-protein tag is included in addition to the reprogramming factors in the
construct to facilitate sorting (51). This was done by replacing the c-Myc gene with
mCherry (a fluorescent protein) due to space constraint in a lentiviral vector. However,
exclusion of c-Myc led to a loss of reprogramming efficiency and hindered maturation of
the differentiated lineages (52). Both the aforementioned approaches require
fluorescence-activated cell sorting (FACS) that apart from being costly, is not often easily
accessible to the investigators. Moreover, these methods necessitate the disruption of a
colony to make a single cell suspension for FACS. This step, especially for human iPSC
derivation, is undesirable because pluripotent cells in isolation experience selection
pressure and hence are prone to growth-promoting chromosomal aberrations (53).
After reprogramming, often a need arises to further engineer the iPSCs for
downstream applications. This may be transgenes to tag stem cells for lineage tracking
(54,55) or to express genes for therapeutic and developmental studies (56-59). Antibiotic
selection is often used for the selection of transgene-integrated pluripotent stem cells.
8

However, continued antibiotic expression can affect the expression of the transgene of
interest. Many protocols have been reported to remove the selection cassette by using
site-specific recombinase technology (60-62). However these techniques face the same
drawbacks mentioned earlier. In addition to the ability to express a transgene for
downstream studies it is often necessary to have a temporo-spatial control over the
expression. It can be achieved by expressing Cre recombinase under the control of a
tissue specific promoter (63,64) and/or by a transient temporal pulse of Cre recombinase.
Therefore, these considerations (post-transgenesis removal of selection cassette and
temporo-spatial control) have prompted us to develop a synthetic biology-based
solution.
1.2.1.2 Proposed solution
In this study, we propose to design an excisable loxP-flanked lentiviral construct
that a) includes all the reprogramming elements in a single lentiviral vector expressed
by a strong EF-1α promoter; b) enables easy determination of lentiviral titer; c) enables
transgene removal and cell enrichment using LoxP-site-specific Cre-recombinase excision
and Herpes Simplex Virus-thymidine kinase/ganciclovir (HSV-tk/gan) negative
selection; and d) allows for transgene excision in a colony format. To further
demonstrate the utility of this Cre-loxP/HSV-tk/gan strategy in downstream application
of iPSCs, we also propose the incorporation of a non-viral therapeutic transgene (human
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blood coagulation Factor IX) in the iPSCs, whose expression can be controlled by a
temporal pulse of Cre recombinase.

1.2.2 Problem statement 2: How to eliminate transposase expression
following piggyBac-mediated transgenesis?
1.2.2.1 Overview of the problem
Transposable elements are genetic elements that can move from one place in the
genome to another. These naturally occurring elements have been copied to enable the
movement of a transgene flanked by inverted terminal repeat sequences from a vector to
the genome. Prominent among these “cut-and-paste” transposition systems are Sleeping
Beauty, Tol2 and piggyBac (65-68). Among them piggyBac system has generated great
interest by virtue of its ability to achieve robust, highly efficient transposition even with
large transgenes (69-72).
For gene delivery, the transposase and the inverted terminal repeat-flanked
transgene are usually loaded onto two separate plasmids vectors including the helper
plasmid (transposase-bearing) and the donor plasmid (transgene-bearing). In a twoplasmid system, ensuring the co-delivery of both the elements is a challenge; this
problem is exacerbated when delivery is less efficient, such as in vivo applications.
Therefore, attempts have been made to combine these two elements together in a single
plasmid for efficient co-delivery (73,74). Excitement of using transposons for gene
delivery has been tempered by the apprehension of heightened levels of genotoxicity
and mutagenesis due to prolonged expression of transposase. This concern is based on
10

the prospect of the transposon element continually hopping from one place in the
genome to another under the influence of the continued presence of transposase (75).
There is also an apprehension that the lingering transposase would remove the already
integrated transgenes, as not all transposons reenter the genome (76). Moreover,
prolonged expression can provoke an immune response to the foreign transposase that
may prevent any subsequent re-administration. Therefore, it is prudent to inactivate the
transposase gene once it has completed its function of transgene integration. Most
studies using piggyBac have depended on the transposase-bearing plasmid to be lost
through dilution following cell division. However, the cell division rates can vary
widely in different tissues and hence this process of transposase dilution is not reliable.
Delivering transposase in the form of plasmid also risks random integration of the
transposase element into the genome (77). This can happen from nonspecific, nucleasemediated linearization of the plasmid, or from the formation of sheared linear forms
during the preparation of the plasmid. These linear forms can integrate randomly into
the genome, thereby perpetuating transposase expression in some cells even when most
of the circular forms get diluted out due to cell division. The co-delivery of both
transposase and transposon from a single plasmid has added another level of
complexity to the problem of transposase integration; there might be heightened
prospect of transposase integration due to the formation of transient linear forms after
transposition.
11

A promising solution to this problem was suggested by Urschitz et al. (73), in
which the promoter for the transposase is included in the transposon, within the
inverted terminal repeats. Therefore expression of the transposase is inactivated
following excision of the transposon from the plasmid vector. However, this posttransposition self-inactivation mechanism is inefficacious when non-specific integration
of the combined plasmid takes place prior to transposition (78). Post transposition
expression of a truncated, inactive transposase fragment, driven by the CAG promoter,
is also a result of the self-inactivation process. The effect of continuous expression of the
truncated transposase fragment on cellular processes has not been studied. Moreover,
the CAG promoter, being in close proximity to the promoter driving the transgene, can
lead to unpredictable effects on promoter function (79). Compounding these problem,
there is always the prospect of the CAG promoter aberrantly triggering genes in the
vicinity of the integration site (80). Moreover, inducible promoters or tissue-specific
promoters may not be effective for driving the transgene as CAG may aberrantly trigger
them due to the close proximity (81).
1.2.2.2 Proposed solution
To address the aforementioned problems we suggest an alternative solution
which has the potential to make transgenesis by the combined plasmid system a safer
and a viable option for translational studies. We propose a single plasmid construct that
combines the transposase and the transpositioning transgene element to share a single
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polyA sequence for efficient termination. This self-inactivates the transposase element
after transposition because polyA support for proper termination of the transposase
transcript is lost as it is carried away along with the transpositioning transgene.
Additionally, we also propose to implement a HSV-tk/ganciclovir-based negative
selection system in conjunction with the self-inactivation system to eliminate the
residual transposase-expressing cells (82).

1.2.3 Problem statement 3: How to reprogram cell lineage
specification by the dCas9/gRNA transactivator-induced expression
of endogenous transcription factors?
1.2.3.1 Overview of the problem
The type II clustered regularly interspaced short palindromic repeat (CRISPR)
systems and the associated Cas9 nucleases have evolved in archaea and bacteria for
sequence-specific recognition of DNA targets via a single stranded RNA intermediate
(83). In an engineered version of the CRISPR system, the Streptococcus pyogenes Cas9
nuclease is directed by guide RNAs (gRNAs) that targets 20 bp sequences adjacent to a
5’-NRG-3’ sequence motif, and the resultant cleavage has been used to edit the genome
in several species (84-88). A mutated nuclease-inactive Cas9 (dCas9) regulates gene
expression by physically blocking transcription or through fusion to a transactivator
(e.g. VP64 or Ω-subunit of RNA polymerase) or repressor domain (e.g. KRAB or SID)
(89-98). While transgene overexpression has been used to achieve cellular
reprogramming (99,100), reprogramming via direct activation of an endogenous gene
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has only been recently demonstrated through the use of transcription activator-like
effectors (TALEs) (101). However, difficulty in designing and co-delivering multiple
TALE expression constructs precludes simple screening and multiplexed gene activation
that is straightforward with the dCas9-VP64 system. Moreover, repeat sequences in a
TALE-molecule can prevent high-efficiency lentiviral delivery (102). Although RNAguided, catalytically-inactive Cas9 (dCas9) fused to a single C-terminal VP64
transactivation domain (dCas9VP64) has been used previously to transactivate
endogenous genes, the potency of this system to achieve cellular reprogramming has yet
to be demonstrated. It is probably due to dCas9VP64 failing to transactivate endogenous
transcription factors adequately to promote efficient cell lineage conversion. Therefore,
measures are needed to improve the potency of this system to be able to activate cellular
reprogramming-enabling levels of endogenous transcription factors.
1.2.3.2 Proposed solution
We propose to study the effect of VP64 fusion to both the N- and C-terminus of
dCas9-BFP (VP64dCas9-BFPVP64) on activation of the endogenous Myod1 gene compared
to N-terminal-only or C-terminal-only fusion forms. We hypothesize that two VP64
domains will be able to initiate transcription more frequently than a single VP64
domain. We will also study the ability of our dCas9-based transactivator in combination
with an efficient lentivirus-based gene delivery system to reprogram mouse embryonic
fibroblasts to skeletal myocytes by the activation of endogenous Myod1 expression.
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1.3 Significance of the proposed studies
The use of iPSCs in various biomedical projects has boomed over the last few
years. There is an immense demand for reprogramming techniques that are easy to
implement, efficient, reliable and cost-effective. Reprogramming by using lentiviral
transduction of transcription factors has been used extensively. The ability to excise out
the reprogramming cassette after pluripotency has been induced and to select for the
transgene-free iPSCs is an attractive proposition for the researchers. It has been
demonstrated that iPSCs with their transgenes excised resemble ES cell-lines more than
the iPS cell-lines that have intact reprogramming transgenes (48). Moreover, continuous
expression of the reprogramming factors may prevent the differentiation of iPSCs in the
first place or dedifferentiate the already differentiated cells. Continuous expression of cMyc (one of the reprogramming factors) is fraught with the danger of inducing genomic
instability (103). All these problems can be avoided by the utilization of our proposed
vector (section 1.2.1.2) which allows negative selection of Cre-LoxP recombination-based
excision of transgenes in induced pluripotent stem cells; a real boon for iPSC
researchers. Moreover, the proposed F9-transgenic iPSCs will be an attractive candidate
for Hemophilia B cell-based therapy.
The proposed solution to the problem highlighted in section 1.2.2 has the
potential to greatly increase the safety profile of transposon-based therapies. In this
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thesis the ability of vector modifications and a negative selection cassette to ensure the
elimination of residual transposase expression will be shown in vitro. If the same effect
is replicated in animal studies with our vector then the translational promise of our
study will truly materialize. Moreover, the proposed piggyBac transposon-based huF9
transgene delivery will be an attractive candidate for Hemophilia B gene therapy.
Although CRISPR/Cas9-based gene activation has been demonstrated in
previous publications, the successful implementation of our strategy outlined in section
1.2.3.2 will be the first report showing cell lineage alteration with this system. We
believe the incorporation of the second VP64 transactivator domain will dramatically
increase levels of gene activation compared to the conventional single VP64-fused form
of dCas9. This study will represent a major technical advance in the implementation of
the CRISPR/Cas9 gene activation system. This work also paves the way for endogenous
activation of genes competing with exogenous expression for the cellular
reprogramming space. By targeting the activation of endogenous genes encoding master
regulators of cell lineage specification, it may be possible to achieve levels of sustained
and autonomous reprogramming more efficiently, robustly, and/or rapidly. Moreover
our construct can be utilized in future for activating multiple genes at the same time for
reprogramming procedures that need the simultaneous expression of multiple factors.
We also envisage the activation of genes with a big open reading frame with our system
as they may be difficult to deliver exogenously. The principles of protein domain
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engineering worked out in this study can also be extended to other transcriptionmodulating domains.
In conclusion, the significance of the work outlined in this thesis will extend into
induction of pluripotency, stem cell differentiation, genomics, epigenetics, cell-based
disease models, gene therapy, and regenerative medicine.

1.4 Thesis objectives
The objective of this thesis is to utilize biological parts according to synthetic
biology principles to solve three distinct transcription-level problems: 1) How to
efficiently select for transgene excision in induced pluripotent stem cells (iPSCs)? 2)
How to eliminate transposase expression following piggyBac-mediated transgenesis? 3)
How to reprogram cell lineage specification by the dCas9/gRNA transactivator-induced
expression of endogenous transcription factors?.
The following three specific aims addresses the above problems. Each specific
aim has been further subdivided into three sub-aims: a to c.

1.4.1 Specific aim 1
Derive reprogramming-transgene-free mouse induced Pluripotent Stem Cells
(miPSCs) and probe their potential to secrete a temporally-inducible therapeutic protein
(human blood coagulation Factor IX-huFIX).
a) Design and construct lentiviral vector for deriving transgene-free mouse
iPSCs.
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b) Derive and characterize transgene-free mouse iPSCs.
c) Derive human Factor IX (huF9)-transgenic mouse iPSC clones by random
transgenesis and test Cre-LoxP recombination-induced temporal expression of huFIX.

1.4.2 Specific aim 2
Use vector modifications to eliminate transposase expression following
piggyBac-mediated transgenesis and to probe the potential of the modified transposon
vector to transfer and express a therapeutic gene (human blood coagulation Factor IXhuF9) in cultured human cells.
a) Design and construct a single plasmid vector that combines the transposase
and the transposon to reduce post-transposition transposase expression.
b) Introduce a negative selection cassette in the combination vector for
eliminating residual post-transposition transposase expression.
c) Demonstrate the efficacy of the negative-selectable combination vector
system to transfer and express human Factor IX (huF9) in cultured cells without any
residual transposase expression.

1.4.3 Specific aim 3
Use a fusion of transcription activator domain (VP64) with nuclease-inactivated
Cas9 (dCas9) to enable direct lineage reprogramming of mouse fibroblast to skeletal
myocytes by activation of the endogenous Myod1 gene.
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a) Engineer a RNA-guided, nuclease-inactive VP64dCas9-BFPVP64 (VdC9BV)
fusion protein to enable robust transactivation of the endogenous Myod1 gene.
b) Demonstrate the ability of the transactivated endogenous Myod1 gene to
reprogram C3H10T1/2 cell lines and primary mouse embryonic fibroblasts (PMEFs) into
skeletal myocytes (SkMs).
c) Demonstrate VP64 transactivation domain fusion to both the N- and Cterminus of dCas9-BFP is critical in activating reprogramming-enabling levels of Myod1
and the activation is stable and sustained even after silencing of VP64dCas9-BFPVP64.

1.5 Overview of the chapters
Chapter 2 reviews the major technologies used in this dissertation. Chapter 3
discusses how to derive reprogramming-transgene-free mouse induced Pluripotent
Stem Cells (miPSCs) and probes their potential to secrete a temporally-inducible
therapeutic protein (human blood coagulation Factor IX-huFIX). The work done in
chapter 3 has been published in a journal (S Chakraborty, N Christoforou, A Fattahi,
RW Herzog, KW Leong. A robust strategy for negative selection of Cre-LoxP
recombination-based excision of transgenes in induced Pluripotent Stem Cells. PLoS
ONE 8(5): e64342. doi:10.1371/journal.pone.0064342). Chapter 4 discusses the use of
vector modifications to eliminate transposase expression following piggyBac-mediated
transgenesis and probes the potential of the modified transposon vector to transfer and
express a therapeutic gene (human blood coagulation Factor IX-huF9). Chapter 5
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discusses the dual fusion of transcription activator domain (VP64) with nucleaseinactivated Cas9 (dCas9) to enable direct lineage reprogramming of mouse fibroblast to
skeletal myocytes by activation of the endogenous Myod1 gene. Chapter 6 contains the
concluding remarks and future directions. Supplementary information in the form of
supplementary tables and figures are furnished in chapter 7. Chapter 8 includes the
references and my short biography finds place in chapter 9.
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2. Review of the major technologies used in the thesis
2.1 Induced pluripotent stem cells (iPSCs)
All multicellular organisms originate from an undifferentiated single-cell stage.
Therefore, the earliest cells have the potential to differentiate into cells from all the
lineages that constitute an organism. It also implies that the earliest cells and their
progeny have to have an immense potential to undergo cell division to populate every
major organ system. The term ‘pluripotent’ is used to denote stem cells that have the
ability to differentiate into cells from all the three germ layers: ectoderm, endoderm and
mesoderm. Embryonic stem cells (ESCs), which are sourced from the inner cell mass of
the blastocyst of a developing embryo, are one such pluripotent cell type (104,105).
ESCs, after their discovery, were hailed for their potential utility in the fields of disease
modelling, drug screening and developmental studies (106-113). The ability of ESCs to
divide and differentiate into limitless number of cells of any phenotype has made them
an attractive source for cell-based therapies (58,114-116). However, clinical utilization of
ESCs have been impaired by the prospect of immune rejection due to their non-self
derivation (117,118). In addition, the ethical and moral issues surrounding the use of
human ES cells isolated from embryos ultimately stymied human ES cell research (119).
To overcome the drawback imposed by the non-self nature of ESCs, generation
of pluripotent stem cells by somatic cell nuclear transfer (SCNT) was devised (120). In
this process the nucleus of a somatic cell is injected into an enucleated egg cell from a
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donor. The cytoplasm of the egg cell induces plasticity in the somatic nucleus and is able
to overcome the fate specification. The newly reconstituted cell, after several divisions, is
able to generate a blastocyst like form. The inner cell mass from these blastocysts is
found to resemble the well-characterized ES cells. However repeating the process of
SCNT to obtain human pluripotent cells was found to be technically challenging with
success being reported only in 2011 (121). Human SCNT is also mired in ethical and
moral issues due to its potential to constitute a fully functional human clone.
In 2006 Yamanaka and his colleagues demonstrated that forced expression of
Oct3/4, Sox2, Klf4 and c-Myc can reprogram somatic cells into pluripotent stem cells
(100). Initially this phenomenon was shown in murine cells and later on implemented in
human cells too (122,123). Since then the process of reprogramming has been
implemented in various other cell types like keratinocytes, liver cells, adipose derived
stem cells and neuronal stem cells etc. (124-127). The transcription factor cocktail
necessary to achieve reprogramming has also been optimized. It has been shown that
reprogramming can be achieved even with the overexpression of a single transcription
factor in certain cell types (128). Various small molecules and media conditions have
been utilized to improve the efficiency and quality of reprogramming (129-131). The
transcription factors have been delivered in various forms including lentivirus,
adenovirus, plasmid, transposon, mRNA or protein (123,132-136). Each of these methods
have their pros and cons. For drug discovery, drug screening and disease modelling
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purposes iPSCs can be derived by any of the above methods. However, the convenient
and highly efficacious lentiviral method has been preferred. A non-integrative, DNAfree method of reprogramming becomes the rational choice for deriving iPSCs to be
used in cell-based therapies. The integrative methods have been made more useful by
excising out the transgenes once reprogramming has been achieved (134). The
reprogramming process has challenged our ideas of phenotypic rigidity of adult cells.
Reprogramming one adult cell type to another without going through the pluripotent
state has also been demonstrated (137). The utility of partially reprogrammed cells to
differentiate into various multipotent cell types has also been demonstrated (138).
Along with the ability to divide and differentiate into limitless number of cells of
any phenotype, reprogrammed cells have the added benefit of overcoming the problem
of immune rejection if patient-derived iPSCs are used. Patient-specific iPSCs will be an
important component of personalized medicine in future. Disease-specific iPSCs have
already shown their utility in giving pathophysiological insights (139,140). iPSCs and
their derivatives can be used for efficacy and safety screening of therapeutic
interventions in a patient-specific manner (141,142). Moreover there is an immense scope
of using iPSCs as a low cost drug discovery platform and also to screen for their
potential side effects (143). iPSCs are also amenable to precise genome editing
techniques for repairing disease causing mutation or to force express the deficient gene
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from safe harbors in the genome. Genotype-corrected patient-specific iPSCs can be used
for autologous cell therapies (Figure 2) (59).
Before unleashing the true potential of iPSCs a lot of scientific concerns on their
safety in translational studies and relevance as a pathophysiological model have to be
addressed. There have been reports of chromosomal and subchromosomal copy number
variations in pluripotent stem cell lines which can aggravate with continued passaging
in suboptimal in vitro conditions (144,145). Epigenetic differences have been shown to
exist between different iPSC lines (146). iPSCs also vary from the established ES cell lines
(147). Unique to iPSCs is the problem of persistent retention of epigenetic memory of the
phenotype from which they were derived, thereby leading to preferential differentiation
to certain lineages (148). A lot of effort has to be directed towards optimizing the
reprogramming protocol to obtain iPSC lines which are phenotypically consistent and
equivalent to ES cells in their ability to differentiate robustly into all lineages (149,150).
Gold standards of reprogramming has to be created to which all newly derived iPSC
lines can compare. These will eventually ensure strict quality control of iPSC-based
products and services and realization of its true potential.
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Figure 2: induced Pluripotent Stem Cells (iPSCs) and their uses.
Reprogramming of somatic cells into pluripotent stem cells by retroviral expression of
Yamanaka transcription factors (Oct3/4, Sox2, Klf4 and c-Myc) have opened up new
vistas in using patient-specific cells for disease modeling, drug screening,
developmental biology studies and cell-based therapies. iPSCs have emerged as a great
boon in cell therapy approaches as they can provide unlimited numbers of any cell type.
Reprogramming has the potential to overcome the problem of immune-rejection if
patient-derived iPSCs are used. iPSC-derived cells are amenable to precise genome
editing either to repair the disease causing mutation or to force express the deficient
gene from safe harbors in the genome like ROSA26 and AAVS1.
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2.2 Cre-loxP recombination and HSV-tk/ganciclovir negative
selection
Cre recombinase is an enzyme derived from P1 bacteriophage. It has been
utilized to catalyze recombination between two 34bp loxP consensus sequences:
ATAACTTCGTATA (13bp flanking palindrome)-ATGTATGC (8bp core spacer
sequence)-TATACGAAGTTAT (13bp flanking palindrome) (151). The directionality of
the core spacer sequence is responsible for the orientation of the loxP sites.
Recombination is initiated by the binding of a single 38 kDa Cre recombinase molecule
to each palindromic sequence within the loxP site. Recombination happens only when
two of these Cre recombinase-bound loxP sites are brought in close approximation by 4
molecules of recombinase thereby forming a tetramer (152). This event is followed by
recombination between the two loxP sites at the core spacer area. Sauer and Henderson
were instrumental in showing that this system can work in mammalian cells (153). It
was followed by Orban et al. demonstrating the utility of Cre-Lox system in an animal
model (154).
Recombination between two cis loxP sites orientated in the same direction leads
to the excision of the loxP-flanked genes (Figure 3 A). This process of excision can be
harnessed to remove a transgene in a spatiotemporal fashion. Recombination between
two cis loxP sites in opposite orientation leads to the inversion of the loxP-flanked genes.
Inversion has been used to make the activity of a gene orientation dependent. Transgene
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insertions are usually an outcome of the recombination between two trans-located loxP
sites (50).
The Cre-mediated recombination process is stochastic in nature (50,155). It means
that not all the cells where Cre is expressed will undergo recombination. It also means
that the excision process does not start simultaneously at the same time in all the cells.
The efficiency of recombination by Cre expression is a function of time. However, it has
been shown that mammalian genome has cryptic loxP sites where Cre recombinase can
promote aberrant recombination (156). Hence prolonged Cre expression is fraught with
the danger of a heightened risk of mutations. Therefore, recombination has been
achieved by transient expression of Cre recombinase (157,158). Cre-mediated excision
efficiencies also vary with the distance between two loxP sites (159,160). Moreover, the
excised fragment may reinsert by the Cre recombinase acting on the trans loxP sites.
Although the efficiency of insertion is lesser than of excision, yet due to dynamic
equilibrium there will always be cells where the transgenes are in the integrated state
(161). All these aspects of the recombination process leads to a fraction of loxP sites
being left unrecombined. Therefore negative selection methods have been applied to
eliminate the cells that have unrecombined loxP sites.
A good model for negative selection, in the context of gene targeting by
homologous recombination, was suggested by Mansour et al. They utilized HSV-tk
(Herpes Simplex Virus Thymidine Kinase) -based negative cassette to select against
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random integration of the targeting vector (162). Later on this negative selection method
was modified to be used for selection against cells harboring unrecombined loxP sites
after Cre administration (163). This negative selection procedure entails the expression
of HSV-tk from a cassette flanked by loxP sites. Removal of the loxP-flanked cassette
post recombination ensures the stoppage of HSV-tk expression in successfully
recombined cells. The cells where recombination did not take place are subsequently
killed by the administration of ganciclovir. Ganciclovir is a FDI-approved prodrug
which is converted by HSV-tk to the active ganciclovir-phosphate form (164,165).
Ganciclovir-phosphate is a nucleotide analogue and gets incorporated into the genome.
This eventually triggers apoptosis, thereby selectively eliminating the cells with
unrecombined loxP sites (Figure 3 B).

28

Figure 3: Diagram demonstrating Cre-loxP excision and HSV-tk/Ganciclovir negative
selection strategy.
(A) Cre recombinase is an enzyme derived from P1 bacteriophage which has been
utilized to catalyze the recombination between two 34bp consensus sequences (LoxP
sites). Recombination between two cis loxP sites in the same orientation leads to the
excision of the loxP-flanked genes. This process of excision can be harnessed to remove
selection cassettes and reprogramming cassettes once their job has been done as their
continued expression might hinder the proper functioning of the cells. Recombination
can be achieved by transient expression of Cre. (B) Due to stochastic nature of the
recombination process it has to be ensured that any cell which did not remove the
transgene can be selected against by a negative selection procedure. This negative
selection procedure entails the expression of Herpes Simplex Virus thymidine kinase
(HSV-tk) in the cassette flanked by loxP sites. Removal of the cassette post
recombination also stops HSV-tk expression. The cells where recombination did not take
place still continues to express HSV-tk and can be selectively eliminated by the addition
of Ganciclovir. Ganciclovir is a FDI-approved prodrug which is converted to an active
molecule ganciclovir-phosphate by the enzymatic actions of HSV-tk. Ganciclovirphosphate, a nucleotide analogue, gets incorporated into the genome and induces
apoptosis thereby selectively eliminating the unrecombined cells.
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2.3 Transposon systems
In humans non-coding sequences occupies more than 95% of the genome (166).
This overwhelming excess of non-coding DNA is also found in most of the other higher
organisms (167,168). The non-coding part of the genome consists of non-coding
functional RNA (ribosomal RNA, transfer RNA, small nucleolar RNAs, small nuclear
RNAs, Piwi-interacting RNAs and microRNA) (166,169,170), transcription regulatory
elements, introns, pseudogenes, telomeres and repeat sequences derived from
transposable elements (166).
Transposable elements (TE) are genomic sequences which can jump from one
area of the genome to another. Barbara McClintock was awarded the Nobel Prize in 1983
for the discovery of these mobile genetic elements in maize. The sequences which are
derived from transposable elements are categorized into 4 groups, namely long
interspersed elements (LINEs), short interspersed elements (SINEs), LTR
retrotransposons and DNA transposons (166). The first three have RNA intermediates as
an integral part of the transposition process and hence belong to RNA transposon group
(Class I TE). The DNA transposition elements (Class II TE) transpose directly as DNA
through a cut-and-paste mechanism (Figure 4). Unlike Class I TE, there is seldom a
replication step associated with DNA transposons (171-174). It has been suggested from
the analysis of human genome that ~45% of human genome has been derived from
transposable elements. Out of this ~3% is from DNA transposons (166). It is also
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predicted that rest of the non-coding DNA which does not belong to any of the above
classes have been contributed by the transposition elements. However over millions of
years these sequence have diverged so much that it is difficult to recognize their origins
through the current methods (166,175). Transposable elements by the mechanisms of
insertion, excision, duplication and translocation can profoundly influence genomic
functionality and integrity. Transposons can affect gene expression by disrupting coding
regions, altering the regulatory areas of the genes or by introducing alternative splice
sites in the introns (176-178). Transposon activity can lead to the duplication of genes
which may lead to pseudogene formation (179). New genes may arise by transposonmediated combination of the domains of existing genes and also through transposon
domestication (180,181). However uncontrolled transposition activity may be disruptive
for the normal working of the cells. This will ultimately lead to deleterious influence on
the fitness of the host organism. Therefore, there has to be a check on transposition
activity. As a part of the control mechanism some transposons are active only in the
germline (182,183). In this way only the mutations that do not affect the fitness of the
organism gets propagated to the next generation. Transposition systems are also
subjected to a phenomenon called over production inhibition in which excessive
amounts of transposase can auto-inhibit its activity (184). Transposition elements can get
inactivated by random mutations during cell division and disruption by other mobile
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elements. The cells also use epigenetic regulation, inhibitory proteins and interfering
RNA to limit the activity of the transposition elements (185-187).
The transposition elements have been adapted to be used as a method for gene
transfer. DNA transposition systems have attracted much attention for gene delivery.
These systems involve the co-delivery of two constructs: the transposon vector (donor)
carrying the gene of interest (GOI) flanked by transposase-specific terminal inverted
repeats (TIRs), and the transposase vector (helper) where transposase is expressed by a
strong promoter. Transposase can also be delivered as mRNA or protein (Figure 5).
Transposase catalyzes the movement of the GOI from the vector to the genome. It leads
to an integrative form of transgenesis.
These DNA-transposons utilized for gene delivery belongs to three major
superfamilies: Tc1/mariner, piggyBac and hAT (hobo/Ac/Tam3). Sleeping Beauty (SB) is
the most promising transposon from the Tc1/mariner superfamily. It has been
extensively used for gene transfer. This transposase has been synthetically awakened
from an inactive form found in salmonid fishes (65). Recently, a hyperactive version of
SB, SB100X, has also been described which enables a higher efficiency of gene transfer
than the parent molecule (188). Sleeping beauty transposon element has a tendency to
insert into the heterochromatin area of the genome (189). The most prominent member
of the hAT superfamily that has been used in gene delivery is the Tol2 transposon. This
element was isolated from Medaka fish (Oryzias latipes) (190). It can carry a bigger
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transgene cargo than sleeping beauty (191,192). Tol2 has a tendency to insert in the 5’
areas of active genes (193). Recently piggyBac transposase has gained currency as a
transgene delivery vehicle. It was isolated from Cabbage Looper moth (Trichoplusia ni)
(194). Gene delivery in a wide range of species from insects to human has been
demonstrated by this system. A hyperactive version has also been described recently
(195). The most important defining character of piggyBac is its ability to transfer DNA
cargo which is at least one order of magnitude bigger than the other systems (196).
Interestingly, piggyBac system is unique among the transposon systems described so far
as it does not leave any footprint when moving from one locus to another. This property
has been utilized for mutation-free removal of transgenes (197).
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Figure 4: Model of cut-and-paste transposition.
Transposase proteins (green spheres) recognize the terminal inverted repeats (IRs,
orange boxes) and form a circular pre-excision synaptic complex from which the
transposon is excised. Formation of the synaptic complex, allowing close association of
the two transposon ends, involves the formation of transposase tetramers [74].
Subsequently, the transposition complex recognizes a target site and the transposase
proteins mediate integration of the transposon. The figure shows the proposed
mechanisms for Tc1/mariner-type (e.g. Sleeping Beauty) DNA transposition. Yellow
boxes marked with IR represent the terminal inverted repeats.
(Reproduced from Skipper et al. Journal of Biomedical Science 2013 20:92
doi:10.1186/1423-0127-20-92)
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Figure 5: Schematic representation of four different approaches for delivery of
components of the DNA transposon-based gene delivery systems.
Panel a illustrates the conventional delivery of transposase and transposon by plasmid
DNA transfection. This approach relies on nuclear uptake of both helper and donor
plasmid DNA allowing transcription of transposase-encoding mRNA, mRNA export,
production of transposase in the cytoplasm, and subsequent nuclear import of
transposases. Transposases bind to the transposon donor plasmid and facilitates
transposition. A variant of this approach is based on transfection of in vitro-transcribed
mRNA encoding the transposase (not shown). Panel b represents an emerging approach
based on virus-mediated delivery of DNA transposon systems. The example shown
demonstrates the use of integrase-defective lentiviral vector (IDLVs) as carriers of the
transposase gene (left) and the transposon (right), allowing transposition from reversetranscribed (RT) lentiviral DNA intermediates (here represented by circular forms).
Related approaches have been developed for vectors based on adenoviruses, adenoassociated viruses, and herpes simplex viruses. Panel c illustrates the use of reverse
transcription-defective retroviral vectors as carriers of transposase-encoding mRNA.
Modifications of the primer binding site, where reverse transcriptions is normally
initiated by an annealed tRNA, inhibit reverse transcription and thus facilitating vector
RNA delivery, and direct translation into protein. The transposon donor is in this
example delivered by plasmid DNA transfection. Panel d demonstrates the possibility of
delivering DNA transposon systems in engineered ‘all-in-one’ lentiviral particles that
co-deliver both transposase protein and the donor for DNA transposition. Transposase
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subunits delivered by lentiviral protein transduction are delivered in the virus context
and facilitate efficient transposition through mechanisms that may benefit from the close
interaction between transposases and the reverse-transcribed donor within the viral preintegration complex. Question marks indicate that it is currently unknown at which
stage transposases bind to the donor to form the synaptic transposition complex.
(Reproduced from Skipper et al. Journal of Biomedical Science 2013 20:92
doi:10.1186/1423-0127-20-92)
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2.4 Direct lineage reprogramming
Multicellular animals begin their journey as a totipotent single-celled zygote and
quickly develops into a multicellular embryo whose inner cell mass has pluripotency. As
development progresses the cells become multipotent and subsequently unipotent
before terminally differentiating into a mature phenotype. This doctrine of irreversible
loss of potency during development has been challenged multiple times over the last 50
years (198-203) . Also the recent demonstration of mature somatic cells acquiring
pluripotency by a process called reprogramming has been instrumental in shattering
this doctrine (100,122). The potential application of these reprogrammed cells have been
described in section 2.1. However there are some hurdles in the full-fledged adoption of
this technology for treating human disease. The process of reprogramming into iPSCs
and their subsequent differentiation requires multiple rounds of cell division. The active
mitotic state increases the chance of accruing chromosomal aberrations and subchromosomal mutations (144,145). Another concern regarding the use of iPSCs is
teratoma formation (204). Teratomas are a result of the pluripotent cells not fully
differentiating or due to dedifferentiation of the already-differentiated cells. Moreover
the process of reprogramming is lengthy and efficiencies are usually low (122,205).
Differentiation potential of iPSCs into all the lineages necessitates a purification
procedure to isolate the cell lineage of choice. With a less than optimal purification
protocol there is always a concern of having contaminating cell lineages.
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Undifferentiated cells as a contaminant can lead to an increased probability of teratoma
formation (206). The potency of iPSCs to differentiate into certain lineages can also vary
from line to line (207). Moreover there is biased differentiation potential in certain iPSC
lines due to partial retention of epigenetic memory of the cells from which they were
derived (148,208). All these hurdles in iPSC use have prompted scientists to look for
alternative ways to get cells for downstream applications.
Even before the advent of iPSCs, scientists had insight into the process of
transdifferentiation or direct lineage reprogramming where cells of one somatic cell
lineage gets reprogrammed into cells of another lineage. Unlike pluripotency induction
direct lineage reprogramming happens without the generation of a dedifferentiated
intermediate cell stage. In vivo transdifferentiation process has been observed in both
physiological and pathological context. During physiological development of esophagus
in mouse the smooth muscle lining during the fetal stage gets converted into skeletal
myocytes during the post natal period (209). Pathological transdifferentiation happens
in the lining of the lower part of esophagus in adult humans in a disease condition
called Barrett’s metaplasia. The normal squamous type of epithelium lining the lower
part of esophagus gradually gets converted into the intestinal columnar type of
epithelium (210).
In vitro direct lineage reprogramming by forced expression of defined
transcription factor/factors has been shown to be possible nearly two decades before the
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demonstration of pluripotency induction in somatic cells by reprogramming. Davis et al.
showed that by overexpressing a single transcription factor Myod, fibroblasts can be
converted to skeletal myocytes (99). Since then overexpression of Myod has proved to be
effective in converting cells of many other lineages to skeletal myocytes (211,212). Single
factor reprogramming by Myod bolstered the idea of the presence of master
regulator/regulators which can, by themselves, trigger fate specification of naïve and/or
mature cells (213). These master regulator transcription factors can overcome the
resistance to phenotypic change imposed by genomic imprinting. As the transition is
direct, lineage reprogramming occurs over a time scale of hours to days (99,137). On the
other hand reprogramming to induce pluripotency takes days to weeks for the
phenotypic changes to be manifested (100,122). Pluripotency induction requires multiple
cycles of cell division with added stress of reprogramming from proto-oncogenic c-Myc
expression while direct lineage reprogramming can proceed without additional mitosis
or proto-oncogene expression. This may translate into lesser frequency of mutation in
directly reprogrammed cells compared to iPSCs (214). Moreover, lack of
dedifferentiation in direct lineage reprogramming also nullifies the chances of teratoma
formation (215,216). In direct lineage reprogramming the cells derived are either of the
starting cell type or of the reprogrammed cell type. Therefore, the purification process is
cleaner and if reprogramming is highly efficient then the cells may be used even without
further purification. Pluripotent stem cells scores over transdifferentiated cells in the
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potentially unlimited number of cells that can be generated due to the property of selfrenewal. The requirement of millions of cells for therapy is a difficult proposition to be
fulfilled by the post mitotic direct lineage reprogrammed cells. iPSCs have been shown
to be able to differentiate into every major lineage. Direct lineage reprogramming on the
other hand is in its infancy and protocols are still being developed and optimized for the
lineages of interest (Figure 6 and Table 2).
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Figure 6: Direct lineage reprogramming and its uses.
Transient overexpression of transcription factors (TFs) is sufficient to reprogram mature
somatic cells of one lineage into cells of a different lineage. These reprogrammed cells
can be used for disease modeling, drug screening, developmental biology studies and
cell-based therapies.
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Table 2: Examples of different types of direct lineage reprogramming and the
transcription factors used.
Starting Cell

Reprogrammed Cell

Transcription Factors

Reference

Fibroblast

Skeletal Myocytes

Myod1

(99)

B cells, Fibroblasts

Macrophage

C/EBPα/β and PU.1

(217,218)

Pancreatic Exocrine

Pancreatic endocrine

Ngn3, Pdx1 and Mafa

(219)

Fibroblasts

Cardiomyocytes

Gata4, Mef2C and Tbx5

(220)

Fibroblasts

Cardiomyocyte

GATA4, HAND2, MEF2C

(221)

and TBX5
Fibroblasts

Cardiomyocyte

miRNAs 1, 133, 208, and

(222)

499
Fibroblast

Hepatocytes

Hnf4α, Foxa1, Foxa2 and

(223)

Foxa3
Fibroblasts

Neurons

Ascl1, Brn2 and Myt1l

(137)

Fibroblasts

Dopaminergic

Ascl1, Brn2 and Myt1l,

(224)

neurons

Lmx1a and FoxA2

Motor Neurons

Ascl1, Brn2, Myt1l, Lhx3,

Fibroblasts

(225)

Ngn2, Isl1 and Hb9
Fibroblasts

Neurons

Ascl1, Myt1l and NeuroD2,
miR-9/9* and miR-124
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(226)

2.5 CRISPR/Cas9 gene editing technology
The type II clustered regularly interspaced short palindromic repeat (CRISPR)
systems and the associated Cas9 nucleases have evolved in archaea and bacteria for
sequence-specific recognition of DNA targets via a single-stranded RNA intermediate
(83,227-229). Prokaryotes store the memory of an attack by phages or of the
incorporation of plasmids from the environment by archiving a fragment of the foreign
sequence in the CRISPR loci. These acquired sequences constitute the spacer sequences
separated by direct repeats. The transcribed version of this spacer-direct repeat array is
called the pre-crRNA (pre-CRISPR RNA). Trans-activating crRNA (tracrRNA) is another
non-coding RNA that is transcribed from the CRISPR locus. tracrRNA hybridized to the
repeat sequences of the pre-crRNA is processed by RNase III and mature crRNA is
generated. Cas9 protein bound to this mature crRNA-tracrRNA complex is guided to the
appropriate target area by the crRNA base-pairing with the target sequence along with
the presence of a specific protospacer-adjacent motif (PAM) sequence at the 3′ end of the
target sequence. Target-DNA-bound Cas9 utilizes its nuclease activity to produce a
double-stranded break in the genome of the invading species. It leads to inactivation of
the invading species.
Codon-optimization of the bacterial Cas9 and incorporation of nuclear
localization signals are done to make the bacterial protein more suitable for eukaryotic
expression and to facilitate entry of Cas9 into the nucleus respectively. A compact
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chimeric guide RNA (gRNA) which is a combination of the sequence-specific crRNA
and the tracrRNA driven by RNA polymerase III promoter has been extensively utilized
in the engineered version of the CRISPR/Cas9 system (83,84). Engineered Streptococcus
pyogenes Cas9 nuclease, directed by a gRNA, has been utilized to target 20 bp sequences
adjacent to a 5’-NGG-3’ sequence motif. The resultant cleavage has been used to edit the
genome in several species (Figure 7) (84-88).
Zinc Finger Nucleases (ZFNs) and transcription activator–like effector
nucleases (TALENs) have played a major role in transforming the landscape of precise
genome editing by increasing the efficiency of the process by a few folds. This has been
achieved by nuclease-mediated break or a nick in the target site which stimulates
cellular DNA-repair processes to heal the disrupted locus by homologous recombination
(HR) or nonhomologous end joining (NHEJ). NHEJs are often employed to disrupt a
gene. HR happens when there is DNA donor (homologous to the target) in addition to
the nuclease. It is usually used to repair a mutation or to insert a new gene at a locus of
choice (Figure 7). The excitement associated with these technologies have now been
overshadowed by the advent of CRISPR/Cas9. Along with a comparable or better
efficiency of editing, the ease of customization and multiplexing distinguishes Cas9 from
the other two techniques (84,86,230,231).
A double-mutated nuclease-inactive Cas9 (dCas9) has been used to regulate gene
expression by physically blocking transcription or through fusion to a transactivator
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(e.g. VP64 or Ω-subunit of RNA polymerase) or repressor domain (e.g. KRAB or SID)
(89-98). While transgene overexpression has been used to achieve cellular
reprogramming (99,100), reprogramming via direct activation of an endogenous gene
has only been recently demonstrated through the use of transcription activator-like
effectors (TALEs) (101). However, difficulty in designing and co-delivering multiple
TALE expression constructs precludes simple screening and multiplexed gene activation
that is straightforward with the dCas9-VP64 system. Moreover, repeat sequences in a
TALE-molecule can prevent high-efficiency lentiviral delivery (102).
CRISPR/Cas9 technology has also been used to purify regions of genomic DNA
specified by the gRNA in a method similar to chromatic immunoprecipitation. This
technique known as enChIP (engineered ChIP) uses epitope-tagged dCas9/gRNA
complex to capture and isolate specific DNA fragments (232). dCas9 tagged with GFP
has also been used as a DNA label in live cells by its gRNA-guided binding to several
sequences in close proximity on a segment of genomic DNA (233). A large scale library
of gRNAs has been created which can target thousands of human genes and knock them
out. This will prove to be an invaluable tool for large scale genetic screening (234,235).
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Figure 7: Schematic representation of zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) bound to their
cognate sites.
Both ZFNs and TALENs possess a FokI nuclease domain for DNA cleavage, whereas the
CRISPR-based guide RNA recruits a Cas nuclease for DNA cleavage. All three systems
use components for DNA binding that can be readily engineered for sequence
specificity: ZFNs and TALENs possess twin DNA-binding domains, arranged in an
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inverted dimer, for DNA recognition (zinc finger and transcription activator-like effector
domains, respectively); the CRISPR/Cas9 system recognizes DNA through an RNADNA interaction between the target site and a CRISPR-based synthetic guide
RNA. (d) Targeted genome engineering by non-homologous end joining (NHEJ) or
homologous recombination (HR) using the gene editing tools. In the homology-directed
repair experiment, cells are co-transfected with both the gene editing tool and a wildtype (WT) or transgene donor DNA.
(Reproduced from Ramalingam et al. Genome Biology 2013 14:107 doi:10.1186/gb-201314-2-107)
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3. A robust strategy for negative selection of Cre-LoxP
recombination-based excision of transgenes in induced
pluripotent stem cells
3.1 Introduction
Reprogramming of somatic cells into a pluripotent-stem-cell-like state by
retrovirus-based expression of Yamanaka transcription factors (Oct3/4, Sox2, Klf4 and cMyc) has opened up new vistas in using lineage-specific cells for disease modeling, drug
screening, developmental biology studies and cell-based therapies (36-46). Since then
cellular reprogramming has been achieved by the delivery of transcription factors via
lentivirus, adenovirus, plasmid, transposon, mRNA or protein (236-241). Out of these
methods the lentiviral approach is preferred because of its high efficiency of transgene
insertion and pluripotency induction, except for translation (47). The integrative nature
of lentiviral transgenesis would require excision of the transgenes after reprogramming.
It has been demonstrated that iPSCs with their transgenes excised resemble ES cell-lines
more than the iPS cell-lines that have the reprogramming transgenes unexcised (48).
Moreover, expression of the reprogramming factors may be aberrantly activated in the
iPSCs to interfere with differentiation. Therefore, investigators have looked at various
ways to remove the transgenes after lentiviral reprogramming.
Cre recombinase-mediated excision of LoxP-flanked reprogramming cassette has
been extensively reported in the literature. This approach is usually based, firstly, on a
transient expression of a GFP-tagged-Cre expression cassette in the reprogrammed cells.
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Subsequently, GFP+ cells are sorted and screened for transgene excision (49). This
procedure assumes that almost all the GFP+ cells will have their transgenes removed by
Cre recombinase. However, due to the frequent cell division in iPSCs leading to quick
dilution of the Cre recombinase transcripts and the stochastic nature of Cre
recombinase-mediated excision (50), it is unlikely that most of the iPSCs will have their
reprogramming transgenes excised. This method therefore mandates an extensive and
laborious screening procedure for isolating the iPSCs with excised transgene. Secondly,
a florescent-protein tag is included in addition to the reprogramming factors in the
construct to facilitate sorting (51). This was done by replacing the c-Myc gene with
mCherry (a fluorescent protein) due to space constraint in a lentiviral vector. However,
exclusion of c-Myc led to a loss of reprogramming efficiency and hindered maturation of
the differentiated lineages (52). Both the aforementioned approaches require
fluorescence-activated cell sorting (FACS) that apart from being costly, is not often easily
accessible to the investigators. Moreover, these methods necessitate the disruption of a
colony to make a single cell suspension for FACS. This step, especially for human iPSC
derivation, is undesirable because pluripotent cells in isolation experience selection
pressure and hence are prone to growth-promoting chromosomal aberrations (53).
After reprogramming, often a need arises to further engineer the iPSCs for
downstream applications. This may be transgenes to tag stem cells for lineage tracking
(54,55) or to express genes for therapeutic and developmental studies (56-59). Antibiotic
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selection is often used for the selection of transgene-integrated pluripotent stem cells.
However, continued antibiotic expression can affect the expression of the transgene of
interest. Many protocols have been reported to remove the selection cassette by using
site-specific recombinase technology (60-62). However these techniques face the same
drawbacks mentioned earlier. In addition to the ability to express a transgene for
downstream studies it is often necessary to have a temporo-spatial control over the
expression. It can be achieved by expressing Cre recombinase under the control of a
tissue specific promoter (63,64) and/or by a transient temporal pulse of Cre recombinase.
Therefore, these considerations (post-transgenesis removal of selection cassette and
temporo-spatial control) have prompted us to develop a vector-based solution by
utilizing Cre-loxP recombinase technology with subsequent HSV-tk/ganciclovir-based
negative selection.
In this study, we design an excisable loxP-flanked lentiviral construct that a)
includes all the reprogramming elements in a single lentiviral vector expressed by a
strong EF-1α promoter; b) enables easy determination of lentiviral titer; c) enables
transgene removal and cell enrichment using LoxP-site-specific Cre-recombinase excision
and Herpes Simplex Virus-thymidine kinase/ganciclovir (HSV-tk/gan) negative
selection; and d) allows for transgene excision in a colony format. To further
demonstrate the utility of this Cre-loxP/HSV-tk/gan strategy in downstream application
of iPSCs, we also show the incorporation of a non-viral therapeutic transgene (human
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blood coagulation Factor IX) in the iPSCs, whose expression can be controlled by a
temporal pulse of Cre recombinase.

3.2 Materials and methods
3.2.1 Vector design and construction
PlasmaDNA software (University of Helsinki) was utilized for the in silico
cloning. Self-cleaving 2A-peptide-linked reprogramming factors: Myc, Klf-4, Oct-4, Sox2 (MKOS) were cloned from the Addgene Plasmid 20866: pCAG2LMKOSimO. The
MKOS fragment was cut out with EcoRI (NEB-New England Biolabs) and was
subsequently blunted with DNA Polymerase I, Large (Klenow) Fragment (NEB). pWPXL
(Addgene Plasmid 12257) vector was linearized with SpeI (NEB) and BamHI (NEB)
which resulted in the removal of the GFP (Green fluorescence protein) fragment. The
vector was blunted with DNA Polymerase I, Large (Klenow) Fragment. The fragments
were then ligated with T4 DNA ligase (NEB). The ligation resulted in a plasmid which
was labeled as pMKOS-WPXL. In pMKOS-WPXL the MKOS fragment was expressed by
the strong EF1alpha promoter of pWPXL. In the next cloning step IRES (internal
ribosome entry site)-HSV-tk (Herpes Simplex Virus-Thymidine Kinase) was PCR
amplified from Addgene Plasmid 12243: pLOX-gfp-iresTK by utilizing the primers
tcgagctcaagcttcgaatta and taaaggtaccgtcgagccaaa. Phusion high-fidelity polymerase
(Finnzymes) was used for the amplification. The cycling parameters were: Initial
denaturation: 98˚C X 30sec; Denaturation: 98˚C X 5sec, Extension: 72˚C X 60sec, for 35
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cycles; Final extension: 72˚C X 10min; Hold: 4˚C. The PCR product was phosphorylated
with T4 Polynucleotide Kinase (NEB). It was then ligated to pMKOS-WPXL that was
linearized with NdeI (NEB) and blunted with Klenow enzyme. The final form had a
MKOS and a HSV-tk cassette with an internal ribosome entry site (IRES) in between
them; both driven by a strong EF1 alpha promoter. The plasmid was named as pMKOSTK-WPXL.
For demonstrating the utility of Cre-lox/HSV-tk/Gan technology in achieving
removal of selection cassette and temporo-spatial control over transgene expression, the
vector pCag-loxP-PGK-HSV-tk- BlastR-tpA-loxP-FIX was constructed. Gateway
recombination cloning technology (Life technologies, Grand Island, NY) was utilized to
generate the vector. The blood coagulation factor IX Gateway entry vector (pENTRY4FIX) was constructed by inserting a codon optimized version of human factor IX cDNA
(GeneArt, Regensburg, Germany) in the gateway entry vector pENTRY4. The Gateway
destination vector: pCag-loxP-PGK-HSV-tk-BlastR-tpA-loxP-Dest was constructed by
utilizing multiple steps of cloning.
Step 1: A CAG promoter (cytomegalovirus early enhancer element and
chicken beta-actin promoter) was inserted into the destination vector pRosa26-DEST
(Plasmid 21189 Addgene) just proximal to the 1st loxP site. It was achieved by ligating
the 3.2 kbps EcoRV-AscI fragment from pRosa26-DEST with the 11.7 kbps AscI-NruI
fragment from plasmid Ai9 (Addgene Plasmid 22799).
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Step 2: A HSV-tk cassette (cut out with SalI and EcoRI from Invivogen plasmid
pORF-HSV-tk) was inserted proximal to the IRES site in pVitro1-Blast (Invivogen) by
utilizing the BamHI restriction endonuclease cut site.
Step 3: HSV-tk IRES BlastR cassette was cut out from the plasmid from step 2
(NcoI and EcoRI) to be cloned distal to the PGK (phosphoglycerate kinase) promoter in
PGKdtabpA (Addgene plasmid 13440) by replacing the dta (diphtheria toxin) cassette
(mobilized with restriction endonucleases NcoI and BclI).
Step 4: PGK-HSV-tk IRES BlastR cassette from the plasmid in step 3 (mobilized
with NotI and EcoRI) was inserted into the plasmid PGKneotpAlox2 (Addgene plasmid
13444) by replacing the PGK neomycin resistance cassette (removed by HindIII and
EcoRI digestion). This step allowed for the introduction of a triple polyA STOP cassette
(tpA) distal to the selection cassette.
Step 5: LoxP-PGK-HSV-tk-IRES-BlastR-tpA-loxP cassette from step 4 was
exchanged with the loxP flanked area of the plasmid from step 1 by in vitro homologybased Cre-mediated cassette exchange to form the gateway competent destination vector
pCag-lox-PGK-HSV-tk-BlastR-tpA-lox-Dest.
In the final step of cloning the destination vector in step 5 (pCag-lox-PGK-HSVtk- BlastR-tpA-lox-Dest) was recombined with the FIX gateway entry vector (pENTRY4FIX) by LR recombinase (life technologies) to form the final expression vector pCagloxP-PGK-HSV-tk-BlastR-tpA-loxP-FIX (Figure S1).
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3.2.2 Lentivirus production, concentration and titration
Lentiviral particles were produced by transfecting HEK 293T cells with the
plasmid pMKOS-TK-WPXL along with 2nd generation packaging plasmids (Addgene
plasmid 12260: psPAX2 and Addgene plasmid 12259: pMD2.G). One million HEK-293T
cells were seeded on a 75cm2 surface area tissue culture flask. The HEK-293Ts were
cultured with 10% fetal bovine serum (FBS) (Atlanta Biologicals) in DMEM-HG (GIBCO11960) supplemented with L-glutamine, pyruvate and MEM-NEAA (GIBCO). Calcium
chloride particle-based transfection method was utilized to deliver the plasmids once the
HEKs were 70% confluent. 12.5 ml of fresh medium was added to the culture two hours
before the transfection. The plasmid particles for transfection were produced by mixing
14 µg of MKOS-TK, 8 µg of PSPAX2, 4.3 µg of pMD2.G, 363 µl of TE 0.1X, 192 µl of
water and 62.15 µl of CaCl2 2.5M. Then 627 µl of HBS2x was added to the mixture drop
by drop under continuous vortexing. After 16 hours of incubation of the HEKs with the
particles the medium was changed to fresh 10 ml of media supplemented with 4 mM
(final concentration) of caffeine. Media was replaced three more times with an interval
of 12 hours between the changes. The last media change was done without caffeine. 40
ml of the supernatant was collected and centrifuged at 250 g for 5 min to pallet out the
cellular debris. The supernatant was then filtered with a .45 µm syringe filter. The
filtered supernatant was concentrated up to 50X with Amicon Ultra 100

54

kDa filter (Millipore, cat. code UFC910008). The centrifugation was done at 2500G. The
concentrated virus was then stored at -80˚C for future use.
For determining the titer of the lentivirus, 25,000 primary mouse embryonic
fibroblasts (PMEFs) were seeded in each well of a 6 well plate (BD falcon). Increasing
quantities of the concentrated viral supernatant: 0 µl, 2 µl, 10 µl, 25 µl, 50 µl, 100 µl,
were added to each well. Sequebrene was also added to the medium at a concentration
of 8 µg/ml. Medium was replaced after 2 days with Ganciclovir added to the medium at
a concentration of 4 µM. Ganciclovir-supplemented media was replaced every 2 days.
The cell numbers were assessed after 5 days of Ganciclovir selection under a phase
contrast microscope. After 7 days of selection the cells were fixed and stained with DAPI
and observed under a fluorescence microscope.

3.2.3 Cell culture and iPSC production
Reprogramming was induced in mouse embryonic fibroblasts (MEFs) derived
from a Myh-6 GFP transgenic mouse (alpha-Myosin heavy chain promoter driven green
fluorescence protein). Transgenic MEFs isolated from mouse embryos (13 d.p.c.) were
expanded in standard growth media conditions (242). For the isolation of primary
mouse embryonic fibroblasts, a single pregnant female mouse was euthanized by CO2
asphyxiation. Animal procedures were conducted according to the guidelines for the
care and use of laboratory animals set and approved by the Institutional Animal Care &
Use Committee (IACUC) of Duke University & Duke University Medical Center.
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Passage 2 MEFs were seeded at a density of 25,000/ well of a 6-well plate coated with
.1% gelatin. After 16 hours of culture the cells were transduced with 100ul of
concentrated and titrated MKOS-TK lentivirus. 24 hours later the transduced cells were
passaged to a 10 cm dish coated with 0.1% gelatin. The medium was changed to iPSC
medium 2 days after the passaging. iPSC media was produced by conditioning 10% FBS
in DMEM-HG supplemented with L-glutamine, sodium pyruvate and MEM-NEAA
(GIBCO) with STO-SNL cell line (Soriano ES Feeder cell line SNL 76/7 STO) for 24 hours.
The STO-SNL cell line was purchased from Mutant Mouse Regional Resource Center
(MMRRC; Catalogue # 015892-UCD-CELL). The conditioned medium was mixed with
fresh 20% FBS in DMEM-HG medium at a ratio of 1:1. The final FBS concentration of the
conditioned medium was 15%. By the 10th day of reprogramming well defined colonies
started appearing. On day 14 individual iPSC colonies were picked up and passaged on
Mitomycin-C inactivated feeder layer of MEFs.

3.2.4 Reprogramming cassette excision and verification
The excision of the MKOS-IRES-TK cassette was achieved by the transient
transfection of a plasmid expressing a fusion protein of Cre recombinase and GFP
(Addgene plasmid 13776: pCAG-Cre:GFP). Individual iPSC clones were passaged on a
feeder layer of Mitomycin-C-inactivated PMEF (Millipore) in a 24-well TCPS plate.
pCAG-Cre:GFP transfection was done by Stemfect MESC2 transfection reagent
(Stemgent) following the manufacturers protocol. The iPSCs were cultured for the next 5
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days with daily media change so as to allow for the excision of the MKOS-TK cassette.
On the 6th day Ganciclovir (Invivogen) selection was started at a final concentration of 4
µM. The excision of the construct in the surviving iPSC cells were probed by genomic
PCR. Two sets of primers were used to probe the presence/absence of the construct.
Genomic Gapdh primers were used as a control for the PCR. Primer set 1 extended from
Klf-4 to 2A (CAGGCGAGAAACCTTACCAC, AGACTTCCTCTGCCCTCTCC- 202) and
primer set 2 amplified a region extending from WPRE to HSV-TK
(GGAGGATTGGGGACAGCTT, CATAGCGTAAAAGGAGCAACA-466). The genomic
DNA was extracted by DNAeasy Blood and Tissue kit (Qiagen). Genomic PCR was
done with the terra PCR kit from Clontech. The cycling conditions were: 98°C for 2 min;
98°C for 10 sec, 60°C for 15 sec, 68°C for 40 sec, repeated for 40 cycles.

3.2.5 iPSC characterization
a) iPSC differentiation: It was done by implementing the protocols for the
differentiation of pluripotent cells into ectoderm, mesoderm and endoderm. For
neuroectoderm differentiation, the iPSCs were dissociated with .05% trypsin-EDTA
solution (GIBCO). iPS cells were then plated on 0.1% gelatin-coated surface of a 12-well
TCPS plate at a density of 5x104 cells/well. N2B27 medium was used for inducing the
differentiation. The medium was changed every 2-3 days. For cardiac mesoderm
differentiation the cells were cultured in a hanging droplet format for 2 days. Each
droplet contained 500 cells in a 25 µl volume. The medium composed of 20% FBS in
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DMEM (High glucose, GIBCO) supplemented with L-glutamine, sodium pyruvate and
MEM-NEAA (GIBCO). To promote cardiac differentiation L-Ascorbic acid (Sigma) was
added at concentration of 10 µg/ml. On the 3rd day of differentiation the embryoid
bodies were transferred to a 0.1% gelatin-coated surface. Medium was changed every
day. For the endoderm differentiation the dissociated iPS cells were suspended in a
medium which consisted of 15% fetal bovine serum in DMEM, supplemented with 300
µM Mono Thioglycerol (Sigma) and 2 mM L-Glutamine (GIBCO). The cells were
cultured as hanging droplets for 2 days at a density of 300cells/30ul of media. After 2
days of droplet culture, cells were transferred to a gelatin-coated surface.
b) Staining of iPSCs and their differentiated derivatives: Cells were fixed with 4%
paraformaldehyde for 15 minutes. The fixed cells were permeabilized with 0.2% Triton
X-100. IPSCs were then stained with primary antibodies against OCT4 (Rabbit
polyclonal, ABCAM: ab19857), SSEA-1 (Mouse monoclonal, Developmental Studies
Hybridoma Bank, MC-480) and NANOG (Rabbit polyclonal, ABCAM: ab80892) at a
dilution of 1:100 for 2 hours and subsequently were incubated with ﬂuorophore-labeled
secondary antibodies (Life technologies) at a final dilution of 1:500. The differentiated
cells were stained with TUJ1 (Mouse monoclonal, Stemgent: 09-0076), alpha-ACTININ
(ABCAM, ab-9465), AFP (Goat polyclonal, Santa Cruz Biotechnologies: sc-8108)
antibodies. Alexa Fluor 546 Goat Anti-mouse IgM was used as the secondary antibody
for SSEA-1 ICC (Life technologies, A-21045). Alexa Fluor 488 Donkey Anti-goat IgG was
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used as the secondary antibody for AFP ICC (Life technologies, A-11055). For the other
markers, either Alexa Fluor 488 Goat Anti-mouse IgG (Life technologies, A-11001) or
Alexa Fluor 488 Goat Anti-rabbit IgG (Life technologies, A-11008) was used as the
secondary antibody for ICC. Alkaline phosphatase staining was done with the Stemgent
alkaline phosphatase staining kit II according to manufacturer’s protocol.
c) RT-PCR of iPSCs and their differentiated derivatives: Total RNA was extracted
with a Qiagen RNeasy mini kit. RT-PCR was done by utilizing Qiagen One Step RT-PCR
kit. The cycling conditions were: Reverse transcription: 50˚C for 30 min; Initial PCR
activation step: 95˚C for 15 min; Denaturation: 94˚C for 30sec, Annealing: 58˚C for 30sec,
Extension: 72˚C for 60sec, for varying number of cycles; Final Extension: 72˚C for 10min.
The primers utilized for the reactions are referred to in the manuscript in a tabulated
form as Table S1.

3.2.6 Generation of human blood coagulation factor IX secreting
iPSCs
The iPSCs were transfected with the pCag-loxP-PGK-HSV-tk-BlastR-tpA-loxPFIX construct linearized with PacI and AscI (NEB). 10µg of the construct was
electroporated into 1 million iPSCs by using the AMAXA nucleofaction protocol A023
(Lonza). Selection of the successfully transfected cells were done by exposing the cells to
10 µg/ml of Blasticidin (Invivogen) for 4 days. Subsequently removal of the HSV-tk IRES
Blast cassette was achieved by the transient transfection of CRE:GFP. Mouse anti-human
FIX primary antibody (hematologic technologies, AHIX-5041) at a concentration of 20
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µg/ml was used for immunocytochemistry. Alexa Fluor 488 Goat Anti-Mouse IgG (Life
technologies, A-11001) was used as the secondary antibody. Forward primer:
TCCATCGTGAACGAGAAGTG and reverse primer: TAGTTGTGGTGGGGGATGAT
was used to detect FIX by RT-PCR. FIX chromogenic assay (Aniara, Biophen) was used
to perform the functional test. 50,000 iPS cells seeded for 48 hours in a single well of a 6well plate was used to condition the media for the chromogenic assay. 2 ml of 6 µg/ml
of Vit.K-supplemented N2B27 medium was applied to the cells for 24 hours to condition
the media. The conditioned media was then used for the chromogenic assay following
the manufacturer’s protocol.

3.3 Results
3.3.1 Generation of reprogramming-transgene-free iPSCs based on
Cre-loxP/HSV-tk/gan selection strategy
The lentiviral reprogramming construct had a strong EF-1alpha promoter which
is known to resist silencing (243). In addition, the promoter has an intron for enhancing
the expression of the transcript by facilitating transcript splicing (244). pWPXL also
contains a post-transcriptional regulatory element of woodchuck hepatitis virus (WPRE)
that increases transgene expression levels (245). All the above measures were designed
to enable higher expression levels with less silencing of the reprogramming factors,
resulting in efficient pluripotency induction. The plasmid also had a loxP site in the 3’
LTR (long terminal repeat) which was copied to the 5’ LTR during the process of reverse
transcription of the viral RNA, thereby flanking the reprogramming cassette. The four
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factors viz. c-Myc, Klf-4, Oct-3/4, Sox2 (MKOS) were stitched into one poly-cistronic
construct by 2A self-cleaving peptide sequences (246,247). The IRES-HSV-tk cassette was
inserted distal to the MKOS cassette. This allowed for the expression of HSV-tk (a
negative selection cassette) under the same Ef1-alpha promoter as the MKOS factors. A
schematic displaying the various elements is shown in figure 8.
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Figure 8: Schematic diagram for the generation of reprogramming-transgene-free
iPSCs based on Cre-loxP/HSV-tk/gan selection strategy.
pMKOS-TK-WPXL lentiviral reprogramming construct includes a strong EF1-alpha
(EF1-α) promoter driving the MKOS (Myc, Klf-4, Oct-4, Sox-2) and HSV-tk genes. The
post-transcriptional regulatory element of woodchuck hepatitis virus (WPRE) ensures
high level of transgene expression. The construct has a LoxP at the 3’ long terminal
repeat (LTR) which gets copied during lentiviral reverse transcription to the 5’LTR
thereby flanking the transgene. The lentiviral particles generated from the construct can
be used to transduce committed cells of any lineage (Cell type A e.g. Fibroblasts) and to
reprogram into a primitive pluripotent cell type (iPSC MKOS-TK-Integrated). The iPSCs
bearing the construct is then subjected to a transient pulse of Cre recombinase followed
by Ganciclovir (a prodrug for HSV-tk-based negative selection) exposure to ensure the
successful excision of the transgene. These transgene-free iPSCs (iPSC MKOS-TKExcised) can then be differentiated to committed cells of any lineage (Cell type B e.g.
cardiomyocytes).
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3.3.2 Lentiviral titer estimation and the generation of iPSCs
Titration of lentivirus was done following the generation and concentration of
the virus. Increasing amounts (2 µl, 10 µl, 25 µl, 50 µl and 100 µl) of lentivirus were
applied to 2.5x104 PMEFs for the titration along with a no-virus control. On the 5th day of
ganciclovir selection it was observed that 50 µl of virus was killing most of the PMEFs
(Figures 9 A-F inset). Doubling the amount of virus to 100 µl improved the selection
only marginally. Therefore, we decided against trying out larger amounts of virus and
settled on 100 µl for the reprogramming studies. Day 7 DAPI staining confirmed this
approach (Figures 9 A-F). PMEFs (Figure 9 G) transduced with 100ul of virus showed
initiation of reprogramming on day 7 (Figure 9 H). By day 12 well-defined colonies had
emerged (Figure 9 I). We consistently obtained 100-125 colonies with a starting PMEF
population of 25,000. Sixteen individual colonies were picked up on day 18 based on
their morphology and passaged on to individual wells after trypsinization (Figure 9 J).
The clonal iPSC colonies stained positive for AP (Figure 9 K) and Oct4 (Figure 9 L),
suggesting their pluripotent nature. Based on the morphology and staining of the
colonies we performed all the subsequent experiments with the two best clones that will
be henceforth denoted as clone-1 and clone-2.
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Figure 9: Lentiviral titer estimation and the generation of iPSCs.
(A-F) depicts the results of MKOS-tk lentiviral titer estimation. Primary mouse
embryonic fibroblasts were exposed to increasing volumes of concentrated lentiviral
particles. Subsequently, the cells were selected with ganciclovir for 7 days. The PMEFs
(Myh6-GFP+) which took up the lentivirus and were expressing the transgene died due
the expression of HSV-tk. contrast images of the wells were taken on the 5th day of
ganciclovir selection (inset) and the cells were fixed and stained with DAPI after two
more days of selection. The volume of virus applied to 2.5X10^4 cells were 0 µl (A), 2 µl
(B), 10 µl (C), 25 µl (D), 50 µl (E), 100 µl (F). (G-J) shows the evolution of the iPSC
colonies from the PMEFs. PMEFs (G) were exposed to the reprogramming lentivirus. 7
days after the transduction small areas of reprogramming arose (H). These areas soon
turned into morphologically well-defined colonies (I) which were picked up
individually and passaged (J). These colonies stained for the pluripotency marker
alkaline phosphatase (K) as well as the embryonic stem cell marker OCT4 (L). Scale bar =
100 µm.
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3.3.3 Excision of the reprogramming cassette and its effect on
pluripotency markers in differentiating iPSCs
In a first attempt to apply the cardiac differentiation protocol to the two clones
we observed no beating foci or areas displaying green fluorescence (due to activation of
the Myh6–GFP transgene) by day 9 of differentiation. To probe whether this lack of
differentiation was caused by the continued expression of the reprogramming factors we
stained the differentiated cells with OCT4 and SSEA-1 antibodies. We observed several
OCT4+ areas (Figure 10 B), which consisted of cells that were rounded and small and
had a prominent nucleus (Figure 10 A). Moreover, these areas also stained in a patchy
fashion for SSEA-1 (Figure 10 C). On staining with alkaline phosphatase (AP) we
observed many regions intensely stained for AP, indicating their lack of differentiation
(Figure 10 D). Our assumptions were further bolstered when we observed that almost all
the cells died upon the addition of ganciclovir (lower well in Figure 10 E). The
differentiated cells in the upper well were not subjected to ganciclovir selection and
hence showed abundant crystal violet staining. Consequently we decided to excise out
the reprogramming transgenes to decrease the expression of pluripotency factors. It was
done by inducing transient expression of Cre recombinase in the form of a Cre:GFP
fusion plasmid. Twelve hours after transfection we observed GFP fluorescence in the
majority of the colonies, indicating successful expression of Cre recombinase (Figures 10
F, G). Ganciclovir selection was started 5 days after Cre:GFP transfection. This led to
massive cell death with obliteration of almost all the visible colonies (Figures 10 H and
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10 I upper well). Ganciclovir selection was carried out for 7 days. New colonies which
were resistant to ganciclovir soon started to emerge (Figure 10 I lower well). The
emerging ganciclovir resistant iPSC colonies were stained with AP to demonstrate the
maintenance of pluripotency (Figure 10 K). To prove that ganciclovir resistance of the
clones arose from the excision of the transgene and not due to transgene silencing, we
performed PCR on genomic DNA to amplify two different areas on the transgene with
genomic Gapdh as a control. The ganciclovir-selected clones had successfully removed
the transgene as evidenced by the lack of a band even after 40 cycles of amplification
(Figure 10 J). RT-PCR showed that the expression levels of Oct4 and Nanog decreased in
the day 9 transgene-excised differentiating cells when compared to the unexcised group.
No HSV-tk and WPRE expression was observed in the excised clones on RT-PCR (Figure
10 L). SSEA-1, Oct4 and AP activity were all markedly decreased in the excised clones
(Figures 10 M-P).
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Figure 10: Excision of the reprogramming cassette and its effect on pluripotency
markers in differentiating iPSCs.
The iPSCs on differentiation displayed many areas consisting of small, rounded cells
(A), which stained positive for OCT4 (B), SSEA-1 (C)and alkaline phosphatase (AP) (D).
Crystal violet staining of the differentiated iPSCs pre- (E, upper well) and post- (E, lower
well) ganciclovir selection showed that the transgenes were not silenced on
differentiation, thereby leading to massive cell death in the lower well. Therefore, to
stop/decrease the expression of reprogramming transcription factors during
differentiation we transfected the iPSC colonies (F) transiently with a CRE:GFP plasmid
(G). Massive cellular death ensued after Ganciclovir selection (H) as visualized by the
lack of visible colonies in the upper well of figure (I). However, after few days of culture
the colonies again started to appear back (lower well of figure I). Genomic PCR
confirmed transgene excision in two iPSC clones: pre- (clone #1 and clone #2) and postexcision (clone #1Ex and Clone #2Ex). Genomic Gapdh was used as a control (upper
lane) and two areas of the transgene: i) HSV-tk to WPRE (middle lane) ii) Klf4 to 2A
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(lower lane), were used as the tests. Both the excised clones lacked the test bands. (J). AP
staining showed maintenance of pluripotency in the emerging colonies (K). RT-PCR for
Oct4 and Nanog in differentiating iPSCs showed a considerable decrease in the
expression of both the markers post-excision in both the clones (1 and 2). No HSV-tk and
WPRE expression was seen after excision (L). After excision the expression of Oct4,
SSEA-1 and Alkaline phosphate were also reduced on ICC in the differentiating cells (MP). Scale bar = 100 µm.
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3.3.4 Immunocytochemistry and RT-PCR for stemness and
pluripotency markers in transgene-excised iPSCs
The excised iPSC clones demonstrated typical ES cell-like compact colony
morphology composed of small rounded cells with a large prominent nucleus (Figures
11 A, B). The colonies also stained for embryonic stem cell and pluripotency markers viz.
AP, SSEA-1, OCT-4, NANOG (Figures 11 C-F). To further confirm the iPSC status, semiquantitative RT-PCR was performed with Oct4, Sox2, Klf4, Nanog, Gdf3 and Rex1
primers. Mouse ES D3 line was used as a positive control. Both excised clones were
positive for all the markers (Figure 11 G).
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Figure 11: Immunocytochemistry and RT-PCR for stemness and pluripotency markers
in transgene-excised iPSCs.
The transgene-excised iPSCs were imaged for stemness markers. Phase contrast imaging
revealed compact colony morphology (A) with small cells and a prominent nucleus on
DAPI staining (B). The colonies stained positive for alkaline phosphatase (C), SSEA-1
(D), OCT4 (E) and NANOG (F). On RT-PCR both the transgene-excised iPSC lines (1Ex
and 2Ex) and mouse ES cell line D3 (MESC) expressed stemness markers like Oct4, Sox2,
Klf4, Nanog, Gdf3, and Rex1. Gapdh was used as the PCR control (G). Scale bar = 100
µm.
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3.3.5 Immunocytochemistry and RT-PCR for differentiation markers in
the differentiating transgene-excised iPSCs
The clones were then differentiated into ectoderm (neuronal differentiation),
endoderm (hepatic differentiation) and mesoderm (cardiac differentiation). The cells
stained for Alpha Feto protein (AFP) which is expressed in the hepatocytes during early
development (Figures 12 A, B) and Tuj1 which is a neuronal marker (Figures 12 C, D).
Robust cardiac differentiation was evidenced by the appearance of multiple green Myh6
GFP+ beating areas (Movie S1 & S2) and positive staining with cardiac alpha-ACTININ
by the 9th day of differentiation (Figures 12 E, F). On RT-PCR the differentiated cells
were positive for the markers of early cardio-vascular mesoderm (Nkx2.5 and Flk-1),
endoderm (AFP and Hnf3b) and ectoderm (Pax6 and Wnt1) (Figure 12 G).
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Figure 12: Immunocytochemistry and RT-PCR for differentiation markers in the
differentiating transgene-excised iPSCs.
The transgene-excised clones were differentiated into three germ layers viz. endoderm,
ectoderm and mesoderm. Phase contrast images were taken for cells that we derived by
implementing the endoderm differentiation protocol (B) and ectoderm differentiation
protocol (D). Merged fluorescent images of endodermal marker: alpha feto protein
(AFP) with DAPI (A) and ectodermal marker: TUJ1 (a neuronal marker) with DAPI (C)
were acquired. For mesodermal differentiation cardiac differentiation protocol was
implemented. Quite a few GFP+ (driven by Myh6 promoter) beating areas were
observed (E) which also stained positive for α-ACTININ on ICC (F). Semi-quantitative
RT-PCR was also done for differentiation markers: Nkx2.5 and Flk1 for mesoderm, AFP
and Hnf3b for endoderm, Pax6 and Wnt1 for ectoderm. Gapdh was used as the PCR
control (G). Both the iPSC lines pre- (1, 2) and post-excision (1Ex, 2Ex) were probed.
Scale bar = 100 µm.
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3.3.6 Temporal induction of transgenic FIX expression in iPSCs
utilizing the Cre-loxP/HSV-tk/gan selection strategy
We used the same platform for a proof-of-concept study to insert a therapeutic
transgene (human blood coagulation factor IX) in the iPSCs albeit through a non-viral
electroporation-based method. Selection of the cells for transgene integration was done
with blasticidin antibiotic. Cre recombinase was used to excise the antibiotic cassette
followed by HSV-tk/ganciclovir negative selection of the cells. Figure 13 A is a schematic
diagram for the vector pCag-lox-PGK-HSV-tk-BlastR-tpA-lox-FIX pre- and postexcision. In the unexcised form, HSV-tk and blasticidin resistance protein are expressed
from the PGK promoter. The tpA (triple polyA) STOP signal prevents any leaky
expression of FIX before Cre-mediated excision of the selection cassette by acting as a
strong transcription termination signal. Factor IX immunostaining (Figures 13 B, C, D),
RT-PCR (Figure 13 H) and FIX chromogenic assay (Figure 13 I) of the unexcised
transgenic iPSCs were marked by the absence of leaky expression of FIX. Transient
expression of Cre recombinase led to the excision of the loxP-flanked selection cassette
(HSV-tk-IRES-Blast) as depicted in the bottom half of the schematic (Figure 13 A). The
excision event also led to the removal of the tpA signal, thereby triggering CAG
promoter-driven expression of the FIX gene. Figures 13 E, F and G show the expression
of FIX on ICC which is punctate in appearance and is distributed around the nucleus.
This agrees with the fact that inside the cell FIX is concentrated in the endoplasmic
reticulum and the Golgi apparatus. On RT-PCR the excised-iPSCs showed expression of
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FIX with cessation of HSV-tk expression (Figure 13 H). A FIX chromogenic assay
showed that the excised-iPSC group produced a higher FIX level compared to the
control and the unexcised-iPSC group (one-way Anova; p=0.001, n=3) (Figure 13 I). Post
hoc comparison using the Tukey’s Multiple Comparison Test indicated that the mean
value of the excised-iPSC group was significantly (p<0.05) different from the other two
groups, but not between the unexcised-iPSC group and the control (Figure 13 I). On an
average 33.9ng of active factor IX was secreted by the excised-iPSCs (seeding density of
50,000 cells/well of a 6-well plate) in 2 ml of media over 24 hours.
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Figure 13: Temporal induction of transgenic FIX expression in iPSCs utilizing the CreloxP/HSV-tk/gan selection strategy.
Schematic diagram for the vector pCag-lox-PGK-HSV-tk-BlastR-tpA-lox-FIX pre- and
post-excision (A). In the unexcised form of the vector HSV-tk and blasticidin resistance
protein is expressed from the PGK promoter. On Cre recombinase-mediated excision of
the loxP flanked cassette (bottom half of the schematic) the CAG promoter
(cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter) starts
expressing FIX as the tpA stop sequence is lost after the excision event. Both pre- and
post-excision iPSC colonies were immunostained with FIX antibody and the nuclear
stain DAPI. Phase contrast image of a pre- (B) and post-excision (E) iPSC colony
merged with DAPI. Factor IX immunostaining for a pre-excision iPSC colony show only
background staining (C) while that of a post-excision iPSC colony show punctate
staining (F). FIX staining of a pre-excision (D) and post-excision (G) iPSC colony merged
with DAPI staining image. RT-PCR for FIX and HSV-tk was done for pre- and postexcision states (H). HSV-tk was expressed only in unexcised state and FIX was expressed
only in excised state. Gapdh was used as the house keeping PCR control. Mouse ES cell
D3 line (MESC) was used as the negative control for the experiment. Chromogenic assay
to measure the functional activity of the FIX released in the media was done for both the
unexcised and excised iPSCs (I). Unconditioned media was used as a negative control.
The absorbance of the chromogenic assay product at 405nm for the media conditioned
by excised iPSCs was found to be highly significant (p≤.001, n=3).
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3.4 Discussion
In this study we have described the utility of a technology platform (Cre-Lox
site-specific transgene excision and subsequent negative selection with HSVtk/ganciclovir) for iPSC research in two distinct ways.
Initially, the strategy was implemented in a reprogramming construct to ensure
better functionality of the iPSCs. A poly-cistronic reprogramming construct (four
reprogramming factors stitched together with the self-cleaving 2A factors) was put
alongside a HSV-tk negative selection cassette in a lentiviral format. A strong EF1-alpha
promoter with an intron along with WPR element was used to increase the
reprogramming-transgene expression. We consistently obtained reprogramming
efficiencies between 0.4 and 0.5%, which is better than what was reported in the
literature with a similar kind of construct and without the addition of reprogramming
boosting molecules (248). The proviral size of the construct was approximately 10.7kb.
Reports of utilizing lentiviral vectors to package and deliver >10 kb of transgenic
elements are rare in the literature (249), because of a significant decrease in lentiviral
titer with such large transgenes. However, our apprehension was allayed when we were
able to maintain a workable titer with our construct. We have also demonstrated the
utilization of HSV-tk/ganciclovir negative selection for a simple bright-field-microscopybased lentiviral titration. This avoids costly and laborious methods for lentiviral vector
titration such as ELISA or quantitative RT-PCR. We also demonstrated that
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reprogramming-transgene excision is necessary as the strong EF1 alpha promoter does
not get inactivated in the differentiating iPSC derivatives. This was evidenced by the
large Oct4+, SSEA-1+, AP+ areas on staining and also by the expression of HSV-tk and
WPRE on RT-PCR of the differentiating cells. Upon administration of ganciclovir to the
differentiating derivatives, most of the cells were killed. This indicated that HSV-tk was
still being expressed in most of the differentiating cells. We then showed that a transient
transfection of the iPSCs with a Cre:GFP plasmid and subsequent selection with
ganciclovir led to the emergence of new GFP- colonies which were transgene-free.
Massive cell death ensued after ganciclovir selection even though most of the colonies
were expressing Cre recombinase. This might be attributed to Cre recombinase
expression not translating into transgene excision in most of the cells, and the fact that
HSV-tk expression might lead to the death of a neighboring HSV-tk negative cell on
exposure to ganciclovir by a phenomenon called “bystander effect” (250). The iPSCs that
emerged after ganciclovir selection maintained their pluripotency as evidenced by the
positive staining for pluripotent stem cell markers: AP, Oct4, SSEA-1, Nanog and RTPCR data. The iPSCs differentiated into all the major lineages and also expressed
ectoderm (Pax6, wnt1) endoderm (Hnf3B, AFP) and mesoderm (Flk1 and Nkx2-5)
markers on RT-PCR, thereby bolstering the claim that the expression of HSV-tk and
subsequent ganciclovir treatment along with the loss of reprogramming transgene had
no effect on the maintenance of pluripotency. Moreover the cells that differentiated from
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the transgene-excised iPSCs showed a decrease in the expression of pluripotency
markers. This may account for the appearance of robust Myh6-GFP+ beating areas by
day-9 of differentiation whereas the differentiating iPSCs from their unexcised
counterparts showed delayed beating which appeared on day-11.
We then extended the utility of the technology to generate iPSCs expressing a
model therapeutic transgene (human blood coagulation factor IX, FIX). To the best of
our knowledge, this is the first work to demonstrate the generation of FIX-expressing
iPSCs. We also showed that the non-viral construct can be used to trigger expression of
the FIX transgene at a time of our choice (temporal expression control) by transient Cre
recombinase transfection, while at the same time removing the antibiotic resistance
cassette. This proof-of-concept study with FIX as a model can be translated to any other
transgene. Application of gateway technology allows for the easy shuttling of any
transgene into the destination vector to generate the working construct. The non-viral
nature of the construct may allow for its use in translational studies. Moreover, the
construct when placed between two homology arms can be used for targeted transgene
insertion. We also showed that in this study the FIX transgene expression was triggered
by transient Cre recombinase expression while the cells were still in the pluripotent
state. We envisage that the robustness of this construct will also permit the triggering of
the target gene in differentiating iPSCs. This ability becomes critical if a tight temporospatial control over the transgene expression is desired.
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The methods described in this article will not only help in implementing simple,
cost-effective and efficient transgenesis in iPSCs but also ensure the subsequent Cre
recombinase-mediated transgene removal for full-fledged downstream functionality.
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4. Vector modifications to eliminate transposase
expression following piggyBac-mediated transgenesis
4.1 Introduction
Transgenesis plays a crucial role in unraveling the function of various genes in
developmental processes and disease states (251,252), recombinant protein generation
(253,254), gene therapy (255,256) and reprogramming of somatic cells (100,257). Viral
vectors such as adenovirus, adeno-associated virus (AAV), retrovirus and lentivirus
have been widely used for delivering transgenes. The non-integrative nature of
adenoviral transgenesis may not be ideal for long-term gene therapy (258). Immune
response and limited cargo space also precludes the extensive use of adenoviral vectors.
On the other hand, integrative lentiviruses and retroviruses ensure the permanency of
transgene expression. However, immune response and limited cargo space is still a
major drawback (249,259). The possibility of the viral elements reconstituting the active,
self-replicating viral form is also a concern (260,261). Despite these drawbacks viral
systems remain the vector of choice if efficient transgenesis is required (262). On the
other end of the transgene vector spectrum is plasmid-mediated transgenesis that is
characterized by low efficiency (263). However, nonviral vectors are generally
considered to be safer than the viral options. Therefore, to fill the niche of a vector that
is characterized by highly efficient transgenesis, the ability to integrate large transgenes,
and a superior biosafety profile, transposon-mediated delivery systems have been
developed. Transposable elements are genetic elements that can move from one place in
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the genome to another. These naturally occurring elements have been copied to enable
the movement of a transgene flanked by inverted terminal repeat sequences from a
vector to the genome. Prominent among these “cut-and-paste” transposition systems are
Sleeping Beauty, Tol2 and piggyBac (65-68). Among them piggyBac system has
generated great interest by virtue of its ability to achieve robust, highly efficient
transposition even with large transgenes (69-72).
Transposition has been achieved by delivering the transposase enzyme as
protein, mRNA or expression plasmid (264-266). When delivered as plasmids, the
transposase and the inverted terminal repeat-flanked transgene are usually loaded onto
two separate plasmids vectors including the helper plasmid (transposase-bearing) and
the donor plasmid (transgene-bearing). In a two-plasmid system, ensuring the codelivery of both the elements is a challenge; this problem is exacerbated when delivery
is less efficient, such as in vivo applications. Therefore, attempts have been made to
combine these two elements together in a single plasmid for efficient co-delivery (73,74).
Excitement of using transposons for gene delivery has been tempered by the
apprehension of heightened levels of genotoxicity and mutagenesis due to prolonged
expression of transposase. This concern is based on the prospect of the transposon
element continually hopping from one place in the genome to another under the
influence of the continued presence of transposase (75). There is also an apprehension
that the lingering transposase would remove the already integrated transgenes, as not
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all transposons reenter the genome (76). Moreover, prolonged expression can provoke
an immune response to the foreign transposase that may prevent any subsequent readministration. Therefore, it is prudent to inactivate the transposase gene once it has
completed its function of transgene integration. Most studies using piggyBac have
depended on the transposase-bearing plasmid to be lost through dilution following cell
division. However, the cell division rates can vary widely in different tissues and hence
this process of transposase dilution is not reliable. Delivering transposase in the form of
plasmid also risks random integration of the transposase element into the genome (77).
This can happen from nonspecific, nuclease-mediated linearization of the plasmid, or
from the formation of sheared linear forms during the preparation of the plasmid. These
linear forms can integrate randomly into the genome, thereby perpetuating transposase
expression in some cells even when most of the circular forms get diluted out due to cell
division. The co-delivery of both transposase and transposon from a single plasmid has
added another level of complexity to the problem of transposase integration; there might
be heightened prospect of transposase integration due to the formation of transient
linear forms after transposition (Figure 14 A).
A promising solution to this problem was suggested by Urschitz et al. (73), in
which the promoter for the transposase is included in the transposon, within the
inverted terminal repeats. Therefore expression of the transposase is inactivated
following excision of the transposon from the plasmid vector. However, this post82

transposition self-inactivation mechanism is inefficacious when non-specific integration
of the combined plasmid takes place prior to transposition (78). Post transposition
expression of a truncated, inactive transposase fragment, driven by the CAG promoter,
is also a result of the self-inactivation process. The effect of continuous expression of the
truncated transposase fragment on cellular processes has not been studied. Moreover,
the CAG promoter, being in close proximity to the promoter driving the transgene, can
lead to unpredictable effects on promoter function (79). Compounding these problem,
there is always the prospect of the CAG promoter aberrantly triggering genes in the
vicinity of the integration site (80). Moreover, inducible promoters or tissue-specific
promoters may not be effective for driving the transgene as CAG may aberrantly trigger
them due to the close proximity (81). Therefore, to address these problems we have
suggested an alternative solution that will make the combined plasmid system a safer
and viable option for the delivery of piggyBac transposon-based systems. We propose a
single plasmid construct that combines the transposase and the transpositioning
transgene element to share a single polyA sequence for efficient termination. This selfinactivates the transposase element after transposition because polyA support for proper
termination of the transposase transcript is lost as it is carried away along with the
transpositioning transgene (Figure 14 B). Additionally, we also propose to implement a
HSV-tk/ganciclovir-based negative selection system in conjunction with the selfinactivation system to eliminate the rare transposase-expressing cells (82).
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Figure 14: Schematic representation of potential fates of the transposase in a
conventional donor-helper combination plasmid and an illustration depicting the
mechanism of action of our self-inactivating combination plasmid variant.
(A) The possible fates of the transposase with the donor-helper combination system
before transposition (BT) and post transposition (PT). Outcomes are shown in terms of
insertional mutagenesis and duration of transposase expression. (B) Illustration
depicting the self-inactivating plasmid construct Tsase-Tson(Prom-GOI-pA) and its
mechanism of action. The lack of a dedicated polyA for the transposase leads to its
inactivation after transposition. (hyPBase: hyperactive piggyBac transposase; Prom:
promoter; pA: polyA; TRE: terminal repeat elements; GOI: Gene of interest).
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4.2 Materials and methods
4.2.1 Plasmid construction
In silico plasmid design was performed using PlasmaDNA software (University
of Helsinki). Plasmid constructs pPB-Ubc and pCMV-hyPBase were acquired from
Wellcome Trust Sanger Institute PiggyBac Transposase Resources (Hinxton, UK).
Tson(GFP) was created by inserting GFP cassette distal to the Ubiquitin promoter of the
transposon vector pPB-Ubc. The IRES-mOrange fragment was amplified by PCR from
pCAG2LMKOSimO (Addgene Plasmid 20866) and cloned into pCMV-hyPBase to create
Tsase-mO. Tsase-mO and Tson(GFP) constructs were combined to create Tsase-mO-pATson(GFP-pA) and Tsase-mO-Tson(GFP-pA). The polyA component from pIRES-puro
(Addgene Plasmid 16616) was inserted into Tsase-mO-Tson(GFP-pA) to create TsasemO-Tson(GFP-pA)-pA. The puro-dTK component of pLCA.66/2272 (Addgene Plasmid
22733) was used to construct Tsase-puro dTK-Tson(GFP). Tson(hFIX) and Tsase-puro
dTK-Tson(hFIX) was created by replacing GFP with human FIX gene (267).

4.2.2 Cell culture and transfection
HEK-293T cells were seeded on 0.1% gelatin coated 12-well plates. DMEM-HG
(GIBCO-11960) supplemented with L-glutamine, pyruvate, MEM-NEAA (GIBCO), and
10% fetal bovine serum (FBS) (Atlanta Biologicals) was used to culture the cells. The
calcium phosphate particle-based method was used for transfecting HEK-293T cells with
the plasmid constructs. Once HEK-293T cells were more than 70% confluent, 1 ml of
85

fresh medium was added to each well 2 hours before the transfection. The transfection
mixture for individual wells was composed of 1.2 µg of plasmid DNA, 18.39 µl of TE
0.1X buffer, 3.14 µl of CaCl2, and water up to the total volume of 31.76 µl. Subsequently
31.76 µl of HBS 2X buffer was slowly added to the transfection mixture under
continuous vortexing. The transfection mixture was added to each well after 10 minute
incubation at room temperature.

4.2.3 Flow cytometry
The gene expression levels of GFP and mOrange in the transfected HEK-293T
cells were measured by using FACSCanto II flow cytometer and FACSDiva software
(BD Biosciences). Data analysis was done using FlowJo software (Treestar, Inc).
The transfection for each sample (n = 4 for each group) was done in duplicates;
one replicate to passage and the other to measure gene expression level at passage 0 (12
hours after transfection). First passage (split ratio of 1:10) was performed after
transfected cells were incubated for 5 days (labeled as Passage 0 + 5 days) to prevent
rapid dilution of the transposon system even before transposition has taken place. The
subsequent passages (split ratio of 1:10) were performed when cells became more than
90% confluent in approximately 2-3 days.

4.2.4 HSV-tk/ganciclovir selection, cell viability test, and RT-PCR
In order to eliminate residual transposase-expressing cells, HEK-293T cells were
transfected with Tsase-puro dTK-Tson(GFP) and passaged multiple times. Cells were
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treated with either 3 µg/ml puromycin (Sigma), 4 µM ganciclovir (Invivogen), or both
puromycin and ganciclovir. Treatment was maintained by changing the medium every
day for 10 days. Transfected cells that received no treatment and untransfected cells
were used as controls. On the 10th day, fluorescence (GFP) and phase contrast images
were taken, and cell viability (MTT assay, Sigma M5655) was measured according to
manufacturer’s protocol.
To validate the expression of our plasmid construct, RT-PCR using primers for
transposase (TGATGACCTGCAGCAGAAAG, GCTGATGTTGTCCCTCAGGT) and
GFP (GAGCAAGGGCGAGGAGCT, GTCCTCCTTGAAGTCGATGCC) was performed.
After transfected cells were treated for 10 days with either puromycin or ganciclovir,
total RNA was extracted using Qiagen RNeasy mini kit. RNA from control groups
(transfected cells that received no treatment and untransfected cells) was also extracted.

4.2.5 Human blood coagulation Factor IX chromogenic assay,
immunocytochemistry, and RT-PCR
FIX chromogenic assay (Aniara, Biophen) was used to measure the concentration
of FIX secreted by HEK-293T cells transfected with Tsase-puro dTK-Tson(hFIX).
Tson(hFIX) was used as a control. 25,000 HEK-293T cells were seeded into each of the 6well plates and transfected with the plasmids. The seeding and transfection was done in
duplicates; one to passage and the other to condition the media for the chromogenic
assay. On the following day after transfection, 2 ml of 6 µg/ml of Vitamin Ksupplemented serum-free medium was applied to the cells for 24 hours. The
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conditioned media was then collected and later used for the chromogenic assay
performed according to manufacturer’s protocol. The process was continued for 5
passages to measure sustained secretion of FIX.
Immunocytochemistry to stain for FIX in transfected cells was done using 20
µg/ml of mouse anti-human FIX primary antibody (Hematologic technologies, AHIX5041). Alexa Fluor 488 Goat Anti-Mouse IgG (Life technologies, A-11001) was utilized as
secondary antibody.
RT-PCR was performed to validate the presence of hFIX expression and
elimination of transposase under HSV-tk/ganciclovir selection. Primers used for the
detection of hFIX expression were TCCATCGTGAACGAGAAGTG and
TAGTTGTGGTGGGGGATGAT. Cells were transfected with Tsase-puro dTKTson(hFIX), and one group was treated with ganciclovir while the other was left
untreated. Untransfected cells were used as a negative control. Total RNA was extracted
using the Qiagen RNeasy mini kit. RT-PCR was performed using the MyTaqTM One-Step
RT-PCR Kit (Bioline), and the cycling conditions were: 45°C for 20 minutes (reverse
transcription), 95°C for 1 minute (polymerase activation), 29 (22 for GAPDH) cycles of
95°C for 10 seconds (denaturation), 58°C for 10 seconds (annealing) and 72°C for 30
seconds (extension).
GraphPad Prism 5.0 statistical analysis software was utilized for all the statistical
analysis. All the error bars are standard error of means. Statistical significance was
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determined at a P value of ≤ 0.05. Two-way ANOVA with an appropriate post hoc test
(mentioned in the figure legends) was used to analyze the effect of transposon plasmid
type with passaging of the transfected cells on the parameters of median fluorescence
intensity and percentage fluorescence.

4.3 Results
4.3.1 Donor-helper combination plasmid design
We first assessed the potential pitfalls of existing donor-helper (transposontransposase combination) plasmid configuration by analyzing all the possible fates of
the transposase in such a system (Figure 14 A). Before transposition (BT), plasmids can
either dilute out or integrate as a whole. Post transposition (PT), remaining plasmid
elements (transposase) can either integrate, undergo cleavage, or recircularize and dilute
out.
Our plasmid construct design suggests an approach to self-inactivate expression
of the transposase after transposition (Figure 14 B). This strategy is based on both the
transposase and transposon (transgene) sharing a single polyA sequence for
termination. A polyA sequence signal for the termination of transcription is essential for
the proper expression of a gene. The shared polyA was placed distal to the transgene.
Both the polyA and the transgene were flanked by the transposon terminal repeat
elements (TREs). Therefore, the transposase should no longer be expressed after
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transposition as the polyA terminator sequence was carried away along with the
transpositioning transgene.

4.3.2 Transposition efficiency of the combination plasmid system
We first verified the activity of the piggyBac transposon system (Figure S2). We
implemented the more efficient mutant form of piggyBac transposase called hyperactive
piggyBac transposase (hyPBase) for our experiments (268). HEK293T cells were
transfected with two plasmids: hyPBase (Tsase-mO-pA) and the transposon (Tson(GFPpA)). Control group was transfected with just the transposon. To distinguish transient
plasmid-mediated transgene expression from permanently-integrated transpositionmediated expression, the transfected cells were passaged multiple times to dilute out the
transient forms. At each passage, the percentage of cells expressing the transgene (GFP),
relative to initial percentage upon transfection (passage 0), was measured using flow
cytometry. Our experiments indicate that hyPBase system is functional with
approximately 15% transgene integration after three passages, whereas transgene
expression from the transposon-only control is rapidly lost by the second passage
(~0.9%) at a split ratio of 1:10 (p<0.001). Therefore, for all the subsequent experiments we
decided to limit the number of passages to three at the same split ratio of 1:10.
After verifying the efficacy of the transposase in a conventional two plasmid
format we determined the efficacy of the transposase in our combination plasmid
system. It was assessed using three different combination plasmid models (Figure 15 A).
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Tsase-mO-Tson(GFP-pA) is the proposed combination plasmid design where the
transposase lacks its own polyA and depends on that of the transgene (i.e. GFP) for
expression. In this form, PT recircularization and integration usually cannot perpetuate
transposase expression due to the absence of a dedicated polyA. Tsase-mO-Tson(GFPpA) was compared with Tsase-mO-Tson(GFP-pA)-pA, which has a second polyA
outside the 3’ terminal repeat element, and Tsase-mO-pA-Tson(GFP-pA), which is the
traditional combination plasmid design where both the transposase and transgene have
their own dedicated polyA. In Tsase-mO-Tson(GFP-pA)-pA, the transposase expression
post transposition can be driven by recircularization. In the case of Tsase-mO-pATson(GFP-pA), both recircularization and integration drives PT transposase expression.
BT integration in all the three forms can potentially lead to prolonged transposase
expression. Plasmid dilution and PT plasmid cleavage in all the three combination
plasmids leads to a decrease in transposase levels (Figure S3).
Flow cytometry measurements for the percentage of transfected cells expressing
GFP showed significant differences among the three plasmid types in terms of transgene
expression over 3 passages (p=0.01). This difference is due to the effect of passaging
(p<0.0001) rather than to the difference arising out of the effect of the nature of
combination plasmid (p=0.2). All three plasmid constructs showed similar degree of
transgene integration after three passages without a significant difference in the values
(p>0.05, P3 average: 15% to 19% (normalized to P0)) (Figure 15 B and Figure S4 A).
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Significant differences in GFP median fluorescence intensity (MFI) level were observed
among three plasmid types (p<0.0001). After three passages, the average normalized
MFI of Tsase-mO-Tson(GFP-pA) was 2.2 and 3.3 fold higher than that of Tsase-mOTson(GFP-pA)-pA and Tsase-mO-pA-Tson(GFP-pA), respectively. There was no
significant difference between Tsase-mO-Tson(GFP-pA)-pA and Tsase-mO-pATson(GFP-pA) (p>0.05) (Figure 15 C and Figure S4 B). This implies that Tsase-mOTson(GFP-pA) is the most effective form for enabling high levels of transgene
expression.
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Figure 15: Transposition efficiency of the combination plasmid system.
(A) Schematic design of three different types of combination plasmid constructs. TsasemO-Tson(GFP-pA) is the proposed self-inactivating plasmid design with a single polyA
shared between the transposase and the transgene. Tsase-mO-Tson(GFP-pA)-pA has a
second polyA near the transgene polyA, but outside the transposable element. TsasemO-pA-Tson(GFP-pA) is the traditional combination plasmid design where the
transposase and transgene have their own dedicated polyA. (B) Percentage of
transfected HEK293T cells with transgene (GFP) expression as measured by flow
cytometry. All measurements were calculated relative to the expression at passage 0 (12
hours after transfection). All three plasmid constructs performed equally well (Two-way
ANOVA p=0.2). Two way ANOVA with Bonferroni post hoc at the third passage
indicate no significant difference among the three plasmid types (p>0.05). The average
transgene-positive cell fraction after three passages ranged from 15% to 19%. (C)
Significant differences in GFP median fluorescence intensity (MFI) level were observed
among three plasmid types (p<0.0001, two-way ANOVA). After three passages, the
average MFI of Tsase-mO-Tson(GFP-pA) was found to be ~2.2 fold higher than that of
Tsase-mO-Tson(GFP-pA)-pA, and ~3.3 fold higher than that of Tsase-mO-pA-Tson(GFPpA), with statistical significance of p<0.001 (two-way ANOVA with Bonferroni post
hoc). There was no significant difference between Tsase-mO-Tson(GFP-pA)-pA and
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Tsase-mO-pA-Tson(GFP-pA) (p>0.05; two-way ANOVA with Bonferroni post hoc). (n=4;
error bars denote standard error of the mean (SEM))
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4.3.3 Comparison of the self-inactivating combination plasmid with
the two plasmid system
The combination plasmid system Tsase-mO-Tson(GFP-pA) performed better
than the two plasmid system in terms of percentage of cells where transposition took
place and also the number of transposition events per cell. In the two plasmid system,
two separate plasmids Tsase-mO-pA and Tson(GFP-pA) were transfected together
(Figure 16 A). After three passages, Tsase-mO-Tson(GFP-pA) showed an average
integration efficiency of ~22.3%, while Tsase-mO-pA + Tson(GFP-pA) showed only ~15%
(p<0.001, normalized P0) (Figure 16 B and Figure S5). Furthermore, the normalized MFI
level of Tsase-mO-Tson(GFP-pA) was significantly higher than that of Tsase-mO-pA +
Tson(GFP-pA) group (p<0.0001) (Figure 16 C and Figure S5). Our results are consistent
with previous studies that demonstrate more effective co-delivery of both the elements
using the combined form (73,74).

95

Figure 16: Comparison of the self-inactivating combination plasmid with the two
plasmid system.
(A) Illustration depicting the plasmid constructs Tsase-mO-pA, Tson(GFP-pA) and
Tsase-mO-Tson(GFP-pA). The two plasmid system involves transfection of two separate
plasmids, Tsase-mO-pA and Tson(GFP-pA), whereas the combination system involves
transfection of a single plasmid, Tsase-mO-Tson(GFP-pA). (B) Percentage of transfected
HEK293T cells with transgene (GFP) expression as measured by flow cytometry. All
measurements were calculated relative to the transgene expression 12 hours after
transfection (passage 0). Results show a significant difference between the transposition
efficiency of combined system and that of two plasmid system (p<0.0001, two-way
ANOVA). After three passages, Tsase-mO-Tson(GFP-pA) had an average transgene
integration rate of ~22.3%, while the Tsase-mO-pA + Tson(GFP-pA) group had an
average of ~15% (p<0.001; two-way ANOVA with Bonferroni post hoc). (C) Average
GFP expression level (relative to P0) measured by calculating the median fluorescence
intensity (MFI). The GFP median fluorescence intensity (MFI) level in the Tsase-mOTson(GFP-pA) group was significantly higher than Tsase-mO-pA + Tson(GFP-pA)
(p<0.0001, two-way ANOVA). (n=4; error bars denote SEM)
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4.3.4 Quantification of residual transposase expression in the
combination plasmid system
To determine if residual transposase expression can be reduced in our combined
plasmid system, we first quantified residual transposase expression (Figure 17). The
fluorescence level of mOrange, which was co-expressed with transposase from the same
promoter, was measured using flow cytometry. All measurements were calculated
relative to initial GFP expression after transfection (passage 0). After three passages,
residual transposase (mOrange) expression in cells transfected with each of the three
plasmids was less than 1%. No statistical significant difference was detected among the
three samples (Figure 17 A and Figure S6 A). On the other hand, the mOrange MFI
(normalized to P0 mOrange MFI) of Tsase-mO-pA-Tson(GFP-pA) was significantly
higher than that of Tsase-mO-Tson(GFP-pA) and Tsase-mO-Tson(GFP-pA)-pA. This is
consistent with increased expression of the transposase when it has its own dedicated
polyA. However, the MFI between Tsase-mO-Tson(GFP-pA) and Tsase-mO-Tson(GFPpA)-pA was not significantly different (Figure 17 B and Figure S6 B).
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Figure 17: Quantification of residual transposase expression in the combination
plasmid system.
(A) Percentage of HEK293T cells with residual transposase expression after transfection
with each type of combination plasmid. mOrange fluorescence which is co-expressed
with transposase, was measured by flow cytometry as a proxy to quantify transposase
expression. All measurements were calculated relative to passage 0 transgene (GFP)
expression. After three passages residual transposase (mOrange) expression in all three
plasmids was less than 1% and not significantly different from each other (p>0.05, twoway ANOVA with Bonferroni post hoc test). (B) Median mOrange fluorescence intensity
(MFI) of HEK293T cells transfected with the combination plasmids. There is a significant
difference in the mOrange MFI amongst three plasmid types (p<0.0001, two-way
ANOVA). After the third passage, the MFI of Tsase-mO-pA-Tson(GFP-pA) was
significantly higher than that of Tsase-mO-Tson(GFP-pA) and Tsase-mO-Tson(GFP-pA)pA (p<0.001 for both; two-way ANOVA with Bonferroni post hoc). However, the MFI
between Tsase-mO-Tson(GFP-pA) and Tsase-mO-Tson(GFP-pA)-pA was not
significantly different (p>0.05, two-way ANOVA with Bonferroni post hoc). (n=4; error
bars denote SEM)

98

4.3.5 Strategy to eliminate residual transposase expression by
employing HSV-tk/ganciclovir negative selection
To address the problem of residual transposase expression, we designed a
combination plasmid that also expresses Herpes Simplex Virus thymidine kinase (HSVtk) in a bi-cistronic fashion along with the transposase (Figure 18 A). This arrangement
ensures that any cell expressing residual transposase is killed by the administration of
ganciclovir (Figure 18 B). There was no qualitative difference between the GFP
immunofluorescence of the ganciclovir-treated cells and the no treatment group (Figure
18 C). This finding was further verified quantitatively by flow cytometry (p=0.23;
student’s t-test) (Figure S7). Therefore, we can conclude that ganciclovir-mediated
killing of the transposase-positive cells does not lead to a significant reduction of
transgene (GFP)-positive cells. This corroborates the previous finding that residual
transposase (mOrange) expression in all three combination plasmids was less than 1%
(Figure 17 A). Furthermore, we placed the puromycin resistance gene after the same
promoter as a fusion protein with HSV-tk. This enabled the cells that expressed residual
transposase to be resistant to puromycin and sensitive to ganciclovir. Upon addition of
puromycin, resistant colonies evolved, which indicated that there were cells with
residual transposase expression (Figure 18 C). We also did not observe any puromycin
resistant colony that was not GFP positive (Figure 18 C). Upon addition of puromycin
and ganciclovir not a single resistant colony emerged, thereby indicating that ganciclovir
treatment was able to kill all the residual transposase expressing cells (Figure 18 C). RT99

PCR also showed the absence of transposase expression upon ganciclovir treatment
(Figure 18 D). The transfection of the combination plasmid along with puromycin and
HSV-tk/ganciclovir treatment significantly altered the viability of cells as measured by
MTT assay (p<0.001). Further analysis of the MTT assay data showed a significant
difference between the transfected cells treated with puromycin only and those treated
with both puromycin and ganciclovir (p<0.001) (Figure 18 E). Thus, our results
demonstrate that HSV-tk/ganciclovir selection is an efficient way to get rid of residual
transposase expressing cells in case the self-inactivation mechanism of the combination
plasmid fails.
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Figure 18: Strategy to eliminate residual transposase expression by employing HSVtk/ganciclovir negative selection.
(A) Illustration depicting the plasmid construct Tsase-puro dTK-Tson(GFP-pA). (B)
Cartoon illustrating the usage of HSV-tk/ganciclovir- mediated negative selection to kill
cells expressing residual transposase. (C) GFP fluorescence images and phase contrast
images of HEK293T cells transfected with Tsase-puro dTK-Tson(GFP-pA) under no
treatment (HEK:T(-)), ganciclovir treatment (HEK:T(G)), puromycin treatment
(HEK:T(P)) and both ganciclovir and puromycin treatment (HEK:T(P+G)) for 10 days
after three passages (Scale Bar=100µm). (D) RT-PCR of transfected and untransfected
HEK293T cells with different treatments. The samples (n=3) were probed for transgene
(GFP) and transposase expression. GAPDH was used as the PCR control. (E) Percentage
cell viability of transfected and untransfected HEK293T cells with different treatments,
as measured by the MTT assay. Results indicate that transfection of the combination
plasmid along with puromycin and HSV-tk/ganciclovir treatment significantly alters the
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viability of cells as measured by MTT assay (p<0.001, one-way ANOVA). Transfected
cells treated with puromycin formed puromycin-resistant colonies with both transgene
and transposase expression. However, when transfected cells are treated with both
puromycin and ganciclovir, no colonies emerged. MTT assay data also shows significant
difference between HEK:T(P) and HEK:T(P+G) groups (p<0.001, one-way ANOVA with
Bonferroni post hoc test). In addition, RT-PCR results show the absence of transposase
expression in transfected cells with ganciclovir treatment. (purodTK: puromycin-delta
thymidine kinase; HEK:NT: untransfected HEK293T cells; HEK:T: transfected HEK293T
cells).
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4.3.6 Transposition of the human FIX gene using the self-inactivating,
HSV-tk/ganciclovir combination plasmid
We have demonstrated that a model therapeutic gene, human FIX, could be
integrated and expressed in human cell lines by our self-inactivating hyPBase
transposition system (Figure 19). Furthermore, we verified that HSV-tk/ganciclovir
treatment for elimination of residual transposase expression was also applicable for
human FIX transposition. ICC staining and RT-PCR showed expression of FIX (Figure 19
B, C). RT-PCR also showed a decrease in transposase expression levels after ganciclovir
treatment (Figure 19 C). We also demonstrated stable human FIX expression over a
prolonged period of 25 days and 5 passages (Figure 19 D). Tsase-puro dTK-Tson(hFIXpA) showed more sustained and higher hFIX protein production than the control
Tson(hFIX-pA) group.
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Figure 19: Transposition of the human FIX gene using the self-inactivating, HSVtk/ganciclovir combination plasmid.
(A) Illustration depicting the plasmid constructs Tsase-puro dTK-Tson(hFIX-pA) and
Tson(hFIX-pA). (B) Immunocytochemistry (ICC) staining of HEK293T cells transfected
with the hFIX-bearing combination plasmid (Scale Bar=100µm). (C) RT-PCR of
untransfected and transfected (with and without ganciclovir treatment) HEK293T cells
using human FIX, transposase, and GAPDH primers. (D) Chromogenic assay
quantifying the release of functional human FIX protein over 5 passages (25 days) from
HEK293T cells transfected with Tsase-puro dTK-Tson(hFIX-pA) and Tson(hFIX-pA).
Tsase-puro dTK-Tson(hFIX-pA) shows sustained hFIX protein production over a
prolonged period which is significantly higher than Tson(hFIX-pA) group (p=0.0011,
two-way ANOVA). After 25 days post transfection, a significant difference in the hFIX
level exists between the Tsase-puro dTK-Tson(hFIX-pA) and Tson(hFIX-pA) (p<0.001;
two-way ANOVA with Bonferroni post hoc). (HEK:NT: untransfected HEK293T cells;
HEK:T: transfected HEK 293T cells; G: Ganciclovir treatment; (-): cells without any
treatment)
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4.4 Discussion
In this study we review all the potential fates of the transposase (integration,
cleavage, dilution, and recircularization) in a combination plasmid format and
implement an approach to self-inactivate the transposase expression cassette after
transposition. Undesirable integration of the transposase into the genome can cause
insertional mutagenesis and/or continued expression of transposase. Insertional
mutagenesis, which results from disruption, suppression or activation of an endogenous
gene, can lead to aberrant behavior of the cell. Continued expression of transposase due
to integration or slow rate of plasmid dilution can be a potential cause of genotoxicity
and cytotoxicity (269). Plasmid dilution, which occurs due to cell division, is a better
outcome than integration as there is no insertional mutagenesis and the transposase
expression is transient. However, this transiency can be extended if there is a delay in
transgene dilution due to lack of cell division, an inherent property of certain cell types
like neurons and skeletal myocytes. The most desirable outcome is the one in which the
transposase expression cassette is cleaved after transposition and there is no integration
or prolonged expression of transposase (Figure 14 A). The measures used in this study
have the potential to stop expression of transposase due to integration and
recircularization. This approach also has the potential to bypass the limitations
associated with the combined donor-helper plasmid solution described by Urschitz et al.
(73). The unconventional design of our combination constructs prompted us to look into
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the question of whether a single polyA being shared by two elements has any effect on
the transposition efficiency. We observed a higher average normalized transgene (GFP)
expression levels with our combination plasmid when compared with the traditional
double polyA combination form. This favorable outcome with Tsase-mO-Tson(GFP-pA)
may be attributed to the transposase being silenced after transposition due to the lack of
a dedicated polyA. This quick silencing may prevent the excision of integrated forms by
the reversible action of residual PiggyBac transposase activity, and may also help by
decreasing genotoxicity and cytotoxicity. All the combination plasmids showed an
increase in MFI after the first passage (Figure 15 C). This upward trend is probably due
to dilution of the plasmids from cells that received fewer copies of the plasmid. These
cells have low transposase levels; consequently little or no transposition occurs.
Therefore, there appears to be a minimum level of transposase needed for efficient
transposition. This also implies that for optimum transposition a transfection method
has to be chosen which can deliver high copies of the plasmid into the nucleus.
Therefore, a thorough optimization of the transfection process is needed for individual
cell types.
The combined system performed better than the two plasmid system with
respect to both the percentage of transposition positive cells and the average expression
levels. This effect can be accounted for by the reliable co-delivery of both elements to
the same cell. Moreover, more plasmids can be packed in the transfection agent in the
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case of a combination plasmid. The two-plasmid system also lacks a self-inactivation
mechanism for the transposase, which may lead to toxicity and transgene excision, and
consequently lower transposition efficiency.
After proving the efficacy of our self-inactivating combination plasmid we
assessed the problem of residual transposase expression. Theoretically, residual
transposase expression can be found even in the self-inactivating combination plasmid
group if the whole plasmid integrates before transposition. This sort of integration
happens due to random linearization of the plasmid during plasmid production or due
to the action of cellular nucleases. The residual expression can also stem from posttransposition integration of the transposase. In most of such cases the transposase will
be silent as it lacks a polyA. However, polyA-less transposase may express if integration
occurs in an active area of the genome with an endogenous polyA support in a
phenomenon akin to the polyA trap experiments (270). To quantify the level of residual
transposase expression we used the residual mOrange expression (co-expressed with
transposase from the same promoter) as a proxy. In all three conditions very few cells
expressed mOrange after three passages (< 1%, relative to P0 GFP+ cells). This suggests
that integration of the transposase is not a frequently occurring phenomenon in the
combination plasmid format. Median mOrange fluorescence intensity measurements
showed that the Tsase-mO-pA-Tson(GFP-pA) group had a higher normalized MFI than
the other two groups even after three passages. This difference in MFI can only be
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accounted for by the robust expression of the integrated residual transposase in the case
of Tsase-mO-pA-Tson(GFP-pA) due to the presence of a dedicated polyA for the
transposase. The other two plasmids are self-inactivated and have to depend on
endogenous polyA for expression (Figure S3). This may lead to considerably weaker
transposase expression. Moreover, the MFI of Tsase-mO-Tson(GFP-pA) is similar to
Tsase-mO-Tson(GFP-pA)-pA even in the early passages when the dilution effect on
plasmids is not pronounced. Among the two plasmids only Tsase-mO-Tson(GFP-pA)pA can theoretically support recircularization-mediated transposase expression (Figure
S3). This indicates that post-transposition plasmid recircularization is not a major
mechanism determining the fate of the plasmid backbone after transposition. Therefore,
when compared to integration and recircularization, cleavage seems to be the most
prominent mechanism for the disposal of plasmid backbone.
After demonstrating the value of the self-inactivating combination plasmidbased transposition system, experiments were designed to solve the problem of residual
transposase expression. We used HSV-tk/ganciclovir system for efficiently clearing
residual transposase expression. The negative selection of transposase-free cells is based
on the conversion of the prodrug ganciclovir to a toxic phosphorylated form by the
enzyme HSV-tk. The FDA-approved status of ganciclovir enhances the applicability of
our system in translational studies. Successful utilization of the HSV-tk/ganciclovir
system also led us to ask if HSV-tk/ganciclovir treatment had a significant effect on the
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cells where transposition had already taken place. Studies revealed that very few
transposition-positive cells (GFP+) expressed the transposase stably as addition of
ganciclovir had no significant effect on the percentage of GFP-positive cells.
This study also highlights the potential of this vehicle to act as an efficacious
gene delivery vector by using a model therapeutic gene (human FIX). However, a
potential deterrent in using the vehicle may be the size of the construct which can
decrease transfection efficiency. In future studies, the size of the transgene can be
reduced by removing the puromycin cassette (which is not essential for gene therapy
purposes) and fusing the HSV-tk cassette directly to the transposase by a self-cleaving 2a
construct. These measures will decrease the size of the construct by more than 1kb (271).
Moreover, the construct can be loaded onto a minicircle vector to make it smaller. The
minicircle form will also remove the bacterial backbone leading to a higher and more
reliable expression of the transposase (272).
In conclusion, we expect that this donor-helper combination plasmid design
along with the HSV-tk/ganciclovir fail-safe system will help realize the translational
potential of hyperactive piggyBac transposon-based systems. The significance of this
combination plasmid design can be extended to other transposition systems as well as
targeted gene editing system like CRISPR/Cas9. This will ultimately impact cellular
reprogramming strategies, cell-based therapeutics and gene therapy research.
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5. A CRISPR/Cas9-based system for reprogramming cell
lineage specification by transactivation of endogenous
Myod1
5.1 Introduction
The type II clustered regularly interspaced short palindromic repeat (CRISPR)
systems and the associated Cas9 nucleases have evolved in archaea and bacteria for
sequence-specific recognition of DNA targets via a single stranded RNA intermediate
(83). In an engineered version of the CRISPR system, the Streptococcus pyogenes Cas9
nuclease is directed by guide RNAs (gRNAs) that targets 20 bp sequences adjacent to a
5’-NRG-3’ sequence motif, and the resultant cleavage has been used to edit the genome
in several species (84-88). A mutated nuclease-inactive Cas9 (dCas9) regulates gene
expression by physically blocking transcription or through fusion to a transactivator
(e.g. VP64 or Ω-subunit of RNA polymerase) or repressor domain (e.g. KRAB or SID)
(89-98). While transgene overexpression has been used to achieve cellular
reprogramming (99,100), reprogramming via direct activation of an endogenous gene
has only been recently demonstrated through the use of transcription activator-like
effectors (TALEs) (101). However, difficulty in designing and co-delivering multiple
TALE expression constructs precludes simple screening and multiplexed gene activation
that is straightforward with the dCas9-VP64 system. Moreover, repeat sequences in a
TALE-molecule can prevent high-efficiency lentiviral delivery (102). In this study, we
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used dCas9-based transactivators combined with an efficient lentivirus-based gene
delivery system to induce cell reprogramming.

5.2 Materials and methods
5.2.1 Guide RNA plasmid construction
Ubiquitin promoter-driven Green Fluorescent Protein cassette was removed
from FUGW plasmid (Addgene plasmid 14883) by digesting with PacI and XhoI. For
expressing a chimeric gRNA from the human U6 promoter a gBlock fragment
(Integrated DNA Technologies, Inc., USA) was synthesized (84). It incorporated a BsmBI
site, distal to the U6 promoter, for easy incorporation of new gRNA spacer sequences.
The gBlock was then cloned into the restriction-digested FUGW backbone (Figure 20 C).
For targeting 23bp sequences in the genome of the form
NNNNNNNNNNNNNNNNNNNN(N=20)-NGG(PAM), plus and minus strand DNA oligos
were designed to contain the protospacer sequence. An overhang was produced after
annealing of the oligos that was complementary to the overhangs created in the vector
after digestion with BsmBI. After ligation, the gRNA expression plasmids were
subsequently packaged in lentiviral vectors. The following gRNA-targeted sites were
used in the study:
Mouse Myod1 (Myod1 Transcript Position: chr7:53,631,844-53,634,462) gRNAtargeted sequence:
gRNA1(+strand chr7:53630309-53630328): GTATCAGAGACAAAAACCGT;
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gRNA2(-strand chr7:53630967-53630986): TTCTTAAGGATCGTGATGGC;
gRNA3(+strand chr7:53631602-53631621): TAGCCAAGTGCTACCGCGTA;
gRNA4(-strand chr7:53631608-53631627): CAGCCATACGCGGTAGCACT.
Human MYOD1 (MYOD1 Transcript Position: chr11:17,741,110-17,743,678)
gRNA(+strand chr11:17740919-17740938): ACCTAGCGCGCACGCCAGTG.

5.2.2 VP64dCas9-BFPVP64 plasmid construction
The dCas9-BFP fusion cassette was digested from the pdCas9::BFP-humanized
plasmid (Addgene plasmid 44247). Two gBlock DNA fragments were synthesized: one
having the N-terminal VP64, FLAG tag, and linker sequence and the other having the Cterminal VP64 along with a FLAG tag, an additional nuclear localization signal, and a
linker sequence. The lentiviral backbone along with the doxycycline inducible promoter
was derived from Tet-O-FUW-Myt1l (Addgene plasmid 27152) (257). All four fragments
were digested to generate compatible sticky ends. All the digested fragments were then
joined together by a four-way ligation reaction to form TetO-FUW-VP64dCas9-BFPVP64
(Figure 20 C). The final amino acid sequence of the construct is provided in Figure S8 A.
This plasmid was used to produce all the other forms including N-terminal-only VP64,
C-terminal-only VP64, and the BFP-deleted fusion construct. Q5 High Fidelity DNA
polymerase (New England Biolabs. MA, USA) along with corresponding primers were
used to PCR amplify the required fragments to be ligated back into the doxycycline
inducible viral backbone to generate all the other forms mentioned above.
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5.2.3 Lentiviral production
Lentiviral particles were produced by transfecting HEK 293T cells with the
transfer plasmid (TetO-FUW-VP64dCas9-BFPVP64, TetO-FUW-dCas9-BFPVP64, TetO-FUWdCas9-BFP, TetO-FUW-VP64dCas9VP64, U6-gRNA, FUW-M2rtTA, Empty FUW) along

VP64

with 2nd generation packaging plasmids (Addgene plasmid 12260: psPAX2 and Addgene
plasmid 12259: pMD2.G). The procedure for lentivirus generation and extraction has
been described elsewhere (267). For determining the titer of the lentivirus, a qRT.PCRbased lentiviral titration kit was used according to the manufacturer’s instructions
(http://www.abmgood.com/High-Titer-Lentivirus-Calculation.html. Applied Biological
Materials Inc., Richmond, Canada).

5.2.4 Cell culture, transfection and viral transduction
Primary mouse embryonic fibroblasts (PMEF) (Lonza), human embryonic kidney
293T cells (HEK 293T) (ATCC) and C3H10T1/2 cells (ATCC) were utilized in this study.
All the cell types were initially cultured with 10% fetal bovine serum (FBS) (Atlanta
Biologicals) in DMEM-HG (GIBCO-11960) supplemented with L-glutamine, pyruvate
and MEM-NEAA (GIBCO). The HEK293Ts were utilized for lentivirus generation and
for verifying the efficacy of VP64dCas9-BFPVP64 to transactivate the endogenous human
MYOD1 locus. The other two cell types were utilized in reprogramming studies. For
reprogramming the cells were seeded at a density of 25,000/well of a 12-well plate.
Transfection of C3H10T1/2 was done by using Lipofectamine LTX with plus reagent
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(Life Technologies). Cells were transfected at a confluency of 70%. 2 µg of plasmid DNA
was delivered to each well of a 12-well plate at a ratio of 4:1:1 (VP64dCas9BFPVP64:M2rtTA:U6-gRNA). For transduction, the lentiviruses were added at a total MOI
(multiplicity of infection) of 60: VP64dCas9-BFPVP64=MOI of 40, M2rtTA=MOI of 10, U6gRNA=MOI of 10. For the experimental controls, empty FUW lentiviral backbone
(Ubiquitin C promoter removed from the FUW lentiviral construct) was transduced to
maintain the total MOI (Figure 20 C). To improve transduction, Sequebrene was added
to the medium at a concentration of 8 µg/ml. Doxycycline at a concentration of 3 µg/ml
was added to cultures on day 2 post transduction. In the case of C3H10T1/2 cells,
doxycycline induction was continued till day 10 in a low serum differentiation media
composed of 2% Horse Serum (Sigma Aldrich) in DMEM-HG (GIBCO-11960)
supplemented with L-glutamine, pyruvate and MEM-NEAA (GIBCO). Subsequently the
media was switched to a doxycycline-free low serum media. On day 18 posttransduction the cells were fixed and stained and RNA was extracted for RT.PCR. For
the PMEFs, doxycycline was continued till day 12 and subsequently switched to a nodoxycycline medium till day 22. For PMEFs the differentiation media had 10% FBS till
day 12 and subsequently changed to 2% FBS (Figure 21 E).
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5.2.5 Quantitative real time reverse-transcription polymerase chain
reaction (qRT.PCR) and reverse-transcription polymerase chain
reaction (RT.PCR)
The primers were purchased from Integrated DNA Technologies, Inc., USA.
Total RNA was extracted with a Clontech RNA clean-up kit. cDNA was generated by
iScript cDNA Synthesis kit from Bio-Rad. PCR was done by utilizing Taq DNA
Polymerase with ThermoPol® Buffer (NEB). The cycling conditions were: Initial PCR
activation step: 95°C for 30 sec; Denaturation: 95°C for 20 sec, Annealing: 58°C for 30 sec,
Extension: 68°C for 60 sec, for varying number of cycles; Final Extension: 72°C for 5 min.
For qRT.PCR, SsoAdvanced™ Universal SYBR® Green Supermix from Bio-Rad was
used according to the manufacturer’s instruction with a 7900 HT Fast Real time PCR
machine from Applied Biosystems. The expression levels are presented as fold change
relative to a control group in accordance to the delta-delta Ct method. The following
primers were utilized in this study:
dCas9: AGGGATTAAGGAGCTCGGGT, AGGAAGCTCTGAGGGACGAT;
Mu-Myod1: AGCGACACAGAACAGGGAAC, TCGAAAGGACAGTTGGGAAG;
Mu-Myog: GAGACATCCCCCTATTTCTACCA, GCTCAGTCCGCTCATAGCC;
Mu-Desmin: GTGGATGCAGCCACTCTAGC, TTAGCCGCGATGGTCTCATAC;
Mu-Myl1: AAGATCGAGTTCTCTAAGGAGCA, TCATGGGCAGAAACTGTTCAAA;
Mu Ckm: CTGACCCCTGACCTCTACAAT, CATGGCGGTCCTGGATGAT;
Mu-Chrna1: GCACCTGGACCTATGACGGC, TAAGACAGAGATGCTCAGCG;
115

Mu-Gapdh: TGCGACTTCAACAGCAACTC, CTTGCTCAGTGTCCTTGCTG;
Hu-MYOD1: CTTTGCTATCTACAGCCGGG, GAGTGCTCTTCGGGTTTCAG;
Hu-GAPDH: GGAGCGAGATCCCTCCAAAAT, GGCTGTTGTCATACTTCTCATGG.

5.2.6 Cell fusion assay
C3H10T1/2 cells were sequentially transduced with TetO-FUW-VP64dCas9-BFPVP64
and M2rtTA virus. This cell population was subsequently divided and transduced with
either LV-CRE or LV-Floxed Luc. These cell populations were mixed and plated in a 1:1
ratio of LV-CRE transduced cells to LV- Floxed Luc cells and transduced with the Myod1
gRNA virus. The cells were induced to express VP64dCas9-BFPVP64 by adding 3 µg/ml
doxycycline to the medium on day 6 post-transduction with VP64dCas9-BFPVP64. Medium
containing fresh doxycycline was replenished every two days for the next eight days.
Subsequently doxycycline was withdrawn on day 14 post-transduction with VP64dCas9BFPVP64. Fresh medium without doxycycline was then replenished every two days.
Samples were harvested on day 14 and day 22 and assayed for luciferase expression.
Briefly, cells were pelleted and washed with PBS. Pellets were re-suspended in 100 μL of
lysis buffer (100mM KH2PO4 + 0.2% Triton-X, pH 7.8) and incubated at room
temperature for 10 min. The cell debris was pelleted and 30 μl of the supernatant from
each sample was transferred to an opaque 96-well plate. Each sample was mixed with 30
μL of Bright-Glo reagent (Bright-Glo Luciferase Assay System, Promega). Luminescence
was measured by a BioTek Synergy 2 Multi-Mode Microplate Reader with 1-second scan
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time. All luciferase data is presented as a fold increase over background of samples
transduced with VP64dCas9-BFPVP64, M2rtTA, and LV-Floxed Luc (Figure 21 D).

5.2.7 Cell staining
Cells were fixed with 4% paraformaldehyde for 14 minutes and then
permeabilized with 0.2% Triton X-100. The cells were then stained with primary
antibodies against: Desmin (Monoclonal Anti-Pig Desmin, mouse IgG1 isotype, Sigma
Aldrich, D1033), Myod1 (Monoclonal Anti-Mouse Myod1, mouse IgG1 isotype, Pierce,
MA141017), Myogenin (Monoclonal Anti-Rat Myogenin, mouse IgG1 isotype,
Developmental Studies Hybridoma Bank, F5D), FLAG™ Epitope Tag (Mouse
monoclonal IgG2b, Pierce, MA1-91878), F-Actin (Alexa Fluor 594 Phalloidin, Life
Technologies, A12381), α-Actinin (Monoclonal Anti-Rabbit Skeletal α-Actinin, mouse
IgG1 isotype, Sigma Aldrich, A7811). DAPI was used to stain the nucleus. Alexa Fluor
488 Goat Anti-mouse IgG (Life technologies) and Alexa Fluor 568 Goat Anti-rabbit IgG
(Life technologies) were used as the secondary antibody for ICC.

5.2.8 Statistical analysis
GraphPad Prism 5.0 statistical analysis software was utilized for all the statistical
analysis. All the error bars are standard error of means. Statistical significance was
determined at a P value of ≤ 0.05. The convention followed for asterisk to denote
significance: * P ≤ 0.05, ** P≤ 0.01, ***P≤ 0.001.
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5.3 Results and discussion
5.3.1 Engineering a RNA-guided, nuclease-inactive VP64dCas9-BFPVP64
(VdC9BV) fusion protein to transactivate endogenous Myod1 gene
We tested the efficacy of a dCas9-VP64 fusion protein to activate expression of
the endogenous Myod1 gene locus for a sufficient duration and magnitude to ultimately
induce the reprogramming of mouse embryonic fibroblasts (MEFs) to skeletal myocytes
(SkMs) (Figure 20 A). Although we and others have previously used the single Cterminal fusion of VP64 to dCas9 to activate the expression of several genes (8991,93,98), preliminary studies indicated this approach did not lead to levels of
expression sufficient for cell reprogramming. Therefore, we tested whether using two
VP64 domains, one at each dCas9 terminus (VP64dCas9-BFPVP64), would yield higher
Myod1 expression levels (Figure 20 B, C and S8 A). dCas9 was also fused to blue
fluorescent protein (BFP) to monitor expression (Figure 20 B, C and Figure S8 A, B).
Lentiviral VP64dCas9-BFPVP64 was placed under the transcriptional control of a
doxycycline-inducible promoter (Figure 20 C and Figure S8 B). To avoid steric hindrance
that may prevent successful transcriptional complex recruitment, we included flexible
glycine-serine linkers adjacent to the VP64 domains (Figure S8 A). We also added a third
nuclear localization signal (NLS), which significantly improved the nuclear localization
of VP64dCas9-BFPVP64 by approximately 10-fold (Figure 20 D, E, F). Initially, we
transfected C3H10T1/2 cells with the VP64dCas9-BFPVP64 plasmid. However, transfection
was inefficient as transgene expression was detectable only in a few cells, presumably
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due to the large size of the plasmid (13.5 kb). We then used a lentiviral gene delivery
system that allowed the stable transduction of more cells as evidenced by both BFP and
immunofluorescence staining of the FLAG epitope (Figure 20 F). By flow cytometry
analysis approximately 50% of the transduced cells were found to be BFP-positive
compared to approximately 5% by transfection. Therefore lentiviral delivery afforded a
10-fold increase in delivery of VP64dCas9-BFPVP64 (Figure 20 G). To ensure efficient gRNA
co-delivery we also developed a lentivirus-based U6 promoter-driven gRNA delivery
system (Figure 20 C). In separate experiments we observed a ~6 fold upregulation of
Myod1 when all the system components were delivered by transfection (Figure S8 C)
compared to an upregulation of ~60 fold by lentiviral transduction (Figure 20 H).
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Figure 20: Engineering a RNA-guided, nuclease-inactive VP64dCas9-BFPVP64
(VdC9BV) fusion protein to enable robust transactivation of the endogenous Myod1
gene.
(A) Illustration depicting the reprogramming of MEFs to SkMs. Reprogramming is
initiated by the lentiviral transduction of MEFs with three expression components: the
gRNA, reverse tetracycline transactivator (M2rtTA), and a doxycycline-inducible
VP64dCas9-BFPVP64. (B) Illustration of the gRNA-guided transactivation by the VP64dCas9BFPVP64 fusion protein. (C) The lentiviral constructs utilized to activate endogenous
genes. (D) Confocal images of live HEK293T cells transfected with VdC9BV or dC9B,
H2BmCherry (nuclear-localized fluorescent protein) and GFP (predominantly
cytoplasmic fluorescent protein) showing that inclusion of an additional nuclear
localization signal (NLS) in VdC9BV (3 NLS) enables better nuclear localization than the
2 NLS dCas9-BFP (dC9B) parent construct. Scale bar = 20 𝜇𝜇m. (E) Nucleus-to-cytoplasm
(N:C) ratio of BFP fluorescence intensity quantified from confocal images of live
transfected HEK293T cells. ImageJ (http://rsb.info.nih.gov/ij) was used to manually
define the nuclear and the cytoplasmic regions on the images and to calculate the
average fluorescence intensity. The analysis shows that the 3 NLS form of dCas9
(VdC9BV) localizes better to the nucleus than the original 2 NLS dCas9 (dC9B) form
(Two-tailed unpaired t test, P≤.0001, n=20 cells, Error bars = SEM). (F) Lentiviral vector
enables robust delivery of nuclear-localized VdC9BV. dC9B (2 NLS) transfected into
C3H10T1/2 cells shows lack of nuclear localization. VdC9BV (3 NLS) enables better
nuclear localization. However, few cells expressed VdC9BV when transfected into the
cells. Transduction of C3H10T1/2 with lentiviral form of VdC9BV enables higher
efficiency of delivery of the construct as evidenced by BFP fluorescence imaging of live
cells and immunofluorescence staining of the FLAG epitope in fixed cells. Scale bar =
100𝜇𝜇m. (G) Lentiviral delivery of VdC9BV is more efficient than delivery by transfection.
By flow cytometry analysis approximately 50% of the transduced cells were found to be
BFP positive compared to approximately 5% by transfection (Two-tailed unpaired t test,
P≤.0001, n=3, Error bars = SEM). (H) qRT.PCR evaluation of relative Myod1 mRNA
expression (C3H10T1/2 cells) on day 6 post-induction of VP64dCas9-BFPVP64 expression in
the presence of various combinations of three gRNA molecules. Statistical significance
(P≤ 0.001, n=3, Error bars = SEM) was calculated using one-way ANOVA with Dunnett's
multiple comparison post hoc test with all the groups compared to the (-) gRNA control
group (M2rtTA + VP64dCas9-BFPVP64 + Empty FUW).
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5.3.2 Reprogramming of C3H10T1/2 cells and mouse embryonic
fibroblasts (MEFs) into skeletal myocytes (SkMs)
We initially tested this system’s capacity to induce epigenetic reprogramming
towards the SkM lineage in C3H10T1/2 cells previously shown to readily undergo this
transformation (99). We designed three separate gRNAs targeted to different positions
in the Myod1 promoter. First we co-delivered all three gRNAs based on recent studies
describing the capacity of multiple gRNAs to have synergistic effects on activation of
target gene expression (89-91,95,98,273,274). We found that VP64 fusion and the
presence of the gRNA was essential for endogenous Myod1 activation (Figure S8 C).
Activation of the endogenous Myod1 gene in C3H10T1/2 was sufficient to initiate the
SkM reprogramming process as determined by gene expression analysis, phase contrast
imaging and immunocytochemistry (Figure 21 A, B, C and Figure S8 B). Myotubes were
visible as early as 4.5 days post-transduction. Nuclear-localized blue fluorescence was
observed in the myotubes during the time VP64dCas9-BFPVP64 was kept induced by
doxycycline addition (Figure S8 B). Importantly, the myotubes stained positive for the
myoblast transcription factors Myod1 and Myog, and the sarcomeric markers Actinin
and Desmin (Figure 21 C). The myotubes were also multinucleated, indicating cell
fusion, one of the hallmarks of myogenic reprogramming (Figure 21 C). When
examining the effect of individual gRNA molecules in inducing Myod1 expression we
determined that gRNA3 alone was as potent as all three gRNAs combined (Figure 20 H).
The C3H10T1/2 cells fused significantly in the 8 days when Myod1 was expressed under
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doxycycline-induced VP64dCas9-BFPVP64 expression, as demonstrated quantitatively by a
recombination-based cell fusion assay. The fusion process continued unabated even
after the withdrawal of doxycycline, thereby indicating stability of this phenotypic
transformation (Figure 21 D).
We then tested whether co-expression of a single targeting gRNA molecule
(gRNA3) along with VP64dCas9-BFPVP64 would be sufficient to induce reprogramming of
primary MEFs (Figure 21 E). Using gene expression analysis we readily detected
transcriptional activation of the mature myotube markers Myl1, Ckm, Desmin and
Chrna1 (Figure 21 F). We readily detected formation of multinucleated myotubes that
expressed myoblast-specific transcription factors and striated sarcomeres to indicate a
high degree of cytoskeletal organization and maturity (Figure 21 G). Within 3 weeks of
cell transduction we observed myotubes exhibiting spontaneous intermittent twitching
(Movie S3).
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Figure 21: CRISPR/VP64dCas9-BFPVP64 transactivates the endogenous Myod1 gene
and reprograms C3H10T1/2 cells and mouse embryonic fibroblasts (MEFs) into
skeletal myocytes (SkMs).
(A) VP64dCas9-BFPVP64 (VdC9BV), in the presence of three gRNAs targeting the Myod1
locus, results in upregulation of all the major SkM genes in murine C3H10T1/2 cells
detected by RT.PCR on day 18 post-transduction. (B) Reprogramming of C3H10T1/2
cells by VdC9BV is characterized by significantly higher levels of Myod1 and Myog
detected by qRT.PCR on day 18 post-transduction (Two-way ANOVA with Bonferroni
post tests, P≤0.001 for both Myod1 and Myog, n=3, Error bars=SEM). Fold change in
expression is relative to the (-) gRNA control group. (C) Immunocytochemistry (ICC)
staining of reprogrammed C3H10T1/2 cells for SkM markers. The myotubes are
characterized by the presence of nuclear Myod1 and Myog and also multiple nuclei can
be seen in each tube. The sarcomeric proteins Desmin and Actn1 (α-Actinin) are also
present. The control group is marked by the absence of any reprogrammed myotubes by
phase contrast (PC) imaging and immunocytochemistry. Scale bar=100𝜇𝜇m. (D) Cell
fusion assay. Cell fusion in the reprogramming cells was quantified by detecting the
luciferase released after mixing two lentivirally-transduced cell populations: one that
constitutively expresses Cre recombinase (LV-Cre) and a second containing a FloxedStuffer Luciferase cassette that expresses Luciferase in response to Cre recombinase (LVFloxed Luc). The reprogramming C3H10T1/2 shows significant cell fusion activity. Fold
change in relative light units (RLU) was calculated relative to a Luc-only group
(VdC9BV, M2rtTA, and LV-Floxed Luc). The RLU fold change of the (+) gRNA3 group is
significantly higher on Day 22 than on Day 14 (Two-way RM ANOVA with Bonferroni
post hoc test, P≤.001, n=3, Error bars = SEM). Overall, (+) gRNA3 group has significantly
higher luciferase activity than other groups (Two-way RM ANOVA, P≤.0001). (E)
Timeline denoting the main steps of the MEF reprogramming process. (F) Gene
expression analysis (RT.PCR) performed on reprogrammed and control MEFs. (G)
Imaging of the reprogrammed SkMs. Phase contrast images of MEFs reprogrammed
using a single gRNA molecule (gRNA 3) that show the presence of elongated
multinucleated myotubes. No myotubes were observed in the absence of gRNA
molecules. Reprogrammed multinucleated myotubes express nuclear-localized Myod1
and Myog. No Myod1 expression was detected in the control group. Reprogrammed
myotubes contain highly organized cross striated sarcomeres as shown by
immunostaining of Actn1 (α-actinin) and F-actin on confocal imaging.
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5.3.3 Characteristics of gRNA-guided VP64dCas9-BFPVP64 -mediated
activation of the endogenous Myod1 gene locus
To test whether transient expression of VP64dCas9-BFPVP64 is sufficient to induce
sustained expression of Myod1, we exposed the cells to doxycycline only between days 2
and 10 post transduction. During the 8 days of doxycycline exposure we detected an
initial robust upregulation of VP64dCas9-BFPVP64 expression followed by a gradual
downregulation to suggest transgene silencing in the reprogramming cells (Figure 22 A).
Doxycycline removal coincided with rapid VP64dCas9-BFPVP64 decline to the level
measured prior to initial induction. Induction of VP64dCas9-BFPVP64 expression also
coincided with an increase in Myod1 expression. Importantly, Myod1 levels remained
elevated for the duration of the 18-day experiment even after doxycycline was removed
at day 10, suggesting that maintenance of endogenous activation of Myod1 is stable and
independent of VP64dCas9-BFPVP64 activity.
We determined that dCas9 with VP64 fused to its C-terminus (dCas9-BFPVP64)
failed to activate the Myod1 locus to levels sufficient to initiate cellular reprogramming
even in the presence of three gRNAs (Figure 22 B, C and Figure S9 A). However, in the
presence of three gRNAs the mean fold-activation level by dCas9-BFPVP64 was higher
than with a single gRNA (Figure 22 C), consistent with recent reports of synergistic
effects of multiple gRNAs with dCas9 and a single VP64 fusion (89-91,95). The Nterminal-only VP64 fusion protein (VP64dCas9-BFP) also failed to match the ability of
dCas9-BFPVP64 to activate sufficient endogenous Myod1 for reprogramming in the

VP64
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presence of a single gRNA (Figure 22 B, D and Figure S9 A). Interestingly VP64dCas9BFPVP64 was able to activate the endogenous human MYOD1 locus significantly in the
presence of a single gRNA whereas the N-terminal-only VP64 fusion protein (VP64dCas9BFP) and the C-terminal-only VP64 fusion protein (dCas9-BFPVP64) failed to do so (Figure
22 E). These observations strongly suggests that the inclusion of both VP64 activator
domains fused at the two termini of dCas9-BFP significantly improves the activation
capacity of this targeting platform.
To test whether the direction of the genomic strand targeted by the gRNA
molecule was a factor in its capacity to recruit dCas9 and activate expression of the
endogenous locus we designed an additional gRNA molecule (gRNA4) targeting the
minus strand of the same region for which gRNA3 was designed (PAM separated by 14
bases). Interestingly gRNA4 was also able to activate Myod1 expression and initiate
reprogramming, indicating the system is insensitive to the target strand (Figure 22 F and
Figure S9 B).
We also evaluated the effect of the BFP fusion on the activity of VP64dCas9BFPVP64. Following transduction at equivalent MOIs, the construct without BFP showed
statistically higher levels of dCas9 expression although it was less efficacious than the
BFP-fused form in inducing expression of Myod1 (Figure 22 B, G). However, both forms
led to reprogramming (Figure S9 C). The positive effect of BFP on Myod1 expression
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may be due to increased spacing between the two VP64 domains or increased flexibility
of the domains.
Activation of endogenous gene expression with synthetic transcription factors
has many potential applications in genetic reprogramming, gene therapy, and
fundamental studies of gene regulation. Despite several recent proof-of-principle
studies, there is a persistent need for facile technologies that can generate robust changes
in expression that are sufficient to alter cell phenotype. This study shows that the novel
dual fusion of the VP64 transactivation domain to both the N- and C- terminus of dCas9
enables a high level of endogenous Myod1 activation for the direct conversion of
primary murine fibroblasts into skeletal myocytes. This potentiation of the
transactivation process can be explained by an increased probability of the transcription
factors homing onto two VP64 domains compared to just one VP64 domain. As a result
transcription can be initiated more frequently in the presence of VP64dCas9-BFPVP64.
Moreover, improved nuclear localization of dCas9 afforded by increasing the number of
NLS sequences, efficient lentiviral transgene delivery, inclusion of a BFP spacer
sequence to decrease steric hindrance, and the identification of an efficient gRNA,
together complemented the effect of an additional VP64 domain in VP64dCas9-BFPVP64 to
efficiently transactivate the endogenous Myod1 locus.
In our studies targeting endogenous activation of the mouse Myod1 gene locus
we found some gRNAs that were significantly more active than others. A systematic
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study needs to be carried out to determine the factors that influence the efficacy of
gRNAs. In the future, genome-wide studies may be performed to find the best gRNAs
for transactivating individual gene loci with high specificity. Detailed studies can also be
performed to determine the minimum number of days that dCas9 must be expressed for
effective reprogramming and the time course of epigenetic changes that are associated
with activation of lineage-specific gene networks. The approach of fusing multiple
copies of effector domains to the targeting molecule may also be useful for other
functions, such as gene repression by the KRAB domain or epigenetic modification by
enzymes that control DNA methylation and histone modifications (93,94,275,276).
In conclusion, we expect that this VP64dCas9-BFPVP64 platform, which is
significantly more potent than previous versions, will facilitate the widespread adoption
of CRISRP/Cas9-based transcription factor technology to achieve multiplexed gene
activation for reprogramming as well as non-reprogramming applications in basic
science, biotechnology, and medicine.
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Figure 22: Characteristics of gRNA-guided VP64dCas9-BFPVP64 -mediated
activation of the endogenous Myod1 gene locus.
(A) VP64dCas9-BFPVP64 -mediated activation of the endogenous murine Myod1 gene is
stable and sustained following doxycycline removal. The red arrowheads indicate the
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time points on which addition and removal of doxycycline is performed. The change of
dCas9 levels with time is significantly different from the change of Myod1 expression
with time (P ≤.0001, Two-way ANOVA). Fold change in expression is relative to levels at
day 0.5 post-transduction (n=4). (B) Illustration depicting the four forms of dCas9-based
activators. (C) The C-terminal-only fusion of VP64 to dCas9, dCas9-BFPVP64, fails to
significantly activate the endogenous murine Myod1 gene in C3H10T1/2 cells even in the
presence of multiple gRNAs. VP64dCas9-BFPVP64 significantly activated transcription of
the endogenous Myod1 gene locus when compared to all other groups (P≤.001, One-way
ANOVA with Tukey's multiple comparison post hoc test, n=3). Control group: M2rtTA +
Empty FUW. Fold change in expression is relative to the (-) control group. (D) The Nterminal-only VP64 fusion to dCas9 (VP64dCas9-BFP) also failed to match the ability of
VP64dCas9-BFPVP64 to transactivate significant levels of endogenous Myod1 expression in
the presence of a single gRNA (P≤.001, One-way ANOVA with Dunnett's multiple
comparison post hoc test, n=3). Control: M2rtTA +Empty FUW. Fold change in
expression is relative to the (-) control group. (E) Only the N- and C-terminal VP64
fusion to dCas9 (VP64dCas9-BFPVP64) significantly activated the human MYOD1 locus of
HEK 293T cells in the presence of a gRNA (P≤.01, One-way ANOVA with Dunnett's
multiple comparison post hoc test, n=3). (F) A gRNA targeting the anti-sense strand
(gRNA4) can significantly activate endogenous Myod1 expression to levels similar to
that achieved by the gRNA targeting the sense strand (gRNA3) (P≤0.001, One-way
ANOVA with Dunnett's multiple comparison post hoc test with all the groups
compared with the -gRNA group, n=3). (-) gRNA group: M2rtTA + VP64dCas9-BFPVP64 +
Empty FUW virus. Fold change in expression is relative to the (-) control group. (G) In
the absence of the BFP domain VP64dCas9VP64 activates Myod1 expression to a lesser extent
than the VP64dCas9-BFPVP64 group although dCas9 is expressed at a significantly higher
level using the same MOI (C3H10T1/2 cells, Unpaired two-tailed t test P = 0.0051
(dCas9), P = 0.0044 (Myod1), n=3). Fold change in expression is relative to the VP64dCas9BFPVP64 group. Measurements for (C-G) occurred at six days post-transduction.

131

6. Concluding remarks and future directions
6.1 Conclusions
In the first study, multiple biological parts were assembled to design an excisable
loxP-flanked lentiviral construct that a) includes all the reprogramming elements in a
single lentiviral vector expressed by a strong EF-1α promoter along with the presence of
a woodchuck hepatitis post-transcriptional regulatory element (WPRE) to ensure high
levels of expression; b) enables easy determination of lentiviral titer; c) enables high
reprogramming efficiency; d) enables transgene removal and cell enrichment using
LoxP-site-specific Cre-recombinase excision and Herpes Simplex Virus-thymidine
kinase/ganciclovir (HSV-tk/gan) negative selection; and e) allows for transgene excision
in a colony format. To further demonstrate the utility of this Cre-loxP/HSV-tk/gan
strategy, we incorporated a therapeutic transgene (human blood coagulation Factor IX)
in the iPSCs, whose expression can be controlled by a temporal pulse of Cre
recombinase. The robustness of this platform enables the implementation of a clinicallyrelevant, efficacious, and cost-effective protocol for iPSC generation and their
subsequent transgenesis for downstream studies. The tools that we designed in this
study will come in handy for reprogramming research, developmental biology research,
and gene and cell-based therapy especially for Hemophilia B treatment.
The second study draws its inspiration from the excitement of using transposons
for gene delivery, which has been tempered by the apprehension of heightened levels of
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genotoxicity and mutagenesis due to prolonged expression of transposase. Although
solutions have been suggested to counter this problem but they have shortcomings. We
designed a rationalized single plasmid construct that combines the transposase element
and the transpositioning transgene element to share a single polyA sequence for
termination. Consequently, the transposase element was deactivated after transposition.
We also co-expressed Herpes Simplex Virus thymidine kinase (HSV-tk) with the
transposase so that cells having residual transposase expression can be eliminated by the
administration of ganciclovir. We also showed the utility of this system by delivering a
therapeutic gene (human FIX) to HEK293T cells. This study represents a significant
technical advance in the implementation of safe transgenesis with the piggyBac
transposition system, as well as a major conceptual advance on how various versions of
piggyBac donor-helper combination plasmids work. The significance of this
combination plasmid design will extend to other transposition systems as well as
targeted gene editing system like CRISPR/Cas9.
The CRISPR/Cas9 system offers an exciting approach to cellular engineering.
Although CRISPR/Cas9-based gene activation has been demonstrated in previous
publications, none of these papers showed that cell lineage could be altered with this
system. In the final study of this thesis we reported a novel dCas9-based gene activation
platform consisting of two transactivation (VP64) domains. The incorporation of the
second domain dramatically increased levels of gene activation compared to the single
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VP64 form to enable the first demonstration that CRISPR/Cas9-based gene activation can
achieve efficient direct cellular reprogramming in the murine system. This study
represents a major technical advance in the implementation of the CRISPR/Cas9 gene
activation system. This work also paves the way for endogenous activation of genes
competing with exogenous expression for the cellular reprogramming space. By
targeting the activation of endogenous genes encoding master regulators of cell lineage
specification, it may be possible to achieve levels of sustained and autonomous
reprogramming more efficiently, robustly, and/or rapidly. The ramifications of this work
will extend into the fields of induction of pluripotency, stem cell differentiation,
genomics, epigenetics, cell-based disease models, gene therapy, and regenerative
medicine.
In conclusion, I have demonstrated the power of synthetic biology-based
approaches to solve three distinct transcription-level problems with wide ranging
implications in understanding and treating human diseases.

6.2 Future directions
In this dissertation, the first project concluded with the demonstration of human
FIX release from iPSCs. The second project demonstrated secretion of human FIX from
F9 transgenes transferred to cultured cells by the piggyBac transposon system. However
both of them are in vitro systems. A major future direction for these two projects will be
to utilize them for treating FIX deficiency in Hemophilia B animal models. The
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differentiated FIX-secreting iPSCs can be either delivered as a cell-based therapy or can
be engineered into a tissue and then transplanted into the animal model. Instead of
randomly inserting the F9 transgene into the iPSC genome, a more clinically translatable
transgenesis can be done by inserting the F9 transgene in a precise location by using an
appropriate gene editing tool like TALEN or CRISPR/Cas9. This will result in enhanced
safety profile and a highly predictable transgene expression. However, iPSCs have their
own safety issues preventing immediate use in translational studies (reviewed in
chapter 2). Therefore highly efficient transposon-based delivery of F9 transgene,
although random in nature, will also be an attractive alternative to iPSC-based
correction of FIX deficiency. In vivo transgenesis with our combined donor-helper
piggyBac transposon vector can be achieved by a hydrodynamic injection targeting the
liver. It will be interesting to see the effect of ganciclovir treatment in eliminating the
residual transposase-expressing cells in vivo. Positive in vivo results will definitely go a
long way in improving the safety profile of transposon systems in gene therapy.
In future the dCas9/gRNA transactivation system, with its ability to induce highlevel expression from an endogenous gene locus, will be of immense utility to the
researchers in the stem cell field who want robust techniques to activate multiple genes
for pluripotency induction, differentiation, dissection of developmental pathways and
gene therapy. An apt example that can be cited is the reprogramming of fibroblasts to
motor neurons, which in an early study requires the simultaneous overexpression of
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seven exogenous transcription factors (277). It is always a challenge to co-deliver
multiple transgenes, more so when seven factors need to be delivered simultaneously.
Our system has the potential to ensure efficient multiplexed expression of all seven
genes as it will be easier to co-deliver one VP64dCas9-BFPVP64 fusion construct along with
7 small (<100 bases) gRNAs rather than 7 full-sized transcription factors. Another
potential future use of the system will be the activation of big genes. Delivery of big
transgenes is difficult by conventional gene delivery methods. This requirement will
potentially benefit from endogenous activation with the easily deliverable Cas9-based
transactivation system. Extension of dual fusion concept to other transcription
regulatory domains and non-viral implementation of the protocol are also interesting
projects to pursue in the future.
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7. Appendix
Table S1: RT-PCR primers for iPSCs and their differentiated derivatives.

Primer Name

Sequence

Oct4-F

CCCCATGTCCGCCCGCATAC

Oct4-R

TGCTCCTGCCTGGCCCTCAG

Sox2-F

GGGGGCAGCGGCGTAAGATG

Sox2-R

CCCGCTCGCCATGCTGTTCC

Klf4-F

GCCTGCCTCTTCCCCCAGGA

Klf4-R

TTGGGCTCCTCTGGCAGGCA

Nanog-F

TCGCCCTTCCTCTGAAGAC

Nanog-R

TGCTTCTGAAACCTGTCCTTGA

Gdf3-F

GGGCCTCGCAGGACTTATG

Gdf3-R

TGGTCGCAGGTTATAGTAGGAC

Rex1-F

AAGCTGCCAGCCAGTAACC

Rex1-R

ACCAACTTTCCCGATGACATCT

Gapdh-F

TGCGACTTCAACAGCAACTC

Gapdh-R

CTTGCTCAGTGTCCTTGCTG

WPRE-F

ACTGTGTTTGCTGACGCAAC

WPRE-R

CAACACCACGGAATTGTCAG

HSV-tk-F

TACCCGAGCCGATGACTTAC

HSV-tk-R

CCGATATGAGGAGCCAGAAC
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Hnf3b-F

TGGTCACTGGGGACAAGGGAA

Hnf3b-R

GCAACAACAGCAATAGAGAAC

Afp-F

TCGTATTCCAACAGGAGG

Afp-R

AGGCTTTTGCTTCACCAG

Pax6-F

CCATCTTTGCTTGGGAAATCCG

Pax6-R

GCTTCATCCGAGTCTTCTCCGTTAG

Wnt1-F

TCCTCCACGAACCTGTTGACGG

Wnt1-R

GATTGCGAAGATGAACGCTGTTTC

Flk1-F

TTTGGTTTTGGAAGGTTTGC

FLK1-R

GATGAGGAAGGAGCAAGCTG

Nkx2.5-F

AACAGCAACTTCGTGAACTTTGG

Nkx2.5-R

GAGTCATCGCCCTTCTCCTAAA
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Figure S1: Gateway recombination cloning for generating FIX expression vector.
The gateway destination vector pCag-lox-PGK-HSV-tk-BlastR-tpA-lox-Dest was
recombined with the FIX gateway entry vector (pENTRY4-FIX) by LR clonase enzyme to
form the final expression vector pCag-loxP-PGK-HSV-tk-BlastR-tpA-loxP-FIX.
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Figure S2: Verification of the functionality of hyperactive piggyBac transposon
system.
(A) Cartoon illustrating the experimental procedure. Transfected HEK293T cells were
passages at a split ratio of 1:10 and transgene (GFP) expression level was measured
using flow cytometry (FC) at every passage up to the third passage. (B) Illustration
depicting the plasmid constructs Tsase-mO-pA and Tson(GFP-pA). (C) Percentage of
transfected HEK293T cells with transgene (GFP) expression as measured by flow
cytometry. All measurements were calculated relative to P0. Results demonstrate
significantly higher percentage of cells express the transgene in presence of transposase
and the expression efficiency is sustained over three passages (p<0.0001, two-way
ANOVA). After three passages, the Tsase-mO-pA + Tson(GFP-pA) group showed ~15%
transgene integration whereas the Tson(GFP-pA) group completely dilutes out by the
second passage (~0.9%) (p<0.001, Two-way ANOVA with Bonferroni post hoc analysis).
n=4; error bars denote SEM.
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Figure S3: Schematic representation of possible fates of the transposase in three
different types of combination plasmid system.
Upper left column: Illustration depicting the three types of combination plasmid. Upper
central and right columns: The fate of transposase on post transposition recircularization
or integration in each of the three plasmid types. Lower row: The fate of transposase on
three additional scenarios where the outcome is common to all three plasmid types.
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Figure S4: FACS histograms presenting transposition efficiency of the three forms of
combination plasmid system.
The histograms are from the P0 and P3 cells. (A) Percentage of transfected HEK293T
cells with transgene (GFP) expression as measured by flow cytometry. The average
transgene-positive cell fraction after three passages (relative to the expression at passage
0) was 18.9% for Tsase-mO-pA-Tson(GFP-pA), 14.7% for Tsase-mO-Tson(GFP-pA)pA
and 17.6% for Tsase-mO-Tson(GFP-pA). (B) Fluorescence intensity of GFP+ -gated cell
population. After three passages, the average MFI relative to the expression at passage 0
was 6.3X for Tsase-mO-Tson(GFP-pA), 2.9X for Tsase-mO-Tson(GFP-pA)-pA and 2X for
Tsase-mO-pA-Tson(GFP-pA).
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Figure S5: FACS histograms presenting a comparison of transposition efficiency of
the self-inactivating combination plasmid with the two plasmid system.
The histograms are from the P0 and P3 cells. The average transgene-positive (GFP+) cell
fraction after three passages relative to passage 0 was 22.2% for Tsase-mO-Tson(GFPpA) (combination plasmid system) and 15% for Tsase-mO-pA + Tson(GFP-pA) (two
plasmid system). After three passages, the average MFI of the GFP+ gated cell
population relative to the expression at passage 0 was 8.5X for Tsase-mO-Tson(GFP-pA)
and 5.3X for Tsase-mO-pA + Tson(GFP-pA).
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Figure S6: FACS histograms presenting a comparison of residual transposase
expression in the combination plasmid system.
(A) Percentage of transfected HEK293T cells with transposase (mOrange) expression as
measured by flow cytometry. The average transgene-positive cell fraction after three
passages relative to P0 was 1.8% for Tsase-mO-pA-Tson(GFP-pA), .67% for Tsase-mOTson(GFP-pA)pA and 1.32% for Tsase-mO-Tson(GFP-pA). (B) Fluorescence intensity of
mOrange+ gated cell population. After three passages, the average MFI relative to the
expression at passage 0 was .01X for Tsase-mO-Tson(GFP-pA), .02X for Tsase-mOTson(GFP-pA)-pA and .11X for Tsase-mO-pA-Tson(GFP-pA).
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Figure S7: Effect of ganciclovir treatment on transgene expression efficiency.
(A) Illustration depicting the plasmid construct Tsase-puro dTK-Tson(GFP-pA). (B) The
percentage of transfected HEK293T cells with transgene (GFP) integration as measured
by flow cytometry. Measurements were conducted after 3 passages. Ganciclovir was
added for 7 days after the third passage in the treatment group (HEK:T(G)). Results
show no significant difference between the ganciclovir treated (HEK:T(G)) and
untreated cells (HEK:T(-)) (p=0.23; student’s t-test).
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Figure S8: Transactivation of the endogenous Myod1 gene by a RNA-guided,
nuclease-inactive, doxycycline-inducible VP64dCas9-BFPVP64 (VdC9BV) fusion
protein.
(A) Amino acid sequence of the VP64dCas9-BFPVP64 fusion protein. (B) Doxycyclineinducible VP64dCas9-BFPVP64 expression. Following doxycycline addition to the culture
medium, BFP is detected in the nuclei of multinucleated myotubes formed from
reprogramming C3H10T1/2 cells. On removal of doxycycline most of the nuclei lose BFP
expression. (C) VP64dCas9-BFPVP64 (VdC9BV) needs a gRNA to activate the endogenous
Myod1 gene. VdC9BV or gRNA alone cannot activate the gene. The VP64 fusion is
needed for activation as gRNA+dCas9 cannot activate the gene. The studies were done
by transfecting murine cell line C3H10T1/2. Control group = Mock transfection, (-) dC9
and (-) gRNA. (One Way ANOVA with Dunnett's Multiple Comparison Test with all
groups compared to the Control, P<.05). Fold change in expression is relative to the
control group.
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Figure S9: Characteristics of gRNA-guided VP64dCas9-BFPVP64 (VdC9BV)-mediated
activation of the endogenous Myod1 gene locus.
(A) C-terminal-only and N-terminal-only VP64 fusion with dCas9-BFP cannot
reprogram C3H10T1/2 cells into skeletal myocytes. Only VP64 fused to both N- and Cterminus of dCas9 can activate the endogenous Myod1 gene sufficiently for myotube
formation. The cells were imaged for the presence of developing myotubes (indicated by
white arrows) which indicates initiation of reprogramming. Scale bar = 100𝜇𝜇m. (B)
gRNA4, designed with target sequence on the antisense strand, is able to trigger
reprogramming in conjunction with VdC9BV similar to gRNA3 that targets the sense
strand. The cells were imaged for the presence of developing myotubes (indicated by
white arrows) which indicates initiation of reprogramming. Scale bar = 100𝜇𝜇m. (C) Both
BFP-fused and -unfused forms of VdC9BV transgene can activate the endogenous Myod1
gene for skeletal reprogramming. The cells were imaged for the presence of developing
myotubes (indicated by white arrows) which indicates initiation of reprogramming.
Scale bar = 100𝜇𝜇m. All the experiments (A-C) were done in C3H10T1/2 cells. Images
were acquired at six days post-transduction.
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Movie S1: Phase-contrast video microscopy of beating areas.
Movie S2: Fluorescence video microscopy of Myh6 GFP+ beating areas.
Movie S3: Phase-contrast video microscopy showing spontaneous twitching of skeletal
myocytes reprogrammed from mouse embryonic fibroblast on post transduction day 22.
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