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Abstract

Cardiovascular diseases (CVDs) have been among the leading life-threatening
diseases worldwide for over a decade. Heart failure is the primary concern of CVDs as it
contributes majorly to global mortality. In most of these diseases, cardiomyocytes, the
functional unit of the heart, are affected. The very low or nil regeneration capability of heart
tissue, specifically cardiomyocytes, is the main limitation of heart regeneration. In the field
of cardiology, balancing this loss of cardiomyocytes was highly challenging, even in the
modern medical world. Current clinical therapies (excluding heart transplantation) can only
prevent further cardiac tissue damage or assist affected heart functionality. In this prospect,
cell-based therapies appear to be a promising and effective way to repair damaged/injured
cardiac tissue. Soon after the discovery of cell reprogramming, direct conversion or direct
reprogramming of somatic cells to functional induced cardiomyocytes bypassing the
pluripotent state offers a promising alternative in cell therapies. However, the major
problem with the generation of induced cardiomyocytes using traditional integrative
approaches is genomic instability, which reduces the clinical applicability of induced cells.
In order to overcome this limitation, several other methods are emerging to fulfill the needs
of clinically relevant approaches for direct cardiac reprogramming, and protein-based
cellular reprogramming has been reported as the safest approach among other available
non-integrative approaches. Although recombinant protein-based therapeutics or cellular
reprogramming is a safer and more promising alternative, there are several challenges
associated with the heterologous production of these recombinant proteins. Therefore, we
aim to establish a recombinant protein toolbox consisting of key cardiac reprogramming
transcription factors (GATA4, MEF2C, TBXS, ETS2, MESP1 and HAND?2) by addressing
those associated problems for the prospective generation of integration-free functional
cardiomyocytes. The recombinant proteins generated in this research by employing simple
and systematic strategies will have native-like folding conformations, thereby retaining
their biological activity. To accomplish this, we first individually cloned their codon-
optimized full-length protein-coding nucleotide sequences fused to a nuclear localization
signal/sequence, a cell-penetrating peptide, and a poly-Histidine tag into the protein
expression vector and expressed in the bacterial system (E. coli strain BL21(DE3)).
Subsequently, we screened and identified the optimal expression parameters to obtain this

recombinant fusion protein in soluble form from E. coli and examined the effect of tagging
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fusion tags with these recombinant proteins at two different terminals. Overall our results
demonstrated the importance of identifying the optimal expression conditions and the
influence of the position of fusion tags on these recombinant protein expressions in terms
of quality and quantity. As proof, we reported that the fusion tags at the C-terminal end of
TBXS, ETS2 and HAND2 proteins compromise the quality when compared to their N-
terminal counterparts. Also, C-terminal fused MEF2C and TBX5 and N-terminal fused
MESP1 proteins have significantly higher soluble expression, unlike their respective
counterparts. Additionally, we found MESP1 to be an ion-sensitive protein, as we observed
salt-dependent aggregation of this fusion protein while screening the optimal soluble
expression parameters. We then established the one-step homogeneous purifications of
these recombinant proteins. Further, we showed that purification under native conditions
and an appropriate salt concentration resulted in retaining the native-like folding
conformation of these proteins. In addition, the generated recombinant fusion proteins can
be directly delivered to the mammalian cells mediated through the trans-activator of
transcription (a cell-penetrating peptide) and can be localized into the nucleus mediated
through nuclear localization signal/sequence without any addition of transduction reagents.
Interestingly, we did not find any substantial differences in the cell penetration ability;
however, we observed some considerable differences in the nuclear translocation efficiency
of these proteins between different cell lines. Notably, we showed the positive regulation
of the purified ETS2 and MESP1 fusion proteins as well as the negative regulation of
purified GATA4 fusion protein in mammalian breast cancer cells. Likewise, we also
demonstrated the tumor suppressive role of the recombinant TBXS fusion protein in its
pure form in colon cancer cells. Moreover, the generated recombinant HAND2 and MEF2C
fusion proteins showed angiogenic and anti-angiogenic potential, respectively, in the ex
vivo chicken embryo model. Using a reporter system, we confirmed the synergistic effect
of purified MEF2C and HAND? fusion proteins in the activation of alpha-Myosin Heavy
Chain, thus suggesting these factors may contribute to the maturation of cardiomyocytes.
In the near future, this established recombinant protein toolbox will pave the way to
generate transgene-free patient-specific autologous and functional cardiomyocytes with no
involvement of genetic manipulation. These cells will have a wide range of applications in
the field of therapeutics, disease modeling, and drug screening. These purified bioactive
recombinant proteins can potentially be a safe and effective molecular tool in the cardiac

reprogramming process and other biological applications. As mentioned, some of the

Vi
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proteins have shown tumor-suppressing or oncogenic activity, which can be studied further

to explore their application in cancer biology.
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Chapter 1

Introduction and Review of Literature

Brief Overview of the Chapter

Chapter 1 consists of a brief overview of cardiovascular diseases and the impact of coronary
artery disease (which leads to myocardial infarction), one of the leading life-threatening
diseases worldwide. It highlights the limitations of current therapeutic approaches toward
myocardial infarction. The chapter also describes the current status and progress in the area of
direct cardiac reprogramming, a promising approach to generate autologous cardiomyocytes
to repair the damaged heart tissue due to myocardial infarction. Based on the critical review of
the literature, we have selected six key transcription factors, namely GATA4, MEF2C, TBXS,
ETS2, MESP1 and HAND?2, which play a crucial role in cardiac reprogramming. The chapter
further summarizes the overview of these six transcription factors stating their importance in
cardiac reprogramming and their role in other physiological and pathological processes,
including cancer. Following, the importance of generating these six transcription factors in the
form of recombinant proteins was described. This chapter also focuses on the challenges
associated with recombinant protein production from the heterologous system and the
advantage of using recombinant proteins over their genetic counterpart in cellular
reprogramming. Finally, the chapter concludes by describing the motivation and rationale
behind the work carried out in this thesis towards addressing roadblocks associated with

recombinant protein production and conventional direct cardiac reprogramming approaches.
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Krishna Kumar H

1.1 Introduction

In today's world of advancing health research, cardiovascular diseases (CVDs) still remain one
of the leading causes of mortality and morbidity. The World Health Organization (WHO) in
2019 reported nearly 32% of all deceased (i.e., 17.7 million) annually have succumbed to
CVDs, which is expected to surpass 23.6 million by the next decade (Kaptoge et al. 2019). The
primary CVD of concern is coronary heart disease (also known as ischemic heart disease),
which accounts for 14.4% of these cases, closely followed by cerebrovascular disease,
accounting for 11.2%. In India, the office of the Registrar General has reported that nearly 26%
of mortality and morbidity has been contributed by CVDs in which coronary heart disease and
cerebrovascular disease are the major contributors (Prabhakaran et al. 2016). The major causes
of CVDs are the use of tobacco, alcohol consumption, stress, poor/unhealthy diet, sedentary

lifestyle, etc., in our daily life.

Coronary heart disease is the main cause of myocardial infarction, commonly known
as heart attack, in which the functional cardiomyocytes are affected. In a healthy human heart,
the average left ventricle has roughly 4 billion cardiomyocytes, while a post-infarct heart has
a myocyte shortage of about 1 billion (Murry et al. 2006). Loss of cardiomyocytes in this
disease is irreversible due to the very low regenerative ability of the heart. Due to the minimal
capability of cardiomyocyte regeneration, the cardiac cells undergo scar tissue formation
comprising fibroblasts as a reparative response to the irreversible loss, ultimately culminating
in chronic heart failure in the long run. A common therapeutic approach includes
pharmacotherapy, which is mainly focused on limiting disease progression instead of repairing

and restoring healthy tissue and function. Therefore, the limited efficacy of this current
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treatment has generated interest in considering other viable and long-lasting therapeutic

strategies.

From this aspect, a cell-based therapy appears to be a promising alternative to meet the
requirements in eradicating cardiovascular-related diseases such as coronary heart disease. In
injury and tissue degeneration cases, loss of functional cells is a major setback where cell
therapy can provide a viable alternative by restoring the depleted functional heart cells. In such
cases, allogeneic cell transplantation can bring a possible long-term solution, but it is
associated with high risk of immune rejection and also makes the patient highly susceptible to
other infectious diseases due to prolonged exposure to immuno-suppressants. The above-
mentioned problem can be addressed by the direct reprogramming of somatic cells of the
patient to generate autologous functional cardiomyocytes and transplanting these cells into the
same patient. Various studies have reported the generation of functional cardiomyocytes by
delivering a cocktail of transcription factors in fibroblasts (Yamakawa and Ieda 2021). These
studies mostly employed viral (retroviral and lentiviral) gene delivery approaches, which are
robust and efficient. But these methods have the potential to integrate into the host cell genome
and have the susceptibility to form tumors, thus restricting their applicability in patient-specific
therapeutic approaches. To address this, the thesis aims to establish a recombinant protein
toolbox consisting of cardiac reprogramming transcription factors. This toolbox will thus serve
as a safer alternative than commonly used traditional viral methods in cardiac reprogramming
for the prospective derivation of integration-free functional cardiomyocytes from human

fibroblasts.

The production of recombinant proteins has revolutionized the biotechnology field. So

far, numerous biologically active recombinant proteins have reached the market in a short

TH-3057_156106036



Krishna Kumar H

period for various applications, such as therapeutics, diagnostics, research and understanding
fundamental biological questions. Recombinant proteins are also considered to be one of the
safest approaches for cell reprogramming and cancer therapy, where the protein of interest is
delivered to the target cell to perform the desired function (O’Malley et al. 2009; Sommer and
Mostoslavsky 2013; Nezafat et al. 2015; Kintzing et al. 2016; Serna et al. 2018; Borgohain et
al. 2019; Dey et al. 2021a). In addition, recombinant proteins allow precise control over time
and dosage of application of the protein of interest into the target cells, which will help
researchers to identify its biological role (Borgohain et al. 2019; Dey et al. 2021a). Importantly,
the recombinant protein-based approach does not modify or alter the genome of the target cells,
which is ideal for generating genetically stable cells for regenerative medicine (O’Malley et al.
2009; Sommer and Mostoslavsky 2013; Borgohain et al. 2019; Dey et al. 2021a). These human
therapeutic proteins are produced in the recombinant form, either from prokaryotic or
eukaryotic expression systems (Borgohain et al. 2019; Dey et al. 2021a). The bacterial system
is generally chosen to produce human recombinant proteins in large quantities with simple
purification techniques in a cost-effective manner (Khow and Suntrarachun 2012). However,
generating highly pure and stable recombinant proteins remains challenging due to several
challenges, namely codon bias, gene product toxicity, mRNA stability, low protein expression,
protein degradation by host cell proteases, and in vifro solubility and stability (Wingfield
2015). In this study, we worked on circumventing these limitations and aimed to generate a
cell- and nuclear-permeant bioactive human recombinant protein toolbox comprising GATA
binding protein 4 (GATA4), Myocyte enhancer factor 2C (MEF2C), T-box transcription factor
5 (TBXS5), Avian erythroblastosis virus E26 oncogene homolog 2 (ETS2), Mesoderm-specific

transcription factor 1 (MESP1) and Heart and neural crest derivative expressed 2 (HAND?2)
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proteins, which can prospectively be used for cardiac reprogramming and various biological

applications.

In this thesis, we report codon optimization, cloning, expression and purification of the
above-mentioned human recombinant proteins from Escherichia coli (E. coli), then determine
their secondary structure and validate their transduction ability. To the best of our knowledge,
this is the first study to report screening and identification of optimal expression parameters in
E. coli to express and purify these human proteins to homogeneity under native conditions and
give an insight into their specific secondary structure content. Further, we demonstrate their

biological activity using different assays in mammalian cells.

1.2. Literature Review

1.2.1 Human Heart

The heart is the first organ to form during embryogenesis which pumps and circulates blood,
thereby providing oxygen and nutrients to all parts of the body and contributing to the removal
of metabolic wastes. It is a cone-shaped midline, valvular, muscular pump and the size of a
fist. In adult humans, it weighs around 300 g and is located in the middle mediastinum of the
thorax (Whitaker 2010). The heart consists of different types of cells that are responsible for
the biochemical, structural, mechanical and electrical properties of the functional heart. The
myocardium, which is the muscular layer of the heart consists of atrial and ventricular
cardiomyocytes. Cardiomyocytes are the functional unit of the heart in which these cells are
majorly responsible for the conduction system. The epicardium of the heart is made up of
cardiac fibroblasts and precursors of the coronary vasculature (Xin et al. 2013). Cardiac

fibroblasts play a crucial role in remodeling, i.e., changes in the myocardial organization that
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helps in the adaptation of the heart to chemical/mechanical/electrical signaling changes
(Brower et al. 2002; Stewart Jr et al. 2003). During this remodeling, cardiac fibroblasts either
secrete or degrade the extracellular matrix based on the requirements (Chancey et al. 2002;
Raffetto and Khalil 2008). Moreover, more than 50% of the heart comprise of cardiac
fibroblasts (Xin et al. 2013). The endocardium comprises of endothelial cells and thereby the
interior lining of blood vessels and cardiac valves. The conduction system (i.e., the pacemaker
cells and Purkinje fibers) of the heart is contributed by the specialized cardiomyocytes called
nodal cardiomyocytes that generate and conduct electrical impulses. These specialized cells
are present in the sinoatrial node in the right atrium, which initiates heart contraction. The
generated electrical impulses from the sinoatrial node are then conducted to the ventricles by
the atrioventricular node (part of the conduction system) located between the upper and lower
chambers of the heart (Xin et al. 2013). The unique property of the atrioventricular node is that
it stimulates its slower conduction, termed decremental conduction (Patterson and Scherlag

2002).

1.2.2 Cardiovascular Diseases (CVDs)

CVDs continue to be the main cause of morbidity and mortality in the modern world, in which
the structure and function of the heart and blood vessels are affected. According to WHO,
CVDs include mostly the diseases of heart and blood vessels and also vascular diseases of
brain (Mendis et al. 2011). Although ~90% of CVDs are preventable with medications,
exercise, a healthy diet and avoidance of tobacco and alcohol (McGill Jr et al. 2008), an
increase in mortality has been observed in recent times, which might be due to inadequate

preventive measures taken against the same (Mendis et al. 2011).
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The most prevalent CVDs are ischemic heart disease (46%) and cerebrovascular
disease (34%) (Prabhakaran et al. 2016). Out of the variety of CVDs, the ones like ischemic
heart disease, cardiomyopathies and arrhythmias mostly affect the functionality of
cardiomyocytes (Mendis et al. 2011), mainly due to apoptosis and necrosis in the cardiac tissue.
Most of these diseases are due to the loss of regenerative capacity of the host tissue by the
remaining myocytes and the consequent weakening of the diseased heart over time. The loss
of cardiomyocytes leads to the formation of scar tissue by the spontaneous division and
migration of fibroblasts over the damaged area, which in turn, results in improper contraction.
This myocardial growth transition gives rise to terminally differentiated cardiomyocytes
(adult) that are characterized by bi-nucleated cells with the arrested cell cycle. Naturally, the
human heart has a limited capacity to regenerate cardiomyocytes, as indicated by lasting scar
tissue following myocardial infarction, and ultimately culminates in chronic heart failure in the

long run.

1.2.3 Strategies to generate cardiomyocytes from different cells

Since the late 19th century, the search for effective ways to treat infarcted hearts has increased
remarkably. In this regard, cell-based therapy for cardiac regeneration appears to be a
promising alternative to achieve cardiac repair. In the near future, cell therapy by transplanting
autologous functional cardiomyocytes into diseased patients could be a potential solution to
control current epidemic rates of heart failure by providing human cardiomyocytes to support
heart regeneration. Various strategies have been developed to date to make an attempt to

generate cardiomyocytes from different cell types (Figure 1.1), which are explained below:
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1.2.3.1 Cardiomyocytes derived from cardiac progenitor cells

Cardiac progenitor cells (also sometimes called cardiac stem cells) are a heterogeneous group
of endogenous multipotent progenitor cells in the heart and are identified by the expression of
various markers such as tyrosine kinase receptors (c-Kit) and/or stem cell antigen-1 (Sca-1) or
the insulin gene enhancer binding protein 1 (ISL-1) or platelet-derived growth factor receptor-
alpha (PDGFRa) or the ability to grow into cardiospheres (Beltrami et al. 2003; Oh et al. 2003;
Messina et al. 2004; Laugwitz et al. 2005; Chong et al. 2011; Chong et al. 2014; Amini et al.
2017). In the year 2003, Beltrami et al. first demonstrated the differentiation ability of lineage-
negative (Lin") c-kit" cells, isolated from the adult rat heart, towards cardiomyocytes, smooth
muscle and endothelial cells (Beltrami et al. 2003). Soon after, Schneider and colleagues

established the isolation of the Sca-1" subpopulation from adult mouse hearts and showed in
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Figure 1.1 Schematic of different strategies to generate cardiomyocytes from different

sources and the biomedical applications of the generated cells.
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vitro differentiation of these cells into cardiomyocytes in the presence of 5-azacytidine, a DNA

demethylating agent (Oh et al. 2003). Notably, the authors also demonstrated the in vivo
differentiation of Sca-1" cells to cardiomyocytes after intravenous injection in mice (Oh et al.
2003). Further investigation of these cells led to the isolation of Sca-1"and c-kit" subpopulation
of cardiosphere-forming cells from both mouse and human hearts (Messina et al. 2004).
Interestingly, after cardiosphere formation, spontaneously beating mouse cells were reported
without co-culturing with neonatal rat cardiomyocytes, unlike the human cardiospheres, which
require co-culturing of rat neonatal cells (Messina et al. 2004). Another subpopulation
expressing Isll was also discovered in rat, mouse and human hearts as clusters in atria and
single cells in ventricles (Laugwitz et al. 2005). These cells lack Sca-1 and c-kit expression,
and when co-cultured with rat neonatal cardiomyocytes, it differentiated into cardiomyocytes.
Furthermore, studies have also demonstrated the derivation of cardiomyocytes from the
PDGFRa" subpopulation of cells from mouse and human hearts (Chong et al. 2011; Chong et
al. 2014; Le and Chong 2016). Interestingly, Raghunathan et al. demonstrated the conversion
of human adipogenic mesenchymal stem cells-derived cardiac progenitor cells into pacemaker-
like cells, a specialized cardiomyocyte, through the ectopic expression of SHOX2, HCN2 and
TBXS transcription factors (Raghunathan et al. 2020). In general, these cardiac progenitor cells
are in an inactivated or quiescent state under normal physiological conditions. In this state,
cardiac progenitor cells do not contribute to the regeneration of cardiomyocytes; however,
upon cardiac injury, these progenitor cells can get activated, and subsequently differentiate

into cardiomyocytes (Le and Chong 2016).

Despite the identification of these different cardiac progenitor cell populations, their

physiological and pathophysiological functions are not entirely understood (Amini et al. 2017).
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Notably, these cells induce unfavorable or regenerative effects upon exogenously delivered
within the injured heart (Le and Chong 2016). Moreover, the molecular mechanisms behind
these effects still remains unclear (Le and Chong 2016). Thus, the applications of these

progenitor cells are limited to the regeneration of cardiac tissue after injury.

1.2.3.2 Cardiomyocytes derived from adult stem cells

Adult stem cells such as mesenchymal stem cells is another cell source that can be used to
differentiate them into functional cardiomyocytes. Several studies on hematopoietic stem cells
were inconclusive with respect to cardiac fate determination (Orlic et al. 2001; Balsam et al.
2004; Kawada et al. 2004; Murry et al. 2004). Therefore, researchers focused on non-
hematopoietic stem cells, such as mesenchymal stem cells, as a primary source to obtain
cardiomyocytes. In this regard, adult mouse bone marrow-derived non-hematopoietic stem
cells developed features of cardiomyocytes when being treated with 5-azacytidine (Makino et
al. 1999). Similarly, studies reported the formation of cardiomyocytes from mouse
mesenchymal stem cells in the presence of 5-azacytidine (Hattan et al. 2005; Antonitsis et al.
2007) and also by injecting into the mouse embryos (Jiang et al. 2002). However, 5-azacytidine
has been reported to induce carcinogenicity by introducing mutations in the somatic cell
genome (Alagesan and Griffin 2014), thus serving as a roadblock to the therapeutic
applications of differentiated cells. Therefore, Shen et al. focused on the downstream targets
of 5-azacytidine and found the significant upregulation of miR-1-2 during differentiation (Shen
et al. 2017). The authors demonstrated that mimics of miR-1-2 promoted the differentiation of
bone marrow-derived mesenchymal stem cells into cardiomyocytes by activating the Wnt/-

catenin signaling pathway (Shen et al. 2017). Similarly, miR-1 has been reported to induce the
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differentiation of mesenchymal stem cells into myocardial cells only in a specific medium, i.e.,

serum-free cardiomyogenic medium containing 10 nM 5-azacytidine (Zhao et al. 2016).

Alternatively, Shim et al. obtained human cardiomyocyte-like cells from adult bone
marrow stem cells by treating them with a low concentration (10° M) of dexamethasone
(corticosteroid) (Shim et al. 2004). On the other hand, differentiation of bone marrow-derived
clonal subpopulation by co-culturing method showed phenotypes of a heterogeneous
populations of cells comprising cardiomyocytes, endothelial cells and smooth muscle cells
(Yoon et al. 2006). Likewise, Cai et al. employed the same co-culturing method with minor
modifications (1:10 instead of 1:4 ratio) to differentiate bone marrow-derived mesenchymal
stem cells into cardiomyocytes (Cai et al. 2012). Apart from 5-azacytidine and miRNAs,
several growth factors/cytokines, microenvironment, Caveolin-1, Vanilloid receptor-1 and
Histone deacetylase 1 were reported to induce cardiac differentiation of mesenchymal stem
cells (Guo et al. 2018b). Moreover, these mesenchymal stem cells (along with fresh bone
marrow) promoted the activation of angiogenesis, inhibition of fibrosis and decrease in
apoptosis to restore heart function in the infarcted swine model (Pak et al. 2003). Among the
various sources of mesenchymal stem cells like the umbilical cord, adipose tissue, placenta,
hair follicle, skeletal muscle, etc., adipose tissue serves as an easily obtainable source
compared to the invasive process of bone marrow aspiration. Kakkar et al. underscore the
merits associated with the induction of adipose tissue-derived stem cells with TGF-B1, which
is non-toxic and a more efficient cardiac inducer compared to 5-azacytidine (Kakkar et al.

2019). Another study focused on human amniotic fluid-derived mesenchymal stem cells,

which were effectively differentiated into the cardiomyogenic lineage upon treatment with 10

uM 5-azacytidine and 20% human platelet lysate (Markmee et al. 2020).
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Ramesh et al. summarized the use of various biological and chemical inducers that
enable the cardiac differentiation of adult stem cells into cardiomyocytes (Ramesh et al. 2021).
However, direct transplantation of these cells is limited due to low differentiation or success
rate in vivo, and these do not entirely reciprocate the functional and morphological

characteristics of cardiomyocytes (Guo et al. 2018b).

1.2.3.3 Cardiomyocytes derived from pluripotent stem cells

In 1999, Guan et al. reported differentiation of undifferentiated Embryonic Stem Cells (ESCs)
into cardiomyocytes, skeletal muscle, neuronal, epithelial and vascular smooth muscle cells
(Guan et al. 1999). In this study, Guan et al. concluded that the differentiation of ESCs towards
cardiomyocytes was influenced by cell density, medium and its supplements, type of cells and
time of seeding cells. Contrastingly, Kehat et al. demonstrated cell density independent
differentiation of human ESCs towards cardiomyocytes with similar structural and functional
properties of early stage cardiomyocytes (Kehat et al. 2001). In this study, the authors
performed differentiation by forming embryoid bodies and then seeded these embryoid bodies
in 0.1% gelatin-coated petri-dishes. They observed the first embryonic bodies with
rhythmically contracting areas on day 4 (Kehat et al. 2001), which is two days earlier than the
previous study (Guan et al. 1999). However, most of these studies used two different culture
conditions for ESCs maintenance and differentiation. Interestingly, Denning and colleagues
developed a common culture condition for the maintenance of ESCs, and subsequently
demonstrated efficient differentiation of these cells towards cardiomyocytes (Denning et al.

2003).

Soon after the astounding discovery of induced Pluripotent Stem Cells (iPSCs) from

mouse fibroblasts (Takahashi and Yamanaka 2006), the same group generated human iPSCs
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from adult human fibroblasts and differentiated into cardiac and other cells as an evidence of

pluripotency (Takahashi et al. 2007). For the directed differentiation, Yamanaka et al. followed
the previously reported protocol (Laflamme et al. 2007) in which human ESCs were treated
with Activin A and Bone Morphogenetic Protein (BMP) 4 to form beating cardiomyocytes.
Further, induction with Activin A and BMP4 enhanced the generation of cardiomyocytes,
however, there was a lot of variability between cell lines and experiments (Paige et al. 2010).
Using small molecules, Lian et al. fine-tuned the Wnt/B-catenin signaling pathway to generate
cardiomyocytes robustly from multiple pluripotent cells. In this study, the authors showed that
Whnt signaling activation is crucial for mesoderm formation from pluripotent cells whereas its
inhibition was crucial for the sequential differentiation of these cells into cardiomyocytes (Lian
et al. 2012). This was further fine-tuned by Kadari et al., which reported the formation of three
different phases, namely cardiovascular induction, cardiac specification and cardiomyocyte
enrichment (Kadari et al. 2015). In the first phase, authors used CHIR99021 and BMP4 to
stimulate cardiac induction, and then used Wnt inhibitor, XAV939, to induce cardiac
specification (Kadari et al. 2015). In order to reduce line-to-line variability, they performed
lactate enrichment to obtain pure populations of cardiomyocytes with a very high efficiency

(Kadari et al. 2015).

Ou et al. described a protocol wherein co-culturing of iPSCs with neonatal
cardiomyocytes resulted in cardiomyocytes expressing cardiac-specific genes like Mef2c,
cTnT and MLC-2V (Ou et al. 2016), indicating efficient differentiation and enhanced
proliferation ability upon co-culture. Studies also suggest the administration of electrical
stimulations in human iPSC or cardiosphere-derived cells to achieve functionally mature
cardiomyocytes (Ma et al. 2018; Nazari et al. 2020). These stimulations could mimic the native
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property of synchronous contractions of the heart and aid in attaining a functionally mature
state in shorter time duration (Ma et al. 2018; Nazari et al. 2020). Funakoshi et al. provided
insights into the advantage of generating human PSC-derived mature cardiomyocytes that have
enhanced contraction force, mitochondrial oxidative property, and improved sarcomere
structure (Funakoshi et al. 2021). Transplantation of these mature cells compared to the
functionally immature ones generated better grafts, suggesting the prior manipulation of the
cells before the transplant could help mitigate arrhythmias and serve as a safer therapy
(Funakoshi et al. 2021). Exciting opportunities exist in the field of PSC-derived
cardiomyocytes, but not without a series of hurdles preventing its use in the clinical setting.
Some of them include the fetal-like immature phenotype of generated cardiomyocytes,
variability in the cardiac subtype, the risk of arrhythmogenesis upon transplant, teratoma

formation, and immune rejection, to name a few.

1.2.3.4 Direct cardiac reprogramming strategies to derive cardiomyocytes

Direct cardiac reprogramming of mouse fibroblasts

Several studies have generated induced cardiomyocytes by directly reprogramming somatic
cells using different integrative and non-integrative (Figure 1.2) approaches (Ieda et al. 2010;
Fuetal. 2013; Nam et al. 2013; Wada et al. 2013; Muraoka et al. 2014; Wang et al. 2014; Lee
et al. 2015; Wang et al. 2015; Cao et al. 2016; Miyamoto et al. 2018; Paoletti et al. 2020;
Yamakawa and leda 2021). The very first study to generate fibroblast-derived induced
cardiomyocytes was reported in 2010 (Ieda et al. 2010). The authors selected 13 potential
cardiogenic factors critical for survival and cardiogenesis in the embryo from the previously
reported microarray analysis data of variable expression patterns observed between myocytes

and non-myocytes cells (Ieda et al. 2009). Additionally, Mesp1 was also included due to its

14
TH-3057_156106036



cardiac reprogramming ability in Xenopus laevis (David et al. 2008). Of these 14 factors, this

study identified a combination of three transcription factors, namely GATA4, MEF2C and
TBXS (referred to as GMT), sufficient to reprogram mouse cardiac/dermal fibroblasts to
induced cardiomyocytes (Ieda et al. 2010), bypassing the pluripotent and cardiac progenitor
stem cell state. These induced cells exhibited almost similar gene expression pattern and
electrophysiology and contracted spontancously as native cardiomyocytes. However, the
efficiency of the beating cells was very low, and the majority of the cell population was only
partially reprogrammed. The reason behind this inefficient reprogramming is that the
likelihood of transducing a single cell with all three factors is low and the imbalanced
stoichiometric expression of these factors (Lee et al. 2015; Wang et al. 2015). Relatively high
levels of MEF2C protein expression compared to GATA4 and TBXS improved
reprogramming efficiency and the quality of induced cardiomyocytes (Wang et al. 2015). Of
the two isomeric forms of MEF2C, viz Mi2 and Mi4, the former, in combination with GATA4
and TBXS5, reprogrammed mouse embryonic fibroblasts more efficiently than the latter (Wang
et al. 2015). This might be the possible reason for the discrepancy in reprogramming efficiency
reported by different groups (Yamakawa and leda 2021). Further, the addition of HAND?2 to
this reprogramming cocktail enhanced the efficiency, irrespective of the stoichiometry using
either cocktail of retroviral-GMT vectors or retroviral single polycistronic-MGT vector (Song
et al. 2012; Nam et al. 2013; Zhang et al. 2019; Wang et al. 2020a). These studies thus
demonstrated the requirement of HAND2 in the GMT cocktail (GMT + HAND?2) in the direct

cardiac reprogramming of mouse fibroblasts into functional cardiomyocytes.
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Figure 1.2 Schematic illustration of different direct cardiac reprogramming approaches.

FSP1, fibroblast specific protein 1; Collal, collagen alpha-1(I) chain; Colla2, collagen alpha-2(I)
chain; DDR?2, discoidin domain receptor 2; ¢TnT, cardiac Troponin T; Cx43, connexin 43; NKX2.5,

NK2 Homeobox 5; MLC2v/2a, myosin light chain-2 cardiac ventricular/atrial isoforms.

Using the Yamanaka factors (OCT4, SOX2, KLF4 and c-MYC), Efe et al. partially
reprogrammed mouse fibroblasts, instead of inducing full pluripotency, and then derived
cardiomyocytes by diverting them towards cardiac lineage with specific media conditions (Efe
et al. 2011). The first spontaneous beating was observed after 11 days using this approach (Efe
etal. 2011), compared to 4-5 weeks in the first study (Ieda et al. 2010). The addition of ascorbic
acid (Vitamin C) to the Yamanaka factors enhances the derivation of cardiomyocytes from
mouse fibroblasts through a partial pluripotent reprogramming strategy (Talkhabi et al.
2015).With a different set of transcription factors (TBX5, MEF2C and MYOCD),
cardiomyocyte-like cells were obtained by time-dependent conversion of mouse embryonic
fibroblasts through the lentiviral expression of these three factors, upregulating a broader

spectrum of cardiac genes (Protze et al. 2012), compared to the combination used by Ieda et
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al. (Ieda et al. 2010). Similarly, screening a combination of transcription factors to establish a

minimally efficient reprogramming cocktail, Hirai et al. reported the use of MYOCD with
MEF2C and GATAG®6 to generate smooth muscle resembling cells with characteristic cardiac

marker genes and reduced fibroblast-specific gene expression (Hirai et al. 2018).

Delivering miRNAs in an integration-free manner, Jayawardena et al. established the
derivation of cells having characteristics of cardiomyocytes via transient expression of muscle-
specific miR-1, miR-133, miR-208 and miR-499 in mouse cardiac fibroblasts by a single
transfection (Jayawardena et al. 2012). The authors also reported further enhancement of
cardiomyocyte-like cells by the addition of Janus kinase (JAK) inhibitor I, which is believed
to induce expression of cardiac ion channels as well as enhance a-MHC (Jayawardena et al.
2012). Following this, Muraoka et al. included miR-133 in the GMT reprogramming cocktail
and demonstrated a 7-fold increase in the reprogramming efficiency and improved kinetics of
<12 days compared to 30 days, compared to GMT alone in mouse embryonic fibroblasts
(Muraoka et al. 2014). Apart from mouse embryonic fibroblasts, Muraoka et al. showed
enhanced cardiac reprogramming in adult mouse and human cardiac fibroblasts with the
inclusion of miR-133 in GMT or GMT with MESP1 and MYOCD reprogramming factors
(Muraoka et al. 2014). Notably, miR-133 promoted cardiac reprogramming by suppressing
Snail family transcriptional repressor 1 (Snail), a key molecular roadblock of cardiac
reprogramming and a master regulator of epithelial-to-mesenchymal transition, that facilitates
the repression of fibroblast gene expression (Muraoka et al. 2014). Similarly, the addition of
miR-1 and miR-133 to the GMT + HAND?2 and A83-01 (a TGF-f signaling inhibitor) cocktail
resulted in a maximum number of spontaneously contracting cells from mouse embryonic
fibroblasts (Zhao et al. 2015).
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Using a calcium indicator GCaMP, Addis et al. constructed a reporter system driven
by cardiac-specific troponin-T promoter and demonstrated that NKX2.5 in combination with
GMT + HAND2 (GMT + HAND2 + NKX2.5) is the most effective cocktail in cardiac
reprogramming, resulting in 50-fold increase in cardiomyocyte formation efficiency compared
to GMT factors (Addis et al. 2013). This GMT + HAND2 + NKX2.5 combination in the
presence of SB432542, a potent small molecule that inhibits TGF-f signaling pathway, further
improved the reprogramming of mouse embryonic and adult fibroblasts up to 5-fold (Ifkovits
et al. 2014). Similarly, Zhao et al. showed that the suppression of pro-fibrotic signaling by
TGF-B or Rho-associated kinase inhibitors, remarkably enhanced the efficiency by up to 60%
and dramatically enhanced the kinetics of cardiac reprogramming of mouse embryonic

fibroblasts (Zhao et al. 2015).

Although these conventional methods using retroviral and lentiviral vectors are
efficient and robust, they result in random viral integration in the host cell genome, leading to
insertional mutagenesis and tumorigenicity (Zhao et al. 2015; Borgohain et al. 2019;
Haridhasapavalan et al. 2019; Dey et al. 2021a). To circumvent these issues, non-integrative
strategies of reprogramming are developed with minimal or no genetic modifications (Zhao et
al. 2015; Borgohain et al. 2019; Haridhasapavalan et al. 2019; Dey et al. 2021a). In an effort
to develop clinically suitable direct reprogramming strategies, Wang et al. established a
defined cocktail of small molecules (SB431542, CHIR99021, Parnate and Forskolin) that,
along with a single pluripotency factor, OCT4, reprogrammed mouse fibroblasts to ventricular-
like cardiomyocytes through a cardiac progenitor state (Wang et al. 2014). Following this, two
different groups reported the generation of mouse cardiomyocytes using different
combinations of small molecules to generate these cells in an integration-free manner (Fu et
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al. 2015; Park et al. 2015). Remarkably, Fu et al. reprogrammed mouse fibroblasts using only

a cocktail of small molecules (without any transcription factors), namely CHIR99021, RepSox,
Forskolin, valproic acid, Parnate and TTNPB, into chemical-induced cardiomyocyte-like cells
pass through a cardiac progenitor state and bypassing pluripotent state (Fu et al. 2015).
Interestingly, the same cocktail has been used previously by the same group to generate
chemical-iPSCs (Hou et al. 2013); however, the culture condition appears to play a crucial role
in generating desired cells. Similarly, Park et al., with a different combination of small
molecules (Forskolin, A-8301, SC1, CHIR99021, and BayK 8644), converted mouse
fibroblasts into cardiomyocyte-like cells (Park et al. 2015) passing through a progenitor state.
In both these small molecule-based studies, the reprogramming efficiency of mouse tail tip
fibroblasts was very low compared to embryonic fibroblasts (Fu et al. 2015; Park et al. 2015).
Alternatively, a novel integration-free approach employing multiple mRNA transfections of
GMT for just two weeks reprogrammed mouse cardiac fibroblasts directly to cardiomyocytes
(Lee et al. 2015). This study demonstrated that the expression of cardiomyocyte-specific
marker genes is dependent on the stoichiometric ratio of GMT mRNAs (Lee et al. 2015).
However, in all these studies, reprogramming efficiency was compromised significantly

compared to integrating viral vectors.

Considering the risk factors associated with integrating vectors as well as the
requirement of transgene expression for a limited duration to bring about reprogramming, the
focus now shifted toward finding a more clinically relevant set of non-integrating vectors for
direct cardiac reprogramming. Keeping this in mind, several studies reported the use of
integration-free adenoviral or adeno-associated viral or Sendai viral vectors to safely and
effectively generate induced cardiomyocytes from mouse fibroblasts (Mathison et al. 2017;
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Miyamoto et al. 2018; Yoo et al. 2018; Isomi et al. 2021). One such approach involved the
administration of adenoviral-GMT vectors in post-infarct rats, successfully bringing about the
transdifferentiation of fibroblasts into cardiomyocytes as well as ameliorating the cardiac
condition (Mathison et al. 2017). This strategy proved as effective as the use of lentiviral-GMT
vectors, generating ~6% cardiac troponin-T expressing cells with an elevated ejection fraction
compared to the control, further suggesting that the transient expression of reprogramming
factors using adenoviral vectors could be sufficient in bringing about cardiac reprogramming
(Mathison et al. 2017). In an effort to accomplish in vivo direct cardiac reprogramming, Kisby
et al. utilized direct adenoviral vector injection to transiently induce the expression of
pluripotency factors (Yamanaka factors) in healthy and post-infarct mouse hearts (Kisby et al.
2021). This resulted in partial reprogramming and therefore was insufficient to regenerate the
post-infarct heart. Remarkably, Yoo et al. demonstrated an in vivo chimeric approach using an
adeno-associated viral vectors encoding the combination of GMT along with thymosin 4 (an
antifibrotic angiogenic protein), that facilitated regeneration in the injured heart by promoting
upregulation of cardiac-specific genes as well as a gradual downregulation of fibrosis-specific
genes (Yoo et al. 2018). In the near future, the use of thymosin B4 will serve as a probable

clinical aid in cardiovascular regeneration (Yoo et al. 2018).

In another effort to bring about reprogramming using Sendai viral-GMT vectors, leda
and colleagues reported the efficient generation of cardiomyocytes with a 100-fold enhanced
beating compared to the use of retroviral-GMT from mouse cardiac fibroblasts in both in vitro
and in vivo (Miyamoto et al. 2018). As early as 7-days post-transduction, Sendai virus-
mediated in vivo reprogramming resulted in the generation of cardiomyocytes, which enhanced
cardiac function in the post-infarct heart after 4 weeks of transplantation in immunodeficient
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mice (Miyamoto et al. 2018). The same group reproduced Sendai virus-mediated in vivo

reprogramming in immunocompetent mice and showed that the generated cardiomyocytes not
only managed to exist in post-infarct heart conditions for up to 4 weeks but also reduced
fibrosis by collagen suppression, thereby improving cardiac function for at least 12 weeks
(Isomi et al. 2021). This study reported a reprogramming efficiency of 2.5% after 4 weeks of
viral transduction (Isomi et al. 2021), whereas the previous study showed an efficiency of 1.5%

after 1 week of viral transduction (Miyamoto et al. 2018).

Direct cardiac reprogramming of human fibroblasts

In contrast to the murine cardiac reprogramming, several studies have demonstrated that GMT
cocktail is insufficient to reprogram human fibroblasts to cardiomyocytes (Fu et al. 2013; Nam
et al. 2013; Wada et al. 2013; Muraoka et al. 2014; Singh et al. 2016; Yamakawa and leda
2021). These results concluded that additional factors may be required to induce cardiac
reprogramming in human somatic cells. Therefore, Nam et al. included MYOCD and muscle-
specific miRNAs (miR-1 and miR-133) in combination with GMT to reprogram human
fibroblasts into cardiomyocytes (Nam et al. 2013). The authors reported a heterogenous
population of reprogrammed cells with varying levels of cardiac gene expression, and only a
small subset of cells showing spontaneous contractility. Interestingly, another study reported
that MESP1, along with the ETS2 transcription factor, reprogrammed human dermal
fibroblasts to cardiac progenitor cells via lentiviral-based approach; however, the recombinant
protein forms of the same transcription factors when co-transduced in human dermal
fibroblasts resulted in the derivation of immature cardiomyocytes (Islas et al. 2012).
Subsequently, the inclusion of MESP1 and ESRRG/NR3B3 (a nuclear receptor that plays a

critical role in mitochondrial biogenesis) to GMT cocktail reprogrammed human fibroblasts
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derived from different sources such as ESCs, fetal heart and neonatal skin (Fu et al. 2013).
This study showed phenotypic shift and induced global cardiac gene-expression in the starting
cell type, albeit at a low frequency (Fu et al. 2013). Fu et al. further showed enhanced
reprogramming with the addition of MYOCD and ZFPM2 (FOG2), but the efficiency still
remained low (Fu et al. 2013). Notably, they also reported the importance of TGF-f3 signaling
in the cardiac reprogramming of human cells. Similarly, by adding MESP1 and MYOCD to
the reprogramming cocktail (GMT + MESP1 + MYOCD), Wada et al. reported the successful
generation of cardiomyocyte-like cells from human fibroblasts (Wada et al. 2013). In order to
further understand the time course of induction, Wada et al. constructed doxycycline-inducible
lentiviral vectors and found that the induction of GMT + MESP1 + MYOCD expression for 2
weeks is sufficient for the stable conversion of human fibroblasts to cardiomyocytes (Wada et
al. 2013). These studies demonstrated that, unlike mouse cells, reprogramming human cells is
time-consuming and inefficient (Fu et al. 2013; Nam et al. 2013; Wada et al. 2013). Further
addition of miR-133 to the human cardiac fibroblasts overexpressing GMT + MESP1 +
MYOCD improved cardiac reprogramming efficiency as well as the kinetics by directly
suppressing Snail (Muraoka et al. 2014). This can be correlated with the Nam et al. study
(Nam et al. 2013), which collectively suggests that suppressing Snail is essential for efficient

cardiac reprogramming of human cells.

Using a different combination of transcription factors and miRNA, Singh et al.
demonstrated that human cardiac fibroblasts, upon treatment with GMT, HAND2 and
MYOCD along with miR-590, resulted in cardiac troponin-T expressing cells that exhibited
spontaneous contractions. Particularly, the addition of miR-590 serves as a suitable alternative
to enhance the reprogramming efficiency by suppression of Specificity Protein 1 (Singh et al.
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2016), a zinc finger protein that regulates fibrosis genes (Verrecchia et al. 2001). Another study

demonstrated transdifferentiation of human dermal fibroblasts towards cardiac cell lineage
using the same Nam et al. cocktail along with NKX2.5 transcription factor (Christoforou et al.
2017). Further, it has been shown that the efficiency can be increased either by the inhibition
of Janus kinase 1 or Glycogen synthase kinase 3 or by the addition of NRGI1, a protein that

promotes cardiomyocyte proliferation and myocardial regeneration (Christoforou et al. 2017).

Remarkably, in an effort to generate integration-free cardiomyocytes, Ding and
colleagues reported chemically induced cardiomyocytes that exhibited uniform contractility as
a result of treating human fibroblasts with a defined cocktail of 9 small molecules (9C),
including those molecules that have been reported to downregulate fibroblasts-specific genes
(Cao et al. 2016). These 9C-treated fibroblasts have the ability to repair infarcted mouse hearts
upon transplantation. Using a combinatorial approach with a defined set of small molecules
and GMT + HAND?2 , Singh et al. demonstrated the reprogramming of human fibroblasts
towards cardiomyocytes, exhibiting calcium transients and spontaneous beating in co-culture
conditions (Singh et al. 2020). Using another non-integrative approach that included miR-1,
miR-133, miR-208 and miR-499 (miR-combo), the authors were able to generate immature
cells expressing cardiac troponin-T and exhibiting spontaneous calcium oscillation after 15-
and 30-days post-transfection, respectively (Paoletti et al. 2020). Similarly, another group used
non-integrative Sendai viral vectors to deliver GMT + MESP1 + MYOCD [as mentioned in
(Wada et al. 2013)] or GMT + MESP1 + MYOCD/miR-133 [as mentioned in (Muraoka et al.
2014)] in human cardiac fibroblasts, resulting in the generation of cardiac troponin-T" cells
(Miyamoto et al. 2018). Interestingly, three-fold higher cardiac troponin-T" cells were reported
with Sendai viral vectors-GMT + MESP1 + MYOCD in combination with miR-133 compared
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to the one without miR-133 (Miyamoto et al. 2018). Further, the authors demonstrated
synchronous beating of cardiac troponin-T" cells from human cardiac fibroblasts transduced
with Sendai viral vectors-GMT + MESP1 + MYOCD + miR-133 when co-cultured with
neonatal rat cardiomyocytes. To summarize, human cardiac reprogramming is generally less
efficient and has slower kinetics than murine cardiac reprogramming (Chen et al. 2017).
Therefore, further refinements are required to enhance the efficiency and kinetics with a robust,

clinically applicable strategy.

Alternatively, Yu et al. employed a transgene-free CRISPR-based approach to
knockout Dmap1 (DNA methyltransferase 1-associated protein 1) and revealed its significance
in regulating the reprogramming process (Yu et al. 2019). This novel therapeutic intervention
modulates the process by reducing promoter methylation and elevating the expression of
Nkx2-5 by upto 11% (Yu et al. 2019). Another study demonstrates the use of lineage
reprogramming to generate induced cardiac progenitor cells via CRISPR/Cas9-mediated
transcription activation (Wang et al. 2020b). Targeting endogenous cardiac factor combination
of GMT + HAND2, Wang et al. successfully reprogrammed human fibroblasts into cardiac
progenitor cells that have the potential to differentiate further into induced cardiomyocytes
(Wang et al. 2020b). The use of such novel technologies, apart from the conventional
reprogramming methods, may serve as a potential approach to patient-specific cardiac cell

therapy.

These studies clearly demonstrate that fibroblasts can be directly reprogrammed
towards the cardiac lineage and lay the foundation for future refinements with respect to the
inclusion of other essential factors in the reprogramming cocktails, improving reprogramming

efficiency and understanding the underlying mechanisms of the cardiac reprogramming
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process. Further extensive studies are required to explore their in vivo reprogramming potential

for regenerative therapies.

1.2.3.5 Role of cardiac reprogramming transcription factors in cardiac fate

determination

Direct reprogramming or direct conversion of adult somatic cells to functional cardiomyocytes
offers a promising alternative in cell therapies. Several groups have generated cardiomyocytes
by directly reprogramming mouse and human fibroblasts by ectopic expression of various
cardiac reprogramming transcription factors using different strategies as described in the
previous section. Based on these studies, we have selected GMT, as they are the core-cardiac
reprogramming transcription factors. This GMT combination is essential and sufficient in
murine cardiac reprogramming, whereas it is essential but insufficient in human cardiac
reprogramming (Chen et al. 2017). Therefore, we have selected two more factors, namely
ETS2 and MESPI, that are reported to reprogram human dermal fibroblasts to cardiac
progenitor cells (Islas et al. 2012). In addition, ETS2 has been reported to stimulate the
expression of core cardiac-specific transcription factors (Islas et al. 2012), while MESPI
reported to be expressed in cardiac progenitor cells and also programs nascent mesoderm
toward a cardiovascular cell fate (Bondue et al. 2008). Lastly, we have selected HAND?2 as it
plays an important role in the maturation of the cardiomyocytes by inducing the expression of
cardiac troponin-T and tropomyosin (Chen et al. 2017). The functional mechanisms of selected
(GATA4, MEF2C, TBXS, ETS2, MESP1 and HAND?2) cardiac-specific transcription factors

are discussed below.
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GATA4

GATAA4 belongs to the family of GATA transcription factors that has a pair of highly conserved
zinc-finger domains, which recognizes the core WGATAR (W: A/T; R: A/G) motif present in
the promoters and cis-regulatory elements of numerous target genes (Arceci et al. 1993).
During mouse embryogenesis, GATA4 is expressed in the primitive endoderm (hypoblast),
extra-embryonic endoderm, and in cells associated with cardiac and gonadal development
(Arceci et al. 1993; Heikinheimo et al. 1994). In addition, it is also crucial for the induction of
definitive endoderm, and therefore essential for the formation of endodermal lineages (Viger
et al. 2008). The deletion of the Gata4 gene in mice resulted in early embryonic lethality with
severe developmental defects (Kuo et al. 1997; Molkentin et al. 1997; Rojas et al. 2008). These
mice failed to form a proper heart tube and showed defects in ventral morphogenesis (Kuo et
al. 1997; Molkentin et al. 1997), indicating that it is a critical factor during the early stage of
embryonic development. It is also a crucial factor for the survival and proliferation of both
embryo and adult cardiomyocytes and vital for proper cardiac development (Rojas et al. 2008),
as its loss perturbed cardiomyocyte formation and resulted in acardia in mice (Zhao et al.
2008). Besides, mutations in the human GATA4 gene showed cardiac septal defects and dilated
cardiomyopathy (Li et al. 2014). Recently, the role of GATA4 has been implicated in the
development of the heart, neural crest and craniofacial skeleton (bone and teeth) in mice (Guo
et al. 2018a). All these studies implicate GATA4 as a crucial factor for proper endoderm,

gonadal, neural crest, and cardiac development.

In addition, various studies have identified GATA4 as a core reprogramming factor in
the cocktail of transcription factors to generate functional cardiomyocytes from mouse and

human fibroblasts using different gene delivery approaches (Ieda et al. 2010; Nam et al. 2013).
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These studies have demonstrated that GATA4 is an indispensable cardiac reprogramming

factor for reprogramming non-myocyte cells to derive functional cardiomyocytes. Notably,
GATAA4 was identified as a tumor suppressor protein in different types of cancers (Gong et al.
2018; Gao et al. 2019; Han et al. 2019; Xiang et al. 2019). This novel function of GATA4 has
improved its prospects to be used as a potential anti-cancer agent for the treatment of various
cancers. In the current study, we aimed to produce pure GATA4 recombinant protein, which
can further be used for cell reprogramming, as an anti-cancer agent, and for various biological

applications.

MEF2C

MEF2C is a muscle-specific factor belonging to the MADS box family transcription factors.
It has a DNA binding domain called MADS box domain, which binds to A/T rich regulatory
regions and regulates several cardiac and skeletal muscle genes (Edmondson et al., 1994;
Subramanian and Nadal-Ginard, 1996). It collaborates with the MyoD family of basic helix-
loop-helix transcription factors to play a vital role in skeletal muscle development (Edmondson
et al., 1994; Potthoff et al., 2007), especially in sarcomere integrity (Potthoff et al., 2007).
Primarily, MEF2C is reported to be expressed in cardiac and skeletal muscle, spleen, and brain
(Martin et al., 1993). During early embryogenesis, MEF2C is expressed in myocardiogenic
precursor cells, somites, endochondral cartilage and early cardiac cells (Arnold et al., 2007;

Edmondson et al., 1994; Subramanian and Nadal-Ginard, 1996).

In addition, MEF2C is vital for anterior heart field development. It has been reported
that MEF2C is activated by ISL1 and a cardiac-specific transcription factor, GATA4, by
binding to its enhancer, aiding in the development of right ventricle (Dodou et al., 2004). Also,

the homozygous inactivation of MEF2C leads to embryonic lethality on E9.5 with severe
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cardiovascular development defects (Lin et al., 1998). Nevertheless, conditional knockout of
MEF2C in developing bone lead to the death of the neonate within a week. All the bones in
the neonatal body failed to ossify, illustrating the importance of MEF2C in bone development
(Arnold et al., 2007). Furthermore, MEF2C have a prominent role in chondrocyte hypertrophy

and vascularization (Arnold et al., 2007).

Apart from muscle and bone development, the expression of MEF2C is crucial for
craniofacial development (Verzi et al., 2007). Conditional knockout of MEF2C in neural crest
leads to the death of the offsprings within an hour of their birth due to defective tongue
positioning leading to constricted airway, with severe defects in craniofacial structures (Verzi
et al., 2007). Also, MEF2C assists in the differentiation of neural stem and progenitor cells
whose conditional knockout in the latter lead to abnormal electrophysiology and behavioural
defects (Li et al., 2008). As mentioned earlier, MEF2C plays a critical role in cardiogenesis
and hence, it is one of the core factors used in direct cardiac reprogramming (Fu et al., 2013;

Ieda et al., 2010; Wada et al., 2013).

TBX5

The TBX5 gene is a transcription factor that codes for the protein named TBXS5. TBXS (518
amino acids) belongs to the T-box family transcription factor, which has a highly conserved
TBX domain located between amino acid residues 56 and 236 (Steimle and Moskowitz 2017).
It is expressed in the epicardium, myocardium and endocardium of the embryonic and adult
heart (Hatcher et al. 2000). Deletion of 7BX5 gene results in embryonic lethality at day 10.5
(E10.5) due to arrest in heart development at E9.5 (Bruneau et al. 2001) and results in
outgrowth defects of forelimb buds (Agarwal et al. 2003; Rallis et al. 2003). Pathogenic

mutations or variants in 7BX5 gene cause Holt-Oram syndrome, characterized by variable
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cardiac abnormalities and upper limb malformations (Patterson et al. 2020). TBXS5 activates

genes responsible for differentiation and development of embryonic heart (in humans). It is
particularly essential for the formation of a wall (septum) separating the right and left sides of
the developing heart (Takeuchi et al. 2003; Boogerd and Evans 2016). It is also crucial for the
conduction of electrical system that controls the synchronized contractions of the heart
chambers (Steimle and Moskowitz 2017). In addition, TBXS5 is crucial factor in the
reprogramming cocktail to derive cardiomyocytes from mouse and human fibroblasts (Ieda et
al. 2010; Islas et al. 2012; Nam et al. 2013; Wada et al. 2013). All these studies highlight the
importance of TBXS in forelimb and heart development, and direct cardiac reprogramming.
However, the exact mechanism how TBXS regulates gene expression during development and
cell reprogramming to perform these critical functions is still under investigation. A simple
and convenient recombinant tool with methodological advancement can help advance research

to understand TBXS5 function and regulation.

ETS2

ETS2 belongs to the ETS family of transcription factors and has a specific winged helix-turn-
helix DNA binding domain called the ETS domain (Donaldson et al. 1996). This domain is
composed of three a-helices and four-stranded anti-parallel B-sheets scaffold that recognizes
the DNA sequence 5’-GGA(A/T)-3’ in gene promoters to regulate their transcription
(Donaldson et al. 1996). Targeted deletion of the ETS domain in this transcription factor
resulted in embryonic lethality in mice (Yamamoto et al. 1998). ETS2 is critical for the key
events of embryonic development such as the formation of posterior character in the epiblast
(Georgiades and Rossant 2006), anterior-posterior patterning (Georgiades and Rossant 2006),

initiation of mesoderm formation (Georgiades and Rossant 2006), and trophoblast formation
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(Yamamoto et al. 1998; Georgiades and Rossant 2006). In addition, the optimum level of ETS2
is essential for the survival of cardiomyocytes (Sheydina et al. 2012), and regulates the core
cardiac transcription factors to efficiently generate cardiac progenitors (Islas et al. 2012).
Furthermore, ETS2 is one of the core factors essential for reprogramming fibroblasts into
induced trophoblast stem cells (Kidder 2020). Apart from these, ETS2 is known to exhibit both
tumor promoting and suppressive effects in different types of carcinomas (Seth and Watson
2005; Kabbout et al. 2013; Liu and Kang 2017; Fry and Inoue 2018). Further, it has been
reported that ETS2 has higher affinity towards mutant p53 to promote metastasis in different

types of cancer (Do et al. 2012; Liu and Kang 2017; Fry and Inoue 2018).

MESPI

The MESPI gene maps on to human chromosome 15q26.1, which contains two exons (807
nucleotide transcript) and together encodes for a basic helix-loop-helix transcription factor
with 268 amino acids referred to as MESP1. It was identified as the earliest marker of the
cardiovascular lineage and a crucial factor in regulating heart morphogenesis (Saga et al. 1999;
Saga et al. 2000; Liu 2017). Specifically, it binds to the canonical E-box motif (CACGTG) and
activates mesendoderm lineage-specific genes (Soibam et al. 2015). During embryonic
development, the transient expression of MESP1 was primarily reported in the heart, cranial
and intersomitic vessels, dorsal aorta, and the amnion contiguous to the closing foregut (Liang
et al. 2015). It is a critical regulator of cardiovascular differentiation in mammalian pluripotent
stem cells and cardiovascular development in vertebrates (David et al. 2008; Lindsley et al.
2008). Besides cardiac development, MESP1 promotes epithelial-mesenchymal transition
(Lindsley et al. 2008; Tandon et al. 2019), regulates cell migration (Chiapparo et al. 2016), and

also promotes hematopoietic and skeletal myogenic development in a context-dependent
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manner (Chan et al. 2013; Liang et al. 2015). Mespl knockout mice develop cardiac

malformation leading to cardia bifida (Saga et al. 1999; Liang et al. 2015; Liu 2017), and
further resulting in embryonic lethality (Bondue and Blanpain 2010). Thus, MESP1 is a crucial
factor for early embryonic development and lineage specification. In the cell reprogramming
process, MESPI1 is a key member in the reprogramming cocktail to generate functional
cardiomyocytes from adult somatic cells (Islas et al. 2012; Fu et al. 2013; Wada et al. 2013;
Muraoka et al. 2014; Liu 2017; Miyamoto et al. 2018). Notably, viral-mediated co-expression
of MESP1 and ETS2 in human fibroblasts activated the cardiac-specific program to give rise
to cardiac progenitors and were differentiated into mature cardiomyocytes (Islas et al. 2012).
Recently, it has also been reported that aberrant expression of MESP1 promoted tumorigenesis
in lung cells (Tandon et al. 2019). The tumorigenic tendency of lung cancer-derived cells was
reported to be dependent on MESP1 expression for their proliferation, colony formation, and
subcutaneous tumor formation (Tandon et al. 2019). This attribute was corroborated by the
loss of alternative reading frame (ARF) tumor suppressor protein in murine fibroblasts after

ectopic expression of MESP1 (Tandon et al. 2019).

HAND?2

HAND?2 is a member of the basic helix-loop-helix family of transcription factors that have a
consensus DNA binding sequence 5’-CANNTG-3' (Srivastava et al. 1997). Transcript of
HAND?2 gene is 2780 bp long, containing two exons. The coding sequence is 654 bp in length
which translates to the protein of 218 amino acids. HAND?2 is highly expressed in maternal
decidua (Cross et al. 1995) and adult heart, liver, and testes (Cross et al. 1995). The knockout
of the HAND?2 gene in mice leads to defects in ventricle formation, eventually leading to

embryonic lethality (Srivastava et al. 1997; Liu et al. 2009). A recent study reported that
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HAND?2 regulated genes involved in the atrioventricular canal and cardiac valve development
(Laurent et al. 2017). Besides, HAND2 governs the development of epicardium,
vascularization and angiogenesis, second heart field development and survival, and cardiac
neural crest development (George and Firulli 2019). All these studies indicate the role of
HAND2 in cardiac development, both in neural crest-derived and mesoderm-derived

structures.

Apart from these, HAND?2 plays a critical role in the development of other tissues
during mouse embryogenesis. It is known to have a significant role in limb and branchial arch
development (Liu et al. 2009; Osterwalder et al. 2014). HAND?2 regulates the anterior-posterior
polarity of limb bud through a chain of downstream transcriptional regulators (Osterwalder et
al. 2014). It also aids in craniofacial development (Liu et al. 2009), and is essential for

developing the sympathetic nervous system in humans, especially noradrenergic neurons

(Hendershot et al. 2008).

In addition, HAND?2 is crucial for the formation and maturation of cardiomyocytes
(Srivastava et al. 1997). Therefore, it is also regarded as one of the most crucial cardiac
reprogramming factors to derive functional cardiomyocytes. Several studies have used the
genetic form of HAND?2 in their reprogramming cocktail, and its inclusion resulted in higher
efficiency than the original GATA4, MEF2C and TBX5 combination (Song et al. 2012; Addis
et al. 2013; Nam et al. 2013). Recently, the role of HAND?2 in altering the chromatin
accessibility and gene expression in fibroblasts to convert them to cardiac pacemaker-like cells

has also been reported (Fernandez-Perez et al. 2019).
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1.2.4. Recombinant proteins

Recombinant protein production has transformed the field of biotechnology, and to date,
numerous recombinant proteins have been commercially used for various biomedical and
research applications (Nezafat et al. 2015). The role of recombinant proteins in therapeutics
has been indispensable for the past four decades and will continue to be so. Production of
recombinant proteins using different host organisms, such as algae (Specht et al. 2010),
bacteria (Overton 2014), yeast (Mattanovich et al. 2012), insects (McCarroll and King 1997),
and mammalian cells (Wurm and Bernard 1999) has so far proven to be a complex but an
effective process (Chen 2012). The most commonly used expression host system for
recombinant protein production is the bacterial system, especially E. coli strains, due to easy
handling and maintenance, well-studied genetics, well-understood cell machinery, high protein
yield, and so forth (Huang et al. 2012; Baeshen et al. 2015; Al-Hejin et al. 2019). Once
expressed, these proteins are purified using a wide range of purification tags. The most widely
used tag for purification is the poly-histidine tag since it is inexpensive and does not alter the

characteristics of the proteins (Young et al. 2012; Wood 2014).

Several studies have reported that recombinant proteins to be safe for cell
reprogramming and cancer therapeutics (O’Malley et al. 2009; Sommer and Mostoslavsky
2013; Nezafat et al. 2015; Kintzing et al. 2016; Dey et al. 2017; Borgohain et al. 2019; Dey et
al. 2021a). The introduction of recombinant proteins into mammalian cells has been proven to
be an effective alternative since it does not integrate and alter the genome, and also
manipulation of cell fate can be done in a time- and dosage-dependent manner (O’Malley et
al. 2009; Sommer and Mostoslavsky 2013; Dey et al. 2017; Borgohain et al. 2019; Dey et al.

2021a).
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Although recombinant protein-based therapeutics or cellular reprogramming is a safer
and promising alternative, there are certain challenges associated with the heterologous
production of these recombinant proteins (Dey et al. 2017). First, the problem lies with codon
usage bias (Dey et al. 2017). This problem can be overcome by performing codon optimization,
suitable for expression in the desired heterologous system (Burgess-Brown et al. 2008;
Maertens et al. 2010). Next, the in vitro protein solubility and proper native folding
conformation can be a major complication due to variations in physiological conditions (Dey
et al. 2017). Lastly, obtaining these proteins routinely in a pure and stable form is highly
challenging (Dey et al. 2017). All of these complications can severely affect the final yield as
well as the biological activity of recombinant proteins. In this study, we worked on
circumventing these limitations and aimed to generate a cell- and nuclear-permeant bioactive
human recombinant protein toolbox comprising GATA4, MEF2C, TBXS, ETS2, MESP1 and
HAND?2 proteins, which can prospectively be used for cardiac reprogramming and various

biological applications.

1.3 Scope and significance of the study

The current need for a safer alternative to repair injured or damaged heart tissue due to the
limitations of current clinical therapies (excluding heart transplantation), which can only
prevent further cardiac tissue damage or assist affected heart functionality, motivated us to
conduct the present study. In this perspective, the direct cardiac reprogramming of adult
somatic cells to functional cardiomyocytes is reported to be one of the promising alternatives
for cardiac repair. In 2010, a remarkable study demonstrated the reprogramming of fibroblasts,
which plays an important role in scar tissue formation in an injured heart, to induced

cardiomyocytes using a cocktail of three transcription factors (GATA4, MEF2C and TBXY),
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bypassing the pluripotent state. Following this, several studies reprogrammed fibroblasts to

induced cardiomyocytes using different combinations of transcription factors. However,
almost all these studies used integration-based reprogramming approaches to derive induced
cardiomyocytes. The major problem with the generation of induced cardiomyocytes using
integrating approaches is limiting its application for clinical therapies. Another issue is the low
reprogramming efficiency and slow kinetics due to the presence of various reprogramming
barriers that prevent the efficient derivation of induced cardiomyocytes. These limitations have
broadened the scope of developing a non-integrative-based approach to derive integration-free
cells in cardiac reprogramming. Recombinant protein-based cellular reprogramming has been
reported as the safest non-integrative approach among the other approaches. This further
opened scope for us to design a simple and systematic strategy to generate the reprogramming
transcription factors in the form of recombinant proteins that can further potentially replace
their genetic and viral counterparts in the cardiac reprogramming of fibroblasts to induce a

cardiac transcriptional profile in an integration-free manner.

We aim here to establish a recombinant protein toolbox consisting of key cardiac
reprogramming transcription factors for the prospective generation of transgene-free
functional cardiomyocytes. The recombinant proteins generated in this study by employing
simple and systematic strategies will have native-like folding conformations, thereby retaining
their biological activity. In addition, the generated recombinant proteins can be directly
delivered to the mammalian cells and can be localized into the nucleus without any addition of
transduction reagents. In the near future, this established recombinant protein toolbox will pave
the way to generate transgene-free patient-specific autologous and functional cardiomyocytes
with no involvement of genetic manipulation. Since functional cardiomyocytes will be
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transplanted back to the same patient from whom fibroblasts will be isolated for direct
reprogramming, there are no chances of immune rejections. Further, this established protein
toolbox allows for precise control over time and dosage of application to understand the stage-
specific role of individual factors in the reprogramming paradigm. Our aim was to generate a
recombinant protein toolbox using systematic strategies with simple, cost-effective and high

reproducibility.

Motivated by the current scope and necessities in the field, we had designed the

following three objectives in this thesis work.
1.4 Objectives

1. Gene cloning and identification of optimal expression parameters to achieve maximal
soluble expression of recombinant proteins.

2. Purification, biochemical and biophysical analysis of recombinant proteins.

3. Demonstration of cell penetration, nuclear translocation and biological activity of

recombinant proteins.
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Chapter 2

Gene cloning and identification of optimal
expression parameters to achieve maximal soluble
expression of recombinant proteins

Brief Overview of the Chapter

Obtaining maximal soluble expression of recombinant protein in their native form is highly
challenging but pivotal in heterologous protein production. In this context, optimizing the
expression parameters is the key to the successful soluble expression of recombinant proteins.
Here, we demonstrated the construction of recombinant plasmids bearing the six selected
human transcription factors having a critical role in cardiac reprogramming, cancer and other
biological processes, and identified the optimal expression conditions for their heterologous
expression in E. coli. To achieve this, we first retrieved their full-length protein-coding
sequences from NCBI’s RefSeq database and then performed codon optimization. The codon-
optimized sequences were further validated using the in silico tools and fused with a set of tags
for cell penetration, nuclear translocation, and affinity purification either at the 5° or the 3’end.
We then synthetically synthesized these gene inserts and cloned them individually into the
pET28a(+) protein expression vector. The resulting plasmids were then individually
transformed and expressed in the E. coli strain, BL21(DE3). In this chapter, we next focused
on identifying the optimal expression conditions for the maximal soluble expression of these
transcription factors. Notably, based on the protein solubility, quality and expression level, we
have selected appropriate GATA4, MEF2C, TBXS5, ETS2, MESP1 and HAND2 genetic
constructs for further experiments. Interestingly, our results signified that the optimal
expression conditions for each transcription factor varied based on their nature. We thus
conclude the importance of identifying the optimal expression conditions and influence of the
position of fusion tags on these recombinant protein expressions in terms of quality and

quantity.
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2.1 Materials and Methods

2.1.1 Plasmid constructs

The pET28a(+)-HTN-GOI and pET28a(+)-GOI-NTH gene constructs: The full length coding
sequence of selected six human gene-of-interest (GOI) were retrieved from the NCBI reference
sequence (RefSeq) database (Table 2.1). These sequences were codon-optimized for the
heterologous expression in E. coli using ThermoFisher Scientific GeneOptimizer online tool

(https://www.thermofisher.com/in/en/home/life-science/cloning/gene-synthesis/geneart-gene-

synthesis/geneoptimizer.html). The codon-optimized sequences were validated using

Graphical Codon Usage Analyser 2.0 (http://gcua.schoedl.de) and Genscript Rare Codon

Analysis (https://www.genscript.com/tools/rare-codon-analysis) online tools (Figure 2.1).

Subsequently, the codon-optimized sequences were tagged with codon-optimized nucleotide
sequences of poly-histidine-tag [His (H); octahistidine], HIV-Trans-Activator of Transcription
[TAT (T); a short peptide sequence and also called a cell-penetrating peptide], and nuclear
localization signal/sequence [NLS (N)]. All of these tags were flanked by restriction sites for
easy removal of any individual component that might affect the protein functionality. This
customized HTN-GO! and GOI-NTH inserts were then gene synthesized with Ncol (at 5 end)
and Xhol (at 3’ end) restriction sites and obtained from GenScript Biotech Corporation,
Nanjing, China. The gene inserts were then cloned into the protein expression vector
pET28a(+) (Novagen, Merck Millipore) using restriction endonucleases Ncol and Xhol
(Fermentas). The resulting plasmids, pET28a(+)-HTN-GOI and pET28a(+)-GOI-NTH, were
verified by restriction digestion analysis and then by DNA sequencing (Eurofins Genomics

India Pvt. Ltd. Bengaluru, Karnataka, India) wusing standard T7 promoter (5'-
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TAATACGACTCACTATAGGG-3") and terminator (5-GCTAGTTATTGCTCAGCGG-3')

primers.

2.1.2 Identification of optimal inducer concentration for maximal heterologous

expression of recombinant fusion proteins in E. coli

To identify the optimal expression parameters, E. coli BL21(DE3) host cells were individually
transformed with constructed recombinant pET28a(+) plasmids and grown overnight in Luria-
Bertani broth (HiMedia) supplemented with 50 pg/mL of kanamycin (HiMedia) and used as
an inoculum for the protein expression analysis. Secondary cultures were incubated at 37 °C
with continuous shaking at 180 rpm (Orbital incubator shaker, IKON instruments, India) until
the ODsoo reached ~0.5. The expression of recombinant fusion proteins was then induced with
different inducer concentrations (0.05, 0.1, 0.25 and 0.5 mM) of Isopropyl B-D-1-
thiogalactopyranoside (IPTG) (HiMedia) and incubated for the next 2 hours at 37 °C. After the

incubation, cells were harvested and stored at —80 °C until further use.

Table 2.1 List of genes and their respective RefSeq accession numbers used in this study.

Gene Name RefSeq Accession number Length of coding sequence (in bp)
GATA4 NM_002052.4 1329
MEF2C NM_001193350.1 1422
TBXS NM_000192.3 1557
ETS2 NM_005239.5 1410
MESPI NM_018670.3 807
HAND?2 NM_021973.2 654

2.1.3 Identification of optimal cell density for maximal heterologous expression of

recombinant fusion proteins in E. coli
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In order to identify the optimal cell density of E. coli BL21(DE23) cells at the time of induction,
secondary cultures at different cell densities (~0.5, ~1.0 and ~1.5 ODsoo) were induced for the
recombinant fusion protein expression with the optimal concentration of IPTG for 2 hours at
37 °C with continuous shaking at 180 rpm. After the incubation, cells were harvested and

stored at —80 °C until further use.

GCUAT - Graphical Codon Usage Analyzer Tool
NCBI database GRCAT - Genscript Rare Codon Analyzer Tool

protein coding sequence

Restriction digestion
DNA sequencing 9

Codon Optimization - : anaIySis
by Gene Optimizer (Eurofins Genomics (using Ncol+Xhol and
(Thermo Scientific) India Pvt. Ltd.) EcoRI+Sall)

Codon-optimized
protein coding sequence

deposited 1

| Verification of cloning |

GenBank database
(in few cases)

-

Ligation

HTN-GOI! pUC57-HTN-GOI/ pET28a(+)-HTN-GO/
and ‘ and — and
GOI-NTH Gene synthesis pUC57-GOI-NTH esgcuon™ pET28a(+)-GOI-NTH
by GenScirpt digestion using
Ncol and Xhol
Fusion tags DNA sequence (5’-3") Protein sequence
His (H) CATCATCACCACCATCACCATCAT HHHHHHHH
TAT (T) GGTCGTAAAAAACGTCGTCAGCGTCGTCGTCCGCCT GRKKRRQRRRPP
NLS (N) AAAAAAAAGCGCAAAGTG KKKRKV

Figure 2.1 Schematic overview of the workflow of codon optimization and cloning

methodology.
2.1.4 Identification of optimal induction temperature for maximal heterologous

expression of recombinant fusion proteins in E. coli

For identifying the optimal induction temperature, the secondary cultures with optimal cell
density were induced for the recombinant fusion protein expression at different temperatures
(37 °C for 2 hours or 18 °C for 24 hours with continuous shaking at 180 rpm) with the optimal
concentration of IPTG. After the incubation, cells were harvested and stored at —80 °C until

further use.
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2.1.5 Identification of optimal induction time for maximal heterologous expression of

recombinant fusion proteins in E. coli

The induction time was optimized by inducing the expression of recombinant fusion protein at
the optimal cell density with the optimal inducer concentration at 37 °C (for 8 hours) or 18 °C
(for 48 hours) with continuous shaking at 180 rpm, and samples were collected every 2 hours
(for 37 °C) or 12 hours (for 18 °C) for analysis. After the incubation, cells were harvested and

stored at —80 °C until further use.

2.1.6 Identification of optimal salt concentration in resuspension buffer to obtain soluble

recombinant fusion proteins from E. coli

The expression of recombinant fusion protein was induced in the secondary cultures with the
identified optimal expression parameters. After induction, cells were harvested and
resuspended in pre-chilled resuspension buffer (Table 2.2) consisting of sodium phosphate
buffer (HiMedia), imidazole (HiMedia), and glycerol (HiMedia) with different NaCl
(HiMedia) concentrations (0, 150, 300, 450, 600, 750, 900 and 1200 mM) and then lysed by
ultrasonication using Vibracell™ VCX-130 cell disruptor (Sonics and Materials Inc.,
Newtown, CT, USA) on ice. Sonicated samples were centrifuged to obtain insoluble and

soluble cell fractions and then stored at —20 °C until further use.

2.1.7 Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis (SDS-PAGE) and

Western blotting

The harvested cell pellets were resuspended in pre-chilled resuspension buffer (Table 2.2) and
further lysed by ultrasonication on ice. Protein concentrations were determined using the

Bradford assay (Bradford reagent (Bio-Rad)) using bovine serum albumin (Bio-Rad) as a
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standard (Bradford 1976) and measured with a multiplate reader (Multiskan GO, Thermo
Scientific). Protein samples were mixed with 4X Laemmli buffer and 10% sodium dodecyl
sulfate (SDS) to achieve final concentrations of 1X and 2%, respectively, and then resolved on
12% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gel. Along with
protein samples, a broad range of pre-stained Precision Plus Protein™ Dual Color (Bio-Rad)

protein standards was also resolved as a molecular size control.

Table 2.2 Summary of the composition of resuspension buffers used.

Resuspension Buffer

Ingredients

GATA4 MEF2C TBXS5 ETS2 MESP1 HAND2
PB (mM) 20 20 20 20 20 20
NaCl (mM) 300 300 500 150 150 150
Imidazole (mM) 20 20 20 20 20 20
Glycerol (%) 20 20 20 20 20 20
pH (at RT) 8.0 7.6 7.2 7.5 8.5 8.0

PB, sodium phosphate buffer; RT, room temperature

For Coomassie staining, the resolved SDS-PAGE gel was stained with staining solution
containing 50% (v/v) methanol (Merck Millipore), 10% (v/v) acetic acid (Merck Millipore)
and 0.4% (w/v) Coomassie Brilliant Blue G-250 (Merck Millipore) in deionized water. The
stained gel was then destained with 50% (v/v) methanol and 10% (v/v) acetic acid in deionized
water and the image was recorded in the molecular imager (ChemiDoc™ XRS+) equipped

with Image Lab™ software (Bio-Rad, California, USA).
For Western blotting, the proteins were resolved on 12% SDS-PAGE gel and the

resolved samples were transferred onto the nitrocellulose membrane (Bio-Rad) using Pierce
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Power Blotter XL System (Thermo Scientific™, Bremen, Germany). After confirming the

transfer with Ponceau S staining (HiMedia), the membrane with transferred proteins was
washed (destained) and blocked with 5% (w/v) fat-free milk in Tris-buffered saline (TBS)
(HiMedia) with 0.1% (v/v) Tween-20 (TBST) (Invitrogen) for 1-2 hours at room temperature
to reduce non-specific binding, followed by a wash with TBST for 10 minutes. The membrane
was then incubated with primary antibody overnight at 4 °C and washed thrice with TBST for
5 minutes each, followed by respective horseradish peroxidase-conjugated secondary antibody
incubation for 1 hour at room temperature. After washing thrice with TBST, immunoblot was
developed in the presence of a chemiluminescence substrate (Bio-Rad), and the image was
recorded in the molecular imager. All primary [were diluted with 5% (w/v) bovine serum
albumin (HiMedia) in TBST] and secondary [were diluted with 5% (w/v) fat-free milk in

TBST] antibodies used and their respective dilutions are listed in the Appendix 1.

2.1.8 Agarose gel electrophoresis

The DNA samples were mixed with 6X loading buffer (Thermo Scientific) and then resolved
on 0.8-1% agarose gel, prepared in 1X Tris-EDTA buffer (HiMedia). The resolved agarose gel

was visualized under ultraviolet light, and the image was recorded in the molecular imager.

2.2 Results and discussion

2.2.1 Codon-optimization of six human genes (transcription factors) for their expression

in E. coli

Codon optimization is one of the critical criteria for efficient heterologous expression of human
proteins in E. coli. It involves synonymous codon substitution to improve the gene expression

and its translational efficiency (Gustafsson et al. 2004; Burgess-Brown et al. 2008; Rosano and
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Ceccarelli 2014). To determine whether codon optimization is required for the heterologous
expression of selected six human transcription factors in E. coli, we first analyzed its full-
length coding sequences using two different in silico tools Graphical Codon Usage Analyser
and GenScript Rare Codon Analysis. From the analysis using the Graphical Codon Usage
Analyser tool, nearly 7 (in the case of HAND2 sequence) and >10 codons (in other gene
sequences) with a relative adaptiveness value of <30% were identified to hamper their
expression in E. coli (Figure 2.2; (left; shown by magenta bars)). The relative adaptiveness
value calculated for each codon is the ratio of the frequency of the used codon to that of the
most abundant codon for the same amino acid multiplied by 100. Similarly, >7% of the codons
with codon usage frequency of <30 (shown by dotted threshold line) were identified to affect
their heterologous expression using the GenScript Rare Codon Analysis tool (Figure 2.3 (red);
Table 2.3). These codons are determined as low-frequency rare codons and were present in a
small number (7-12%; ideal value: of <30%) in the selected six transcription factors. However,
these rare codons may reduce translational efficiency of the gene of interest as reported earlier
(Gustafsson et al. 2004; Burgess-Brown et al. 2008; Rosano and Ceccarelli 2014). As both the
independent tools identified rare codons that could hamper the expression of these human
transcription factors in E. coli, their full-length protein-coding sequences were codon-

optimized using an in silico online tool, GeneOptimizer (Thermo Fisher Scientific).

Using Graphical Codon Usage Analyser and GenScript Rare Codon Analysis in silico
tools, the codon-optimized gene sequences were evaluated for their heterologous expression
in E. coli and compared with their non-optimized sequences. The validation results revealed
that the identified rare codons (having relative adaptiveness value <30%) as well as other likely
codons (having relative adaptiveness value between 30-100%) that could affect the expression
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sequences for their heterologous expression in E. coli using Graphical codon usage

analyzer tool. The bar graphs shown here are only for the first 50 codons of non-optimized (/eff) and
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codon-optimized (right) sequences of each gene as the representation. This analysis depicts codon
quality as a measure of relative adaptiveness value. All the codons were analyzed by the relative
adaptiveness value; therefore, the value >30% means that those codons should be suitable for

expression in E. coli.

| ] |
80 | GATA4 100+ | MEF2C 100 1 TBXS
") . ") . ) .
c L c c imi
(=} Non-Optimized S _ - Bl Non-Optimized
g 604 B Non-Optimze g %7 =W Non-Optimized 2 87 mm Codon-Optimized
o @l Codon-Optimized S c o o P
- 1 9 &/ W@ Cqdon-Optimized o I
] ] S
© I o | " I
g 4 =)
S | S I S |
c c c
(] | 8 I 3 |
o I s 1 5 I
o a o
S A o D SO SO S o © S OO S S D o ©® D SO SO
LU L S O AN - ) NP 9 S A R O NP N P o A 2 S
Q \\ ,\:\ p\ b‘\ fg\ 6\ ,\\ Q\ Q\‘N Q \\ q:\ p'\ b_'\ (,"\ b\ ,\\ q"\ g\o\ Q ,\\ ,\:\ P\ bn\ ‘)'\ %\ «'\ %'\ g\‘\
Cadon Quality Groups Cadon Quality Groups Caqdon Quality Groups
| I |
80+ 1 MESP1 80+ i HAND2 100- , ETSs2
123 1] . »
c . c .
S o] ™8 Non-Optimized $ g0 ™® Non-Optimized S s M Non-Optimized
8 @l Codon-Optimized 8 @l Codon-Optimized S @ Codon-Optimized
- 1 - I « 60 |
60
° ° )
o 40 I @ I o I
o o >
S | S I S |
c c c
8 20 | 3 I 3 |
S I $ I 5
o a o !
0-
DS S S S S S 1O D NS LS OSSP S ARC R R AR R
TR TN TN AN Y q,\.\ ORI RNTNANT Y g\.\ SR N T AN Y g\b
Cadon Quality Groups CoHon Quality Groups Cqdon Quality Groups

Figure 2.3 Validation and comparison of codon-optimized over non-optimized gene
sequences for their heterologous expression in E. coli using GenScript rare-codon
analysis tool. The bar graph shows the percentage distribution of codons in computed codon quality
groups for the non-optimized (red) and codon-optimized (blue) gene sequences. Codons with the

highest usage frequency for a given amino acid in the desired expression organism are assigned a value

of 100. Codons with values <30 are likely to hamper the expression in the desired expression organism.

of these human transcription factors in E. coli were substituted with the most preferred
synonymous codons to improve their heterologous expressions (Figure 2.2; (right)) and Figure
2.3; (blue)). Additionally, codon optimization resulted in an increased codon adaptation index

(CAI) value to >0.88 for the codon-optimized sequences from <0.7 of their non-optimized
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sequences (Table 2.3). CAl is the relative adaptiveness of the codon usage of a protein-coding

gene towards the codon usage of highly expressed (reference set) genes. The CAI value in the
range of 0.8—1 is considered optimal for expressing the desired gene in the heterologous
system, whereas CAI <0.8 hampers its expression. These results confirmed that the codon-
optimized gene sequences of these six transcription factors were devoid of rare codons that

could affect their expression, and therefore, favor their heterologous expression in E. coli.

2.2.2 Cloning of codon-optimized human genes with fusion tags into the protein

expression vector

The codon-optimized gene sequences of the selected six human transcription factors were
fused with tags (fusion tags were also codon-optimized for the expression in E. coli), either
before the start codon (to generate HTN-GOI) or at the end of the coding sequence of the gene
of interest (to generate GOI-NTH) as shown in Figure 2.4. The reason to have fusion tags at
either the 5’ or the 3’ end is that its position can influence expression level, solubility and
stability of human proteins expressed in E. coli (Braun et al. 2002; Bosnali and Edenhofer
2008). The three fusion tags used are His (H) tag for affinity chromatography, TAT (T) to
enable cell penetration, and NLS (N) to facilitate subnuclear localization. A similar approach
was employed in earlier studies to enable efficient cell and nuclear delivery of transcription

factors in mammalian cells (Bosnali and Edenhofer 2008; Peitz et al. 2014; Miinst et al. 2016).

To express these six human transcription factors in E. coli, HIN-GOI and GOI-NTH
inserts were cloned under the control of a strong inducible T7 promoter of the protein
expression vector, pET28a(+). These gene inserts were cloned between Ncol and Xhol sites
using restriction endonucleases, Ncol and Xhol, to remove the poly-histidine tag (present

before the start codon) and thrombin cleavage site sequence present in the pET28a(+) vector.
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Table 2.3 Parametric GenScript rare codon analysis summary for non-optimized and codon-

optimized protein-coding gene sequences.

Genes Parameters Non-Optimized Codon-Optimized Ideal range
Codon Adaptation Index (CAI) 0.68 0.89 0.8-1.0
GATA4 GC content 69.41% 55.95% 30-70%
Codon Frequency Distribution (CFD) 9% 0% <30%
Codon Adaptation Index (CAI) 0.60 0.92 0.8-1.0
MEF2C GC content 50.77% 50.37% 30-70%
Codon Frequency Distribution (CFD) 11% 0% <30%
Codon Adaptation Index (CAI) 0.63 0.91 0.8-1.0
TBXS5 GC content 55.39% 49.18% 30-70%
Codon Frequency Distribution (CFD) 11% 0% <30%
Codon Adaptation Index (CAI) 0.65 0.93 0.8-1.0
ETS2 GC content 52.79% 47.35% 30-70%
Codon Frequency Distribution (CFD)  10% 0% <30%
Codon Adaptation Index (CAI) 0.64 0.88 0.8-1.0
MESP1  GC content 75.30% 59.64% 30-70%
Codon Frequency Distribution (CFD) 12% 0% <30%
Codon Adaptation Index (CAI) 0.69 0.89 0.8-1.0
HAND2 GC content 66.52% 48.90% 30-70%
Codon Frequency Distribution (CFD) 7% 0% <30%

The resulting plasmids (pET28a(+)-HTN-GOI and pET28a(+)-GOI-NTH) were primarily
verified by restriction digestion analysis (Figure 2.5). The empty vector, pET28a(+) only, was

also included in the analysis as a control to confirm the absence of gene of interest (data not
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shown). Further, these gene constructs, HTN-GOI and GOI-NTH, were confirmed via DNA
sequencing from both the ends using T7 promoter and T7 terminator primers. The sequencing

results of the cloned inserts confirmed the fidelity of the gene sequence and fusion tags.

pET28a(+)-HTN-GOI

Ncol Sacl _ BamHI _ EcoRI Sall Xhol

— His [| TAT {| NLS GOl =

pET28a(+)-GOI-NTH
Ncol EcoRlI Sall BamHI Sacl Xhol

— GOl NLS || TAT || His [~

Figure 2.4 Schematic diagram of HTN-GOI and GOI-NTH inserts (not drawn to scale).
The GOI was fused either at the 5’ or at the 3’ end with nucleotide sequences of NLS (N) and TAT (T)
to facilitate nuclear translocation and cell penetration in mammalian cells, respectively, followed by

His (H) tag for affinity chromatography-based purification.

2.2.3 Identification of optimal induction conditions for the heterologous expression of six

human recombinant fusion proteins

One of the most critical factors in the production of recombinant proteins is the selection of an
appropriate host expression system. In this study, the widely used bacterium E. coli was used
as an expression host. This organism has a high transformation efficiency, fast growth rate,

well-understood genetics, and cost-effective protein production (Burgess-Brown et al. 2008).
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This expression host is commonly used for human proteins for which post-translational

modifications are not essential for their bioactivity (Lili et al. 2006; Stefan et al. 2018; Bhat et
al. 2020). Several studies reported that even in the absence of post-translational modifications,
the human transcription factors in the form of recombinant proteins had retained their
biological activity (Bosnali and Edenhofer 2008; Thier et al. 2010; Thier et al. 2012; Peitz et
al. 2014; Miinst et al. 2016; Dey et al. 2021b; Narayan et al. 2021b; Dey et al. 2022).
Specifically, the commonly used E. coli BL21(DE3) strain was used, which is devoid of /lon
and OmpT proteases, allowing a high level of heterologous protein expression without any

degradation.

Table 2.4 Summary of the optimal expression conditions to obtain maximal expression of

human recombinant fusion proteins in E. coli

Optimal expression parameters

Recombinant
Proteins
corllcllz(:ll::;:ion Induction cell Induction Induction time
density (ODesoo) temperature (°C) (hours)
(mM)
rhHTN-GATA4 and
rhGATA4-NTH g2 ~03 v 2
37 2
rhMEF2C-NTH 0.05 ~0.5
18 24
rhTBX5-NTH 0.05 ~0.5 37 4
rhHTN-ETS2 0.1 ~0.5 37 2
rhHTN-MESP1 0.05 ~0.5 18 24
37 2
rhHTN-HAND?2 0.05 ~0.5
18 24

Note: Minimum of 2-3 different cultures from individual colonies were analyzed using SDS-PAGE and Western

blotting.
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Numerous studies have demonstrated the importance of identifying the optimal
expression parameters for obtaining a high yield of biologically active recombinant proteins in
a soluble form (Galloway et al. 2003; Ou et al. 2004; Serensen and Mortensen 2005; Rabhi-
Essafi et al. 2007; San-Miguel et al. 2013; Garcia-Fraga et al. 2015). Based on these studies,
we have first investigated the effect of inducer concentration (IPTG) on the expression of these
six recombinant fusion proteins (thHTN-GOI or thGOI-NTH) in E. coli. Interestingly, we
observed the maximal expression in most of these fusion proteins with the minimal
concentration (0.05 mM) of IPTG (Table 2.4). Notably, in the case of thGATA4 and rhETS2,
the maximal expression was observed with slightly higher concentrations of IPTG compared
to the rest of the factors. However, the results further revealed that the expression level of each
factor varied with different inducer concentrations (for the induction of T7 RNA polymerase-
mediated expression of the protein), and it reached the maximum when induced with the

appropriate IPTG concentration (Table 2.4).

Next, the effect of cell density at the time of induction on the expression of these
recombinant human fusion proteins were investigated. Various studies have reported that the
bacterial system overexpresses heterologous proteins when induced at the log phase, i.e., 0.3-
0.8 ODeoo (Garcia-Fraga et al. 2015). In contrast, Gavidia and colleagues reported that the
induction at an early log phase (~0.1 ODsoo) resulted in ~ three-fold higher soluble expression,
unlike inducing at the log phase, ~0.6 ODsoo (San-Miguel et al. 2013). Apart from these, few
reports state that high-density induction enhances the solubility of heterologous mammalian
proteins under controlled conditions (Galloway et al. 2003; Ou et al. 2004). Hence, identifying
the optimal cell density at the time of induction is crucial for the maximal expression of
recombinant proteins. In this study, from the SDS-PAGE analysis, the maximal expression of
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these six transcription factors was observed when induced during the log phase, ~0.5 ODsoo

(Table 2.4), compared to the late log phase (~1 or ~1.5 ODeoo). Interestingly, this is the only
induction parameter where the optimal value is the same for all the six different recombinant
proteins. However, the expression pattern with respect to different cell densities varies
significantly between these proteins. Overall, at the point of induction, cell density plays a

significant role in expressing these exogenous proteins in E. coli.

Recombinant proteins expressed in the bacterial system either end up in a properly
folded soluble form or in an insoluble form consisting of inclusion bodies. Purifying proteins
from inclusion bodies involves the usage of strong detergents to solubilize them and then
requires refolding, which is a complex process (Baneyx and Mujacic 2004). Therefore,
obtaining maximal soluble expression of these recombinant fusion proteins were given utmost
importance. Accordingly, we investigated the influence on the solubility of these fusion
proteins (thHTN-GOI and thGOI-NTH) using SDS-PAGE and Western blotting based on the
terminal at which the tags were fused. To analyze the solubility, we first examined the amount
of fusion proteins induced at 37 °C in the total cell lysate, and insoluble pellet, and soluble
supernatant fractions. Interestingly, the GATA4 fusion proteins were found in both the pellet
and supernatant fractions of the cell lysates (Figure 2.6A). Other studies reported that the
reduction in temperature during induction enhanced the solubility of the protein of interest
(Serensen and Mortensen 2005; Huang et al. 2012; San-Miguel et al. 2013). Based on these
studies and to improve solubility, the effect of temperature on the rhHTN-GATA4 and
rthGATA4-NTH protein solubility was examined. In both cases, the reduction in the induction
temperature to 18 °C did not enhance the solubility; instead, a decrease in the expression of
the GATA4 fusion proteins (Figure 2.6A) was observed. Therefore, the optimal temperature
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to obtain the maximal soluble expression of the recombinant GATA4 fusion proteins was

found to be 37 °C.

In the case of MEF2C fusion proteins, the presence of fusion tags at the N-terminal of
the hMEF2C protein hindered its solubility, in contrast to its C-terminal counterpart (Figure
2.6B). However, a similar overall expression profile of these fusion proteins was observed with
all (thHTN-MEF2C) or majority (thMEF2C-NTH) of the protein molecules lying in the
insoluble pellet fraction. We assume that this might be the effect of misfolding or aggregation
(in the case of folded ones in inclusion bodies) of the target fusion proteins. We then
hypothesize that reducing the induction temperature will assist in the enhanced soluble
expression of hMEF2C fusion proteins. But reducing the induction temperature to 18 °C did
not help in enhancing the soluble expression of thHTN-MEF2C, contrastingly, its expression
was completely hindered (Figure 2.6B; leff). Interestingly, enhanced soluble expression was
observed in the case of the thMEF2C-NTH fusion protein on the reduction of induction
temperature to 18 °C (Figure 2.6B; right). However, the overall expression of thMEF2C-NTH
fusion protein declined at 18 °C in contrast to 37 °C. Taken together, these results conclude
that the position of fusion tags and induction temperature significantly impact the overall and
soluble expression of thMEF2C fusion proteins. Inferring from the above results, hMEF2C-

NTH protein-induced either at 37 or 18 °C were used for further experiments.

Next, we examined the amount of thTBXS fusion protein induced at 37 °C in the total
cell lysate, and the insoluble pellet, and soluble supernatant fractions. As shown in Figure 2.6C
(left), the overall expression of N-terminal tagged rhTBXS5 fusion protein in the total cell lysate
fraction was lower than that of C-terminal tagged thTBXS5; however, we did not observe any

expression in the supernatant fraction of N-terminal tagged fusion proteins, unlike C-terminal
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tagged fusion proteins (low amount). This finding was very likely to be due to the misfolding

of recombinant proteins or the aggregation of folded proteins in inclusion bodies. We then
assessed whether decreasing the induction temperature promoted the solubility of the rhHTN-
TBXS protein. Even after decreasing the induction temperature to 18 °C, we did not observe
any soluble expression of the rhHTN-TBXS protein; instead, its expression completely
declined (Figure 2.6C; left). Interestingly, we observed a significant shift of rhTBX5-NTH
protein molecules from insoluble to soluble cell fractions with induction at 18 °C (Figure 2.6C,
right). However, the overall expression of thTBX5-NTH declined when expressed at 18 °C
compared to 37 °C. Moreover, we observed truncated protein fragments of thTBX5-NTH in
both induction temperatures, in contrast to the results for thHTN-TBXS. Our results further
indicated that the tagging pattern and induction temperature influenced the soluble expression
of the heterologous rhTBX5 fusion protein. From the immunoblotting analysis, the intensity
of the truncated protein fragments of thTBX5-NTH induced at 18 °C was higher than or
comparable to that of the full-length protein (Figure 2.6C; bottom). On the basis of these
results, we proceeded with using rthTBX5-NTH protein induced at 37 °C for further

experiments.

In the case of thETS2 fusion proteins, the majority of protein molecules were found in
the insoluble cell fraction when induced at 37 °C. We then compared the soluble expression of
rhETS2 fusion proteins when induced at 18 °C with that of 37 °C. Although in both cases,
expression at 18 °C was lower than that of 37 °C (Figure 2.6D), reduction in temperature did
help in ETS2 fusion protein solubility (Figure 2.6D). From the Western blot analysis (Figure
2.6D; right bottom), it is evident that there are truncated fragments of rhETS2-NTH protein

irrespective of induction temperatures, which might compromise the concentration of the full-
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length protein as well as its purity in the later stages. However, in the case of thHTN-ETS2,
no visible truncations were detected in the Western blotting of the soluble fraction at 37 °C
(Figure 2.6D; left bottom). These results indicate that the terminal at which the tags were fused
played an essential role in thETS2 fusion protein expression in terms of quantity and quality.
Hence, we chose N-terminal fused thETS2 (thHTN-ETS2) fusion protein induced at 37 °C for

further experiments.

Next, the solubility of thMESP1 fusion proteins (rhHTN-MESP1 and thMESP1-NTH)
when induced at 37 °C was analyzed. The SDS-PAGE and Western blotting analysis revealed
that most of these hMESP1 fusion protein molecules (induced at 37 °C) were in the pellet or
insoluble cell fraction, independent of the terminal in which the fusion tags were fused (Figure
2.6E). Notably, several other studies have demonstrated that reducing the induction
temperature improved recombinant protein folding and solubility by preventing its aggregation
into the insoluble/pellet fraction (Vasina and Baneyx 1997; Serensen and Mortensen 2005;
Huang et al. 2012; San-Miguel et al. 2013). Therefore, the solubility of these recombinant
fusion proteins was analyzed when induced at 18 °C. Consistent with the earlier reported
studies (Vasina and Baneyx 1997; Serensen and Mortensen 2005; Huang et al. 2012; San-
Miguel et al. 2013), we observed a significant shift in the recombinant protein solubility when
the induction temperature was reduced to 18 °C for thHTN-MESP1 but the same was not
observed when induced at 37 °C (Figure 2.6E; left). Approximately 50% of the expressed
rthHTN-MESP1 recombinant protein was found in the supernatant or soluble cell fraction when
induced at 18 °C (Figure 2.6E; /eft). However, induction at 18 °C did not favor any soluble
expression of hMESP1-NTH; instead, its expression was inhibited (Figure 2.6E; right). These
results indicate that the induction temperature and position of fusion tags play a crucial role in
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achieving the soluble expression of the protein of interest. Thus, we selected thHTN-MESP1
recombinant protein induced at 18 °C for further expression and purification analysis based on

this soluble expression analysis.
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Figure 2.6 Identification of optimal induction temperature to obtain the recombinant
human fusion proteins in soluble form. E. coli BL21(DE3) competent cells were transformed
with pET28a(+) vectors harboring the fusion gene inserts and the expression of recombinant proteins
were induced at optimal cell density with an optimal concentration of IPTG at two different
temperatures: 37 °C (IPTG induction for 2 h) and 18 °C (IPTG induction for 24 h). Harvested cells
were lysed to obtain the total cell lysate (L) fraction and were then centrifuged to obtain a

pellet/insoluble (P) and a soluble (S) cell fraction. These fractions (L, P, and S) were run on SDS-PAGE
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with normalized protein loading concentration for L fractions. Equal volume corresponding to the
respective L fraction was loaded for the P and S fractions. Resolved gels were then either stained with
Coomassie Brilliant Blue (fop) or performed Western blotting with His antibody (bottom). (A)
rhGATA4 fusion proteins (n=3), (B) thMEF2C fusion proteins (n=5), (C) rhTBXS fusion proteins
(n=7), (D) thETS2 fusion proteins (n=3), (E) thMESP1 fusion proteins (n=3), (F) rhHAND2 fusion
proteins (n=3). M, protein marker; UI, uninduced (total cell lysate); L, cell lysate; P, pellet (insoluble)

fraction; S, supernatant (soluble) fraction.

Subsequently, we examined the soluble expression of thHAND2 fusion proteins
induced at 37 °C, using SDS-PAGE and Western blotting. The results revealed that in both the
cases (thHTN-HAND2 and thHAND2-NTH), nearly half of the overall expressed rhHAND?2
protein molecules were found in pellet/insoluble cell fractions and rest in the
supernatant/soluble cell fractions (Figure 2.6F). Therefore, we further investigated whether the
reduction in temperature enhances the solubility of the thHAND?2 fusion proteins. In both
cases, induction at 18 °C considerably improved the solubility of the hHAND?2 fusion proteins
(Figure 2.6F). However, a decline in the overall expression only in rhHAND2-NTH fusion
protein was observed when induced at 18 °C compared to 37 °C. The immunoblotting analysis
further represents the truncated protein fragments of thHAND2-NTH protein in both the
induction temperatures, unlike thHTN-HAND?2 (Figure 2.6F; right bottom). Importantly, these
truncations might compromise the full-length rhHAND?2 fusion protein quality and purity at
the final stages. Thus, based on this analysis, fusion tags at the N-terminal end of rhHAND2
(thHTN-HAND?2) induced at 37 or 18 °C, were selected for further experiments.

Among these recombinant fusion proteins, soluble expression analysis using Western
blotting of rhTBXS5 (both N- and C-terminal fused), thETS2-NTH and rhHAND2-NTH

showed compromised expression quality as multiple truncations were observed in these cases.
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The reason for these truncated fragments could be due to various possible reasons, such as (i)

intragenic sequences that mimic E. coli ribosomal entry sites present within the protein-coding
sequence (Maertens et al. 2010), (ii) proteolysis of some protein molecules at specific sensitive
sites during expression (Ryan and Henehan 2013), (iii) protein cleavage at Asp-Pro bonds
because of overheating of protein samples (Kurien and Scofield 2012). Out of these possible
reasons, the last one is least likely in this study. For example, the protein samples of both
rthHTN-HAND2 and thHAND2-NTH were treated similarly, and visible truncations were
observed only in the case of thHAND2-NTH. In contrast, no such truncations were observed
with its counterpart. Moreover, these observations signified the importance of induction
temperature and the terminal at which the fusion tags were coupled in the production of quality
recombinant proteins. Earlier study also reported similar observations with different
transcription factors (Bosnali and Edenhofer 2008) .

We next sought to examine the effect of postinduction incubation time on the maximal
soluble expression of these recombinant fusion proteins. Various studies have also reported the
importance of postinduction incubation time on the recombinant protein yield (Wong et al.
1998; Rosano and Ceccarelli 2014; Malik et al. 2016). For this analysis, BL21(DE3) competent
E. coli cells transformed with respective plasmids were induced at 37 °C for 8 hours or 18 °C
for 48 hours, and samples were collected at different time intervals. As summarized in Table
2.4, the expression level of these factors other than thTBXS5 reached the maximum within 2
hours of induction at 37 °C and remained unchanged up to 8 hours. In the case of thTBXS, the
maximum expression was observed after 4 hours of induction at 37 °C and remained
unchanged up to 8 hours. This result signified that the recombinant fusion proteins were stable

in E. coli. However, in the case of thMEF2C-NTH, rhHTN-MESP1 and rhHTN-HAND2
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proteins, the optimal postinduction incubation time was identified as 12 hours when induced
at 18 °C. Our results, thus, specify that the postinduction incubation time significantly
contributed towards the maximal expression of recombinant proteins. The overall identified
optimal conditions for the maximal expression of these six recombinant fusion proteins are
summarized in Table 2.4.

Interestingly, in the case of thHTN-MESP1 protein, we observed that higher salt
concentration (>300 mM) resulted in the precipitation of this fusion protein, whereas low salt
concentration (<300mM) resulted in an increased amount of protein in the soluble cell fraction
(Figure 2.7). This result indicated that the NaCl concentration should be <300 mM in the
resuspension buffer to prevent salt-dependent aggregation of thMESP1 fusion protein. A
similar salt-dependent aggregation effect was also observed for ferritin protein expressed in E.
coli (Sun et al. 2016), indicating an ion-sensitive protein. This observation implies MESP1 to
be sensitive to the ionic strength of the environment. Thus, this highlighted the importance of
identification of optimal salt concentration to obtain the maximal thMESP1 fusion protein in

soluble form to achieve native purification.
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Figure 2.7 Effect of salt concentration on the solubility of rhHTN-MESP1 protein in

resuspension buffer. Transformed BL21(DE3) competent E. coli cells with pET28a(+) vector
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harboring MESP! fusion gene were induced under optimal conditions with continuous shaking to

determine the effect of salt concentration in resuspension buffer on thHTN-MESP1 protein solubility.
Harvested cells were resuspended in resuspension buffer with varying NaCl concentration and then
lysed using sonication to obtain total cell lysate (L) fraction. The lysates were then centrifuged to obtain
a soluble supernatant (S) fraction. These fractions (L and S) were run on SDS-PAGE with a normalized
protein loading concentration of 10 pg/well for L fractions. Equal volume corresponding to the
respective L fraction was loaded for S fractions. Resolved gels were then either stained with Coomassie
Brilliant Blue (fop) or performed Western blotting with His antibody (botfom). M, protein marker; L,

cell lysate; S, supernatant (soluble) fraction; (n=3)

Taken together, our results demonstrated the influence of the position of fusion tags
and expression conditions in the heterologous expression of recombinant proteins. Thus, based
on these results, we have identified the appropriate genetic constructs suitable for the soluble

expression of these fusion proteins under the identified optimal conditions.

2.3 Conclusions

In this chapter, we have shown the importance of codon optimization and identification of
optimal expression parameters for the successful heterologous expression of these six
transcription factors in the form of recombinant fusion proteins with enhanced solubility. In
addition, we have demonstrated that the terminal at which the tags are fused plays a crucial
role in protein expression in terms of quality, quantity and solubility. As proof, we reported
that the fusion tags at the C-terminal end of rhTBXS, rhETS2 and rhHAND2 proteins
compromise the quality when compared to their N-terminal fused counterparts. Also, we
observed that hMEF2C-NTH, rhTBX5-NTH and thHTN-MESP1 proteins have significantly
higher soluble expression compared to their respective counterparts. Moreover, when inducing
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the thMEF2C-NTH, rhETS2-NTH, rhHTN-MESP1 and rhHAND?2 fusion proteins at low
temperature (18 °C), we observed a shift from aggregated insoluble to a soluble form. In fact,
induction at 18 °C significantly enhanced the solubility (more protein molecules in soluble
fractions than pellet fractions) of thETS2-NTH and thHAND2 fusion proteins. However,
inducing thHTN-MEF2C, rhHTN-TBXS, thHTN-ETS2 and thMESP1-NTH proteins at low
temperature (18 °C) does not favor any soluble expression; instead, their overall expression
declined. Similarly, in the case of rhGATA4 fusion proteins, lowering the induction
temperature hampers the expression significantly. Thus, low-temperature induction prevents
aggregation and enhances solubility based on the nature of the protein. From these data, we
can infer that the induction parameters and the position of fusion tags play an important role

in the recombinant protein expression in terms of quality, quantity and solubility.
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Chapter 3

Purification, biochemical and biophysical

analysis of recombinant proteins

Brief Overview of the Chapter

Recombinant proteins purified under native conditions often produce bioactive molecules with
native-like folding conformation. Therefore, in this chapter, we report a one-step homogeneous
purification of the six selected human transcription factors in the form of recombinant proteins
under native conditions from E. coli. To achieve homogeneous purification, we have
performed immobilized metal ion affinity chromatography from the clarified total cell lysate
(soluble cell fraction). In the case of the GATA4 fusion protein, we initially purified it using
partial denaturation-based affinity chromatography. Although we have purified it with
maximum purity, we could not refold it to its native-like folding conformation even after
performing various refolding methods. Therefore, we expressed the GATA4 fusion protein in
large volumes and then purified it under native conditions using affinity chromatography.
Notably, this purified recombinant fusion protein retained its native-like folding conformation.
Similarly, we purified all the other transcription factors only under native conditions. We
further confirmed their identity using Western blotting with protein-specific antibodies.
Notably, we have demonstrated that these purified recombinant fusion proteins had retained
their secondary structure post-purification using far UV circular dichroism spectroscopy. We
also found that the salt concentration in buffers plays an important role in the purification
process. For instance, in the case of the MESP1 fusion protein, purification only in the absence
of salt retained its secondary structure. This chapter concludes that purification under native
conditions and an appropriate salt concentration (based on the nature of protein) resulted in

retaining the native-like folding conformation of these recombinant fusion proteins.
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3.1 Materials and Methods

3.1.1 Immobilized Metal Ion Affinity Chromatography

Immobilized metal ion affinity chromatography (IMAC) was performed to obtain purified
recombinant proteins. Briefly, protein expression was induced in large culture volumes (1.2 L)
with the identified optimal expression conditions (Table 2.4; Chapter 2). The harvested cell
pellets were resuspended in 40 mL of pre-chilled resuspension buffer (Table 3.1) and lysed by
ultrasonication at an amplitude of 33% (Pulse ON: 5 secs and OFF: 25 secs) using Vibracell ™
VCX-130 cell disruptor Sonics and Materials Inc., Newtown, CT, USA on ice for 30-60

minutes. The cell suspension was then clarified by centrifugation at 11,000 rpm, 4 °C for 30

minutes.

3.1.1.1 Purification under native conditions

The clarified soluble fraction was incubated with nickel-nitrilotriacetic acid (Ni-NTA) resin at
4 °C for 8-12 hours with continuous shaking. After incubation, the clarified fraction with Ni-
NTA was loaded onto the purification column (Bio-Rad), equilibrated with resuspension
buffer, and subsequently, the flow-through was drained out. Consequently, the column was
washed with wash buffer 1 (50-100 mL) with incubation at 4 °C for 5 minutes. Subsequently,
the column was washed with wash buffer 2 and 3 sequentially. After the wash buffers were
drained out completely, the bound proteins were eluted with elution buffer (10-20 mL). The
eluted proteins were collected and stored at 4 °C. Samples were also collected at different
stages for analysis. Then the samples were run on SDS-PAGE and confirmed with Western

blotting. The respective buffer compositions are listed in Table 3.1.
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Table 3.1 List of purification buffers used for each transcription factor and their composition.

Protein  Ingredients Resuspension Wash buffers Elution
buffer 1 2 3 buffer
PB (mM) 20 20 20 20 20
- NaCl (mM) 300 300 300 300 300
E Imidazole (mM) 20 50 100 150 500
O Glycerol (%) 20 - - - 20
pH (at RT) 8.0 8.0 8.0 8.0 8.0
PB (mM) 20 20 20 20 20
o NaCl (mM) 300 300 300 300 300
E Imidazole (mM) 20 50 100 150 500
= Glycerol (%) 20 - - : 20
pH (at RT) 7.6 7.6 7.6 7.6 7.6
PB (mM) 20 20 20 20 20
NaCl (mM) 500 500 500 500 500
% Imidazole (mM) 20 50 100 150 500
= Glycerol (%) 20 - - - 20
pH (at RT) 72 7.2 7.2 72 72
PB (mM) 20 20 20 20 20
NaCl (mM) 500 500 500 500 500
§ Imidazole (mM) 20 50 100 150 500
= Glycerol (%) 20 - - - 20
pH (at RT) 75 75 75 75 75
PB (mM) 20 20 20 20 20
~ NaCl (mM) 0/150 0/150 0/150 0/150 0/150
g Imidazole (mM) 20 50 100 150 500
= Glycerol (%) 20 L ; ; 20
pH (at RT) 8.5 8.5 8.5 8.5 8.5
PB (mM) 20 20 20 20 20
“ NaCl (mM) 150 150 150 150 150
% Imidazole (mM) 20 50 100 150 300
= Glycerol (%) 20 - - - 20
pH (at RT) 8.0 8.0 8.0 8.0 8.0

PB, sodium phosphate buffer; RT, room temperature
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3.1.1.2 Purification under mild denaturation conditions

The clarified soluble fraction was diluted accordingly with denaturation buffer containing 8 M
urea to the final concentration of 0 or 2 or 4 M urea and incubated under shaking conditions
overnight at 4 °C prior to loading on to the purification column. This soluble fraction was
incubated with Ni-NTA resin at 4 °C for 8-12 hours with continuous shaking. After incubation,
the clarified fraction with Ni-NTA was loaded onto the purification column (Bio-Rad).
Remaining procedures were carried out similar to native purification; however, the buffer
compositions were different from the native purification (Table 3.2). The purification samples

were then resolved and analyzed using 12% SDS-PAGE and Western blotting.

Table 3.2 Summary of buffers used for purification under mild denaturation conditions and

their composition.

Wash buffers

Inoredients Resuspension Denaturation Elution

gredi buffer buffer buffer
1 2 3

PB (mM) 20 160 80 80 80 80

NaCl (mM) 300 500 500 500 500 500

Imidazole

(mM) 20 20 50 100 150 500

Glycerol (%) 20 20 20 20 20 20

Urea (M) - 8 0/2/4 0/2/4 0/2/4 0/2/4

pH (at RT) 8.0 8.0 8.0 8.0 8.0 8.0

PB, sodium phosphate buffer; RT, room temperature

The purified proteins (under both the conditions) were further dialyzed using snake-skin
dialysis tubing (HiMedia) or buffer exchanged using PD10 columns (GE Healthcare) against
sterile 20 mM sodium phosphate buffer (HiMedia) with (glycerol buffer) or without 20%

glycerol or against Dulbecco’s modified eagle medium (DMEM) depending on the
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experimental requirement. The dialyzed or buffer exchanged purified proteins were stored at

—80°C until further use.

3.1.2 Mass spectrometry

3.1.2.1 In-gel digestion

The purified recombinant fusion protein was run on SDS-PAGE gel and stained with staining
solution containing 50% (v/v) methanol, 10% (v/v) acetic acid and 0.4% (w/v) Coomassie
Brilliant Blue G-250 in deionized water. The desired band was excised and destained with 40
mM ammonium bicarbonate (HiMedia) in a 40% (v/v) acetonitrile solution (Merck Millipore).
The destained gel was then treated with reduction solution [5 mM dithiothreitol (Sigma-
Aldrich) in 40 mM ammonium bicarbonate] for 30 minutes at 60 °C, followed by alkylation
solution [20 mM iodoacetamide (Sigma-Aldrich) in 40 mM ammonium bicarbonate] for 10
minutes at room temperature (dark). The excised gel slice was dehydrated by adding 100%
(v/v) acetonitrile and then digested with trypsin (Promega). After overnight digestion, the
peptides were extracted using extraction buffer [5% formic acid (Merck Millipore) and 40%

acetonitrile (Merck Millipore)] and were vacuum-dried using SpeedVac and stored at -80 °C.

3.1.2.2 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

The dried peptides were reconstituted in 0.1% formic acid (Merck Millipore) and analyzed
using Q Exactive™ (Thermo Scientific™) mass spectrometer coupled with the Proxeon Easy
nLC system (Thermo Scientific™). For peptide enrichment, protein fragments were passed on
to an Acclaim™ PepMap™ trap column (Michrom Biosciences Inc.). Peptides were separated
on an analytical column employing a linear gradient of 7-30% acetonitrile for 80 minutes. MS

and MS/MS scan acquisitions were executed in the quadrupole Orbitrap mass analyzer.
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3.1.2.3 Data analysis

The MS data were searched against NCBI HsRefSeq81 (human protein database; version 81)
and analyzed using the Mascot search engine (Matrix Science, London, UK; version 2.2.0) and
SequestHT program and Proteome Discoverer software (Thermo Fisher Scientific; version

1.4.0.288).

3.1.3 Far-ultraviolet Circular Dichroism spectroscopy

The secondary structure of the purified and desalted recombinant fusion proteins (thGOI-NTH
or thHTN-GOI) were determined using far ultraviolet (UV) circular dichroism (CD) spectra
from J-815/J-1500 spectropolarimeter (Jasco, Japan) equipped with a thermoelectric cooling-
based temperature control unit. Far-UV CD spectra of the protein were recorded as an average
of minimum of 5 accumulations from wavelength 260—190 nm in a 0.1 cm path length quartz
cuvette at a scan rate of 100 nm/min with a data integration time of 1 second. From the sample
spectrum, background noise due to the sodium phosphate buffer was subtracted, and the final
spectrum was analyzed and quantified using in silico Beta Structure Selection (BeStSel) online
tool (http://bestsel.elte.hu/index.php) to estimate the secondary structure of the purified
protein. Detailed information about the BeStSel algorithm is described elsewhere (Micsonai et

al. 2015; Micsonai et al. 2018).

3.1.4 SDS-PAGE and Western blotting

The SDS-PAGE and Western blotting were performed as described in the previous chapter
(see Chapter 1, Materials and Methods section for details). All primary and secondary

antibodies used and their respective concentrations are listed in the Appendix 1.
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3.2 Results and discussion

3.2.1 Purification of recombinant fusion proteins

To retain the native folding conformation of these recombinant human fusion proteins (thGOI-
NTH and rhHTN-GOI), we first achieved its soluble expression and then performed one-step
affinity chromatography-based purification under native conditions. Several studies
demonstrated that recombinant proteins purified under native conditions retain their folding
conformation, and often also retain their functional activity (Bosnali and Edenhofer 2008;
Stock et al. 2010; Thier et al. 2010; Thier et al. 2012; Peitz et al. 2014; Miinst et al. 2016; Dey
et al. 2021b; Narayan et al. 2021a; Narayan et al. 2021b; Thool et al. 2021; Dey et al. 2022).
Also, the recombinant proteins should be purified to homogeneity, or else the application of
impure proteins (with bacterial contaminant proteins) on the target mammalian cells could
have detrimental effects (Araki et al. 2012). This is critical in producing therapeutic or
reprogramming proteins as these bacterial contaminant proteins might evoke an immune
response or can induce undesired effects when applied to target mammalian cells (Araki et al.
2012). To achieve this, we employed IMAC technique under native conditions to purify these
poly-histidine tag-fused recombinant human fusion proteins in their native form. IMAC is a
widely used purification technique that depends on the interactions between the poly-histidine
residues and charged transition metal ions such as Ni*" in this study, immobilized on a matrix
such as nitrilotriacetic acid in this study. Thus, the recombinant fusion proteins were first
induced in large culture volumes and expressed with the identified optimal conditions (see
Chapter 1, Table 2.4 for details), clarified to separate insoluble protein molecules, and then
purified under native conditions from the obtained soluble cell fractions using Ni-NTA affinity
chromatography, as shown in Figure 3.1.
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Figure 3.1 Timeline and schematic representation of the overall purification

experimental strategy.

3.2.1.1 Purification of rhGATA4 fusion proteins

Based on the soluble expression analysis, both the fusion proteins (thGATA4-NTH and
rhHTN-GATA4) were expressed at the identified parameters (Table 2.4; Chapter 2) and
purified to homogeneity. The high purity of the thGATA4 fusion proteins was confirmed by
SDS-PAGE analysis (Figure 3.2A and 3.2B), which was not reported in the earlier study (Li
et al. 2015). In fact, no biochemical data showing the purification of human GATA4 protein
were reported (Li et al. 2015). A band of ~55 kDa corresponding to thGATA4 fusion proteins
was observed when the purified fractions were run on 12% SDS-PAGE gel (Figure 3.2A and
3.2C). The elution profile of this thGATA4-NTH fusion protein purification is shown in Figure
3.2B. Although overall expression of the hHTN-GATA4 protein was higher than thGATA4-
NTH, the yield of rhHTN-GATA4 (0.38 mg/L) was very low (Figure 3.2D) compared to its
counterpart (0.98 mg/L). The rhGATA4 fusion protein purification data are summarized in

Table 3.3.
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Table 3.3 Purification summary of recombinant fusion proteins.

Protein Steps Total protein (mg)® Target protein (mg)¢ Yield (%) Purity (%)¢
Crude lysate * 102.44 15.84 100 15.46
rhGATA4-NTH Cleared lysate (soluble) 92.14 11.36 71.74 12.33
IMAC (pooled) 0.16 0.15 0.95 94.4
Crude lysate ? 97.45 20.31 100 20.84
rhMEF2C-NTH Cleared lysate (soluble)  83.59 13.62 67.05 16.29
IMAC (pooled) 0.24 0.23 1.1 92.88
Crude lysate * 110.76 23.20 100 20.95
rhTBX5-NTH Cleared lysate (soluble)  97.40 15.88 68.42 16.31
IMAC (pooled) 0.33 0.31 1.99 93.67
Crude lysate ® 116.83 25.34 100 21.74
rhHTN-ETS2 Cleared lysate (soluble) 102.89 18.19 71.62 17.68
IMAC (pooled) 0.26 0.24 0.94 92.06
Crude lysate ® 90.84 12.96 100 14.27
rhHTN-MESP1 Cleared lysate (soluble) 84.17 12.04 92.92 14.31
IMAC (pooled) 0.63 0.61 4.69 96.46
Crude lysate ® 58.89 10.40 100 17.67
rhHTN-HAND2
(induced Cleared lysate (soluble)  55.30 9.88 95 17.87
at 37 °C)
IMAC (pooled) 0.88 0.87 4.13 99.01
Crude lysate ® 54.65 9.13 100 16.70
rhHTN-HAND?2
(induced Cleared lysate (soluble)  50.76 7.65 83.79 15.07
at 18 °C)
IMAC (pooled) 0.62 0.60 5.37 97.92
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* From 1 g wet weight of
induced E. coli BL21(DE3) cell
pellet (from 0.15-0.35 L of
culture).

b Protein concentration

determined by Bradford assay
using Bovine Serum Albumin
as a standard protein.

¢ Determined from total protein
concentration and purity.

4 Purity determined from SDS-
PAGE analysis using Imagel
software.
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Based on the Western blotting analysis (Figure 3.2A and 3.2C; middle and bottom),
loss of ThGATA4 protein was detected in the flow-through/unbound fractions of both the
fusion proteins. The main reason behind this low yield of hHTN-GATA4 was the loss of the
majority of protein molecules in flow-through fractions during purification. These
observations indicated that the poly-histidine tag could have got buried during protein folding
in these protein molecules. For this reason, many protein molecules did not efficiently bind to
the Ni-NTA resin and were eventually lost in the flow-through fraction. To prevent the loss,
purification of thGATA4-NTH protein under mild denaturing conditions was performed by
exposing the poly-histidine tag with 2 or 4 M urea. The SDS-PAGE and Western blotting
analysis confirmed that thGATA4-NTH was purified successfully, and based on the intensity,
an increase in protein yield in 4 M urea treated soluble fraction was observed compared to 0
and 2 M treated soluble fraction (Figure 3.2E). These results confirm that the loss of the
majority of the GATA4 fusion protein molecules in flow-through fractions could be due to the
unexposed poly-histidine tags (Figure 3.2F). Also, the terminal at which the fusion tags were
fused with GATA4 plays a crucial role in protein expression (in terms of low or high) and
purification (in terms of protein yield). Furthermore, the identity of this purified rhGATA4
fusion protein was confirmed by Western blotting using GATA4 protein-specific antibody
(Figure 3.2A; bottom). In this study, we report for the first time the biochemical data showing
the purification of human GATA4 protein to homogeneity under native conditions. Thus, we
have demonstrated the purification of rhGATA4 fusion proteins to homogeneity, and from
these results, the thGATA4-NTH protein purified under native or mild denaturation conditions

will be used for further analysis.
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Figure 3.2 SDS-PAGE and Western blotting analysis of rhGATA4 fusion protein
purification under native or mild denaturation conditions. (A) thGATA4-NTH protein
purification under native conditions. (B) Elution profile of thGATA4-NTH protein purification under
native conditions. (C) rhHTN-GATA4 protein purification under native conditions. (D) The bar graph
shows the final yield of purified thHTN-GATA4 and rhGATA4-NTH proteins under native conditions,
(n=3). (E) Identification of the minimal denaturant concentration required for the maximum
purification yield of hGATA4-NTH. (F) thGATA4-NTH protein purification under mild denaturation
(with 4 M urea) conditions. M, protein marker; L, cell lysate; S, supernatant (soluble) fraction; F, flow-

through fraction; W, wash fraction; E, eluted fraction; UI, uninduced (total cell lysate).

3.2.1.2 Purification of rhMEF2C-NTH protein

From the soluble expression analysis, we selected a C-terminally fused genetic construct of
MEF2C and induced its expression at 37 °C for 2 hours or 18 °C for 24 hours, then purified it
to homogeneity. The SDS-PAGE analysis clearly showed a single high-intensity band at ~58
kDa corresponding to the full-length rhMEF2C-NTH protein, signifying the homogeneously
purified proteins in the elution fractions irrespective of induction temperature [Figure 3.3A;
top (for 37 °C) and data not shown (for 18 °C)]. This purification data thus implies that the
purified fusion protein is free of other proteins from the host expression system. Western
blotting with MEF2C protein-specific antibody revealed the loss of hMEF2C-NTH protein in
the flow-through fractions (Figure 3.3A; middle and bottom), which might be probably due to
overloading of protein molecules or low resin volume in the affinity column. The purification
profile (only elution) of this thMEF2C-fusion protein (induced at 37 °C) is shown in Figure
3.3B. Moreover, Western blotting with Histidine and MEF2C protein-specific antibodies

confirmed the identity of this purified thMEF2C fusion protein (Figure 3.3A; bottom).
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Interestingly, the final yield obtained was around ~1.27 (induced at 37 °C) and 0.51 (induced

at 18 °C) mg/L for purified thMEF2C-NTH proteins (Figure 3.3C). The rhMEF2C-NTH
protein purification data are summarized in Table 3.3. Notably, this is the first study to report
the biochemical data showing the purification of full-length human MEF2C protein to
homogeneity under native conditions. Thus, we demonstrate the homogeneous purification of
rhMEF2C fusion protein irrespective of the induction temperature under native conditions

from E. coli.
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Figure 3.3 SDS-PAGE and Western blotting analysis of rhMEF2C-NTH protein
purification under native conditions. (A) SDS-PAGE and Western blotting analysis of thMEF2C-

NTH protein purification. (B) Elution profile of hMEF2C-NTH protein purification. (C) The bar graph

shows the final yield of purified hMEF2C-NTH protein-induced at 37 and 18 °C, (n=3). M, protein
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marker; L, cell lysate; S, supernatant (soluble) fraction; F, flow-through fraction; W, wash fraction; E,

eluted fraction; *truncated fragments of hMEF2C-NTH protein.

3.2.1.3 Purification of rh'TBXS-NTH protein

After having successfully expressed rhTBXS fusion protein in soluble form (although in low
amounts), we next sought to purify this protein with one-step affinity chromatography-based
purification. Notably, the purification data revealed that the elution fraction was free of
bacterial proteins (Figure 3.4A). At ~64 kDa, a single high-intensity band corresponding to
full-length thTBX5-NTH protein-induced at 37 °C was observed. The purity of the rhTBXS5-
NTH protein was >90% in the elution fraction, as quantified with ImageJ (Table 3.3). Western
blotting with Histidine (Figure 3.4A; middle) and Tbx5 (Figure 3.4A; bottom) antibodies, we
detected the loss of this fusion protein in the unbound fraction, probably because of the low
resin volume or overloading of protein-molecules on the affinity column. Furthermore, the
identity of this purified thTBX5-NTH protein was verified by Western blotting with an
antibody specific to Tbx5 (Figure 3.4A; bottom). The elution profile of this rhTBX5-NTH
protein purification is shown in Figure 3.4B. Notably, with the optimized induction parameters
and one-step purification, we obtained a final yield of ~2 mg/L of purified thTBXS5-NTH
protein. The rhTBX5-NTH protein purification data are summarized in Table 3.3. Importantly,
this is the first study to report the purification of full-length human TBXS5 protein to
homogeneity under native conditions. Thus, we have demonstrated the one-step homogeneous

purification of rhTBXS fusion protein under native conditions from E. coli.

3.2.1.4 Purification of rhHTN-ETS2 protein
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We also sought to purify thHTN-ETS2 protein under native conditions. It is apparent from the

SDS-PAGE analysis that thHTN-ETS2 has been purified without any bacterial proteins

(Figure 3.5A; top). The purified rhETS2 fusion protein was further characterized by Western
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Figure 3.4 SDS-PAGE and Western blotting analysis of rhTBXS-NTH protein
purification under native conditions. (A) SDS-PAGE and Western blotting analysis of rhTBX5-
NTH protein purification. (B) Elution profile of rhTBXS5-NTH protein purification. M, protein marker;
L, cell lysate; S, supernatant (soluble) fraction; F, flow-through fraction; W, wash fraction; E, eluted

fraction; *truncated fragments of thTBX5-NTH protein.

blotting with Histidine (Figure 3.5A; middle) and Ets2 (Figure 3.5A; bottom) antibodies, and
from this result, we confirmed the identity of this purified recombinant protein. Further,

Western blotting analysis revealed the loss of thHTN-ETS2 protein molecules in the flow-
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through fractions (Figure 3.5A; middle and bottom), which might be probably due to the
overloading of protein molecules or low resin volume in the affinity column. The elution
profile of this thHTN-ETS2 protein is shown in Figure 3.5B. The rhHTN-ETS2 protein
purification data are summarized in Table 3.3, and the final yield of this purified fusion protein
was around ~1.65 mg/L. This is the first study to demonstrate the generation of highly pure
rhETS2 protein with fusion tags that can allow cell penetration and nuclear translocation into
mammalian cells. An earlier study that reported the generation of human ETS2 protein from
E. coli could not obtain a highly pure protein as additional bands were also observed in the
SDS-PAGE gel (Islas et al. 2012). Thus, the one-step purification of thETS2 fusion protein

under native conditions from soluble fractions was demonstrated.
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Figure 3.5 SDS-PAGE and Western blotting analysis of rhHTN-ETS2 protein

purification under native conditions. (A) SDS-PAGE and Western blotting analysis of thHTN-
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ETS2 protein purification. (B) Elution profile of hHTN-ETS2 protein purification. M, protein marker;

L, cell lysate; S, supernatant (soluble) fraction; F, flow-through fraction; W, wash fraction; E, eluted

fraction.

3.2.1.5 Purification of rhHTN-MESP1 protein

As identification of optimal conditions facilitated the expression of the thHTN-MESP1 protein
in a soluble form (see Chapter 1, Results and Discussion section for details), we next
purified this fusion protein under native conditions with two different salt concentrations that
gave soluble protein. First, purification was carried out in the absence of salt (0 mM NaCl) and
then in the presence of salt (150 mM NacCl) in all the purification buffers. The results show
that rhHTN-MESP1 recombinant protein has been purified to homogeneity without any
bacterial contaminants in both conditions (Figure 3.6A and 3.6B). Further, the fusion protein
was detected by Western blotting using Histidine antibody (Figure 3. 6A and 3.6B; middle).
Moreover, our results showed that increasing the salt concentration in the purification buffers
decreased the purified thMESP1 fusion protein yield (Figure 3.6A and 3.6B). The purification
data are summarized in Table 3.3, and the protein yield of purified rhHTN-MESP1 without
salt was around ~4.85 mg/L, whereas, with 150 mM salt concentration, it was around ~0.92
mg/L. This could be due to the promotion of unfavorable interaction between salt and protein,
resulting in salt-dependent aggregation during the purification procedure (Tsumoto et al.
2007), thus affecting the protein yield. Further, the identity of the purified fusion protein was
confirmed using Western blotting with Mesp1 antibody (Figure 3. 6A and 3.6B; bottom). A
band corresponding to human MESP1 fusion protein was observed at ~39 kDa (Figure 3. 6A
and 3.6B). The calculated molecular weight of the hMESP1 fusion protein is 35.5 kDa. The

elution profile of one-step affinity-purified hMESP1 fusion proteins without salt is shown in
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Figure 3.6C. Notably, this is the first study to establish the generation of highly pure full-length
rhMESP1 fusion protein free of bacterial proteins, and the fusion tags can allow cell
penetration and nuclear translocation into mammalian cells. An earlier study that reported the
generation of human MESP1 protein from E. coli could not obtain a highly pure protein as
additional bands were also observed in the SDS-PAGE gel (Islas et al. 2012). Thus, we
demonstrate the homogeneous purification of hMESP1 fusion protein under native conditions

from E. colli.

3.2.1.6 Purification of rhHTN-HAND?2 protein

To purify rhHTN-HAND?2 protein from soluble cell fraction, we first investigated the effect of
imidazole concentration on the elution of this fusion protein, induced at 37 °C. As shown in
Figure 3.7A, this recombinant fusion protein started eluting with 200 mM of imidazole, and
the maximum amount was eluted with 250-350 mM of imidazole. Importantly, no bacterial
proteins were observed in any of the elution. The imidazole gradient elution profile of affinity-
purified thHAND?2 fusion protein, induced at 37 °C, is shown in Figure 3.7B. Thus, for the
one-step purification of the hHAND?2 fusion protein, induced at two different temperatures,
we used a maximum of 150 mM of imidazole during washing and 300 mM of imidazole for

eluting the thHAND?2 fusion protein.

From the SDS-PAGE and Western blotting analysis, it is clear that the thHTN-HAND2
protein, induced at two different temperatures, 37 and 18 °C, has been purified without
bacterial contaminants (Figure 3.8). A single band (~34 kDa) in the eluted fractions was
observed on SDS-PAGE, indicating the high purity of thHAND?2 fusion protein (Figure 3.8;
top). However, loss of HAND2 fusion protein was detected in the Western blotting analysis

(Figure 3.8) in the flow-through/unbound fraction. This could probably be due to the
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overloading of the soluble fraction on the purification column or the low volume of resin used

for purification. Further, this fusion protein identity was established by Western blotting with
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Figure 3.6 SDS-PAGE and Western blotting analysis of rhHTN-MESP1 protein
purification under native conditions. SDS-PAGE and Western blotting analysis of thHTN-

MESPI1 protein purification (A) without salt and (B) with salt (150 mM NaCl). (C) Elution profile of
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rthHTN-MESP1 protein purification without salt. M, protein marker; L, cell lysate; S, supernatant

(soluble) fraction; F, flow-through fraction; W, wash fraction; E, eluted fraction.
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Figure 3.7 Effect of imidazole concentration on the amount of rhHAND?2 fusion protein
eluted. (A) SDS-PAGE and Western blotting analysis of rhHTN-HAND?2 protein purification under
native conditions. During purification, the imidazole concentration in the elution buffer was varied to
see its effect on the amount of protein eluted. As mentioned in the figure, different concentrations of
imidazole were used in the elution buffer, and the protein was eluted. (B) The absorbance of the protein
eluted using different concentrations of imidazole in elution buffer was measured at 280 nm, and a
graph was plotted with imidazole concentration on the x-axis against absorbance at 280 nm on the y-

axis. M, protein marker.

the Hand2 antibody (Figure 3.8; bottom). Interestingly, the purified thHTN-HAND?2 protein
was eluted efficiently only from the second elution fraction (Figure 3.8), signifying that the
interactions between the protein molecules and Ni-NTA were stronger and required more
elution with an elution buffer to weaken these interactions before eluting. The elution profile
of one-step affinity-purified thHAND?2 fusion proteins induced at 37 °C and 18 °C is shown
in Figure 3.8C and Figure 3.8D, respectively. The purification data are summarized in Table
3.3, and the final yield of the purified rhHAND?2 fusion proteins was around 3.38 and 2.73
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mg/L when induced at 37 and 18 °C, respectively. Remarkably, this is the first study to
demonstrate the one-step purification of full-length rhHAND2 protein to homogeneity under
native conditions. Thus, the homogeneous purification of thHAND?2 fusion protein under

native conditions from soluble fractions was demonstrated, irrespective of the induction

temperatures.
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kDa ML S £W1W2W3 E kDa M }» _S‘ —Fv W1W2W3 E
50 [« 50 |-
37 - e = _—| _——— —
25 | 5 T 25 g o
20 = 20
37 [
25 25
20 |.@-His 20 | a-His
T sow —_ 37| am-— —|—
25 25
20 a-Hand2 20 a-Hand2
0.25 D 0.2
02 0.15
g 0.151 g o4
< 0.1} <
0.05 0.05
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Elution volume (mL) Elution volume (mL)

Figure 3.8 SDS-PAGE and Western blotting analysis of rhHTN-HAND2 protein

purification under native conditions. SDS-PAGE and Western blotting analysis of the
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purification of thHTN-HAND?2 protein (A) induced at 37 °C and (B) 18 °C. Elution profile of the
purification of rhHTN-HAND?2 protein (C) induced at 37 °C and (D) 18 °C. M, protein marker; L, cell

lysate; S, supernatant (soluble) fraction; F, flow-through fraction; W, wash fraction; E, eluted fraction.

Several other reprogramming transcription factors, namely, OCT4, SOX2, NANOG,
PDX1, GLIS1 and NGN3 were generated using similar strategies from E. coli in the form of
recombinant proteins (Bosnali and Edenhofer 2008; Stock et al. 2010; Thier et al. 2010; Thier
etal. 2012; Peitz et al. 2014; Miinst et al. 2016; Dey et al. 2021b; Narayan et al. 2021a; Narayan
et al. 2021b; Thool et al. 2021). These studies have also used NLS and protein transduction
domains to facilitate recombinant protein delivery to target sites in mammalian cells. Most of
these studies have reported that the presence of these fusion tags after the delivery of the protein
of interest into the cells (via TAT) and nucleus (via NLS) did not affect the biological activity
of the protein (Bosnali and Edenhofer 2008; Stock et al. 2010; Thier et al. 2010; Thier et al.
2012; Peitz et al. 2014; Miinst et al. 2016; Dey et al. 2021b; Narayan et al. 2021a). Thus, the
cytosolic and nuclear delivery of these six purified transcription factors in the form of
recombinant proteins can be achieved via NLS and TAT fusion without the need for any

additional transduction reagents.

3.2.2 Secondary structure determination of these purified recombinant fusion proteins

The experimental data showing the secondary structure content of these six human proteins are
not reported to date. To determine the secondary structure conformation of these recombinant
fusion proteins, we first dialyzed (in the case of purification under mild denaturation
conditions) or buffer exchanged (in the case of purification under native conditions) and/or
desalted these purified recombinant fusion proteins to evade background noise due to NaCl,

and then performed the far-UV CD spectroscopy. This spectroscopic technique is used to

84
TH-3057_156106036



estimate the secondary structure content of proteins purified from cells/tissues (Greenfield

2006), particularly for proteins whose secondary structure content is not known, such as
GATA4, MEF2C, TBXS5, ETS2, MESP1, HAND?2 and so forth. The characteristic shape and
magnitude of the far-UV CD spectrum represent different secondary structures, namely a-
helix, B-sheet, turn, and other structural components that include 310-helix, n-helix, B-bridge,
bend, loop/irregular and invisible regions of the structure (Kelly et al. 2005; Greenfield 2006).
Notably, a-helix has negative peaks at 222 nm and 208 nm and a positive peak at 193 nm,
while the B-sheet has a negative peak at 218 nm and a positive peak at 195 nm (Greenfield
2006). Likewise, the random coil shows a positive peak at 210 nm and a negative peak of about
195 nm (Greenfield 2006). The obtained far-UV CD data was further quantified and analyzed
using a recently developed online tool, BeStSel (Micsonai et al. 2015; Micsonai et al. 2018).
It is a widely used in silico tool to predict the fold recognition and secondary structure content

of the protein of interest from its CD spectrum (Micsonai et al. 2015; Micsonai et al. 2018).

From the CD spectrum plotted using BeStSel results (Figure 3.9), it is evident that the
rthGATAA4 fusion proteins purified under native conditions have maintained their secondary
structure. Notably, the characteristic shape and magnitude of the CD spectra of both fusion
proteins (thHTN-GATA4 and thGATA4-NTH) were similar (Figure 3.9), signifying that the
secondary structure of the human GATA4 protein was independent of the terminal at which
the tags were fused. Further, the estimated secondary structure of the purified thGATA4-NTH
protein under native conditions revealed that this protein predominantly has a-helices and other
structural components in its secondary structure (Figure 3.10). The estimated secondary
structure of this purified hGATA4-NTH protein indicates that it constitutes ~32% a-helices,
~16% B-sheets, ~34% other structural components, and ~18% turns (Figure 3.10). Similarly,
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the purified thGATA4-NTH protein under mild denaturing conditions was dialyzed against 20
mM sodium phosphate buffer (to refold) and/or buffer exchanged and then analyzed using far-
UV CD spectroscopy. From the CD spectra, it is clear that the secondary structure was not
regained after several attempts of refolding approaches (Figure 3.10). To summarize these
results, the thGATA4 fusion proteins purified under native conditions, without undergoing any

denaturation treatment, retained their secondary structure after purification.

We next sought to determine the secondary structure of thMEF2C fusion protein and
to understand the influence of induction temperature on its secondary structure folding
conformations. BeStSel analysis of the obtained far-UV CD spectra showed that the purified
rhMEF2C fusion protein retained its secondary structure irrespective of induction temperature
(Figure 3.9). Additionally, quantification of the spectra revealed that the purified rhMEF2C
fusion protein (induced at 37 or 18 °C) majorly consists of ~41% a-helices, ~24% turns, and
~22% other structural components, along with a small number of B-sheets (~13%) (Figure
3.10). From these results, we can infer that the purified thMEF2C fusion protein retains its

secondary structure, and the induction temperature does not influence its secondary structure.

Next, we determined the secondary structure of thTBXS5 fusion protein purified under
native conditions. The plotted far-UV CD spectra (Figure 3.9) indicated that the purified
rhTBX5-NTH proteins have proper secondary structure folding conformation after
purification. Moreover, the CD spectrum analysis showed that this fusion protein consisted
primarily of a-helices, B-sheets, and other structural components, along with a small number
of turns (Figure 3.10). The estimated secondary structure of this purified thTBX5-NTH protein

indicates that it constitutes ~26% a-helices, ~20% B-sheets, ~40% other structural components,
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and ~14% turns (Figure 3.10). This result indicated that the purified thTBX5-NTH protein

retained its secondary structure after purification under native conditions.
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Figure 3.9 Secondary structure determination of purified recombinant fusion proteins
with far-UV CD spectroscopy. The purified recombinant fusion proteins were dialyzed (only for
rthGATA4-NTH purification under mild denaturation conditions) and/or desalted and then analyzed for
their secondary structures with CD spectroscopy. The obtained measurements were analyzed with the
BeStSel web server, and the spectra were plotted with wavelength (nm) and delta epsilon (M'cm™") on
the x-axis and y-axis, respectively. N, purification under native conditions; D, purification under mild

denaturation conditions.

After having successfully purified thHTN-ETS2 and thHTN-MESP1 fusion proteins
under native conditions, we next sought to determine their secondary structures using far-Uv
CD spectroscopy. The obtained far-UV CD spectra (plotted using BeStSel result) of rhHTN-
ETS2 protein (Figure 3.9) confirmed that it had retained its secondary structure. Our predicted
secondary structure (Figure 3.10) comprised predominantly of B-sheets (~28%) and other
structural components (~44%) with a significant contribution of a-helices (~14%) and turns
(~14%). Further, BeStSel analysis confirmed that the purified thHTN-MESPI protein in the
absence of salt had maintained its secondary structure (Figure 3.9), and it majorly comprised
of a-helices (~33.8%) and other structural components (~34%) with a significant contribution
from B-sheets (~19%) and turns (~13%) (Figure 3.10). Next, we investigated the effect of salt
(150 mM NaCl) on the folding conformations of the thHTN-MESP1 protein. Notably, the
presence of salt in the purification buffers compromises the folding conformations of rhMESP1
fusion protein (Figure 3.9), indicating again that the human MESP1 is an ion-sensitive protein.
This might be due to the influence of unfavorable interaction between salt and protein, resulting
in salt-dependent aggregation during the purification procedure (Tsumoto et al. 2007), thus

affecting the secondary structure of the protein. Overall our results confirmed that the purified

88
TH-3057_156106036



rhETS2 and rhMESP1 (in the absence of salt) fusion proteins had retained their secondary

structures after purification and are likely to be biologically active.

From the CD spectra of purified rhHTN-HAND?2 protein, induced at two different

temperatures (37 °C and 18 °C) (Figure 3.9), it is evident that HAND?2 protein has maintained
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fusion proteins from their spectra with the BeStSel server. The purified recombinant fusion
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proteins were dialyzed (only for rhGATA4-NTH purification under mild denaturation conditions)
and/or desalted and then analyzed for their secondary structures with CD spectroscopy. The CD spectra
were analyzed with the BeStSel web server, and the resulting quantitative secondary structure
composition (a-helices, B-sheets, turns, and others) was represented using the Bar graphs. The

quantitative data shown are mean = SEM (n>3).

its secondary structure. Moreover, the level of similarity between both spectra indicates that
the secondary structure is consistent irrespective of the induction temperature.
Subsequently,from the CD spectra, different secondary structures were quantified using
BeStSel online tool. The secondary structure content of rhHAND2 fusion protein, induced at
two different temperatures, 37 °C and 18 °C (Figure 3.10), revealed that the purified protein
comprises majorly of a-helices and other structures. From the results (Figure 3.10), it is
apparent that ~41% of a-helices and ~28% of other structures were observed when the
induction temperature was 37 °C, whereas ~30% of a-helices and ~34% of other structures
were observed when the induction temperature was 18 °C. Furthermore, there is a significant
contribution of B-sheets [~20% (induced at 37 °C) and ~22% (induced at 18 °C)] and turns
[~11% (induced at 37 °C) and ~14% (induced at 18 °C)] to the secondary structure of
rhHAND? fusion protein. Although the spectra appeared similar, variability in the secondary
structure content was observed upon the quantification using BeStSel analysis. This variability
is likely due to the induction and purification of thHTN-HAND2 protein at different
temperatures, which might have resulted in differences in their folding. Also, the possible
minor differences in the protein concentrations (37 °C v/s 18 °C) may also be the reason for

this variability.
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In addition, the secondary structure analysis of bovine serum albumin was also

performed as a control (data not shown), and the data suggested that the protein was
predominantly a-helical, as reported in earlier studies (Reed et al. 1975; Lu et al. 2015;
Manjushree and Revanasiddappa 2018). To date, the crystal structure of these six full-length
human proteins is unknown; therefore, the similarity between their native structures and the
secondary structures reported in this study is difficult to validate. Further comparison can be
made only once the crystal structures of these full-length human proteins are available.
Moreover, the fusion tags used in this study might have influenced the secondary structures of
these full-length fusion proteins, thus accounting for deviations, if any, from their native
structures. Overall, our secondary structure analysis indicated that these purified recombinant

fusion proteins under native conditions retained their secondary structures after purification.

3.2.3 Mass spectrometry analysis of purified rhGATA4-NTH and rhHTN-HAND?2 fusion

proteins

The purified thGATA4-NTH protein was primarily characterized using LC-MS/MS. LC-
MS/MS is a widely used powerful analytical technique to identify and quantify peptides or the
proteome of an organism (Karpievitch et al. 2010). In the present study, the Orbitrap LC-
MS/MS technique was utilized. This powerful technique is used to confirm the identity of the
purified recombinant proteins (Karpievitch et al. 2010). Therefore, the purified rhGATA4-
NTH protein was trypsin digested to produce small peptides, and the resulting peptides were
then separated, fragmented, ionized, and analyzed using Orbitrap mass spectrometry. The
MS/MS study of digested peptides generated a match with human GATA4 protein, and from
that, twelve unique peptide sequences (including two pairs of overlapping sequences) were

identified (Figure 3.11A) to be a part of human GATA4 (Accession no.: NP_002043.2) using
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Mascot, SequestHT algorithm and Proteome Discoverer software. Identified twelve unique
peptide sequences are shown in Figure 3.11A. The annotated spectra of one of these twelve
unique peptides (HPNLDMFDDFSEGR) are shown in Figure 3.11B. Thus, with the mass
spectrometry and Western blotting analysis (Figure 3.2A; bottom, see section 3.2.1.1
Purification of rhGATA4 fusion proteins for details), the identity of the thGATA4 protein

was confirmed.

A
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GAAYTPPPVSPR EAAAYSSGGGAAGAGLAG

REQYGRAGFAGSYSSPYPAYMADVGASWAAAAAASAGPFDSPVLHSLPGR
ANPAARHPNLDMFDDFSEGRECVNCGAMSTPLWRRDGTGHYLCNACGLYH
KMNGINRPLIKPQRRLSASRRVGLSCANCQTTTTTLWR RNAEGEPVCNACG
LYMKLHGVPRPLAMRKEGIQTRKRKPKNLNKSKTPAAPSGSESLPPASGASS
NSSNATTSSSEEMRPIKTEPGLSSHYGHSSSVSQTFSVSAMSGHGPSIHPVL

SALK QDSWNSLVLADSHGDIITAVDGSKKKRKV

GSGTIEGRGTKLENLYFQGKLELGRKKRRQRRRPQELHHHHHHHH

b ions

peptide

y ions
Immonium

1609 ion

138 235 349 462 577 724 871 986 1101 1248 1335 1464 1521

HPNLDMFDDTFSETGR
1558 1461 1347 1234 1119 972 825 710 595 448 362 232 175

1404

C

Intensity [counts] (10%)

204

1204
1004
804
604
404

v
17511

y2
23214 b2
23511

¥
36265

y4
44821

b4
46224

parent
565.90

ys
595.28 y6

710.30
b5

57727 oe

y7
825.33
72430

y8
97239

Intensity (AU)

500 —

250 —

30658

25000

30000 35000

m/z

T T T T T T T T T
200 300 400 500 600 700 800 900 1000

m/z

Figure 3.11 Characterization of the purified recombinant GATA4 and HAND2 fusion
proteins. (A) The desired rhGATA4-NTH protein band was excised from the Coomassie-stained
polyacrylamide gel and then destained, processed, and followed by trypsin digestion. The resulting
peptide fragments were then analyzed using mass spectrometry, and the identified 12 unique peptide
sequences were highlighted in the full-length amino acid sequence of the thGATA4-NTH protein. (B)
From the identified peptide sequences, annotated spectra have been plotted for one of the unique

peptides, HPNLDMFDDFSEGR. (C) The purified and concentrated thHTN-HAND2 protein was
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diluted two times in o-Cyano-4-hydroxycinnamic acid matrix solution and then analyzed using
MALDI-TOF mass spectrometry. The MALDI-TOF analysis is depicted using a graph with a mass per

charge (m/z) ratio on the x-axis and intensity (AU) on the y-axis.

The purified thHTN-HAND?2 protein was desalted in deionized Milli-Q water using a
PD-10 column and concentrated fivefold using a three kDa MWCO protein concentrator
(Thermo scientific). The concentrated rhHAND?2 fusion protein was diluted two times in a-
Cyano-4-hydroxycinnamic acid matrix solution. The molecular weight was accurately
determined using the Bruker Autoflex speed matrix-assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometer and found to be 30.6 kDa (Figure 3.11C). The
monoisotopic molecular weight of the thHTN-HAND2 fusion protein 30.687805 kDa was
calculated from the amino acid sequence using Peptide Mass Calculator online server

(https://www.peptidesynthetics.co.uk/tools/). The difference in the observed and calculated

molecular weight remains well within the calibration error of the instrument. Thus, with the
mass spectrometry, the molecular weight of the purified thHTN-HAND?2 protein was obtained

and compared with the theoretical molecular weight of this protein.

3.3 Conclusions

This chapter demonstrates one-step homogeneous purification of these six recombinant fusion
proteins under native conditions. The established protocols are simple, economical, and
reproducible. In addition, this protocol involves purification from soluble cell lysate fraction
to obtain a native protein and precludes purification from inclusion bodies; the latter is
expensive, cumbersome, time-consuming, and requires the refolding of the denatured protein.
One aspect where the purification procedure still requires further attention is to improve the
yield of these fusion proteins as a good amount of protein molecules are lost in the flow-
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through fraction. Although we improved the yield of thGATA4 fusion protein by purifying
this protein under mild denaturation conditions, we were not able to refold this fusion protein
to native-like folding conformations. Markedly, we also showed the impact of the terminal at
which the fusion tags were fused on the expression, purification and final yield of the
rhGATA4 fusion proteins. Moreover, we have demonstrated the influence of induction
temperature on the final yield of the purified thMEF2C fusion protein, unlike hHAND?2 fusion
protein. However, the difference in the secondary structure of the thHAND?2 fusion protein
induced at two different temperatures was observed but not in the case of thMEF2C fusion
protein. In the previous chapter, we reported that optimal salt concentration is important for
the enhanced solubility of the thMESP1 fusion protein; here, we found that the presence of salt
influence the final yield of the purified thMESP1 protein and compromises its secondary
structure. Our results thus suggest that the thMESP1 is most likely to be an ion-sensitive
protein. Furthermore, our secondary structure determination revealed that rhGATAA4,
thMEF2C, thMESP1, and rhHAND?2 (induced at 37 °C) fusion proteins predominantly have
a-helical secondary structures, whereas rhETS2 have predominantly -sheets. In addition,
rthTBXS5 and thHAND? (induced at 18 °C) have a predominant mixture of both a-helical and
B-sheets in their secondary structures. Prospectively, these purified recombinant proteins can
be used to derive integration-free functional cardiomyocytes by circumventing the concerns
that involve deleterious rearrangements due to viral or plasmid integration into the host
chromosomes and also investigate its molecular role in cancer (Seth and Watson 2005; Xu et
al. 2008; Islas et al. 2012; Kabbout et al. 2013). In addition, these proteins can be useful for
further structural analysis, identifying potential novel interaction partners, and investigating

their molecular functions in different cell types.
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Chapter 4

Demonstration of cell penetration, nuclear

translocation and biological activity of recombinant

proteins

Brief Overview of the Chapter

In Chapter 3, we have demonstrated that the purified recombinant fusion proteins (GATAA4,
MEF2C, TBXS5, ETS2, MESP1 and HAND2) have retained their secondary structure but
further examination was required to validate their functional activity. Therefore, to determine
the biological activity of these purified fusion proteins, we first confirmed their cell penetration
and nuclear translocation ability by applying these proteins to human cell lines. Notably, we
did not find any major differences in the cell penetration ability, however, we observed some
differences in the nuclear translocation efficiency of these proteins between different cell lines.
We then examined the role of the GATA4, TBXS, ETS2 and MESP1 fusion proteins in cancer.
We showed the tumor suppressor role of GATA4 fusion protein and the oncogenic role of the
ETS2 and MESP1 fusion proteins in mammalian breast cancer cells. We also demonstrated the
tumor suppressor role of the TBXS fusion protein in human colon cancer cells. Next, to
determine the biological activity of other fusion proteins, namely MEF2C and HAND2, we
investigated their role in angiogenesis. Notably, we showed that MEF2C and HAND?2 fusion
proteins act as negative and positive regulators of angiogenesis, respectively, using an ex vivo
chicken embryo model. In the context of cardiac reprogramming, we demonstrated the
synergistic activation of the a-MHC gene, a critical cardiac marker, by the MEF2C and
HAND?2 fusion proteins. This chapter thus concludes that the generated recombinant fusion

proteins have cell penetration and nuclear translocation ability and are biologically active.
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4.1 Materials and Methods

4.1.1 Stability analysis of purified recombinant fusion proteins

Glycerol stock of the purified recombinant fusion proteins were diluted with the transduction
medium consisting of high-glucose Dulbecco's modified Eagle medium (DMEM; Invitrogen)
supplemented with 5% fetal bovine serum (FBS; Invitrogen) and 1% penicillin-streptomycin
solution (P/S; Invitrogen) to the final concentration of 400 nM (protein transduction medium).
The prepared protein transduction medium was then aliquoted in a 1.5 mL microcentrifuge
tube and incubated at standard cell culture conditions (37 °C in a humidified atmosphere
containing 5% CO; in a CO; incubator) for 48 hours. Samples were collected at different time
points and stored immediately at -20 °C until further use. After collecting the 48 hours
incubated sample, all the samples were then clarified by centrifugation at 10,000-14,000 rpm
at 4 °C for 10 minutes. The clarified samples were then analyzed by Western blotting using a

protein-specific antibody.
4.1.2 Cell culture

HeLa, SW620 and H9C2 cell lines were obtained from the National Centre for Cell Science,
Pune, India. HeLLa and SW620 cells were cultured in a complete growth medium containing
10% FBS and 1% P/S in high-glucose DMEM under standard cell culture conditions. H9C2
cells were cultured on 0.1% gelatin-coated (HiMedia) dishes in a complete growth medium
containing 10% FBS and 1% P/S in low-glucose DMEM under standard cell culture
conditions. Human foreskin fibroblasts (HFFs; BJ (ATCC® CRL-2522T™) were obtained from
the American Type Culture Collection, USA, and cultured on 0.1% gelatin-coated dishes in

high-glucose DMEM supplemented with 10% FBS, 1% P/S, and 1X non-essential amino acids

96
TH-3057_156106036



(Invitrogen) under standard cell culture conditions. HiFi™ human umbilical vein endothelial

cells (HUVEC) were procured from HiMedia Labs, India, and cultured on 0.5% gelatin-coated
dishes in HiEndoXL™ endothelial cell expansion medium (HiMedia) under standard cell
culture conditions. All the cell lines were passaged with trypsin-EDTA (Invitrogen) at ~70-

80% confluency in the ratio of 1:4.
4.1.3 Protein transduction, immunocytochemistry and microscopy

Cells were plated onto 24-well culture plates at a density of 1 x 10° cells/well (for HeLa and
SW620 cell lines) or 0.5 x 10° cells/well (for HFFs) in their respective growth medium. After
cells had adhered to the plates, the medium was replaced with a protein transduction medium
containing respective growth medium with 5% FBS (instead of 10%) supplemented with 400
nM recombinant fusion protein or an equal volume of glycerol buffer and incubated under cell
culture conditions for 6 hours. After incubation, cells were washed twice with phosphate buffer
saline (PBS) and fixed with 4% paraformaldehyde (Merck Millipore). Fixed cells were then
permeabilized by treating with 0.1% Triton™ X-100 (Sigma-Aldrich) in PBS for 15 minutes.
After permeabilization, cells were blocked with a blocking solution (0.5% bovine serum
albumin, 0.15% glycine in PBS) for an hour at room temperature. The primary antibody was
added and incubated overnight at 4 °C in a moist chamber. Cells were washed thrice with PBS
and then incubated with the corresponding secondary antibody for an hour in a moist chamber
at room temperature. After incubation, cells were washed three times with PBS and then
stained with 4',6-diamidino-2-phenylindole (DAPI) (1:15,000; Sigma-Aldrich) or Hoechst
33342 (1:10,000; Invitrogen) for 5 minutes. Excess staining was removed with PBS and then
visualized under an inverted fluorescent microscope (IX83, Olympus, Japan) equipped with a

DP80 CCD camera. Samples were illuminated using a pE-300 white CoolLED light source,
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and image stacks were acquired using the 20x/0.45NA objective at 2 um intervals. Images

were analyzed by CellSens dimension (Olympus) and Image J software.
4.1.4 In vitro scratch assay

Cells were seeded at 1 x 10° cells/well in a 12-well culture plate in an appropriate medium and
grown until 95% confluence was achieved. Then, a sterile pipette tip (20 pL) was used to make
a scratch in the confluent monolayers and the spent media was discarded. Subsequently,
scratched monolayers were rinsed with sterile PBS and then treated with 400 nM recombinant
fusion protein or an equivalent volume of glycerol buffer (vehicle control) or 20 nM vascular
endothelial growth factor [VEGF (used as a positive control)] in an appropriate medium
containing 5% FBS for 24-48 hours. Images were captured at 20x magnification using an
inverted brightfield microscope (ZOE Fluorescent Cell Imager, Bio-Rad) at different time
intervals. The images were exported in .tif file format for the quantification of the scratched
area using ImageJ (1.48v) software. The migration percentage was calculated using the

following formula.

. ) (initial area — final area)
Migration (%) = —— X 100
initial area

4.1.5 Cell cycle analysis

Cells (2.5 x 10° cells/well) were seeded onto 12-well cell culture plates and grown in a
complete growth medium. After 70% confluency was reached, the medium was replaced with
a protein transduction medium (containing purified fusion protein or glycerol buffer), and cells
were incubated for 72-80 hours (with the medium replenished every 24 hours with fresh
protein transduction medium). Cells were harvested, fixed in 70% ice-cold ethanol, and treated

with RNase (100 pg/mL) to remove RNA contamination. After RNase treatment, the cells were
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stained with propidium iodide (50 ng/mL) for 30 minutes. At least 3 x 10 cells were analyzed

with flow cytometry (BD Biosciences), and the cell distribution was analyzed with FCS

Express 5 software.
4.1.6 Colony formation assay

SW620 cells were diluted in a complete growth medium, and 400 cells/well were plated in 12-
well cell culture plates and incubated under standard cell culture conditions. After 48 hours of
incubation, the medium was replaced with a protein transduction medium containing 5% FBS
supplemented with thTBX5-NTH or glycerol buffer and incubated for 10—12 days (with the
medium replenished every 24 hours). Surviving colonies were counted in Image J software
after being fixed with methanol/acetic acid (3:1) and stained with 5% crystal violet.

Experiments were performed in triplicates.
4.1.7 RNA isolation, cDNA synthesis, and quantitative RT-PCR (RT-qPCR)

A total of 5 x 10° SW620 cells/well were plated onto six-well culture plates and grown to 70%
confluency. Subsequently, the cells were incubated in protein transduction medium (2% serum
supplemented with thTBX5-NTH or glycerol buffer) for 72-80 hours (with medium
replenished every 24 hours). Total RNA was isolated from the control and protein transduced
SW620 cells with TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
Total RNA (~1 pg) was reverse transcribed with iScript cDNA synthesis kit (Bio-Rad)
according to the manufacturer’s instructions. Template cDNA was amplified with gene-
specific primers (Table 4.1) with an AriaMx Real-Time PCR System (Agilent). Reactions

contained iTaq Universal SYBR Green Supermix (2X concentration). Each sample was
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analyzed in triplicate, and GAPDH served as an internal control. The relative gene expression

2—AACt

was calculated using the method, with normalization to GAPDH as a reference gene.

Table 4.1 Primers used for RT-qPCR assay

Genes Primer Sequences (5’ — 3’) AT (°C) PS (bp)

F - CCATCATCAGCGACATGAAG

MI551 R - TGTGTTGGTGGCCATGTCAG >7 152

F - TCTCACAGACCGGCAGATCG

MTA2 R - TGGCCTTAGCCAGGTCGTAG g3 192

F - GTCTCCTCTGACTTCAACAGCG

GAPDH R - ACCACCCTGTTGCTGTAGCCAA 57 131

AT, annealing temperature; PS, product size; F, forward; R, reverse; bp, base pair
4.1.8 Chicken Chorioallantoic Membrane (CAM) assay

The CAM assay was performed as described previously (D et al. 2016; Seetaraman Amritha
et al. 2020) with slight modifications. The 3-4 days old embryonated chicken eggs were
directly obtained from the local chicken egg hatching unit. Chicken eggshells were gently cut
open at the top like a window to expose the CAM layer. Paper discs soaked in the purified
recombinant fusion protein (400 nM) or glycerol buffer (equal volume) or VEGF (200 nM)
were placed directly on the blood vessel (one disc/egg CAM layer) and sealed with an adhesive
tape. Sealed eggs were then incubated for 12 hours at 37 °C with 60% humidity. The exposed
blood vessels were visualized under LCD Digital Stereomicroscope (2X) equipped with a 2
MP camera, and images were captured at a particular interval of time, followed by

documentation with the help of Adobe Photoshop CC 2019 software.
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4.1.9 Lentivirus production

Second-generation lentiviral vectors were packaged in HEK293T cells using the calcium
phosphate transfection method. Briefly, 6x10° HEK293T cells were seeded in a 100 mm
gelatin-coated dish and then grown to 65-75% confluence in the complete growth medium.
Once the culture attained the desired confluence, the medium was replaced with a transfection
medium containing advanced DMEM supplemented with 2% FBS, 1% P/S, and 1X non-
essential amino acids, 1-2 hours prior to transfection. The calcium phosphate transfection
mixture was then prepared by mixing 12 pg lentiviral backbone plasmid [a-MHC-eGFP
(Addgene plasmid: 21229) or FUdeltaGW-rtTA (Addgene plasmid: 19780) or tetO-MEF2C
(Addgene plasmid: 46031)], 7.7 pg psPAX2 (Addgene plasmid: 12260), 4.3 pg pMD2.G
(Addgene plasmid: 12259), 125 mM CaCl,, and makeup with tissue-culture grade water with
2X HBS buffer (1:1), and incubated for 15 minutes at room temperature. This mixture was
then added to the cells dropwise in the presence of 25 uM chloroquine. After 5-6 hours of
transfection, the medium was replaced with a virus production medium containing advanced
DMEM supplemented with 5% FBS, 1x P/S, and 1x NEAA. The medium was then replaced
with a fresh medium after 12-16 hours post-transfection. The lentiviral supernatant was then
harvested at 24, 36 and 48 hours of incubation, pooled, concentrated (centrifugation at 14000

rpm for 2 hours), and aliquoted for storage at -80 °C.
4.1.10 alpha-Myosin heavy chain (a-MHC) reporter assay

HIC?2 cells were seeded in a gelatin-coated 12-well culture plate at 1 x 10° cells/well and grown
until 60-70% confluence was achieved. Cells were then transduced with a-MHC-eGFP (~5 x
10° IFU) and FUdeltaGW-rtTA (~5 x 10° IFU) lentiviral vectors (Addis et al. 2013). On the

next day (D-1), cells were infected with tetO-MEF2C (~5 x 10° IFU). Cells were transduced
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only in the presence of 5 ug/mL of polybrene. On the following day (DO0), cells were reseeded
in the ratio of 1:3 in a fresh gelatin-coated 12-well culture plate. On Day 1, the spent medium
was replaced with a 5% FBS growth medium supplemented with 2 pg/mL of doxycycline
(Sigma). The next day (D2), cells were washed with PBS and then treated with a protein
transduction medium containing 400 nM of rhHAND?2 fusion protein or an equivalent volume
of vehicle control supplemented with 2 pg/mL of doxycycline. The medium was renewed
every alternative day. After the treatment, images were captured in the green channel at 20x
magnification using an inverted fluorescent microscope (ZOE Fluorescent Cell Imager, Bio-
Rad). For flow cytometry analysis, cells were harvested from culture dishes and washed with
PBS, followed by fixation with 4% paraformaldehyde for 15 minutes. Fixed cells were washed
and resuspended in PBS and then analyzed using a BD FACS Calibur Flow Cytometer (BD

Biosciences) with FlowJo software.

4.1.11 Western blotting

The Western blotting was performed as described earlier (see Chapter 2, Materials and
Methods section for details). All antibodies used and their respective concentrations are listed

in the Appendix.

4.1.12 Statistical analysis

The cell culture experimental data obtained were analyzed by #-test or one-way ANOVA using
GraphPad Prism 8 software. Values are expressed as mean + SE. P<0.05 was considered

significant.
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4.2 Results and discussion

4.2.1 Stability and transduction ability of purified recombinant fusion proteins

To test the cell permeability of the purified recombinant fusion proteins, we first examined
their stability under standard cell culture conditions. The solubility and stability of recombinant
proteins under cell culture conditions play a crucial role in developing efficient and robust
protein transduction system (Bosnali and Edenhofer 2008; Thier et al. 2010; Dey et al. 2021a).
Thus, in vitro cell culture, solubility and stability were analyzed for the purified recombinant
fusion proteins using Western blotting with protein-specific antibodies. From the result (Figure
4.1A), it is clear that 400 nM rhGATA4-NTH protein was soluble and stable under standard
cell culture conditions after 24 hours of incubation. However, after 48 hours, the stability of
rthGATA4-NTH protein considerably decreased compared to 0 and 24 hours of incubation.
This signifies that thGATA4 fusion protein was stable for up to 24 hours at standard cell culture
conditions. In the case of hMEF2C-NTH protein, the purified version was stable for up to 48
hours of incubation under cell culture conditions (Figure 4.1A). Though this fusion protein was

stable, a gradual decrease in the stability was observed over time.

Subsequently, we analyzed thTBX5-NTH fusion protein stability under cell culture
conditions, and the results revealed that this fusion protein was partially stable (~25%,
quantified with ImageJ) after 24 and 48 hours of incubation (Figure 4.1A and 4.1B). Therefore,
we further analyzed its stability every 6 hours for up to 24 hours and found that the thTBX5-
NTH protein was stable (>50-75%, quantified with ImageJ) for 12—18 hours under standard
cell culture conditions (Figure 4.1C). A gradual decrease in the stability of thTBX5-NTH

protein over time was observed. Similarly, the thHTN-ETS2 fusion protein was substantially
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stable for up to 24 hours and partially stable after 48 hours of incubation under cell culture

conditions (Figure 4.1A).
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Figure 4.1 Stability analysis of recombinant fusion proteins under standard cell culture

conditions. Purified fusion proteins were diluted in transduction medium (low serum) and incubated

under standard cell culture conditions for 48 hours. (A) Stability analysis was performed every 24 hours

up to 48 hours under cell culture conditions (n>3). (B) Quantitative analysis of rhTBX5-NTH protein

stability (from A). (C) Stability analysis of rhTBX5-NTH protein, which was performed every 6 hours
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up to 24 hours under cell culture conditions [top; quantitative analysis and botfom; Western blotting

analysis (n=2)]. The quantitative data shown are mean + SE.

We next sought to examine the stability of thHTN-MESP1 protein under standard cell
culture conditions. Western blotting analysis showed that after 24 hours of incubation, this
purified thHTN-MESP1 protein was soluble and stable, and the intensity was much similar to
that of the 0%-hour sample (Figure 4.1A). However, the stability of this purified fusion protein
decreased considerably after 24 hours of incubation. Likewise, the thHTN-HAND2 fusion
protein was stable for up to 24 hours of incubation, irrespective of the induction temperature
(Figure 4.1A). After 48 hours, a faint band was observed in the Western blotting analysis,

indicating this fusion protein is partially stable over time.

Protein-based reprogramming approaches generally require several rounds of protein
transduction, with one round for 4-24 hours per day (Bosnali and Edenhofer 2008; Islas et al.
2012; Borgohain et al. 2019; Dey et al. 2021a). Specifically, in direct cardiac reprogramming,
4 hours of protein treatment per day is sufficient to induce a cardiac transcriptional profile in
human fibroblasts (Islas et al. 2012). In this aspect, our purified recombinant fusion proteins
passed the minimum criteria required for reprogramming in terms of solubility and stability
under cell culture conditions. Overall these purified proteins are soluble and stable for up to at
least 24 hours. Thus, our results confirmed that these purified recombinant fusion proteins had
suitable solubility and stability under cell culture conditions for cellular reprogramming and

other cell culture analysis.

Cell penetration and nuclear translocation is also a critical criterion for transcription
factor functionality, as its major role lies inside the nucleus of the cell. Therefore, we next

sought to determine whether these purified and stable proteins have subcellular and subnuclear
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localization ability. The human cells were treated with these purified proteins or glycerol buffer
(as negative and vehicle controls) for 6 hours and immunocytochemistry and fluorescence
microscopy were performed. Human fibroblasts and HeLa cells were selected for the study
because of their differing protein transduction efficiency (Weill et al. 2008) and also, they lack
endogenous expression of these transcription factors. Fluorescence microscopy and flow
cytometry have indicated that the protein transduction efficiency varies from 60% in human
fibroblasts (primary) to >75% in HeLa cells (Weill et al., 2008). Additionally, fibroblasts are
widely used for cell reprogramming experiments (Borgohain et al. 2019; Dey et al. 2021a) and
HeLa cells are widely used for protein transduction analysis experiments (Dey et al. 2021b).
At first, the characterization of human BJ fibroblasts (HFFs) with immunocytochemistry was
performed, and the result showed that these cells express Vimentin, a fibroblast-specific

marker (Figure 4.2).

DAPI a-Vimentin Merge

Figure 4.2 Characterization of BJ fibroblasts using the Vimentin antibody. Nuclear staining

was carried out with a DAPI solution. Scale bar: 100 pum.

In order to study the transduction ability of thGATA4-NTH protein into human cells,
we first confirmed that the glycerol buffer (vehicle control) did not stimulate the expression of
GATA4 in HelLa cells and HFFs or did not lead to any false positive signal during analysis

(Figure 4.3; Vehicle control panels). The TAT-mediated protein transduction resulted in
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efficient transduction of rhGATA4 fusion protein into human cells (Figure 4.3). Interestingly,
almost all the cells showed successful uptake of purified rhGATA4-NTH protein into their
cytoplasm. Of these, majority of the cells showed NLS-mediated nuclear localization of

rhGATA4 fusion protein (Figure 4.3).

In the case of hMEF2C-NTH protein, the fluorescence microscopy analysis revealed
that the TAT and NLS fused purified thMEF2C fusion protein transduced into the HeLa cells
and HFFs and translocated to their nucleus (Figure 4.4). Further, the microscopy results
showed differences in the nuclear translocation of this thMEF2C fusion protein between these
two human cell lines. As shown in the vehicle control panels, our results confirmed that these
cell lines did not express the MEF2C transcription factor and further ruled out the possibility
of glycerol buffer mediated endogenous expression of MEF2C or false positive signals during
analysis (Figure 4.4; Vehicle control panels). Thus, our fusion strategy successfully mediated
the purified thMEF2C-NTH protein to cross the subcellular and subnuclear regions of the

mammalian cells.

With immunocytochemistry, we confirmed that the HeLa, HFF and SW620 cells did
not express TBXS endogenously as shown in the vehicle control panels (Figure 4.5). The
results demonstrated that this pure thTBX5-NTH protein penetrated the cell membrane and
also translocated into the nucleus in these cell lines, without a need for any additional
transduction reagent (Figure 4.5). Also, we did not observe any difference in thTBX5-NTH
protein transduction efficiency in these cell lines. Thus, in HeLa, HFF and SW620 cells, the
generated recombinant protein showed efficient cell penetration and nuclear translocation
ability, mediated by TAT and NLS. Similarly, we confirmed the absence of endogenous

expression of ETS2 in HeLa cells using immunocytochemistry, as shown in the vehicle control
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panel (Figure 4.6). Microscopy results revealed that the TAT and NLS fused purified thETS2

fusion protein transduced the HeLa cells and then translocated to its nucleus (Figure 4.6).

DAPI a-GATA4 Merge

Vehicle Control
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rhGATA4-NTH

Vehicle Control

rhGATA4-NTH

Figure 4.3 Subcellular and subnuclear delivery of purified rhGATA4-NTH protein into
human cells. HeLa and HFF cells were exposed to 400 nM of purified hGATA4-NTH protein for 4-
6 hours under standard cell culture conditions. After protein transduction, cells were fixed,
permeabilized, blocked, and then stained with an a-GATA4 antibody. Transduced cells were detected
with an Alexa Fluor® 594 conjugated o-mouse secondary antibody. Nuclei were stained with DAPI,

and images were taken at 20x magnification. All images were taken with identical camera settings.

Scale bar: 50 um for HeLa cells and 100 um for HFFs (n=3).
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Figure 4.4 Subcellular and subnuclear delivery of purified rhMEF2C-NTH protein into
human cells. HeLa and HFF cells were exposed to 400 nM of purified thMEF2C-NTH protein for 4-
6 hours under standard cell culture conditions. After protein transduction, cells were fixed,
permeabilized, blocked, and then stained with an a-Mef2¢ antibody. Transduced cells were detected
with an Alexa Fluor® 594/488 conjugated a-mouse secondary antibody. Nuclei were stained with
DAPI, and images were taken at 20x magnification. All images were taken with identical camera
settings. Scale bar: 50 pm (n=3).

The NLS-mediated nuclear translocation resulted in efficient delivery of thETS2 fusion protein
into the nucleus of the cells. Thus, our fusion strategy validated the cell penetration and nuclear

translocation ability of this purified recombinant fusion protein.
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Figure 4.5 Subcellular and subnuclear delivery of purified rhTBXS5-NTH protein into

human cells. HeLa, HFF, and SW620 cells were treated with 400 nM of purified rhTBX5- NTH
protein for 4-6 hours, then examined with immunostaining (stained with a-Tbx5 and detected with
Alexa Fluor® 594 conjugated a-mouse secondary antibodies) under a fluorescence microscope. Nuclei
were stained with Hoechst, and images were taken at 20x magnification. All images were taken with

identical camera settings. Scale bar: 20 um (n = 2).

Hoechst a-ETS2 Merge

Figure 4.6 Subcellular and subnuclear delivery of purified rhHTN-ETS2 protein into
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human cells. HeLa cells were treated with 400 nM of purified thHTN-ETS2 protein for 4-6 hours,

then examined with immunostaining (stained with a-Ets2 and detected with Alexa Fluor® 488
conjugated a-mouse secondary antibodies) under a fluorescence microscope. Nuclei were stained with
Hoechst, and images were taken at 20x magnification. All images were taken with identical camera

settings. Scale bar: 50 pm (n =2).

We next investigated the transduction ability of purified rhMESP1 fusion protein in
human cells. Firstly, we confirmed that HeLa and HFF cells does not express MESP1 protein
endogenously as shown in Figure 4.7 (Vehicle control panels). These cells were then exposed
with thHTN-MESP1 protein for 4 hours, and the fluorescence microscopy analysis after

immunostaining revealed the efficient transduction and translocation of this purified fusion
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protein to the target site of the cell (Figure 4.7). Similarly, as shown in Figure 4.8, the

Hoechst a-MESP1 Merge
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Vehicle Control

rhHTN-MESP1

Figure 4.7 Subcellular and subnuclear delivery of purified rhHTN-MESP1 protein into
human cells. HeLa and HFF cells were treated with 400 nM of purified thHTN-MESP1 protein for
4-6 hours, then examined with immunostaining (stained with a-MESP1 and detected with Alexa
Fluor® 594 conjugated a-mouse secondary antibodies) under a fluorescence microscope. Nuclei were
stained with Hoechst, and images were taken at 20x magnification. All images were taken with identical

camera settings. Scale bar: 50 pm (n = 2).

transduction of hHAND?2 fusion proteins across the subcellular and subnuclear regions of both
cell lines was observed irrespective of their induction temperature. The microscopy results

further confirmed the absence of endogenous expression of HAND?2 in HeLa cells and HFFs
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as shown in the vehicle control panel, and this also signified that the glycerol buffer did not
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Figure 4.8 Subcellular and subnuclear delivery of purified rhHTN-HAND?2 protein into

human cells. HeLa and HFF cells were exposed to 400 nM of purified rhHTN-HAND?2 protein for 4-

6 hours under standard cell culture conditions. After protein transduction, cells were fixed,
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permeabilized, blocked, and then stained with an a-Hand2 antibody. Transduced cells were detected
with an Alexa Fluor® 594 conjugated a-rabbit secondary antibody. Nuclei were stained with Hoechst,
and images were taken at 20x magnification. All images were taken with identical camera settings.

Scale bar: 50 um for HeLa cells and 100 um for HFFs (n=3).

trigger the expression of HAND?2 or did not lead to any false positive signal during analysis
(Figure 4.8; Vehicle control panels). Thus, both the purified rhHTN-MESP1 and rhHTN-
HAND?2 (irrespective of the induction temperature in which they were expressed) fusion
proteins showed cell penetration (mediated by TAT) and nuclear translocation (mediated by

NLS) abilities, indicating the functionality of these tags post-purification.

Our strategy of coupling these transcription factors with the protein transduction
domain (TAT) and NLS facilitated their delivery into the mammalian cell target site without
any requirement of protein transduction reagent. As transcription factors, they have their major
role inside the nucleus; therefore, their nuclear entry is one of the most critical aspects of their
functionality. Similar fusion strategies were employed in previous studies for the efficient
subcellular and subnuclear delivery of reprogramming factors in the form of recombinant
proteins in mammalian cells (Bosnali and Edenhofer 2008; Stock et al. 2010; Thier et al. 2010;
Thier et al. 2012; Peitz et al. 2014; Miinst et al. 2016; Dey et al. 2021b; Narayan et al. 2021a;
Narayan et al. 2021b). Indeed, in the majority of these studies, the fusion tags do not affect the
functionality of the desired proteins to which they were fused (Bosnali and Edenhofer 2008;
Stock et al. 2010; Thier et al. 2010; Thier et al. 2012; Peitz et al. 2014; Miinst et al. 2016; Dey
et al. 2021b; Narayan et al. 2021b) , and the biological activity of these proteins was
comparable to their genetic counterparts (Stock et al. 2010; Thier et al. 2010; Thier et al. 2012).
Henceforth, these generated recombinant fusion proteins can replace their genetic form to
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derive integration-free cells and also for other biomedical applications. Thus, eliminating the

problems associated with the plasmid or viral-based approaches (Islas et al. 2012; Borgohain

et al. 2019; Haridhasapavalan et al. 2019; Dey et al. 2021a).

4.2.2 Functional assessment of purified recombinant fusion proteins

Although these purified fusion proteins had retained their secondary structure and
demonstrated cell penetration and nuclear translocation, further examination was required to
corroborate their functional activity. Therefore, to validate the biological activity of these

fusion proteins, we investigated their effect on the mammalian cells.

4.2.2.1 Effects of rhGATA4, rhETS2, and rhMESP1 fusion proteins on breast cancer cells

To examine whether the purified thGATA4, rhETS2 and rhMESP1 fusion proteins are
biologically active, we first analyzed their effect on the migration ability of breast cancer cells.
For this analysis, we performed the most commonly used in vifro scratch assay (Dey et al.
2021b; Dey et al. 2022) to understand the impact of these purified fusion proteins on MDA-
MB-231 breast cancer cell migration. Previously, a study demonstrated that overexpression of
GATA4 decreased the proliferation, viability, migration and invasion capacities of breast
cancer cells (Han et al. 2019). In congruence with the previous report, we also observed
significantly (P = 0.0075) reduced migration potential of MDA-MB-231 cells upon treatment
with thGATA4-NTH protein (Figure 4.9A and 4.9B). Contrastingly, thHTN-ETS2 and
rthHTN-MESP1 protein significantly (P<0.0001 and 0.0053, respectively) increased the
migration potential of breast cancer cells (Figure 4.9A and 4.9B). In point of fact, after 48
hours of incubation, thETS2 and rhMESP1 fusion proteins treated MDA-MB-231 cells

migrated >80 and >65% of the scratched area, respectively, whereas only <30 and <50%
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scratched area was covered upon treatment with rhGATA4 fusion protein and vehicle control

treated cells, respectively (Figure 4.9A and 4.9B). These results correlate with those from a
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Figure 4.9 Effect of purified rhGATA4, rhETS2 and rhMESP1 fusion proteins on breast

cancer cells. (A) Microscopy analysis of the migration potential of MDA-MB-231 cells upon
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treatment with these recombinant fusion proteins or vehicle control. The scale bar indicates 100 pm.
(B) The quantitative representation of (A). (C) Representative cell cycle profiles of these fusion
proteins transduced and non-transduced (vehicle control) cells. (D) Quantitative cell cycle distribution
data of (C). The quantitative data shown are mean = SEM (n = 3). *P < 0.05; **P < 0.001, ***P <

0.0001.

previous report in which ETS2 has been found to contribute to the survival and telomerase
activity of breast cancer cells (Dwyer and Liu 2010). Apart from breast cancer, the oncogenic
role of ETS2 has been reported in prostate and blood cancers (Carbone et al. 2004; Ge et al.
2008). Similarly, MESP1 plays a crucial role in the initiation, proliferation and progression of
lung cancer and was found as a novel biomarker in lung cancer cells (Tandon et al. 2019; Wang

et al. 2020c).

We next asked whether these purified fusion proteins alter the cell cycle of the MDA -
MB-231 cells. Flow cytometry analysis revealed that hGATA4 fusion protein decreased the
S phase and increased the G1 and G2 phases of the cell cycle upon transduction in the breast
cancer cells (Figure 4.9C and 4.9D). These results were consistent with the previously
published studies on breast and lung cancers (Gao et al. 2019; Han et al. 2019). On the contrary,
rhETS2 and rhMESP1 fusion proteins increased the S phase and decreased the G1 and G2
phases compared to the control cells (Figure 4.9C and 4.9D), in accordance to an earlier study
with ectopic overexpression on MESP1 in lung cancer cells (Wang et al. 2020c). Thus, we

confirmed that these fusion proteins regulate the cell cycle machinery of breast cancer cells.

The role of GATA4 in cancer is contradictory, and it depends on the type and subtype
of cancer. In breast and lung cancer, GATA4 has been identified as a tumor suppressor, as it

regulates NF-xB (Han et al. 2019) and TGF-B (Gao et al. 2019) signaling pathways,
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respectively. It also decreased the epithelial-mesenchymal transition in breast cancer cells (Han
etal. 2019). On the other hand, ETS2 and MESP1 transcription factors were identified as potent
oncogenes in acute megakaryocytic leukemia (Ge et al. 2008) and lung cancer cells (Tandon
etal. 2019; Wang et al. 2020c), respectively. MESP1 prevented apoptosis in lung cancer cells
through the caspase3/poly(ADP-ribose)polymerase 1 (PARP1) signaling pathway (Wang et al.
2020c). Its overexpression induced oncogene stress in the presence of ARF, a potent tumor
suppressor gene, and increased cell proliferation and progression in the absence of ARF
(Tandon et al. 2019). It also regulated epithelial-mesenchymal transition in lung cancer cells
(Wang et al. 2020c), unlike the effect of GATA4 in lung cancer (Gao et al. 2019). Based on
these studies, we can suggest that thGATA4 fusion protein reduced breast cancer cell
migration and induced cell cycle arrest at G1 phase, most likely by decreasing epithelial-
mesenchymal transition and through the NF-«xB signaling pathway. On the other hand, thETS2
fusion protein enhanced the migration of MDA-MB-231 cells and altered the cell cycle, most
likely by activating the telomerase activity. Likewise, the thMESP1 fusion protein effect on
MDA-MB-231 cells might be due to an increase in the epithelial-mesenchymal transition and
cooperation with the loss of ARF. Our results and previous studies propose these transcription
factors as novel biomarkers and therapeutic targets for various cancers (Ge et al. 2008; Gao et
al. 2019; Han et al. 2019; Tandon et al. 2019; Wang et al. 2020c). Thus, these results confirm

that these purified fusion proteins are biologically active.

4.2.2.2 Effects of rhMEF2Cand rhHAND?2 fusion proteins on endothelial cell migration

Previously, studies have reported that MEF2C (Xu et al. 2012; Sturtzel et al. 2014) and
HAND?2 (VanDusen et al. 2014; George and Firulli 2019) transcription factors play a crucial

role in regulating angiogenesis. Following this, we then assessed the functionality of these two
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factors in their recombinant form on angiogenesis. Endothelial cell migration is one of the

important processes of angiogenesis. Therefore, we first performed an in vitro scratch
migration assay, a widely used assay to study the migration-inducing/inhibiting potential of
any specific biological molecules, including recombinant proteins (D et al. 2016; Seetaraman
Amritha et al. 2020). In that aspect, we observed that these two fusion proteins, upon
transduction, exhibited opposite effects on endothelial cell migration. As shown in Figure
4.10A and 4.10B, we observed significantly (P = 0.0142) reduced migration potential of
rhMEF2C-NTH protein transduced HUVECs compared with the non-transduced control cells.
However, significantly (P < 0.0001 for protein-induced at 37 °C and P = 0.0013 for protein-
induced at 18 °C) enhanced migration potential of thHTN-HAND2 protein transduced
HUVECs was observed compared to the control cells (Figure 4.10A and 4.10B). Similarly,
HUVECs migration was significantly (P < 0.0001) increased in the presence of VEGF (Figure
4.10A and 4.10B), which was used as a positive control. After 12 hours of treatment, hHAND2
fusion protein transduced HUVECs (irrespective of the induction temperature) and VEGF
treated positive control cells migrated to >75% and >80% scratched area, respectively, whereas
in thMEF2C fusion protein transduced and non-transduced vehicle control cells only <35%
and <50% area was covered, respectively (Figure 4.10A and 4.10B). Interestingly, thHTN-
HAND?2 protein-induced at 37 °C migrated significantly (P = 0.0097) faster than that induced
at 18 °C. The thHTN-HAND?2 protein-induced at 37 °C promoted endothelial cell migration
similar (no significant difference) to that of VEGF treated ones (Figure 4.10B). Notably,
MEF2C influence only migration and does not affect the proliferation of endothelial cells
(Sturtzel et al. 2014). On the other hand, studies have reported the enhanced migration of

endothelial cells by E. coli-derived recombinant human dermatopontin (Seetaraman Amritha
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et al. 2020) and Brugia malayi asparaginyl-tRNA synthetase (D et al. 2016) proteins. These
data thus confirm that our purified hMEF2C and thHAND?2 fusion proteins significantly alter
the migration potential of endothelial cells.

A rhHTN-HAND2
rhMEF2C-NTH

Vehicle Control

1204

6h

12h

Migration (%)

Figure 4.10 Effect of purified rhMEF2C and rhHAND?2 fusion proteins on the migration
of endothelial cells. (A) Microscopy analysis of the migration-inducing potential of hMEF2C-NTH
and thHTN-HAND?2 proteins transduced, non-transduced, and VEGF induced HUVECs. Scale bar:
100 pm. (B) Quantitative data of the migration in (A). The quantitative data shown are mean+ SEM
(n=3). *P<0.05; **P<0.001, ***P<0.0001.
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4.2.2.3 Effects of rhMEF2Cand rhHAND?2 fusion proteins on angiogenesis

We next sought to understand whether the purified thMEF2Cand rhHAND?2 fusion proteins
can regulate angiogenesis as we obtained positive results in the preliminary experiments using
endothelial cells. In order to study the angiogenic/anti-angiogenic potential of these fusion
proteins, we performed a chicken CAM assay. The chick embryo model is a widely used ex
vivo model to study the angiogenic/anti-angiogenic potential of various biological molecules
including recombinant proteins (D et al. 2016; Seetaraman Amritha et al. 2020). For the slow
diffusion of recombinant protein, we soaked the filter paper discs in the protein solution and
gently placed them on the CAMs. At the end of 12 hours of incubation, we did not observe any
sprouting blood vessels in the thMEF2C-NTH protein diffused CAM, whereas increased
neovascularization was observed in the thHTN-HAND?2 protein diffused CAM (Figure 4.11).
Interestingly, as early as after 5-6 hours of incubation, induced sprouting of small capillaries
from the pre-existing blood vessels was observed in this hHAND2 fusion protein and VEGF-
treated (positive control) CAMs compared to the vehicle control. No substantial difference was
observed between this hHAND?2 fusion protein (irrespective of the induction temperature) and
VEGF-treated CAMs (Figure 4.11). Contrastingly, even after 15 hours of incubation, no sign
of sprouting blood vessels was observed in the thMEF2C fusion protein diffused CAM. This
inhibition of sprouting angiogenesis might be due to decreased migration and tube formation
potential of endothelial cells mediated by the MEF2C transcription factor (Sturtzel et al. 2014).
Consistent with this, we also observed the migration inhibition potential of purified hMEF2C
fusion protein on endothelial cells (Figure 4.10A and 4.10B). Although studies suggest that
MEF2C binds to the Notch intracellular domain in cardiomyocytes (Wilson-Rawls et al. 1999;
Pallavi et al. 2012), it does not regulate angiogenesis through the Notch signaling pathway

121
TH-3057_156106036



Krishna Kumar H

(Sturtzel et al. 2014), unlike HAND2 (VanDusen et al. 2014). Notably, MEF2C induced the
expression of alpha-2-macroglobulin in endothelial cells, which then negatively regulated
angiogenesis (Sturtzel et al. 2014). These results imply that the purified thMEF2C-NTH
protein inhibited the sprouting angiogenesis. This might be mediated through the induction of
alpha-2-macroglobulin, which in turn inhibited the endothelial cells migration and tube

formation potential.

rhHTN-HAND2
Vehicle

Control rhMEF2C-NTH 18 °C

Figure 4.11 Effect of the purified rhMEF2C and rhHAND2 fusion proteins on
angiogenesis in ex vivo chicken CAM model. Embryonated chicken eggs 3-4 days old were gently
cut open on the top and treated with purified hMEF2C-NTH or rhHTN-HAND?2 protein (induced either
at 37 or 18 °C) or vehicle control or VEGF (positive control) for 12 hours at 37 °C. Macroscopic images
of CAM were captured before and after the incubation. All images were taken with identical camera

settings. Images are representative of three different experiments.
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Since HAND2 has been reported to promote angiogenesis (VanDusen et al. 2014;

George and Firulli 2019), the effect of its pure recombinant fusion protein version in the
neovascularization was investigated, and the results showed that the rhHTN-HAND?2 protein
promoted the migration of endothelial cells and induced neovascularization by sprouting
angiogenesis. The endothelial cell migration and angiogenic potential of this purified fusion
protein were comparable to the VEGF, a crucial inducer of angiogenesis. Similar observations
of neovascularization were reported, induced by E. coli-derived recombinant asparaginyl-
tRNA synthetase (D et al. 2016) and dermatopontin (Seetaraman Amritha et al. 2020) proteins.
It is reported that HAND2 regulated angiogenesis through the Notch signaling pathway
(VanDusen et al. 2014). Thus, the thHAND?2 fusion protein generated by us might also induce
neovascularization through the Notch signaling pathway. However, further detailed studies are

required to confirm the same.

4.2.2.4 Synergistic activation of an a-MHC gene by rhMEF2C and rhHAND?2 fusion

proteins

To further examine the transcriptional activity of these thMEF2C and rhHAND2 fusion
proteins, we selected one of their downstream targets, a cardiomyocyte-specific a-MHC gene,
and performed a reporter assay using the a-MHC promoter-driven eGFP reporter system in
cardiomyoblast cells. It has been reported that HAND?2, along with another cardiac restricted
transcription factor, MEF2C, synergistically activated a-MHC and atrial natriuretic peptide
(ANP) genes (Zang et al. 2004a). We first transduced the cardiomyoblast, HOC2, cells with
lentivirus a-MHC-eGFP reporter and then treated them with either purified thMEF2C or
rhHAND? fusion protein (Figure 4.12A). Even after 3-4 rounds of protein transduction, we

did not observe any GFP expression in HOC2 cells when treated only with one of the two fusion
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proteins (Figure 4.12B). This result implied the possible reason that these fusion proteins
cannot activate the a-MHC individually or were transcriptionally inactive proteins. Therefore,
to eliminate the latter part, we infected the a-MHC-eGFP transduced H9C2 cells with
FUdeltaGW-rtTA and inducible tetO-MEF2C lentiviral vectors. After 2-3 days of post-
transduction, we confirmed the exogenous expression of MEF2C only upon induction with
doxycycline in HOC2 cells (Figure 4.12C). Although the exogenous expression of MEF2C was
confirmed, the a-MHC promoter-driven eGFP expression was not observed even after 6-8 days
of doxycycline induction (Figure 4.12B). Hence, it is confirmed that MEF2C transcription

factor alone is not sufficient to activate a-MHC gene.

Next, to study the synergistic role of MEF2C and HAND?2 factor in the activation of a-
MHC, we transduced the H9C2 cells with lentiviral vectors (a-MHC-eGFP/FUdeltaGW-
rtTA/tetO-MEF2C) followed by treatment with rhHTN-HAND2 protein along with
doxycycline (Figure 4.12A). Remarkably, the GFP™ cells were observed in purified thHAND2
fusion protein (induced either at 37 or 18 °C) and doxycycline-treated samples (Figure 4.12B).
In fact, as early as day 4, expression of GFP was observed due to the transcriptional activation
of its a-MHC promoter by thHTN-HAND2 and MEF2C (doxycycline-induced expression in
HOC2 cells) proteins. Flow cytometry analyses showed that around 32% of the population were
GFP", whereas <1% of GFP" cells were observed in the respective control conditions (Figure
4.12D and 4.12E). Our results thus signify that along with MEF2C, our purified rhHAND2
fusion protein, independent of the induction temperature, synergistically activated and induced

the expression of a-MHC promoter-driven eGFP, thereby confirming its biological activity.

We next focused on investigating the transcriptional activity of purified thMEF2C

fusion protein. To examine this activity, we replaced the doxycycline-induced MEF2C
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Figure 4.12 Effect of the purified rhMEF2C and rhHAND?2 fusion proteins on synergistic
activation of the a-MHC promoter. (A) Doxycycline-induced expression analysis of tetO-MEF2C
transduced H9C2 cells. (B) Schematic representative of the strategy employed to analyze the
transcriptional activity of the purified thMEF2C-NTH and thHTN-HAND? proteins. (C) Firstly, H9C2
cells were transduced with a-MHC-eGFP, FUdeltaGW-rtTA, and tetO-MEF2C viral vectors.
Subsequently, they were treated with doxycycline or purified thMEF2C-NTH and thHTN-HAND?2
protein (induced either at 37 or 18 °C) or vehicle control. After 7-8 days, images were captured and
analyzed. All images were taken with identical camera settings. Scale bar: 100 um. (D) Flow cytometry

analysis of GFP” cells. (E) Quantitative representation of (F). The quantitative data shown are mean +

SEM (n=4). Dox: doxycycline.

lentivectors with purified thMEF2C-NTH fusion protein and then analyzed the GFP expression
(Figure 4.12A). Interestingly, induction of GFP expression was observed when the H9C2 cells
were treated with thMEF2C-NTH protein along with purified thHTN-HAND?2 protein (Figure
4.12B). Further analyses with the flow cytometry revealed that around 22% of the HOC2 cells
were GFP" when treated with either fusion proteins, while <1% GFP" cells were observed
when treated with only rthMEF2C or rhHAND?2 fusion protein (Figure 4.12D and 4.12E).
These results were in line with the previous report that demonstrated the synergistic activation
of an a-MHC gene (~5 fold) by MEF2C and HAND?2 transcription factors in HOC2 cells using

a luciferase-based reporter system (Zang et al. 2004a).

Cardiac restricted transcription factors interact with each other to regulate various
target genes. For example, GATA4 recruits MEF2C to regulate the ANP transcriptional
activity (Morin et al. 2000). Similarly, MEF2C recruited HAND?2 to the a-MHC and ANP
promoters and regulated transcription through protein-protein interaction (Zang et al. 2004a).
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Studies demonstrated that MEF2C protein physically interacts with HAND2 protein both in

vitro and in vivo (Zang et al. 2004a; Zang et al. 2004b). Thus, these purified fusion proteins
(rthMEF2C and rhHAND?2) physically interact with each other and forms a protein complex to
regulate the transcription of an a-MHC gene. Physiologically, HAND2 has been identified in
both homodimer and heterodimer forms. HAND2 forms heterodimers with the ubiquitously
expressed protein (majorly bHLH proteins) to enhance its transcriptional activation (Dai et al.
2002; Thattaliyath et al. 2002). Taken together, our results thus signify transcriptional synergy
of the hMEF2C fusion protein with trhHAND?2 fusion protein in the activation of the a-MHC

promoter.

4.2.2.5 Effect of rhTBX5-NTH on colon cancer cells

To determine the biological activity of the purified cell-permeant thTBX5-NTH protein, we
first examined its effect on the clonogenic potential of SW620 cancer cells. Clonogenic assays
have been widely used to analyze the effects of desired/target proteins, such as the effects of
tumor suppressor genes WT1 and pRB including TBX5 on growth/tumor suppression (Guan
et al. 1998; Zhang et al. 1999; He et al. 2002; Yu et al. 2010). Thus, we performed clonogenic
assays to understand whether our purified thTBX5-NTH protein might have any tumor
suppressor ability in SW620 colon cancer cells. We selected this cell line because it has been
used to demonstrate the tumor suppressor ability of TBXS (Yu et al. 2010). We observed
significantly lower (P = 0.0006) colony numbers of cells transduced with thTBX5-NTH
proteins than control cells after 12 rounds of transduction (Figure 4.13A and 4.13B). This
observation was similar to those in previous studies demonstrating the effects of TBXS5 (in

genetic form) on the clonogenic potential of human osteosarcoma cells (He et al. 2002) and
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colon cancer cells (Yu et al. 2010). Thus, the thTBX5-NTH fusion protein inhibited the

clonogenic potential of SW620 cells.

We next sought to understand whether this inhibition of clonogenic potential in SW620
cells might have been due to cell cycle arrest. After protein transduction, flow cytometry
analysis (Figure 4.13C and 4.13D) indicated absence of the S-phase, which was present in the
control cells (Figure 4.13E). These results correlate with those from a previous report in which
decreased cell proliferation rates or cell cycle arrest have been found to strongly contribute to
suppressed colony-formation potential (He et al. 2002). Given that TBXS5 has been found to
induce apoptosis (He et al. 2002; Yu et al. 2010), we performed Western blot analysis to
determine whether thTBX5-NTH protein transduced cells might undergo apoptosis. The
results showed a decrease in procaspase-3 (Figure 4.13F; fop) and the presence of cleaved
PARP (Figure 4.13F; middle) in protein treated cell lysate compared to control cells. Notably,
the quantitative analysis of immunoblots indicated a significant decrease (P = 0.022) in the
expression of procaspase-3 in thTBX5-NTH protein transduced cells compared with control
cells, normalized to B-actin expression (Figure 4.13G). These findings confirmed that TBX5
played a role in decreasing the clonogenic potential of SW620 colon cancer cells by inhibiting

the S-phase and inducing apoptosis.

Colon cancer cells are highly metastatic in nature, and TBXS, as a tumor suppressor,
has been reported to play a role in regulating anti-metastatic and pro-metastatic genes, such as
MTSSI (metastasis suppressor 1) and MTA2 (metastasis associated protein 1 family member
2), respectively (Yu et al. 2010). Interestingly, ectopic expression of TBXS5 has been reported
to increase the expression of the MTSS1 gene and decrease the expression of the MTA2 gene

in SW620 cells, thus leading to the inhibition of its metastatic potential (Yu et al. 2010). To
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Figure 4.13 Tumor suppressor ability of rh'TBXS-NTH protein in SW620 cancer cells.
(A) Effect of thTBX5-NTH protein on the clonogenic potential of SW620 cells. (B) Quantitative
analysis of the clonogenic potential of rhTBX5-NTH protein transduced and non-transduced (control)
SW620 cells. (C) and (D) Representative cell cycle profiles of rhTBX5-NTH protein transduced and
non-transduced (control) SW620 cells, respectively. (E) Quantitative cell cycle distribution data. (F)
Immunoblot analysis of apoptosis-associated protein expression in thTBX5-NTH protein transduced
and non-transduced (control) SW620 cells. (G) Quantitative data on procaspase-3 in (F). (H) and (I)
Relative expression of pro-metastatic (MTA2) and anti-metastatic (MTSS1) genes in control and
rhTBX5-NTH transduced SW620 cells, analyzed by RT-qPCR. The quantitative data shown are mean

+ SEM (n =3). *P <0.05; **P < 0.001, ***P < 0.0001.

determine the role of our protein in the expression of these genes, we performed RT-qPCR,
which indicated a significant upregulation (~2.4 fold; P=0.038) of MTSS1 and a significant
downregulation (~2.3 fold; P =0.0017) of MTA2 after protein treatment (Figure 9H and 91).
Thus, the increase in MTSS1 and decrease in MTA2 gene expression mediated by TBX5
protein correlated with the diminished clonogenic potential of SW620 cells, thus indicating an
interdependency of the metastatic potential of cancer cells, and the ability to form colonies and

the proliferation capacity.

4.3 Conclusion

Here, we have demonstrated that the six purified recombinant fusion proteins were stable under
standard cell culture conditions. Among these purified fusion proteins, thMEF2C-NTH was
found to be highly stable even after 48 hours of incubation, and rhTBX5-NTH was partially
stable after 18 hours of incubation. The remaining fusion proteins were stable for at least 24

hours of incubation under cell culture conditions. We then confirmed the cell penetration and
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nuclear translocation ability of these fusion proteins without the need of a protein transduction

reagent. Interestingly, we observed differences in the nuclear translocation between HeLa cells
and HFFs, which signified that this translocation ability depends on the cell type used for the
protein transduction. Next, we demonstrated the effect of purified rhTBXS5 fusion proteins as
a potent tumor suppressor on human colon cancer cells, followed by rhGATA4 on human
breast cancer cells. Furthermore, rhETS2 and thMESP1 promoted cell migration and acted as
oncogenes in human breast cancer cells. Moreover, the generated thMEF2C and rhHAND?2
fusion proteins exhibited opposite roles in regulating angiogenesis. Remarkably, these two
fusion proteins synergistically activated a-MHC and indicated their importance in the
maturation of cardiomyocytes. Further, these results signify that our fusion strategy employed
in this study does not affect the functionality of the fusion proteins. Prospectively, these
purified bioactive recombinant fusion proteins can potentially be safe and effective molecular
tools in the direct cardiac reprogramming process to generate functional cardiomyocytes in an
integration-free manner and other biological applications such as determination of their 3D
structure, identification of possible novel interaction partners, and elucidating their biological

role in healthy and diseased mammalian cells.
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Chapter 5

Overall conclusions and future perspective

From the extensive work carried out in this thesis, we conclude that we have sudccessfully
generated six biologically active cardiac reprogramming transcription factors in the form of
recombinant proteins that can be utilized for various biological applications. To achieve this,
we codon-optimized the gene sequences to attain the enhanced production of these
recombinant proteins and employed a fusion strategy to enable cell penetration and nuclear
translocation. However, gene optimization alone is insufficient to obtain the maximum soluble
expression of these recombinant fusion proteins from the bacterial system, as shown by the
results of this study. Notably, we have established the one-step homogeneous purification of
these proteins. The established approach is simple, cost-effective, highly reproducible and
involves purification under native conditions. However, further refinements are required in
enhancing the yield of these purified fusion proteins from E. coli. We have identified the
optimal expression conditions for each transcription factor and showed that the position of
fusion tags had a significant impact on their expression, purification and yield. Besides, our
highly pure recombinant versions of transcription factors had retained their folding
conformation, are stable under cell culture conditions, and were able to transduce into the cells
and localize into the nucleus. Notably, we have demonstrated that induction temperature and
salt concentration highly contribute to the folding conformation of the recombinant proteins.
In fact, our results suggest that MESP1 is more likely to be an ion-sensitive protein as the
presence of salt influences its solubility and secondary structure conformation. Further, we
have demonstrated that these purified recombinant proteins are biologically active using

different assays. Here, we report that GATA4 and TBXS fusion proteins act as tumor
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suppressors, whereas ETS2 and MESP1 had an oncogenic effect in different types of cancer.
We also showed that MEF2C and HAND?2 played an essential role in regulating angiogenesis,
and these fusion proteins were able to activate the expression of the o-MHC gene
synergistically. Notably, our results confirmed that the fusion strategy employed in this study
does not affect the functionality of these recombinant fusion proteins. Overall, the established
cardiac-specific recombinant protein toolbox can be used to directly reprogram somatic cells
to generate integration-free cardiomyocytes, which will have a range of applications in the
field of disease modeling and drug development. Since recombinant proteins do not integrate
in and alter the genome, the resulting myocytes will be integration-free and, therefore, can be
used for cell therapy applications as well. Moreover, these purified fusion proteins can also aid
in elucidating their molecular role in various diseases and cellular processes. As mentioned,
some of the proteins have shown tumor-suppressing or oncogenic activity, which can be
studied further to explore their application in the field of cancer biology and understand their

mechanism of action in different cancers.
Highlights

1. Identified the appropriate genetic construct and expression conditions for each transcription

factor.

2. One-step homogeneous purification of these recombinant fusion proteins were established

under native conditions.

3. Purified fusion proteins are stable under cell conditions and has cell penetration and nuclear

translocation ability.
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4. Purified fusion proteins are biologically active, and the fusion strategy did not affect their

functionality.

fibroblasts cardiomyocytes
(autologous)

Ce/l e
epl‘o
ar. iation
N gifferentiat

induced pluripotent stem cells (iPSCs)

Figure 5.1 Illustration of prospective future applications of recombinant protein toolbox.

The future applications of this recombinant protein toolbox lie in understanding and
elucidating the detailed role of these factors individually or in combination in various cellular
environments. For example, implementing this toolbox can replace their genetic version and
can be used to reprogram (i) somatic cells to cardiomyocytes via direct reprogramming
approach, bypassing the pluripotent stage, (ii) reprogram somatic cells to cardiac progenitor
cells and their subsequent differentiation into cardiomyocytes, and (iii) apply the components
of this toolbox individually or in different combinations to differentiate iPSCs into
cardiomyocytes efficiently (Figure 5.1). Further, this established protein toolbox can be
employed to determine the appropriate stoichiometry of the reprogramming factors to enhance

the cardiac reprogramming efficiency and kinetics. It also provides the sliding window
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approach to understand the stage-specific role of each factor in the reprogramming paradigm.

In addition, the components of this toolbox can be used for understanding their detailed

mechanism of action in cancer biology.
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List of antibodies used in this study

Dilutions
Antibodies Source Identifier
Western blotting Immunostaining
Anti-His 1:5000 N/A BioBharati Cat# BB-AB0010
Anti-Gata4 1:1000 1:300 ReJia Cruz Cat#SC-25310
Biotechnology
Anti-Mef2c 1:2000 1:100 Invitrogen Cat#MAS-25477
Anti-Tbx5 1:2000 1:50 Santiguz Cat#SC-515536
Biotechnology
Anti-Ets2 1:1000 1:50 panta Oz Cat#SC-374509
Biotechnology
Anti-Ets2 N/A 1:100 Novus Biologicals Cat#NBP3-04749
Anti-Mespl 1:500 1:200 Sag CRF Cat#SC-130461
Biotechnology
Anti-Hand2 1:2000 1:40 Invitrogen Cat#PAS5-35186
Anti-B-Actin 1:5000 N/A BioBharati Cat# BB-AB0024
Anti-Rabbit IgG, HRP-conjugated 1:5000 N/A Invitrogen Cat#31460
Anti-Mouse IgG, HRP-conjugated 1:5000 N/A Invitrogen Cat#31430
Alexa Fluor 488 goat anti rabbit IgG N/A 1:2000 Invitrogen Cat#A11034
Alexa Fluor 488 goat anti-mouse IgG ~ N/A 1:2000 Invitrogen Cat#A11029
Alexa Fluor 594 goat anti-rabbit [gG ~ N/A 1:500 Invitrogen Cat#A11037
Alexa Fluor 594 goat anti-mouse IgG ~ N/A 1:1000 Invitrogen Cat#A11032
N/A, Not Applicable
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