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PREFACE

The thesis aims to unravel the complex molecular mechanism associated with the
pathophysiology of diabetic cardiomyopathy entitled “The Role of Developmental
Regulatory Factors YAP1 and FOXMI1 and Associated Molecular Signaling in the
Induction of Cardiomyocyte Hypertrophy and Fibrosis in Rodent Diabetic
Cardiomyopathy Model™.

The thesis contains 5 major chapters. Chapter 1 elaborate the background and
introduction study on Diabetic cardiomyopathy and associated cellular signaling with
reference to the critical role of the developmental regulatory molecules under study. Chapter
2 addresses the aims and objectives of the research work. Chapter 3 deals with the
materials and methods used to conduct the aforementioned research investigations.
Chapter 4 describes the results and discussion of our study following Chapter 5 with the

conclusion of the overall research work.

The results and discussion chapter further elaborates the overall research work in 3
subchapters. Chapter 4.A reports the role of YAPI-FOXMI in hyperglycemia mediated
cardiomyocyte hypertrophy and fibrosis induction. Chapter 4.B explains the findings on
YAP1 mediated RAS signaling dysregulation in promoting hyperglycemia incuced
cardiomyocyte EMT and fibrotic response. And Chapter 4.C reports the study on
hyperglycemia induced YAP! overexpression in orchestrating 3-catenin / TGF-f signaling

mediated cardiac fibrosis.

In the course of the scientific study, | am thankful to all other scientists who have worked

tirelessly in this field which have and have inspired me to work further.

Amm:m& MG;DH-L’

(Arunima Mondal)
Department of Life science and Bio-technology,
Jadavpur University.,

Kolkata-700032
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Thesis Title: The Role of Developmental Regulatory Factors YAP1 and FOXML1 and
Associated Molecular Signaling in the Induction of Cardiomyocyte

Hypertrophy and Fibrosis in Rodent Diabetic Cardiomyopathy Model
ABSTRACT

Cardiovascular diseases (CVDs) are currently the leading cause of increasing morbidity and
mortality worldwide. Among the different types of CVDs, cardiomyocyte hypertrophy
deteriorates the functional ability of heart leading to increased risk of heart failure. At the
tissue level, cardiac hypertrophy is characterized by thickening of ventricular wall, increased
myocardial fibrosis and impaired cardiac contractility. The underlying cause of
cardiomyocyte hypertrophy often involves genetics, hypertension, coronary artery disease,
inflammation, oxidative stress etc. Metabolic disease such as diabetes is currently a major
health burden which is also associated with the development of various cardiac diseases.
While different medications are being used against diabetic cardiomyopathy, the role of
specific molecular players in the disease pathogenesis seek further research in-depth that may
help in identification of novel therapeutic targets in future. This study primarily aims to
understand the transcriptional regulation of FOXM1 upon high glucose stress in cardiac cells
both in vitro and in vivo. yapl and foxml, two important genes expressed during early
developmental period, were found to be upregulated in hyperglycemic condition. Inhibition
of these molecules in the high glucose condition with specific inhibitors resulted in
significant amelioration of cardiomyocyte hypertrophy and fibrosis. YAP1 has been observed
to upregulate AKT activation followed by subsequent GSK3[ inhibition that in turn
upregulates FOXM1 expression leading to exacerbated hypertrophy. In the hyperglycemic
cells, activated YAP1 also modulated renin angiotensin system (RAS) through upregulation
of angiotensin converting enzyme (ACE) and downregulating its homolog molecule
angiotensin converting enzyme2 (ACE2). Moreover, YAP1-dependent increased expression
of ACE and ACE2 has been observed to be mediated through f-catenin overexpression in
cardiomyocyte and cardiac fibroblast in vitro. Activated ACE induced epithelial to
mesenchymal transition (EMT) - mediated pro-fibrotic remodeling via upregulated TGF-f3-
SMAD?2/3 pathway. In nutshell, the study demonstrates the role of YAPL in cardiomyocyte
hypertrophy and fibrosis by FOXM1 and ACE respectively in high glucose stress condition.
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SUMMARY

Cardiac diseases are the most common complications that affect majority of diabetic patients.
Hypertrophy of cardiomyocyte and fibrosis of heart muscle often lead to structural and
functional abnormalities leading to risks of heart failure in diabetic individuals. YAP1 and
FOXML are recently being investigated for their role in hypertrophic and fibrotic disorders.
However, the precise role of YAP1 and FOXM1 and its mode of interactions with other
molecules in the induction of high glucose mediated cardiomyopathies are still not clear. In
this study we have observed high glucose mediated upregulation of FOXML1 induces
hypertrophy and increased fibrotic response of cardiomyocyte. As the underlying mechanism,
we have further observed that improper glucose metabolism activates YAP1, a key organ size
regulatory molecule that further activates AKT-GSK3p signalling in cardiomyocyte. YAP1
and AKT manipulation resulting in altered expression of FOXM1 points to a possible
interaction of YAP1 and FOXML1 in the cardiomyocyte. Modulation of YAP1, AKT and
FOXML1 decreases the overexpression of hypertrophic and fibrotic markers in hyperglycemia
treated cardiomyocyte. Further, in our study we have observed, high glucose mediated
activation of renin angiotensin system, specifically Angiotensin-1l plays a critical role in
mediating cardiac hypertrophy and fibrosis. Recent researches have reported ACE2 in
amelioration of Ang-Il mediated diabetes related cardiomyopathies. However, the precise
mode of action of ACE-ACE2 signaling in diabetic cardiomyopathy is still not well
understood. In this study, we have observed YAP1 to also regulate the differential expression
of ACE and ACE2 in hyperglycemic stress to induce cardiac fibrotic remodeling. High
glucose mediated YAPL overexpression in cardiomyocyte and cardiac fibroblast upregulates
[-catenin expression that further promotes ACE activity along with reduced ACE2
expression. This leads to increased cardiac fibroblast activation with increased EMT like
process in cardiac cells. Increased YAP1-Bcatenin activity has been observed to upregulate
pro-fibrotic TGF-B signaling in both cardiomyocyte and cardiac fibroblast. Inhibition of
either YAP1 or B-catenin in the hyperglycemic cells shifts the expression of RAS pathway
towards increased ACE2 expression which accompanied reduced EMT and fibrotic marker
expression proving beneficial in the diabetic cardiomyopathy. Altogether our study suggests
that hyerglycemic stress in adult cardiac cells mediate YAPL activation, thus inducing
expression of key signaling molecules such as FOXML1, B-catenin, ACE thereby promoting

cardiac hypertrophy and fibrosis.

Xi
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CHAPTER 1

BACKGROUND
&
INTRODUCTION



1.1 Heart and structure of cardiac tissue

The heart is a hollow, muscular organ of the body that pumps blood throughout the body as
the main unit of the circulatory system. In mammalian system the heart through its repeated
beating action maintains a continuous flow of blood through an intricate network of vessels
carrying oxygen and nutrients to the tissues and carries back metabolic by-products to the
heart for refilling at the lungs. The circulatory system is grouped into systemic circulation
where the heart pumps blood through the aorta to the body and the pulmonary circulation
pumps blood to the lungs. The coronary circulation involves circulation of blood to the
muscle of the heart.
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Figure 1. Circulatory system in human body and structure of human heart (Acevedo
2014)

The heart consists of four chambers, two upper chambers known as atria and two lower
chambers known as ventricles. The right atria receive deoxygenated blood from the body
through caval veins and left atria receive oxygenated blood from the lungs through
pulmonary veins. The right ventricle receives deoxygenated blood from the right atria
through right atrio-ventricular orifice and sends it to the lungs for reoxygenation. The right
atrio-ventricular orifice is guarded by the tricuspid valves that prevent the flow back of blood
to the atria. The oxygen rich blood from the left atria passes to the left ventricle through left
atrio-ventricular orifice guarded by bicuspid or mitral valves. The left ventricle pumps out the

oxygenated blood to the whole body through the major artery, aorta. The aortic orifice is
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guarded by three semilunar aortic valves to stop blood from coming back to the ventricle(Hall
and Hall 2020).

The cardiac wall is made up of three layers:

1. Endocardium: the innermost layer of heart wall made of simple squamous epithelium

cells

2. Myocardium: The middle and thickest layer is the myocardium, made largely of cardiac
muscle cells i.e. cardiomyocyte, built upon a framework of collagenous fibres, with the
blood vessels that supply the myocardium and the nerve fibres that help regulate the
heart. It is the contraction of the myocardium that pumps blood through the heart and
into the major arteries. The muscle of the left ventricle is much thicker and better
developed than that of the right ventricle in order to generate a greater amount of
pressure required to pump blood into the long systemic circuit(“19.1 Heart Anatomy -

Anatomy and Physiology | OpenStax™ n.d.).

3. Epicardium: Outermost layer of heart made of a mesothelium overlying some elastin-

rich loose connective tissue.

Epicardium
(parietal layer of the serous
pericardium containing EAT,
Myocardium shown in yellow)

Endocardium

Figure 2. Anatomical structure of heart(Krishnan et al. 2022)
1.2 Types of cells present in heart

The mammalian heart consists of four major cell types; cardiac fibroblasts (CFs), cardiac
muscle cells or cardiomyocyte, smooth muscle cells (SMCs), and endothelial cells (ECs).
CFs produces the extracellular matrix (ECM) scaffold of the heart and is thought to constitute
more than half of all heart cells. Cardiomyocyte are estimated to provide about 30% of the
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total cell number but account for over 70% of the total cardiac mass because of their large
volume. In contrast, SMCs, which support the vascular system, and ECs, which form the
interior lining of the heart, blood vessels, and cardiac valves, are generally believed to be

much less abundant(Xin, Olson, and Bassel-Duby 2013).

Cardiomyocyte are the main contractile units of heart that function to pump blood in and out
of heart to supply the entire body.
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Figure 3. Types of cell present in heart(Nandi and Mishra 2015)
1.3 Disease of cardiac muscle

Cardiovascular diseases are one of the leading causes of high mortality and morbidity rate
globally. An estimated 17.9 million people died from CVDs in 2019, representing 32% of all
global deaths. Of these deaths, 85% were due to heart attack and stroke(World Health
Organization 2016). Among these, cardiomyopathies are characterized by a group of disease
of cardiac muscle that results in abnormal thickening (hypertrophic cardiomyopathy) and
stiffening (restrictive cardiomyopathy) of cardiac muscle, thinning of muscle (dilated
cardiomyopathy) among other abnormalities. Disorders of cardiac muscles result in reduced

pumping ability of the heart eventually leading to heart failure(Vuckovic et al. 2022).

Cardiomyopathy can be genetic (Hypertrophic cardiomyopathy) or acquired as results of
exposure to other diseases such as coronary artery disease, inflammation of cardiac muscle or

metabolic disorders such as diabetes(“Cardiomyopathy | Cdc.Gov” n.d.).
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Figure 4A. cardiac hypertrophy(“Cardiovascular Disease - Ventricular Dysfunction, Heart
Failure, Treatment | Britannica” n.d.) B. fibrosis(Hinderer and Schenke-Layland 2019)

1.4 Cardiomyocyte hypertrophy and fibrosis

Cardiac hypertrophy is one of the leading causes of heart attack related deaths. It is
characterized by increased size of cardiomyocyte and often accompanied by fibrotic
remodelling of tissue. Injury or stress condition in the cardiac tissue leads to increased
incidence of cardiomyocyte apoptosis or cell death. To meet the required demand the
remaining cell responds by increasing the size of the cell or by increased fibroblast activity as
cardiomyocyte are mostly terminally differentiated cells. However, these changes are
maladaptive in nature with loss of contractile capacity of the existing hypertrophic
cardiomyocyte. The exaggerated wound healing response by fibroblast can lead to ECM

stiffness, myocardial scarring; eventually resulting in increased chances of heart failure.

At the molecular level, cellular hypertrophy and fibrosis is associated with fetal gene
reactivation and irregular molecular signalling leading to the pathological condition.
Understanding these molecular signatures is the key step towards therapeutics development

and reducing disease progression.
1.5 Diabetes: Effect of metabolic disorders on cardiovascular system

Diabetes mellitus is currently one of the global health issues leading to high mortality and
morbidity rate. In the current modern lifestyle, high fat food consumption, sedentary lifestyle
contributes to increased incidence of diabetes in the population(Phang et al. 2023). Diabetes
is an endocrine disorder associated with disease characterized by body cells’ inability to
uptake glucose from food sources resulting in high levels of glucose in the blood. There are

two major forms of diabetes, typel and type2. Type 1 Diabetes mellitus is an autoimmune
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disease where the insulin producing B-cells are destroyed. Insulin is the hormone that
promotes glucose absorption in the cells. In type 2 diabetes mellitus, high blood sugar results

from insulin resistance of cells and inefficient insulin production by pancreatic p3-cells.

The prolonged exposure of body cells to this high blood sugar leads to various pathological
stress to other organs including lung, kidney and especially heart. Cardiomyopathies are the

most common consequences of diabetes.

Diabetic cardiomyopathy is represented as the disorders of cardiac muscles in individuals
with diabetes mellitus, in the absence of other cardiac complications such as coronary artery
disease, valve disorders or hypertension. Cardiomyocyte hypertrophy and interstitial fibrosis
are the most common cardiomyopathy leading to structural and functional damage to cardiac
tissue(Jia, Hill, and Sowers 2018).

Understanding how the high glucose stress acts to shift the molecular balance at the
cellular level leading to such pathogenesis is the main objective of our study.
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1.6 Hippo-YAP signalling in myocardial pathophysiology

Hippo pathway is known to be a master regulator of organ size and development regulator. In
the mammalian system, it comprises of four main molecules namely the mammalian STE20-
like protein kinase 1/2 (MST1/2), the large tumor suppressor homologue 1/2 (LATS1/2), yes
associated protein (YAP), and transcriptional coactivator with PDZ-binding motif (WWTRL,
also known as TAZ). Hippo regulation works by negative YAP regulation via two modes,
‘ON’ or ‘OFF’ to regulate the expression of genes governing the size and development of
organs. In the ‘ON’ state, MST1/2 is phosphorylated which activates LATS1/2 kinases.
Phosphorylated LATS1/2 further goes onto phosphorylates YAP/TAZ. Once phosphorylated,
YAP/TAZ is either retained in the cytoplasm and/or subjected to proteasomal degradation,
inhibiting their transcriptional activity. During the ‘OFF’ stage, the non-phosphorylated
YAP1 remains active and thus translocates to the nucleus to induce the transcription of vital
genes associated with cell proliferation, differentiation, growth and apoptosis. Thus, mutation
in the hippo regulatory genes, results in overactive YAPL leading to tissue overgrowth,
known as hippopotamus like phenotype thus acquiring the name(J. Xie et al. 2022; Juan and
Hong 2016).
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Figure 6. Hippo signaling pathway and its effect on cardiac growth and
development(Mia and Singh 2022; Jun Wang et al. 2018)

In recent research, Hippo-YAP signalling has been extensively studied because of its crucial
role in cancer development and progression(Zanconato, Cordenonsi, and Piccolo 2016;

Abylkassov and Xie 2016). YAP1 has also been reported to be involved in hypertrophy and



fibrotic disease induction in several organs such as lung, liver, kidney among others(N.
Zhang et al. 2010; Mia and Singh 2022; Wong et al. 2016).

Hippo signalling has been reported in several studies to play a critical role in the development
of heart as well as its regeneration potential in the developed heart post injury. However, not
without the probable risk factor of inducing pathogenesis in the adult tissue as part of fetal
gene reactivation, sustained YAP1 activity have also been speculated to promote pathological
remodelling in the heart(Zheng, Chen, and Zhang 2022).

While various reports already suggested the different role of YAP1 in cardiac development
and disease induction, very few reports were made on the precise role of YAP1 in the
cardiomyocyte hypertrophy and fibrosis induction especially in the context of diabetes or
hyperglycemic stress. In our studies, we have reported the role of YAPL in the hyperglycemia
induced cardiomyocyte hypertrophy and fibrosis and its probable mechanism of action.

1.7 Role of FOXML1 transcription factor in cardiomyocyte hypertrophy

and fibrosis

FOXML i.e. Forkhead Box Family M1 is a Forkhead family protein known for its key role as
transcription factor in promoting cell proliferation and metastasis(Liao et al. 2018; Gartel
2017). FOXM1 protein has a conserved DNA binding domain and has been shown to
regulate expression of various G2/M-specific cell cycle regulatory genes, such as PIk1, cyclin
B2, Nek2 and CENPF promoting cell cycle progression, proliferation; thus imparting a
crucial role in organogenesis(Laoukili et al. 2005). FOXM1 overexpression has been
extensively reported to be associated with various forms of cancer progression(Gartel 2017;
Myatt and Lam 2007). Found to express mostly in embryonic cells such as in the
mesenchymal and epithelial cells of the liver, lung, renal cortex and regenerating tissues,
FOXML also plays a critical role in early cardiac growth and development(Y. Li et al. 2019;
Bolte et al. 2011; Sengupta et al. 2012). But, the expression of FOXML1 declines to a basal
level in the adult fully grown tissue. FOXM1 expression is reported to be reactivated in adult
cells during injury or repair(Y. Li et al. 2019). In the pathologically stressed organ FOXM1
overexpression has recently been reported to be a cause of structural and functional anomaly
induction. In recent reports activated FOXM1 has been suggested to induce lung and kidney
fibrosis(Balli et al. 2013; Y. Li et al. 2019; Y. Wang et al. 2020). While very few papers were
available at the time of our publication regarding the role of FOXML in cardiac pathogenesis,



a detailed understanding of the FOXML signaling in cardiac biology was even more in need
of exploring(Mondal et al. 2022). In our study we have observed, high level of FOXM1
expression in both diabetic cardiomyopathy mouse model and in vitro hyperglycemia stress
induced H9c2 cardiomyocyte cells that associated with hypertrophic enlargement of cells and
increased fibrosis induction(Mondal et al. 2022). In vitro inhibition of FOXML1 in the
hyperglycemic cells resulted in amelioration of cardiomyocyte hypertrophy and fibrosis
defining the precise role of FOXML1 in diabetic cardiomyopathy induction. Further, our
experimental analysis regarding YAP1 modulation also led us to figure out the YAP1
mediated signalling regulation of FOXM1.

1.8 YAP-FOXM1 and AKT-GSK3p signalling

The PI3K-AKT pathway is an important cell signalling pathway that regulates cell cycle,
proliferation and survival(Fresno Vara et al. 2004; Porta, Paglino, and Mosca 2014). PI3K-
AKT signalling plays a central role in cancer biology, by controlling the expression of
various cell cycle regulatory genes such as CREB, p27 among others(Porta, Paglino, and
Mosca 2014; Peltier, O’Neill, and Schaffer 2007; Y. Xie et al. 2019). PI3K upon pro
proliferating signal is activated that goes on to phosphorylate and activate AKT that further

leads to cell survival and proliferation(Y. Xie et al. 2019).

Moreover, PI3K/AKT, MAPK and AMPK pathways are essential regulatory signaling
systems for proper metabolic control and their disruption often leads to impaired glucose

homeostasis and associated pathological outcomes(Schultze et al. 2012).

While AKT acts to promote cellular growth and survival during stress condition, there are
several molecular factors that act to restrain the activity of AKT downstream to keep the
proliferative capacity of P13K-AKT signalling in check(Y. Xie et al. 2019). One of the most
common mediators of this activity is Glycogen synthase Kinase 3-beta (GSK3[3) molecule(Y.
Xie et al. 2019). Apart from the crucial role of PI3K-AKT in the progression of cancer, P13k
and AKT has also been reported to be associated with skeletal muscle atrophy and fibrotic
disorders of several organs like lung and kidney(Jincheng Wang et al. 2022; Y. Zhang et al.
2021; Yoshida and Delafontaine 2020). However, very few studies were known to elucidate
the role of PI3K-AKT signalling in diabetic cardiomyopathy induction. In our study our aim
was to explore the probable role PISBK-AKT plays in cardiomyocyte hypertrophy and fibrosis

induction.



Based on literature reports, YAP1 and AKT interaction through PI3K(Lin et al. 2015), our
initial experiment also showed AKT activity to be dependent on YAP1 promoting
cardiomyocyte pathogenesis. In HG with high YAP1 activity, AKT phosphorylation was
observed to be significantly high. Also, in normal glucose maintained cells, YAP1 activation
resulted in significantly upregulated AKT activity along with cardiomyocyte hypertrophy and
fibrosis induction. Inhibition of YAP1 with verteporfin inhibitor significantly reduced the
phosphorylation and activation of AKT leading to improved cardiomyocyte pathological
phenotypes. Further probing into molecular mechanism revealed, this action was mediated
through a negative regulation of GSK3p that is believed to restrict the FOXM1 activity in
cardiac cells. The FOXM1-GSK3p association was previously reported by another study and
our observations in cardiomyocyte further confirmed this association in the signaling
cascade(Sinha et al. 2020).

1.9 YAP and RAS signalling in cardiac cells

Renin angiotensin system is an important hormone regulated system in the body that acts to
maintain fluid balance, ionic homeostasis and blood pressure in the body. There are three

major components in the group, Renin, Angiotensin and aldosterone.
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When blood flow is reduced in kidney, the juxtaglomerular cells in the kidney releases renin
in the circulation that converts precursor angiotensinogen secreted from liver to another
precursor hormone Angiotensin-l1. Angiotensin-I is then finally converted to the functional
hormone Angiotensin-11 by the action of Angiotensin Converting Enzyme (ACE)(Kumar N ,
Abbas V 2005; Patel et al. 2017). Angiotensin-Il causes vasoconstriction, increases blood
pressure, releases aldosterone from the adrenal cortex that promotes sodium retention and
maintains the electrolyte balance. Angiotensin-Il also increases the extracellular fluid volume
resulting in increased blood pressure(Patel et al. 2017). Thus, Renin-Angiotensin system
controls a well maintained balance between the functioning of the heart and the filtering
organ kidney(Patel et al. 2017). However, dysfunctioning of the system often has severe

consequences not only on the heart and kidney but affecting almost all other organs.

Angiotensin-1l1 pathway is by far the most crucial signaling in cardiovascular pathology.
Overactive Ang-l1 mediates blood vessel constriction, impaired blood flow and hypertension
leading to high risk of heart failure as well as atherosclerosis, arterial aneurism among
others(Patel et al. 2017). Increase in circulating level of Ang-I1I or its receptor in cell, AT1R
results in cardiac hypertrophy and fibrosis induction. Moreover, Ang-11 has a significant role
in alterations of cardiac energy metabolism, shifting the balance towards fatty acid f-
oxidation from carbohydrate metabolism resulting in energy deficit and eventually
pathological cardiac remodelling(Mori et al. 2013). In the diabetic individual, RAS has been
shown to be severely activated with high levels of tissue Ang-l1l leading to diabetic
nephropathy. RAS activation in diabetes mellitus along with hypertension has been shown to
be associated with cardiovascular complication(Ribeiro-Oliveira et al. 2008). As ACE is the
main mediator in generating the functional Ang-1l from precursor hormones, clinically,
various ACE blockers, such as Benazepril, captopril etc. are used to treat hypertensive heart
disorders. Rather recently ACE2, a new homolog molecule has surfaced as the body system’s
own coping mechanism for ACE activity. ACE2 acts on Ang-Il to convert it into another
bioactive peptide Angiotensin 1-7 (Ang 1-7)(Mori et al. 2013). Ang 1-7 is a vasodilator, anti-
inflammatory and anti-oxidant compound that confers a protective effect on the
cardiovascular system. Also ACEZ2, converts the precursor Angiotensin-1 hormone into
another beneficial peptide Angiotensin 1-9 that is also known to be anti-hypertrophic and
anti-inflammatory in nature(Jackman et al. 2002). Moreover, by acting on Ang-Il, ACE2
reduces the circulating level of Ang-Il thus directly benefiting the cardiovascular as well as

other overactive RAS affected organs. It is of interest to understand more of ACE2 regulation
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as it can be more effective in reducing Ang-I11 load as well as delivering its cardioprotective
role compared to the classical ACE blocker drugs. Further, ACE2 upregulation may directly
alleviate the cardiac remodelling in metabolic disorders. In the following study, apart from
the YAP-FOXML1 signaling axis in cardiomyocyte hypertrophy, we have also looked into the
Y AP mediated RAS regulation in diabetic cardiac fibrotic disorders.

Initially, we have observed a steady upregulation of ACE and downregulated ACE2
expression in the HG treated cardiac fibroblast and cardiomyocyte cells. This regulation was
later observed to have a synchronized effect with the expression of YAPL in cardiac cells.
While verteporfin mediated YAP inhibition resulted in reduced ACE expression and ACE2
upregulation, on the other hand YAPL activation resulted in significantly high ACE level in
the cells with reduced ACE2 expression concomitant with pathological remodelling. ACE-
ACE?2 expression level was also observed to be associated with cardiac (3-catenin expression.
In the cardiac cells, along with fibrosis induction, ACE and ACE2 were also noted to
influence EMT-like process through TGF-B signaling. So, based on our molecular
manipulation, we were able to understand that YAP-RAS signaling may promote cardiac
fibrosis through EMT-like process and ACE2 in the cardiovascular system, is sufficient to

ameliorate cardiac fibrotic remodelling.
1.10 YAP mediates EMT like process in fibrosis induction in cardiac cells

In the first part of our study, our main focus was to understand the role of YAP1 cardiac
hypertrophy induction. Further, we extended our objective to see the precise role YAP1
might play in regulating hyperglycemia induced cardiac fibrotic remodelling. In this regard
we initially observed in hyperglycemic stress, there is an upregulated EMT-like process in the

cardiac cells associated with increased fibrosis.

Cardiac fibrosis is an important process in post- myocardial infarction heart. It is a critical
process in tissue repair and wound healing during myocardial infarction. TGF-B plays a
central role in this reparative fibrosis process(wu et al. 2021). However, during prolonged
stress condition, persistent overexpression of TGF-B induces pathological fibrotic
remodelling in various organs including heart(Meng, Nikolic-Paterson, and Lan 2016; wu et
al. 2021). The pro-fibrotic activity of TGFp has been known to be associated with induction
of various fibrogenic gene expression and EMT-like process. TGF-f1 and its downstream

signaling molecule p-SMAD?2/3 promotes fibroblast to myofibroblast transition, excessive
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ECM deposition, and inhibition of ECM degradation aggravating fibrotic remodelling of
tissue(Meng, Nikolic-Paterson, and Lan 2016). In our study, we have found that YAP1
overexpression in the HG treated cardiac cells promotes overactive fibrotic response via

TGF-B1-p-SMAD2/3 signaling through an exaggerated EMT-like process.
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In the cardiac fibroblast cells and H9c2 cells, YAP1 inhibition in the hyperglycemic stress
resulted in reduced TGF-B1 expression, lower ECM expression of fibrosis marker COL1, FN
and reduced EMT activity. Thus, confirming the pro-fibrotic role of YAP1 in diabetic
cardiomyopathy.

1.11 Role of YAP-Bcatenin in cardiac fibrosis induction

Whnt/B-catenin pathway is one of the major cardiac development regulatory pathways. During
embryogenesis, Wnt signaling in cardiac progenitor cells regulates cell specification,
differentiation and proliferation(D. Li, Sun, and Zhong 2022; Chakraborty, Sengupta, and
Yutzey 2013b). Hence, p-catenin signaling draws particular interest in the cardiac
regeneration field. But the role of p-catenin yet remains controversial regarding it’s
proliferative as well as regenerative potential and pathological remodelling induction. This
could be attributed to the fact that, in adult tissue, unchecked B-catenin level may go over to
its regenerative activity, to induce pathological response. Hence, it is essential to better
understand the different aspects of B-catenin signaling in order to draw a therapeutic

implication in future.
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In our study we have observed [-catenin overexpression in the hyperglycemic
cardiomyocyte, associated with increased fibrotic marker expression and EMT. Inhibition of
[-catenin by XAV-939 treatment result in an improvement in the cardiac fibrotic response in
the HG treated cardiomyocytes(Fig. 27 and 28). Along with this, reduced EMT-like process
was observed in the HG cells treated with XAV-939 with TGFf3 downregulation. While -
catenin inhibition had no effect on the expression of YAP1, but YAP1 modulation had
simultaneous effect on the expression of B-catenin. This result led us to believe that YAP1
may act upstream to B-catenin in cardiac cells. In this study, we further observed, B-catenin
inhibition depleted ACE level in the hyperglycemic cardiac cells while ACE2 expression was
increased significantly contributing to improved pathological cardiac phenotype. Therefore,
our study observed, a YAP1-B-catenin mediated RAS signaling regulation in cardiac cells in
the induction of EMT-mediated fibrosis in hyperglycemia induced cardiomyopathy.

1.12 TGFp as the major mediator of cardiac fibrosis

As was discussed earlier, TGF-f is a well-known mediator in wound healing and tissue repair
process. In cardiac stress or injury, TGF-[ expression is upregulated to initiate a reparative
process by promoting ECM production. This however, like inflammatory processes, can be
detrimental if overactive or sustained over a prolonged period of stress inducing environment.
In case of metabolic syndromes, the consistent high sugar level provides just the stress to
induce TGF-3 overexpression in cardiac cells that was observed in our experimental analysis.
In both HG treated CF cells as well as H9c2 cardiomyocyte overexpression of TGF-B was
observed along with increased level of its downstream effector p-SMAD2/3. The resultant
increased expression of fibrotic molecule COL1 and FN could be alleviated with TGF-$3
inhibition in the hyperglycemic condition. TGF-$ inhibition resulted in rescue of an EMT-
like process, indicating its role in EMT-like process mediated fibrosis. In the follow up
experiments, we observed both YAP and p-catenin, overexpression leads to increased TGF-f3
expression while TGF-f3 manipulation had little effect on the expression of YAP, 3-catenin or
RAS molecule ACE/ACE2. Although ACE2 upregulation significantly eliminated TGF-3
regulated pro-fibrotic remodelling. In, conclusion, YAP1 may regulate various signaling
molecule like FOXM1, B-catenin, TGF-p, ACE, ACE2 among others in the hyperglycemia
stressed cardiac cells, to promote pathological remodelling such as cardiomyocyte
hypertrophy and fibrosis. In future, more study may reveal further interactions between these
molecules leading to better understanding of the signaling network and more precise mode of
regulation of the molecules in cardiac development and pathophysiology.

14



CHAPTER 2

AIMS
&
OBJECTIVES



Currently, Diabetes has become a global epidemic disease and diabetic patients often are at
severe risk of developing heart disease. Often accompanied by hypertension, diabetic
individuals tend to develop cardiac hypertrophy and fibrosis with severely impacted

ventricular function leading to increased incidence of heart failure.

Till date B-blockers remain the most common drugs prescribed to diabetic individuals with
hypertension and heart disease. Anti-hypertensive drugs reduce oxidative stress,
inflammation, improve endothelial function, increase bradykinin level, and prevent
hypertrophic and fibrotic remodelling in the heart to some degree(“Arterial Hypertension:
Benefits and Limitations of Treatment.” n.d.). However, these drugs in diabetic patients
often lower the heart rate, thus, masking the key sign of lowered blood glucose level. It
may potentially increase obesity, which can lead to possibility of a coronary heart
condition, arrhythmia or heart disease(“Beta Blockers and Diabetes | Orlando | UCF
Health” n.d.). Thus, the treatment of diabetic cardiomyopathy may still require
development of more targeted drugs.

In this context, ACE inhibitors are also currently in use to treat hypertension and in many
cases preferred over B-blockers, in diabetic patients, albeit the potential side effects of
hypotension, hyperkalemia. Developing a drug that can mimic the natural antagonist of ACE
may be a better therapeutic option in combating diabetic cardiac remodelling. Also it is
essential to develop a therapeutic option that can specifically target the cardiac pathological
conditions like hypertrophy and fibrosis, rather than just anti-hypertensive medications with

some degree of beneficial regulations.

RATIONALE: Hyperglycemia has been known to be a leading cause of cardiac hypertrophy
and fibrosis. Hence there is an increasing drive to understand the disease pathogenesis in
recent times. The main focus of this study is to understand how the hyperglycemic stress in
cardiac cells acts at the molecular level to induce pathological remodeling. Growth regulatory
molecules like YAP1 FOXM1, GSK3p, B-catenin have been extensively reported in various
organs to play a critical role in the disease progression. However little information was
available at the time of this study regarding the effect of YAP1, FOXM1, B-catenin
expression in cardiac hypertrophy and fibrosis induction especially in the context of
hyperglycemia stress. Here, in this study we aim to not only understand the role of the
molecules in the disease induction under hyperglycemic stress but also understand the

detailed mechanism of action.
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HYPOTHESIS:
Therefore the overall hypothesis of our study is:

Hypothesisl: Hyperglycemia mediated YAP1 overexpression induces cardiac hypertrophy
and fibrosis in an AKT-FOXM1 dependent signaling pathway
Hypothesis2: Hyperglycemia mediated dysregulation of ACE-ACE2 activity by YAP

promotes EMT-mediated cardiac fibrosis
AIMS:

Aim1: To determine if diabetes or hyperglycemic stress results in pathological remodeling of

cardiac tissue and cells leading to hypertrophy of cardiomyocyte and fibrosis

e Generating in vivo model of diabetes in mice

e Analysis of Hypertrophy and fibrosis markers

e Analysis of markers of hypertrophy and fibrosis in vitro model of high glucose
treatment in H9c2 cardiomyocyte and adult mice primary fibroblast cultured cells.

e Analysis of the expression of important cardiac growth regulatory molecules such as
YAP1, FOXM1, B-catenin and others in the high glucose treated cells

Aim2: To investigate the precise role of hyperglycemia induced YAP1, FOXML1 in the

induction of cardiomyocyte hypertrophy and fibrosis.

e Manipulation of YAP1, FOXM1, AKT and associated molecules to understand the
molecular pathway of action in disease induction
e Activation inhibition study to access any significant rescue of the pathological

phenotype

Aim3: Determining the role of YAP1 and RAS signaling in hyperglycemia mediated EMT

and cardiac fibrotic remodeling.

e Analysis of EMT and fibrotic markers in both cardiac fibroblast and cardiomyocyte in
detailed co labelling staining in cardiac tissue.

e Molecular manipulation of YAP1, -catenin and ACE/ACE?2 to understand their role
in disease induction and pathway of actin in cardiac cells.

e To perform any molecular manipulation that may help in alleviating the pathological

condition
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OBJECTIVES:

Hence, the main objective of our study is to identify the molecular mechanisms of
hypertrophy and fibrosis in diabetic cardiomyopathy. Specifically, the study aims to
understand the molecular regulation of YAP1 in the induction of other putative pro-
hypertrophic and pro fibrotic genes in cardiac cells such as, FOXM1, ACE, -catenin among

others. The specific objectives of the study are as follows:

1. To study the role of YAP1 and FOXML1 in the pathogenesis of hyperglycemia induced
cardiomyocyte hypertrophy and fibrosis.

2. Molecular manipulation of YAP1 and FOXM1 to determine their signaling

interaction and outcome in pathological cardiac remodeling.

3. To study the interaction of YAP1 and RAS signaling molecule ACE-ACE?2 in cardiac
fibrotic remodelling.

4. To determine the precise molecular regulation of YAP1l in cardiac fibrotic

remodelling involving B-catenin, TGFB-smad2/3 pro fibrotic molecules.
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CHAPTER 3

MATERIALS
&
METHODS



3.1 Animal Studies

All animals used in the experimental studies were maintained at the animal facility as per the
CPCSEA guidelines. Animals were provided with standard chow feed and water ad libitum.
The mice were kept under standard conditions of 12-hr light and 12-hr dark cycle with 50%
relative humidity and a temperature of 25 + 20C. Animals were acclimatized for a week
before starting the experiments. All the experimental procedures were approved by the
Institutional Ethical Committee, Presidency University (Registration PU/IAEC/SC/39),
registered under “Committee for the purpose of Control and Supervision of Experiments on

Laboratory Animals (CPCSEA)”, Ministry of Environment and forests, Govt. of India.
Generation of Diabetic animal model:

Diabetes was induced in vivo by injecting adult male Swiss Albino mice (8 weeks old) with
alloxan at a dose of 150 mg/kg body weight intra-peritoneally (Du et al. 2016). The animals
were starved overnight prior to injection. The control animals were injected with equal
volume of 0.9% saline solution as vehicle. Mice with blood glucose >200 mg/dl maintained
upto 2 weeks were taken for experimental analysis (C. Li et al. 2019). Blood glucose was
periodically measured using Accu-chekR glucometer (Roche).

3.2 Heart weight body weight ratio

Heart weight (HW) and body weight (BW) of each animal was taken prior to sacrifice. HW

to BW Ratio was calculated in mg/g (milligram/gram) unit to assess cardiac hypertrophy.
3.3 Immunohistological analyses

Heart tissues from experimental animals were washed in PBS and fixed in 4%
paraformaldehyde overnight. Tissues were embedded in paraffin blocks and sectioned at
S5um. For histological staining, sections were deparaffinized, rehydrated and subjected to

subsequent staining procedures(Samanta et al. 2019).

3.3.1 Wheat Germ Agglutinin (WGA) staining: Cardiomyocyte size

determination

Animal tissue sections were stained with FITC conjugated wheat germ agglutinin (WGA,
#L.4895, SIGMA) and nuclei were counterstained with DAPI (#D9542, SIGMA). The
protocol is as follows:
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1. The slide is placed in xylene for 10 mins, 2 times.

2. Next, the tissue is placed in a series of graded ethanol: 100% ethanol for 3 mins, 2
times, 90% ethanol for 2 mins, 70% ethanol for 2 mins, 50% ethanol for 2 mins, 30%

ethanol for 2 mins, and finally kept in distilled water for 2 mins.
3. Antigen retrieval in the citrate buffer may be done if required.

4. The tissue is then incubated in a blocking solution containing 2% Bovine serum
albumin (BSA) + PBS+0.1% Triton-x 100 for 1 hr at room temperature.

5. Next, the section is incubated in WGA solution at a recommended dilution of 1:100 of
stock solution in PBS for 1hr. (WGA stock concentration is 1mg/ml dissolved in PBS)
in the dark.

6. After draining the WGA solution, DAPI (nuclear stain) dissolved in PBS (1.2ul in
1.5ml) was added on the tissue and incubated for another 15 mins at room temperature
in the dark.

7. Wash with 1x PBS, 3 times.

8. Mount the tissue with cell mounting media.

Images were taken by Leica DFC7000T at 40x magnification across different fields. Cell size

was measured using ImageJ (NIH) software.
3.3.2 Masson’s Trichrome Staining: Fibrosis detection

Tissue samples were stained with Masson’s Trichrome reagent for assessment of collagen
deposition. The amount of collagen was quantified as percent fibrotic tissue area with respect
to the total tissue area using ImageJ (NIH) software. The staining protocol was followed as

mentioned.
1. The slide is deparaffinized by placing it on a 60°C hot plate.

2. Theslide is then placed in xylene for 7 mins.

3. Next, the tissue is rehydrated following alcohol down-gradation in 100% ethanol for 2
mins, 2 times, 90% ethanol for 2 mins, 70% ethanol for 2 mins and 50% ethanol for 2

mins and finally in distilled water for 2 mins.

4. Next, the slide is placed in Bouin’s solution, for mordanting. The Bouin’s solution

with the slides is microwaved for 5 mins and allowed to cool down for 15 mins.
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The slide is then washed in running tap water for 5 mins to remove the excess picric

acid from Bouin’s solution.
The tissue is then stained with Weigert’s iron haematoxylin for 10 mins.

Slides are rinsed in running tap water for 5 mins for bluing and rinsed with distilled

water.

The slide is then placed in Biebrich scarlet solution for 3 mins and rinsed in distilled

water.

Freshly prepared phosphotungstic acid solution is added to the tissue for 10 mins and
discarded.

The slide is then transferred directly to aniline blue solution and kept overnight.

Next day, the slide is rinsed well with distilled water to remove the excess stain of

aniline blue.

Next, the slide is placed in 1% acetic acid solution for 1 min and rinsed in distilled

water.

The tissue is then dehydrated by alcohol upgradation in 50% ethanol for 2 mins, 70%
ethanol for 2 mins, 90% ethanol for 2 mins and then 100% ethanol for 2 mins twice.

Finally the slide is cleared in xylene for 2 mins, 2 times.

The slide is air dried and mounted with DPX.

3.3.3 Immunostaining of cardiac tissue by DAB staining method

For detection of the protein expression in the tissue the tissues were stained with YAP1
(1:200; #14074 Cell Signaling), FOXML1 (1:100; #sc-502 Santa Cruz Biotechnology), a-SMA
(1:640, #19245 Cell signaling), periostin (1:500; #ab14041, Abcam) antibodies. The tissues
were then incubated in secondary antibody (goat anti-rabbit IgG H and L —HRP secondary

antibody #ab97051, Abcam) following which the antibodies were developed using DAB
Substrate Kit (ab64238).

1.

2.

The slides with tissue sections are dried on a 60°C hot plate.

The slides are deparaffinized in xylene for 7 mins, 3 times.
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17.

18.

19.

The slides are gradually rehydrated in a series of graded ethanol: 100% ethanol for 2
mins, two times, 90% ethanol for 2 mins, 70% ethanol for 2 mins, 50% ethanol for 2

mins. Then washed in distilled water for 2 mins.

Antigen retrieval is done in the citrate buffer. The slides are placed in citrate buffer
containing coplin jar and microwaved until the boils, and kept for further 2-3 mins

after boiling. The slides are let to cool down.
The slides are washed in distilled water for 2 mins twice and with PBS.

The tissues are incubated in 0.3% hydrogen peroxide in PBS for 15 mins to quench
endogenous peroxidase.

The slides are washed with PBS for 2 mins twice.
The slides are then washed in 0.1% Triton-x 100 + PBS for 5 mins, 2 times.

The tissues are then incubated in a blocking solution (2% BSA, 0.1% Triton-X 100,
PBS) for 1 hr at room temperature to block any nonspecific background staining.

The slides are then drained and incubated in primary antibody diluted in fresh

blocking solution overnight in a humid chamber.
Next day, the slides are rinsed in PBS+ 0.1% Triton-X 100 for 5 mins, 2 times

HRP conjugated secondary antibody is applied to the slides diluted in blocking buffer
to the concentration recommended by the manufacturer and incubated at room

temperature for 1 hr.
The slides are rinsed in PBS for 5 mins, 3 times.

Next, DAB substrate was applied to the tissues at recommended concentration.

Incubation is done upto 30 mins as required.

Next, a solution of 0.5% copper sulphate + 0.9% sodium chloride in distilled water is

added to the tissues for 1-10 mins as required.
The tissues are washed in PBS, 4 times.

The tissues are then counterstained with haematoxylin and bluing under tap water is

done for 5 mins.

The tissue section is then dehydrated in 50%, 70%, 90% ethanol each for 2 mins and
finally in 100% ethanol for 2 mins, 2 times.
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20. The slides are then placed in xylene for 2 mins, 2 times.

21. The slides are then mounted in DPX.

3.3.4 Immunofluorescence studies in tissue sections

1. For, immunofluorescence study, the deparaffinised, rehydrated tissue sections were placed
in blocking solution (2% BSA with 0.1% Tween20) for 1 hr at room temperature (RT) and
subsequently incubated overnight in following primary antibodies at 4 °C as per
recommended concentrations: COL1 (1ug/mL, #PA5-95137, Invitrogen), Fibronectin (1:200,
#ab2413, Abcam), E-cadherin (1:200, #PA5-85088, Invitrogen), N-cadherin (3ug/mL, ##33-
3900, Invitrogen), YAP1 (1:200; #14074 Cell Signaling Technology), B-catenin (1:100,
#8480, Cell Signaling Technology), TGF-B1 (2 ug/ml, #ab 64715, Abcam), ACE (1:50; sc-
23908, santa cruz), ACE2 (2ug/mL, # ab15348, Abcam). Next day, the tissues were washed
and incubated with fluorescence tagged secondary antibodies: Goat AntiRabbit 1IgG H&L
(Alexa Fluor 488) (1:1000, #ab150077; Abcam), Goat Antimouse 1gG H&L (TexasRed)
(1:1000, #ab6787; Abcam) for 1 hr at RT. For co-labelling staining, the sections were again
placed in blocking solution for 1hr and incubated with the second primary antibodies: Mf20
(1:200; Developmental Studies Hybridoma Bank, University of lowa), a-actinin (1:400, #
ab137346, Abcam) Vimentin (1:1000, #ab17321, Abcam), Vimentin (1:1000, # ab20346,
Abcam) for overnight at 4°C.

2. Next day, slides were incubated with corresponding secondary antibodies as before

3. Finally nucleus was counterstained by placing sections in DAPI (#D9542, Sigma)
solution for 15 mins.

4. Slides were washed and mounted with cell mounting media and imaged at Leica
microscope.

3.4 RNA isolation from heart tissue

For in vivo RNA expression analysis, heart tissues were taken from adult rat ventricle and
processed in the following protocol.

1. The harvested tissues are minced thoroughly.
2. 500 pl of Trizol is added to the chopped tissues, homogenized finely.

3. Then 100pl chloroform is added and thoroughly mixed with hands and incubated for
2-3 mins.
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4. The samples are centrifuged at 12,000 g or 12 rcf for 15 mins at 4°C.

5. The top aqueous layer containing RNA is transferred carefully and taken in a fresh
tube.

6. The RNA is then precipitated using 250 ul chilled isopropanol and kept at -80°C

overnight.
7. Next day, the samples are centrifuged at 12,000 g for 10 mins, at 40C.

8. The supernatant is removed and the RNA pellet is washed with 200 pl of 75% chilled
ethanol.

9. The samples are then centrifuged at 7500 g (7.4 rcf) at 4°C for 5 mins.

10. The ethanol is removed and the pellets are air dried by keeping the tubes in an
inverted position for maximum 30 mins at room temperature.

11. The RNA pellet is finally resuspended with 20-50 pl DEPC water.

12. The samples are incubated at 60°C for 5 mins for better dissolution of RNA, and then
tapped to mix and short spin was performed.

13. The RNA is then used for cDNA preparation or can be stored at -80°C for long term
use.

Determination of the RNA concentration

The concentration of RNA samples were determined using Qubit 4.0 fluorometer. The Qubit
4.0 machine measures the concentration of RNA directly as per manufacturer’s protocol in

pg/ul.
3.5 Preparation of cODNA from RNA samples

For reverse transcription of cONA from RNA, RNA is taken at an amount of 1 pg. 4 pl of
reaction buffer mix is added to it as per manufacturer’s protocol. 1 pl of reverse transcriptase
enzyme is added and the total volume is adjusted with nuclease free water up to 20 ul (170-
8891, BIORAD). The entire mixture is shortly vortexed and set up according to
manufacturer’s instructions in a thermal cycler according to the following program. The
cDNA is stored at -20°C.
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STEP1 STEP 2 STEP 3 STEP 4
25°C 42°C 85°C 4°C
5 mins 30 mins 5 mins 0

3.6 Real Time-Polymerase Chain Reaction (Real Time-PCR)

For real time PCR process 1 pl each of cDNA samples are taken at and mixed with 5 pl of
EvaGreen Supermix (172-5201AP, BIORAD). Forward and reverse primers are added to a

final concentration of 0.4 picomole. Primers are obtained from IDT and the final volume is

adjusted to 10 pl with nuclease free water. The reaction is set at three technical and three

independent biological replicates. The real time PCR is run using either BIORAD CFX

manager software or Applied Biosystems Real time PCR machine. The resulting Cq values

that are obtained are further taken for fold change analysis. The various mouse primers that

were used are as follows.

TABLE 1. MOUSE PRIMER LIST

Primer Sequence Amplicon | Annealing
size (bp) | temperature
(°C)

yapl(M) |Forward |5-ACCCTCGTTTTGCCATGAAC-3' 172 56.5
Reverse |5-TTCAACCGCAGTCTCTCCTT-3'

foxml (M)|Forward |5-AAGGCAAAGACAGGAGAGCT-3" |188 55.7
Reverse |5'- AGGGCTCCTCAACCTTAACC-3'

bnp (M) |Forward |5-AAGTCCTAGCCAGTCTCCAGA-3' (91 56.2
Reverse |5-GAGCTGTCTCTGGGCCATTTC-3'

beta-mhc |[Forward |5’-ACGGATGCCATACAGAGGAC-3" |340 56.1

(M) Reverse |5’-CCTCATAGGCGTTCTTGAGC-3’

coll (M) |Forward |5’-CACCCTCAAGAGCCTGAGTC-3>  |269 58
Reverse |5-GCTTCTTTTCCTTGGGGTTC-3’

col3(M) |Forward |5’-ACGTGGTAGTCCTGGTGGTC-3>  |287 60
Reverse |5-GACCTCGTGCTCCAGTTAGC-3’

serca2 Forward |[5>-GGGCGAGCCATCTACAACAA-3> 150 60

(M) Reverse |5-TGTCACCAGATTGACCCAGAGT-3’

beta-actin [Forward |5’-CCTCTATGCCAACACAGTGC-3’ 206 56

(M) Reverse |5’-CCTGCTTGCTGATCCACATC-3’
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3.7 Western blot

To analyse protein expression in different in vivo samples, the harvested cardiac tissues were

taken and the protein was isolated according to the following protocol.
3.7.1 Protein isolation from cardiac tissue

1. The cardiac tissue is cleaned in PBS and minced finely with a tissue cutter blade.

2. Minced tissue is taken in 200 upl RIPA lysis buffer containing protease and
phosphatase inhibitors (GX-2811AR, Puregene and GX-1211AR, Puregene) at

recommended concentrations and homogenized properly by keeping on ice.
3. Then it is kept on ice for few mins.
4. The homogenized sample is then centrifuged at 10,000 rpm, for 10 mins at 4°C.
5. The supernatant containing the protein lysate is then carefully collected and quantified
or stored at -80°C for further use.
3.7.2 Determination of protein concentration using Bradford method:
1. 1-2 ul of protein sample was taken in 199-198 ul of diluent (ddH20) (total diluent and
protein sample volume is to be 200 pl.
2. 1 ml of Bradford reagent (ML-106, #Himedia) was added to each sample.
3. The tubes were briefly vortexed and incubated at room temperature for 10 mins.
4. The absorbance was measured at 595 nm.

5. Protein concentration was calculated following the equation provided by the

manufacturer.

After determining the concentration, the total protein lysates were subjected to SDS-PAGE
separation, and transferred to the PVDF membrane. Finally the membrane bound protein

was immune probed with the specific antibody as per requirement.

3.7.3 Protein separation by SDS-PAGE

1. SDS-PAGE gel is cast with the BIORAD resolver, stacker, TEMED and 10% APS as

per the manufacturer’s protocol.
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2.

3.

4.

Required amount of protein (10-100ug according to the abundance of target proteins) is
taken and mixed with equal volume of Laemmli sample buffer mixed with beta-
mercaptoethanol (Laemmli buffer to [-mercaptoethanol ratio is 19:1). The
microcentrifuge tubes containing the sample mixtures are then placed on boiling water
for 5 mins and then snap chilled on ice for 5 mins. The sample was then loaded in each
well of the gel. Equal amount of each protein sample is loaded along with molecular
weight markers.

The gel apparatus is filled with a 1x running buffer.

The gel electrophoresis is run at 100 volts until all the proteins separate properly.

3.7.4 Protein transfer from gel to membrane

1.

The PVDF membrane is activated with 100% methanol for about 1 min. and then
soaked in the transfer buffer. The filter papers and mesh is also kept soaked in transfer

buffer at 4°C until transfer.

The resolved gel is carefully taken out from the glass plates and placed in transfer
buffer.

3. The transfer unit is prepared by sandwiching the gel and membrane between mesh and

4.

filter paper in the following order: from black colour back side of the transfer cassette
at the base: mesh, filter paper, gel, PVYDF membrane, filter paper, and mesh. Filter
paper is cut at the top corner to mark the first lane. The cassette is pressed firmly to
remove any bubbles inside for proper transfer of protein from gel to membrane.

The cassettes are then placed in the transfer apparatus with transfer buffer, cool pack
and placed on a magnetic stirrer.

5. Transfer is done at 100 volts for about 1-1.5 hours.

3.7.5 Immunoblotting

1.

After transfer, the membrane is taken and washed in 1X TBST (PBS+ 0.2% Tween
20).

The membrane is then incubated in blocking buffer (5% BSA in TBST for phospho-
proteins or 5% non-fat dry milk in TBST for other proteins) for 1 hour with gentle
shaking at room temperature.
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3. Following blocking, the membrane is incubated overnight in primary antibody diluted
with blocking buffer according to manufacturer’s instructions at 4°C with gentle

shaking.
4. Next day, the blot is washed with TBST; for 5 mins, 3 times.

5. The blot is then incubated with a secondary antibody diluted in blocking buffer
according to recommended concentration with gentle shaking at room temperature for
1 hour.

6. The blot is then washed in TBST for, 3x5 mins with gentle shaking.

7. The blot is washed finally with TBS.
3.7.6 Developing of the blot

1. The membrane is then wiped with tissue paper to remove TBST. A mixture of
peroxide solution: luminol enhancer solution (in the ratio of 1:1) is prepared in the
dark and added to the blot (#1610182, BIORAD western blot).

2. The blot is then visualized in a chemidoc or developed using X-Ray film. For X-Ray
film developing, the film is placed over the membrane with a signal and then the
bands are developed by placing them in developer solution. Finally the film is dipped
in fixer solution and washed in water and dried before imaging.

3. The protein expression was quantified by measuring the band intensity using Image J
software and statistically analysed.

The following antibodies were used in the western blot studies: p-YAP (1:1000; #13008 Cell
Signaling), YAP (1:1000 WB,; 1:50 IP; #14074 Cell Signaling), Anti-O-Linked N-
Acetylglucosamine antibody [RL2] (1:1000; ab2739, Abcam), FOXM1(1:500 #sc-502, Santa
Cruz), p-AKT (1:1000; #9271 Cell Signaling), AKT (1:1000; #9272 Cell Signaling), p-
GSK3p (1:1000; #9322 Cell Signaling) GSK3p (1:1000; #9315 Cell Signaling). p-catenin
(1:1000, #8480, Cell Signaling), TGF-B1 (1 pg/ml, #ab64715, Abcam), ACE (1:500; #sc-
23908, santa cruz), ACE2 (2ug/mL, #ab15348, Abcam), p-SMAD?2/3 (1:1000, #8828, Cell
Signaling Technology), SMAD2/3 (1:1000, #8685, Cell Signaling Technology). Membrane
was further incubated in anti-rabbit 19G, HRP-linked Antibody (1:1000 dilution, catalog no.:
7074S; Cell Signaling Technology), antimouse 1gG, HRP-linked Antibody (1:1000 dilution,
catalog no.: 7076S; Cell Signaling Technology) GAPDH antibody (1:2000; #BB-AB0060
BioBharatiLifeScience Pvt.Ltd.) was used as loading control.
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3.8 Cell culture and treatments

3.8.1 HOc2 rat cardiomyoblast culture

H9c?2 rat cardiomyaoblast cell line was initially obtained from Dr. Santanu Chakraborty’s lab,
Department of Life Sciences, Presidency University and also from NCCS, Pune. The cell line
was maintained as follows.

1. The H9c2 cells were maintained in containing Dulbecco’s modified Eagle’s medium
(DMEM) media (#12800-017, Gibco) supplemented with 10% Fetal Bovine Serum (FBS),
RM1112, Himedia and 2% penicillin-streptomycin cocktail of antibiotic (#15140122,
Gibco).

2. The cells were maintained in an incubator with 5% carbon dioxide at 37°C.

3. When the cells were confluent, the cells were washed with sterile PBS and trypsinized with
2ml 0.25% trypsin-EDTA (#25200072, Invitrogen). The dislodged cells were neutralized
with 8 ml complete media and then passaged in fresh culture plates.

4. For experiments, the cells were seeded in culture plates from the mother plates that were
maintained as per requirement of experiments. For, RNA and protein samples, cells were
directly seeded to the plates and for immunostaining cells were seeded over coverslips
placed in the culture plates.

3.8.2 Fibroblast Culture

To establish primary cardiac fibroblast cell culture, male adult Wistar rats were sacrificed and
hearts collected. Following PBS wash, the hearts were digested with collagenase type 2 (80
units/ml DMEM; Sigma #C6885). The solution was then centrifuged to pellet down cells.
The supernatant was discarded and pellet was suspended in fresh DMEM media containing
10% FBS and pen strep and plated for cells to attach for at least 3 hours in incubator
maintained at 5% CO2, and 37°C condition. The cells were then passaged as usual and
subjected to treatments as per requirement(Tarbit et al. 2021).

3.9 In vitro hyperglycemia model establishment

For, molecular modulation, in vitro model of hyperglycemia, was generated by treating H9c2
or fibroblast cells first with no glucose media overnight. Then the cells were treated with
5mM glucose containing DMEM media as normal glucose (NG) maintained cells and 25mM
glucose containing DMEM media as high glucose (HG) maintained cells. Cells were kept in
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the respective media for at least 48 hours. For molecular manipulation assays, cells were pre-
treated with the required molecular activator or inhibitors following HG treatment. Control
cells are kept untreated in NG for the said durations.

The following activator and inhibitors were used in the study of signalling mechanism in
H9c2 cells:

1. Verteporfin (SML0534, Sigma) was used for YAP inhibition at a dose of 1 uM, for 24 hr
2. Thiostrepton (ab143458, Abcam) was used to inhibit FOXM1 at a dose of 1 uM, 24 h.
3. LY294002 (L9908, SIGMA) was used for AKT inhibition at a dose of 10 uM, 2 h

4. FOXM1 recombinant protein (H00002305-P0, Abnova) was used for FOXM1 activation
at a dose of 0.1 nanogram protein per ml DMEM for overnight.

5. Resorcinolnapthalein (13082, CAYMAN) was used for ACE2 activation at a dose of 20
uM for 24 h.

Following activators and inhibitors were used for signalling mechanism study in rat cardiac
fibroblast:

1. Verteporfin (SML0534, Sigma) was used for YAP inhibition at a dose of 1 uM, for 24 hr
2. XAV-939 (ab120897, Abcam) was used to inhibit B-catenin at a dose of 5 uM for 7 h.

3. SB431542 (ab120163, Abcam) used for TGF-f inhibition at 10 uM dose for 30 min.
3.10 Phalloidin staining to detect cardiomyocyte hypertrophy

The H9c2 cardiomyocytes were stained with phalloidin to detect the cell size upon different
experimental treatments. The protocol of phalloidin staining is as follows.

1. The cells are washed with 1x PBS for 5 mins.

2. The cells are then fixed with 4% PFA in PBS for 10 mins with gentle shaking at room
temperature.

3. The cells are then thoroughly washed with PBS for 5 mins x3 times.
4. The cells are then either stored in PBS at 4°C or directly taken for staining.

5. The cells are then permeabilized with 0.2% Triton-X 100+PBS for 10 mins with
gentle shaking at room temperature.
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10.

Following permeabilization, the cells are incubated in a blocking reagent (2%
BSA+PBS+0.1% Triton-X 100) for 30 mins- 1 hr at room temperature with gentle
shaking.

The cells are now incubated with Alexa fluor 488 tagged phalloidin (A12379, Thermo

Fisher) diluted in PBS at a ratio of 1:400 - 1:500 for 2 to 2.5 hrs at 4°C with gentle
shaking.

Finally, the cells are counterstained with DAPI nuclear stain (Genetix) in PBS (1:200)
for 30 mins with gentle shaking.

The cells are then washed with PBS for 5 mins x3times.

The cells are mounted with cell mounting media and imaging was done using a
fluorescent microscope. The cell size was measured using Image J software.

3.11 Immunofluorescence staining of cells

The H9c2 cells were stained with primary antibody by immunofluorescence staining. The IF

protocol is as follows:

1.

The H9c?2 cells are washed with PBS for 5mins.

The cells are then fixed with 4% PFA dissolved in PBS for 10 mins, at room

temperature.

After fixation, the cells are thoroughly washed with PBS for 5mins, 3 times and either

stored in PBS at 4°C or taken directly for immunostaining.

The cells are permeabilized with 0.2% Triton-X 100+PBS for 10 mins with gentle
shaking at room temperature.

Then the cells are washed once with PBS and incubated in blocking reagent (2%
BSA+PBS+0.1% Triton-X 100) for 30 mins - 1 hr at room temperature with gentle
shaking.

The cells are then incubated with primary antibody (ab52857, Abcam or ab39670,
Abcam ChIP grade) diluted in blocking reagent at recommended dilution, overnight at

4°C with gentle shaking.

Following day, the cells are washed with PBS, 5 mins x3 times.

32



10.

12.

13.

14.

15.

The cells are then incubated with secondary antibody that is goat anti-rabbit IgG H
and L (Alexa Fluor 488) secondary antibody (1:1000 dilution, ab150077, Abcam),
Goat Antimouse 1gG H&L (TexasRed) (1:1000 dilution, ab6787; Abcam) diluted in
PBS or in blocking buffer at recommended dilution for 2-2.5 hrs at room temperature
with gentle shaking.

The cells are then washed in PBS, for 5 mins x3 times.

The nuclei are then counterstained with DAPI (1:200) in PBS for 30 mins at room

temperature with gentle shaking.
The cells are then washed with PBS for 5 mins x3 times.

The cells are finally mounted with cell mounting media and images are taken in a
fluorescence microscope.

The quantitative analyses were performed by counting total number of immunopositive cells

and total cells across different fields and calculated as percent positive cells.

3.12 DAB staining of cells

For antibody supporting IHC staining the following protocol was followed:

1.

2.

The cells are washed with PBS for 5 mins.

Then the cells are fixed in 4% PFA in PBS for 10 mins at room temperature with
gentle shaking.

The cells are again thoroughly washed with PBS, 3 times for 5 mins each.
Following fixation, the cells may be stored in PBS or taken directly for DAB staining.

The cells are permeabilized with 0.2% Triton-x 100+PBS for 5 mins at room
temperature.

The cells are then incubated in 0.3% hydrogen peroxide in PBS for 15 mins to quench
the endogenous peroxidase in the cells.

The cells are then again permeabilized with 0.2% Triton-x 100+PBS for 5 mins at
room temperature.

The cells are then incubated with blocking reagent (2%BSA+0.1% Triton-x
100+PBS) for 30 mins-1 hr at room temperature with gentle shaking.
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16.

17.

18.

The cells are then incubated with the required primary antibody diluted in blocking
buffer at recommended dilution overnight at 4°C with gentle shaking.

Next day, the primary antibody cells are washed with PBS for 5 mins, 3 times.

The cells are then incubated in a secondary antibody that is goat anti-rabbit 1gG H and
L(HRP) (ab97051, Abcam) at recommended dilution in blocking buffer for 1 hr (or
more if required) at room temperature with gentle shaking.

The cells are washed with PBS for 5 mins, 3 times.

Next, 1 drop (30 ul) of DAB chromogen is mixed with 50 drops (1.5 ml) of DAB
substrate and added to the cells and kept for 15-30 mins until the colour is developed.

A few drops of 0.5% copper sulphate and 0.9% sodium chloride solution in distilled
water are added to the cells to enhance the colour of the DAB stain for a few seconds
as per requirement.

The cells are then washed with PBS several times.

Cell nuclei are counterstained with haematoxylin keeping for about 80 secs or more as
per requirement.

Bluing of the nucleus is done under tap water for 5 mins.

Finally the cells are dehydrated with ethanol upgradation in the following order: 50%,
70%, 90% and 100 % ethanol for 2 mins each and air dried.

The cells are then mounted with cell mounting media and imaging was done under a
bright field microscope.

3.13 RNA isolation from H9c2 cardiomyocyte

1.

2.

The cells are washed with PBS for 5 mins.

500 pl (or more as per requirement) of Trizol is added to 60 mm culture plates and the
cells are scraped and taken in Eppendorf tubes.

The trizol containing cells are pipetted up and down several times to homogenize the
cells.

The tubes are kept at room temperature for about 5 mins.

Steps 3 to 13 of section 3.4 (RNA isolation from cardiac tissue) are followed.
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RNA concentration is measured and cDNA is synthesized according to the protocol
mentioned in section 3.4 and 3.5 respectively. Next, Real Time-PCR is done with the in vitro
cDNA samples according to the process mentioned in the section 3.6. The primer sequences
used in the PCR are listed below:

TABLE 2. RAT PRIMER LIST

Primer Sequence Amplicon | Annealing
size (bp) |temperature
(°C)

yapl(R) |Forward |5'-CGCTGAGTTCCGAAATCCTG-3' 234 56.1
Reverse |5-AGAGCAGAGCAACAGTGGAT-3'

foxml (R) |Forward |5-ACCAATATCCAGTGGCTTGG-3’ 210 54
Reverse |5-GCTGTTGATCGCGAACTGTA-3'

bnp(R) |Forward |5’- AGTCCTAGCCAGTCTCCAGA -3’ 172 60
Reverse |5’-GTCTCTCCTGGATCCGGAAG-3’

beta- Forward |5’-CCAGTCCCGAGGTGTACTTT-3’ 195 60

mhc(R)  |Reverse [5°-TCCTCCTTCATGTTGGCCAT-3’

coll(R) |Forward |5'- ATCCTGCCGATGTCGCTAT-3' 207 60
Reverse |5'- CCACAAGCGTGCTGTAGGT-3'

col3(R) |Forward [5- CTGGTCCTGTTGGTCCATCT-3' 131 60
Reverse |5- ACCTTTGTCACCTCGTGGAC-3'

tgf-pL(R) |Forward [5-CTGAACCAAGGAGACGGAATAC-3' 247 53
Reverse |5-CTCTGTGGAGCTGAAGCAATAG-3’

ctgf (R) |Forward [5’-CTGTTCTAAGACCTGTGGGATG-3’ 120 60
Reverse |5’-TCCTCTAGGTCAGCTTCACA-3’

mmp2 (R) |Forward |5-AGCTCCCGGAAAAGATTGAT-3’ 180 60
Reverse |5-TCCAGTTAA AGG CAG CGT CT-3

mmp9 (R) |Forward |5'-CCACCGAGCTATCCACTCAT-3' 160 58
Reverse |5'-GGT CCG GTT TCAGCATGT TT-3'

pS-catenin |Forward |5-ACAGCACCTTCAGCACTCT-3' 167 56.1

(R) Reverse |5-AAGTTCTTGGCTATTACGACA-3

ace (R) |Forward |5’-ATTGCTTTGGGTGTGGAAGA-3’ 102 60
Reverse |5-TTGAGCTTGGCGATCTTGTT-3’

ace2 (R) |Forward [5’-TGCACAAAGGTCACAATGGA-3’ 111 60
Reverse |5’-ATTGGCTCCGTTTCTTAGCA-3’
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3.14 Protein isolation from H9c2 cells

1. The cells are washed with PBS for 5 mins.

2. 500 ul — ImL PBS are added to the plates and cells are then scraped with a cell

scraper. The PBS containing cells are collected in test tubes.

3. The tubes are centrifuged at 3000RPM for 5minutes, to pellet down the cells. The
supernatant is discarded.

4. Next, 200-300 ul of RIPA lysis buffer containing protease and phosphatase inhibitors
(GX-2811AR, Puregene and GX-1211AR, Puregene) according to manufacturer’s

recommended dilution, are added to the cells.

3. The tubes are vortexed thoroughly several times following 2-3 times, freezing

thawing at -20°C.
6. The samples are then centrifuged at 14,000 rpm for 20 mins at 4°C.

7. The supernatant which is the protein lysate is collected carefully and stored at -80°C

for long term usage.

Following concentration measurement, by Bradford reagent (protocol as mentioned earlier in
section 3.7.2) the proteins are subjected to SDS-PAGE and Western Blot analyses as

mentioned in the section 3.7. All the antibodies used are mentioned in section 3.7.6.

3.15 Sirius Red staining in H9c2 cardiomyocyte to detect fibrotic

depositions

Collagen deposition can be identified by Sirius red staining. For collagen amount estimation,
H9c2 cells were seeded in a 96 well plate and treated as per experimental condition. The cells
were then washed in PBS and fixed in methanol for 10 minutes at 4°. Then 200ul of 0.1%
Sirius red solution made in saturated picric acid was added to each well and incubated for 1
hr at room temperature. The cells were then washed with acidified water (5ml acetic acid to
1ml distilled water) for three times, until the water ran clear. Finally, the dye bound stain was
eluted with 200ul 0.1N NaOH solution for 1 hr at room temperature and the collagen content
was estimated from the standard curve. The standard curve was obtained from known

concentration of collagenl stained with picrosirius red and absorbance measured at 570nm.
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For imaging H9c2 cells seeded on coverslips were stained in similar manner, washed with
acidified water and then dehydrated with 100% ethanol 3times and mounted on slides(Kohli
et al. 2013; Trackman, Saxena, and Bais 2017).

3.16 MTT Assay for drug dosage determination

1. The cells for MTT assay are seeded in well plates as per requirement.
2. Post treatment, the DMEM media is discarded and cells are washed with PBS x2 times.
3. 800 pl of MTT working solution is added to each well and incubated at 37°C for 3 hrs.

4. The solution was discarded and the purple colour formazan dye precipitate was dissolved
with 400-500 pl of extraction buffer.

5. Finally the O.D of the solution is measured at 570 nm.
MTT stock solution:

5mg/ml MTT reagent dissolved in 1X PBS. Solution is filtered through a 0.45 micron filter
and stored at 4°C. MTT working solution is prepared by 1:10 dilution of the stock in 1X PBS.

3.17 Statistical analysis

Statistical significance was calculated by Student’s unpaired two-tailed T test between the
control and treated group. For experiments with more than two groups, statistical analyses
were performed by ANOVA analyses by Graphpad Prism software. Statistical analysis is

represented as mean = standard error of mean (SEM).

The level of significance in each case was considered as p<0.05. In our graphical
representations of data, * indicates p<0.05 between control and treated group, ** means
p<0.01, *** p<0.0001 between control and treated group, # indicates p<0.05, ## indicates
p<0.01, ### p<0.0001 between 2 treated groups.

Buffer recipes:
1. 1X PBS (1L)
8g NaCl; 0.2g KCI; 1.44g NaH2PO4; 0.24g K2HPO4

Dissolved in dH20, pH is adjusted to 7.4 and final volume is adjusted to 1L.
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2. 10mM citrate buffer

1.92gm citric acid is added to 500 ml water, then pH is adjusted to 6.0 with IN NaOH and
0.5ml Tween 20 is added. Finally the volume is adjusted with water up to 1 litre. The citrate

buffer is store at 4°C.
3. Weigert’s haematoxylin

Stock solution A: Haematoxylin powder: 0.25 gm; 95% alcohol: 25 ml
Stock solution B: 29% ferric chloride 1ml, distilled water; HCI: 0.25 ml
Stock solutions are stable for 1 year.

25 ml of solution A and solution B are mixed well to make a fresh working solution each

time.
4. Biebrich scarlet solution
0.45 g Biebrich scarlet; 0.05 g Acid Fuchsin; 49.5 ml dH20; 0.5 ml glacial acetic acid
Stable for 6 months
5. Phosphotungstic acid

1.25 gm phopshotungstic acid in 50 ml dH20. (Stable for 6 months, prepare fresh each time
if possible)

6. Aniline Blue

1.24 gm aniline blue powder in 49.5 ml dh20. ; 0.5 ml glacial acetic acid
(Stable for 6 months)

7. Copper sulphate solution

0.5% CuSo4; 0.9% NaCl in dH20

8. 1x Running buffer (1 L)

25mM Tris; 190 mM glycine; 0.1% SDS

Volume adjusted to 1L, stored at 4°C, adjusted to room temperature prior to use
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9. 1x Transfer buffer

2mM Tris; 190mM glycine; 20% methanol

Final volume adjusted to 1 L. Buffer stored at -20°C.

10. 1x TBSand TBST (1 L)

Tris- 3g; NaCl- 8.7g

Volume adjusted to 1 L with dH2o0.

For TBST preparation, 0.1% Tween 20 is added to the required volume of TBS.

For, western blot blocking buffer preparation, either 5% non-fat dry milk or 5% BSA is
added to the required volume of TBST.

11. MTT Extraction buffer (20 ml)
16 ml absolute isopropanol; 4ml Triton-X 100; 66.8 ul 12N HCI

Solution is vortex mixed and stored at room temperature.
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CHAPTER 4

RESULTS
&
DISCUSSION



CHAPTER 4.A

The role of YAP1-FOXM]1 in
hyperglycemia mediated
cardiomyocyte hypertrophy
and fibrosis induction
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4.A.1 Chapter overview:

Diabetic cardiomyopathy is currently one of the leading causes of morbidity around the
world. Poorly regulated blood sugar, often leads to increased cellular apoptosis, hypertrophy
and fibrotic remodelling in the cardiac cells. As cardiomyocyte cells cease to divide in adult
tissues, it has poor ability to respond to any tissue injury, often resulting in cardiomyocyte
hypertrophy and fibrosis leading to heart failure. Therefore, it has become a growing research
interest in current times, to understand the molecular players in the pathogenesis of high
glucose induced cardiomyopathies. Hyperglycemic stress has been observed to mediate an
array of fetal gene reactivation. Likewise, various recent studies have reported hyperglycemia
to promote the expression of YAPL, a hippo signaling molecule in the cardiac tissue. YAPL is
a critical early organ growth regulatory molecule. Also, hyperglycemia is observed to
upregulate the expression of another key cardiac developmental molecule FOXM1 in the
adult tissue. Both YAP1 and FOXML1 have been known to have a baseline expression in the
postnatal cardiac cells, and their activation following injury or stress has been shown to have
pathological implication in various organs. However, limited information is known till date
regarding YAP1-FOXM1 interaction in the cardiac cells, in hyperglycemia mediated cardiac
hypertrophy and fibrosis induction.

In this section our study has demonstrated that high glucose mediated YAP1
overexpression increases the cardiac AKT activation resulting in GSK3-B inhibition.
GSK3-B negatively regulates FOXML1 in the adult cardiac cells. Activated YAP1 thereby
nullifies the inhibitory regulation of FOXML1, resulting in FOXM1 accumulation that
goes on to trigger further pro-hypertrophic and fibrotic gene transcription and
activation.

4.A.2 Hyperglycemia induces cardiac hypertrophy and fibrosis in adult
mice and impairs cardiac function.

To analyse the effect of high glucose stress on cardiomyocyte, mice under experiment were
injected with alloxan to mimic type Il diabetic condition. From the initial time-point
experiment (Fig. 9A), we observed a significant increase of blood glucose level in dayl (382
+ 17.58 mg/dl) after injecting the mice with alloxan at a dose of 150 mg/kg body weight
compared to the day 0 (126 + 9.04 mg/dl) group. The data also shows the blood glucose level
stays at significantly higher level up to 2 weeks (1 week: 340 £ 19.53 mg/dl; 2 week: 208.5 +
12.93 mg/dl) compared to the day 0 group. The mice with high blood glucose level kept for 2
weeks were used as diabetic cardiomyopathy (DCM) group. The DCM group showed
significant increase in heart weight to body weight ratio (5.78 £ 0.21 mg/g) compared to the
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control group (4.66 £ 0.06 mg/g) (Fig. 9B). The PFA fixed tissue sections stained with WGA
antibody showed significant enlargement of the cardiac cells in the DCM group (2.6 + 0.22-
fold) compared to the control group (Fig. 9D’ and 9D) indicating induction of cardiac
hypertrophy in hyperglycemic stress condition. Massons’ trichrome staining showed
significantly increased collagen deposition in the DCM group (4.37 + 0.24 fold) compared to
the control heart tissue sections (Fig. 9E’ and 9E) which confirmed increased fibrotic response
in cardiac tissue under hyperglycemia stress.

A 500 B = C
— *w o g 1.5 * control
= 40 g £ - DCM
E‘ = P z

8 <
-~ 2 6 =
2 300+ e g == 10
g H#H## 5 - ww
= 2001 d 4 z
oo “ = ”—é 3
3 z g os
2 1001 . z .
= z =
T =
T T T E v 0. T T
‘)‘B .r'\ & te&- -] control  DCM serca2
9 9 & &

w a
- o
o ©
1 J

IS
1

~

Relative cell size
N
Relative %CVF

]
1

N
1

Relative % periostin positive area

o
i

Q

« control
» + DCM

wn
J

&
1

e -

'ﬂ,. ﬂﬂ ﬂ' HH

T T
bnp pmhc col-1 col-3

w
1

~
1

Relative mRNA expression

<

Figure 9. High glucose stress induces cardiac hypertrophy and fibrosis in the adult
heart. A. The fasting blood glucose level of adult mice after alloxan injection Statistical
significance was calculated by one way ANOVA. *** p<0.0001 with respect to day0; ###,
p<0.0001 with respect to 1 week; 11, p<0.0001 with respect to dayl. B. Graphical
representation of the heart weight to body weight ratio (mg/g). C. serca2 expression in heart
showing cardiac function in the experimental model animal group. D-D’. WGA staining
shows cellular hypertrophy in high glucose stress to control condition. The graph represents
mean cell size of control and DCM tissue quantified using ImageJ software (NIH). E-E’.
Masson’s trichrome staining shows increased collagen deposition in the DCM mice heart
indicating cardiac fibrosis in the diabetic animal. The corresponding graph represents relative
collagen deposition as par cent collagen volume fraction (CVF) quantified using ImagelJ
(NIH) software. F-F°. Periostin immunostaining showed increased expression in the DCM
than in the control group. G. m-RNA expression level of hypertrophy marker bnp, s-mhc and
fibrosis marker col-1, col-3 done by real time PCR can be seen to be significantly upregulated
in the DCM group compared to the control group. Statistical significance of B-F was
performed using Student’s t-test. . ***, p<0.0001 (n=6). Scale bar represents 20um.
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To further confirm the occurrence of cardiac hypertrophy and fibrosis due to high glucose
(HG) stress, we looked into the mMRNA expression of the key marker genes. We observed a
significant increase in hypertrophy marker bnp (3.51 + 0.5-fold) and f-mhc (2.39 £ 0.24-fold)
expression and an increased expression of fibrosis marker coll (3.52 £+ 0.55-fold) and col3
(2.47 £ 0.12-fold) in the DCM group compared to the control animals (Fig. 9C). Moreover,
periostin expression is markedly increased in the diabetic cardiac tissue (6.63 + 0.71-fold,
Fig. 9F’) as compared to the control tissue (Fig. 9F) suggesting increased fibrosis in the
tissue. These results correlate with our previous findings as shown in Fig. 9D, 9E and 9F
indicating hyperglycemia mediated hypertrophy and fibrosis induction in our diabetic
cardiomyopathy animal model. In the DCM animal model reduced expression of serca2 gene
(0.53 = 0.08-fold) (Fig. 9C) was observed that along with elevated bnp levels further

indicated impaired contractile function in the DCM animals.

4.A.3 High glucose promotes hypertrophy and fibrosis in H9c2

cardiomyocyte cells.

Next to investigate the molecular mechanism of induction of cardiac hypertrophy and fibrosis
in hyperglycemic condition further we have investigated the findings in the in vitro model of
hyperglycemia. In this experiment when H9c2 cells were treated with high glucose medium
(25mM glucose) for 48 h we observed high expression of bnp (2.43 + 0.48-fold) /~mhc (3.56
+ 0.55-fold) along with coll (2.5 £ 0.40-fold), col3 (4.34 + 0.5-fold) over control cells (Fig.
10D) that indicated cardiomyocyte hypertrophy and fibrosis induction as it was observed in
the diabetic cardiomyopathy model in vivo. We also confirmed cellular hypertrophy under
high glucose condition from phalloidin stained cells where increase in cell size (3.46 £ 0.28-
fold, Fig. 10A”) was seen in the cells treated with high glucose media compared to the cells
treated with normal glucose (NG) (Fig. 10A). In the immunostaining experiment we also
observed a significant increase in the myofibroblast marker o.-SMA expression in the high
glucose group (21.36 + 2.44 %, Fig. 10B’) compared to the control group (4.56 + 0.57 %,
Fig. 10B) and increased fibrosis marker periostin expression in the high glucose group (20.97
+ 1.93 %, Fig. 10C”) to the control group (6.94 + 0.97 %, Fig. 10C) that further confirms the
observation that high glucose induces fibrotic responses in the cardiac cells.
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4.A.4 YAPL, FOXM1 overexpression in murine diabetic cardiomyopathy

model.

Since altered glycemic condition in different tissues lead to activation of YAP1 and its target
genes we wanted to further investigate the effect of high glucose in regulating YAPL1 and its
downstream effectors in our hyperglycemic model. In the DCM tissue yapl showed an
increased mMRNA expression (2.86 = 0.6 fold) compared to the control tissue (Fig. 11A). In
the immunohistochemistry data of YAP1 antibody in mice tissue sections, an overall
increased number of YAP1 positive cells was seen in the hyperglycemic tissue (38.42 + 5.96
%, Fig. 11D’) compared to the control tissue (7.41 £ 1.68 %, Fig. 11D). Western blot data
shows in diabetic cardiac tissue, significantly increased expression of YAP1 (3.51 + 0.29-
fold, Fig. 11B) to the control group at total protein level along with increased activity evident
from the reduced expression of inhibitory p-YAP1/YAP1 (0.13 = 0.02-fold, Fig. 11B)
compared to the control group. Moreover, immunoprecipitation experiment showed high
level of O-GIcNAcylation of YAP1 in the DCM animals (2.07 + 0.38-fold) compared to the
control animal (Fig. 11C). As YAP1 is known to be majorly activated following O-

GIcNAcylation, therefore, our data confirms the initial observation that high glucose induces
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YAP1 overexpression and activity in the cardiac tissue and its downstream transcriptional

effectors resulting in increased hypertrophic and fibrotic response.
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Figure 11. High glucose induces YAP1, FOXM1 overexpression along with increased
expression of hypertrophy and fibrosis markers. A. m-RNA expression of yapl and foxm1
by real time PCR shows up regulated expression in the DCM group compared to the control
group. B. Western blots images show increased YAP1, FOXML1 expression in the HG group.
C. Expression of O-GIcNAc of YAP in IP experiments. Immunoprecipitation was performed
with YAP antibody and expression of O-GIcNAc was observed by western blotting with O-
GIcNAc antibody. D-D’. Immunostaining with YAP1 antibody shows overexpression of
YAPL in the diabetic heart tissues compared to the control tissue E-E’. FOXM1 antibody
staining shows increased expression in the DCM group compared to the control tissue.
Statistical significance was calculated by students’ t t-test. ***, p<0.0001; **, p<0.01; *, p<
0.05; between DCM and control group, n=3. Scale bar represents 20um.

Likewise, we have also observed that the expression level of FOXM1 was significantly
increased in diabetic cardiac tissues as compared to control tissues both at the mRNA level
(2.27 £ 0.35-fold, Fig. 11A) and protein level (1.85 = 0.17-fold, Fig. 11B) as detected by real
time RT-PCR assay and western blot analyses respectively. Immunostaining with FOXM1

46



antibody shows an overall increased number of FOXM1 positive cells (33.17 £ 2.7 %, Fig.
11E’) in the diabetic tissue over the control tissue (9.75 + 0.7 %, Fig.10E). Thus, like YAP1
we also observed an increased expression of FOXM1 transcription factor in the diabetic
animals compared to the control animals which may suggest that the increased level of
expression of FOXML1 in adult cardiac cells may play a crucial pathological role in the adult
cardiac cells. Next we have used H9c2 cardiomyocyte cells to dissect out the molecular
hierarchy of the YAP1/FOXM1 mediated signaling pathway in inducing hypertrophy and
fibrosis in diabetic cardiomyopathy.

4.A.5 Induction of hyperglycemic condition in H9c2 cells in vitro similarly

results in increased expression of YAP1 and FOXML1

In the high glucose treated cells we observed significant upregulation of yapl mRNA
expression (3.96 £ 0.98 fold, Fig. 12A), along with higher expression of foxm1 m-RNA (4.21
+ 0.51 fold, Fig. 12A) over normal glucose treated cells. We observed significantly increased
expression of YAP1 in the high glucose condition (1.93 £ 0.07-fold, Fig. 12B) compared to
control group. We have also found significant reduction in the activity of YAP1 from p-
YAP1/YAPL expression (0.31 = 0.07-fold, Fig. 12B) compared to the control as seen in
western blot experiments. Increased activity of YAP1 was also evident from the higher YAP-
O-GlcNacylation (1.88 + 0.21-fold, Fig. 12C) observed in the high glucose treated H9c2 cells
as compared to the NG treated cells. Significantly increased expression of cellular FOXM1
protein in the hyperglycemic cells (1.58 + 0.12-fold, Fig. 12B) compared to control cells was
also seen in the hyperglycemic condition over normal glucose condition. These data correlate
with the higher YAP1 and FOXM1 expression seen in diabetic cardiomyopathy in vivo.
Immunostaining data performed on high glucose treated and fixed H9c2 cells with YAP1
antibody clearly showed a significantly increased number of positive cells (21.1 £ 2.09 %,
Fig. 12D’) in the hyperglycemic condition over the normoglycemic cells (6.04 + 0.73 %, Fig.
12D. A higher number of FOXM1 immnunopositive cells can also be seen in 25mM glucose
condition (28.6 £ 4.0 %, Fig. 12E’) over normal glucose treated cells (6.95 + 0.29 %, Fig.
12E), which further confirmed the fact that YAP1, FOXM1 show upregulated expression in
the high glucose treated H9c2 cells.
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Figure 12. Hyperglycemia induces hypertrophy and fibrosis along with YAP1, FOXM1
in H9c2 cells. A. Real time PCR data of yapl and foxm1 shows upregulated expression in the
H9c2 cells treated with high glucose (HG) (25 mM) media compared to the normal glucose
(NG) (5 mM) treated cells. B. Western blot data showing increased expression of YAP1,
FOXML1 in the 25mM group compared to the 5mM group. C. Western Blot images of O-
GIcNACc in IP experiments. Immunoprecipitation was performed by YAP antibody followed
by western blotting with O-GIcNAc antibody. Representative images show one more
replicate image of HG treated condition D-D’. H9c2 cells with YAP1 antibody staining show
increased YAP1 positive cells in HG treated cells compared to NG. E-E’. Immunostaining
images of FOXM1 antibody showing overexpression in HG treated H9c2 cells compared to
NG treated cells. Scale bar represents 50um. Statistical significance was calculated by
students’ t test. ns, p: non-significant, *, p< 0.05, **, p<0.01*** | p<0.0001 between the high
glucose and the normal glucose group. n=3

4.A.6 AKT-GSK pathway is activated in murine diabetic heart.

In the cardiac tissue YAP1 is known to be associated with AKT-GSK3p signaling that is an
important signaling pathway in glucose metabolism. On the other hand, as AKT- GSK3p has
recently been reported to regulate FOXM1 expression, we further attempted to investigate the
expression of FOXM1 along with AKT and GSK3p to identify the molecular hierarchy of the
YAP1/FOXM1 mediated signaling pathway in inducing hypertrophy and fibrosis in diabetic
cardiomyopathy.

We have observed a significantly increased level of p-AKT (3.28 + 0.39-fold, Fig. 13A) over

total AKT in the diabetic condition along with simultaneous decrease in the activity of
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GSK3p as evident from the increased expression of inhibitory phosphorylated form of
GSK3p (2.15 + 0.23-fold, Fig. 13A) over total GSK3p. These data suggest that high glucose
promotes AKT activity and reduces GSK3p activity in the cardiomyocyte. In the adult heart
under high glucose stress this abnormally higher expression of YAP1, FOXM1 protein and
altered AKT/GSK3p signaling pathway over the basal level indicates the pathological status
of diabetic cardiomyopathy.
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4.A.7 High glucose upregulates AKT-GSK3B pathway in H9c2

cardiomyocyte

Western blot results from high glucose and normal glucose treated cells also showed
significantly upregulated expression of serd73 p-AKT (1.79 + 0.11 fold, Fig. 14A) to total
AKT and increased ser9 inhibitory phosphorylation of GSK3p (2.46 + 0.26-fold, Fig. 14A)
compared to total GSK3p in the cells under hyperglycemic environment indicating increased
activity of AKT along with decreased activity of GSK3p in the hyperglycemic cells. These
results correlate with our in vivo data (Fig. 11 and Fig. 13) where YAP1, FOXM1 and AKT

showed a significantly upregulated expression in the diabetic cardiomyopathy animal group.
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4. A.8 YAP1 down regulation in H9c2 cells resulted in recovery from
pathogenic condition

To determine whether YAP1 is indispensable in inducing cardiac hypertrophy and fibrosis,

H9C2 cells maintained in presence of high glucose containing media were treated with either
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in presence or absence of YAP inhibitor, verteporfin (VP). Inhibition of YAP1 activity by
verteporfin in H9C2 cells with 25 mM glucose resulted in reduced expression of YAP1 (6.72
+ 1.43 %, Fig. 15A”) compared to 25 mM glucose treated cells without inhibitor (25.19 +
3.23 %, Fig. 15A"). If YAP1 activity is necessary to induce cardiac hypertrophy and fibrosis
then pre-treatment with verteporfin would fail to induce cardiac hypertrophy and fibrosis
even in presence of high glucose as compared to cells maintained in absence of verteporfin.
Interestingly, a significant reduction in the H9c2 size or hypertrophic condition was observed
from phalloidin staining in the cells treated with high glucose with verteporfin (1.93 + 0.04-
fold, 15B”) compared to high glucose condition without the inhibitor (3.61 = 0.41-fold, Fig.
15B). Furthermore, the data also showed a significant decrease in expression of
myofibroblast marker a-SMA (3.91 £ 0.96 %, Fig. 15C”) compared to high glucose treated
cells without verteporfin (20.57 £ 2.29 %, Fig. 15C’). Therefore, the data confirmed the
obvious role of YAPL overexpression in the induction of cardiomyocyte hypertrophy and
fibrosis under hyperglycemic stress and would suggest that active YAPL1 is necessary to

induce cardiac hypertrophy and fibrosis in hyperglycemic condition.
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Figure 15. YAP1 inhibition in H9c2 cells reduces the hypertrophy and fibrosis in the
H9c2 cells. A-A”. Verteporfin (VP) inhibits the expression of YAPL in the H9c2 cells. B-B”.
Phalloidin staining images showing YAPL inhibition significantly reduces H9c2 cell size in
the HG condition compared to the HG conditioned cells without inhibitor. C-C”. a-SMA
staining images showing reduced expression in the HG treated cells with VP compared to the
HG cells without VVP. Scale bar represents 50um. Statistical significance was calculated by
one way ANOVA. *, p< 0.05; ***, p<0.0001 between 25 mM and 5 mM group. #, p< 0.05;
##, p<0.01; ### p<0.0001 between 25 mM+ verteporfin and 25 mM group. n=3
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4.A.9 YAP1 inhibition in HG cardiomyocyte results in reduced expression

of AKT/GSK3p signaling with reduced FOXM1 expression

To Further look into the association between YAP1, FOXM1 and AKT we have next
observed the status of these molecules under verteporfin treated condition in the high glucose
group. Interestingly, verteporfin treatment in H9c2 cells under hyperglycemic condition in
turn resulted in an increased cytoplasmic localization of FOXM1 (69.06 + 3.32 %
cytoplasmic to 4.77 £ 0.30 % nuclear, Fig. 16A”) compared to hyperglycemic cells without
inhibitor (34.87 + 2.28 % overall cellular expression, Fig. 16A”). This result indicates that
during hyperglycemic stress YAPL overexpression in the cardiomyocyte promotes FOXM1
expression. YAPL inhibition with its specific inhibitor causes the cytoplasmic retention of
FOXML1 protein in the cardiomyocyte. This data further confirms the proposed association

between YAP1 and FOXM1 molecules in the cardiomyocyte.

From western blot analysis, we have also observed a downregulated expression of ser473 p-
AKT/AKT (1.13 £ 0.29 fold, Fig. 16B) in the 25mM glucose with verteporfin group
compared to 25mM glucose treated cells without inhibitor (3.0 £ 0.72 fold, Fig. 16B) which
confirmed reduced activity of AKT in verteporfin treated cells in high glucose condition.
Reduced activity of AKT in turn significantly downregulated the inhibitory phosphorylation
on GSK3p (0.76 = 0.09 fold) in the verteporfin treated high glucose group over high glucose
group without inhibitor (2.73 £ 0.69 fold, Fig. 16B). The results conferred that in the high
glucose treated H9c2 cells YAPL promotes the activity of AKT and reduces GSK3p activity.
Overall, all these data indicate that YAPL regulates the expression of FOXM1 and AKT/
GSK3 signaling and under high glucose condition promotes cardiomyocyte hypertrophy and

fibrosis.
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Figure 16. Inhibition of YAP1 in H9c2 cells results in increased cytoplasmic localization
of FOXM1 and increased AKT activity. A. FOXM1 immunostaining images showing
increased cytoplasmic localization of FOXM1 in the verteporfin treated high glucose cells to
that of high glucose treated cells without YAPL inhibitor. ***, p<0.0001 between 25 mM
nuclear and 5 mM nuclear groups; $$$, p<0.0001 between 25mM cytoplasmic and 5mM
cytoplasmic groups. ###, p<0.0001 between 25 mM nuclear and 25 mM without VP group;
111, p<0.0001 between 25 mM cytoplasmic and 25 mM without VP cytoplasmic group. n=3
B. Western blot data shows reduced ser473 p-AKT/AKT and reduced inhibitory ser9 p-
GSK/GSK3p expression in the HG treated cells with VP compared to the HG cells without
VP. Statistical significance was calculated by one way ANOVA. *, p< 0.05; ***, p<0.0001
between 25 mM and 5 mM group. #, p< 0.05; ##, p<0.01; ### p<0.0001 between 25 mM+
verteporfin and 25 mM group. n=3

4.A.10 FOXML1 inhibition resulted in decreased hypertrophy and

fibrogenic condition of H9c2 cardiomyocyte cells

Like in the observations found with verteporfin treated cells, we next attempted to observe
the effect of FOXML1 inhibition on the cells using its specific inhibitor thiostrepton (Th). In
this experimental group, we observed a significant inhibition of the FOXMZ1 expression in the
thiostrepton treated hyperglycemic cells (5.12 = 14 %, Fig. 17A”) compared to
hyperglycemic cells without the inhibitor (27.07 + 3.24 %, Fig. 17A”). This observation was
followed by significant reduction in hypertrophy and fibrotic response in H9c2 cells under
hyperglycemic condition that was pre-treated with thiostrepton, as was observed from
phalloidin and a-SMA staining. In the phalloidin staining, we have observed a significant
reduction in cell size (1.9 £ 0.06-fold, 17B”) in the high glucose with thiostrepton group
compared to control group (3.81 + 0.37-fold, Fig. 17B’) and significantly decreased number
of a-SMA positive cells (3.52 = 0.54 %, Fig. 17C”) in the hyperglycemic cells treated with
thiostrepton over hyperglycemic cells without FOXML1 inhibitor (21.35 £ 2.44 %, Fig. 17C’).

These data so far proved that FOXM1 overexpression in the cardiomyocyte resulted in
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increased pathogenesis of hypertrophy and fibrosis which is one of the potential pathways

through which hyperglycemia acts to induce cardiac hypertrophy and fibrosis.

However, thiostrepton mediated FOXM1 inhibition interestingly had almost insignificant
effect on the YAP1 expression (21.74 + 0.93 %, Fig. 17D”) in the high glucose condition to
that of high glucose cells treated with thiostrepton group (17.61 = 1.15 %, Fig. 17D’). These
data indicate that either YAPL acts upstream to FOXM1 in cardiomyocyte to induce
hypertrophy and fibrosis or, YAP1 and FOXM1 act independently to induce hypertrophy and

fibrosis in cardiomyocyte treated with high glucose which eventually leads to pathogenesis.
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Figure 17. FOXM1 inhibition in H9c2 cells reverse cardiomyocyte hypertrophy and
fibrosis. A-A”. FOXM1 immunostaining images showing reduced expression in H9c2 cells
treated with thiostrepton (Th). B-B”. Phalloidin staining images of H9c2 cells treated with Th
shows reduction in cell size in treated cells. C-C”. a-SMA immunostainng images show
reduced number of cell positive staining in HG treated cells with Th treatment compared to
only HG cells. D-D”. Immunostaining images of YAP1 in H9c2 cells treated with FOXM1
inhibitor Th shows no changes in YAPL expression in the 25mM with Th compared to the
25mM group without Th. YAP1 shows high expression in both groups. Scale bar represents
50um. Statistical significance was calculated by one way ANOVA. *** p<0.0001 between
25 mM and 5 mM group; ###, p<0.0001 between 25 mM+ Th and 25 mM group. n=3

4.A.11 YAP1 up regulation followed by FOXML inhibition indicates
regulation of FOXML1 activity by YAPL in the H9c2 cells as their
possible pathway of action

In order to investigate whether YAP1 mediated induction of cardiomyocyte hypertrophy and

fibrosis is dependent on FOXM1 activity, H9C2 cells under normoglycemic condition were
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pre-treated with YAP activator, S1P followed by FOXMZ1-specific inhibitor, thiostrepton for
overnight. If YAP1 mediated induction of cardiomyocyte hypertrophy is FOXM1 dependent
then HIC2 cells pre-treated with FOXM1-specific inhibitor thiostrepton would fail to induce
cardiac hypertrophy and fibrosis even in presence of YAP activator, S1P. Conversely, if
H9c2 cells without the FOXML1 inhibitor but in presence of S1P in normoglycemic condition
would still induce cardiac hypertrophy and fibrosis suggesting that YAP1 mediated induction
of cardiomyocyte hypertrophy is FOXM1 dependent. Here, our experiment found a
significant increase of the cell size in the S1P treated H9c2 cells in normal glucose (5mM)
condition (2.99 * 0.3 fold, Fig. Fig. 18C’) compared to cells under normal glucose condition
without S1P (Fig. 18C). We also observed significantly higher expression of a-SMA in S1P
treated cells in normal glucose condition (24.09 + 0.96 %, Fig. 18D’) compared to normal
glucose treated cells without YAP1 activator (2.20 £ 0.09 %, Fig. 18D). Significantly
increased periostin expression (21.2 + 3.85 %, Fig. 18E’) was found even in the
normoglycemic treated cells with S1P compared to the cells that were maintained without
YAP1 activator (3.67 £ 0.38 %, Fig. 18E). FOXML1 expression in the S1P treated group was
significantly higher (72.61 + 3.89 %, Fig. 18B’) in contrast to the cells maintained in normal
glucose media (3.97 = 0.25 %, Fig. 18B).

Interestingly, we observed a reversal in cell size to almost normoglycemic condition in the
S1P treated cells that were simultaneously treated with thiostrepton (1.51 + 0.04-fold, Fig.
18C”) compared to S1P treated cells without thiostrepton (2.99 + 0.3-fold, Fig 18C’). A
significant decrease in the number of a-SMA positive cells were observed in the S1P and
thiostrepton treated group (2.32 £ 0.22 %, Fig. 18D”’) compared to S1P treated group without
thiostrepton (24.09 + 0.96 %, Fig. 18D). Immunostaining revealed significantly reduced
expression of periostin (6.12 £ 1.18 %, 18E”) in S1P and thiostrepton treated cells in
comparison to S1P treated cells without thiostrepton (21.2 + 3.85 %, Fig. 18E’).

As for the target gene expression, we have observed a diminished FOXM1 expression in the
S1P group treated with thiostrepton (5.84 + 0.62 %, 18B”) compared to S1P treated group
without thiostrepton (72.61 + 3.89 %, Fig. 18B’); while FOXML1 inhibition with thiostrepton
had no significant effect on YAP1 expression (25.33 + 4.33 % vs. 27.08 + 3.1 %, Fig. 18A”
and 18A’) seen in S1P+thiostrepton group compared to S1P treated group without
thiostrepton. This data confirmed that YAP1 activation followed by FOXM1 inhibition
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resulted in reduced cardiomyocyte size and fibrosis in vitro suggesting a FOXM1 mediated
activity of YAPL in induction of cardiomyocyte hypertrophy and fibrosis. The data also
suggests that FOXM1 acts downstream of YAPL.
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Figure 18. Upregulation of YAP1 with S1P followed by inhibition of FOXM1 with
thiostrepton determines FOXML1 is a downstream effector of YAP1 in H9c2 cells. A-A”.
Immunostaining images of YAP1 shows increased expression in S1P treated cells.
Thiostrepton mediated FOXM1 inhibition in the S1P treated group has no effect on YAP1
expression. B-B”. Immunostaining images of FOXM1 shows upon YAP1 activation there is
increased FOXM1 expression in NG H9c2 cells. However, this increase is ameliorated
following S1P treatment along with Th. C-C”. Phalloidin staining shows there is an increase
in cell size in the S1P mediated YAPL1 activated H9c2 cells. Upon Th treatment in the S1P
group, this phenotype was reversed to NG condition. D-D”. a-SMA immunostaining images
show upon S1P treatment there is an increase in the number of a-SMA positive cells which is
again reduced to NG condition when cells are treated with S1P along with Th. E-E”.
Periostin marker immunostaining images also show increased positive staining in the S1P
group compared to NG group that was also reduced upon Th treatment. Scale bar represents
50um. Statistical significance was calculated by one way ANOVA. *** p<0.0001; **,
p<0.01 between 5 mM+S1P group and 5 mM group. ###, p<0.0001; ##, p<0.01 between 5
mM+S1P+ thiostrepton and 5 mM+ S1P group. n=3
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4.A.12 Simultaneous activation of YAP1 and inhibition of AKT shows
increased GSK3pB activity and inhibition of FOXM1 expression in
H9c2 cells

In order to further confirm that YAP1 induced FOXML1 activity in the cardiomyocyte is
mediated through AKT-GSK3p signaling, we attempted to modulate the expression of AKT
in H9c2 cells with LY294002 (LY). We have observed that LY294002 treatment in the
hyperglycemic H9c2 cells significantly reduced the expression of FOXM1 (5.4 = 0.37%, Fig.
19A”) compared to the high glucose cells without inhibitor (28.20 £ 3.29%, Fig. 19A). But
LY294002 had no significant effect on the expression of YAP1 (24.96 + 0.9%, Fig. 19B’) in
the high glucose with LY294002 group to the high glucose without inhibitor group (22.20
0.97%, Fig. 19B). These results indicate that AKT-GSK3p may be a downstream effector of

YAP1 that furthers regulates FOXM1 expression in a signaling pathway.

However, to confirm our observations earlier we have performed a simultaneous upregulation
of YAP1 with S1P along with inhibition of AKT with LY294002 in the normal glucose
condition. Firstly in the S1P treated cells with LY294002 treatment under normal glucose
condition there was a significantly reduced FOXM1 expression (6.55 + 0.22 %, Fig. 19D”)
compared to the S1P treated cells without LY?294002 (62.32 + 4.01 %, Fig. 19D’). Now, at
par with our previous report of S1IP mediated YAP1 activation (Fig 18), a reduction in the
cell size was observed in the S1P with LY?294002 treated normoglycemic cells (1.06 £+ 0.06-
fold, Fig. 19E”) compared to the S1P group without inhibitor (2.23 + 0.06-fold, 19E’). In the
o-SMA immunostaining data we have also observed a reduced number of positively stained
cells in the S1P with AKT inhibitor group (3.18 = 0.7 %, Fig. 19F”) compared to the S1P
treated group without AKT inhibitor (17.78 £ 3.42 %, Fig. 19F). But, as was observed earlier,
no significant change was observed in the expression of YAP1 in the S1P treated cells that
was simultaneously treated with AKT inhibitor LY294002 (25.65 * 2.21 %, Fig. Fig. 19C”)
to that of H9c2 cells treated with only S1P (28.49 £ 1.85 %, Fig. 19C’). This indicates that

YAP1 acts upstream of AKT-GSK in the regulatory pathway.
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To follow up with our findings in the western blot data, we observed increased p-AKT/AKT
in the S1P treated group (2.07 + 0.32 fold, Fig. 19G) compared to H9c2 cells without the
YAP activator S1P. Also a simultaneous increased Ser9-p-GSK3p/ GSK3p was observed in
the S1P treated H9c2 cells (2.22 + 0.31fold, Fig. 19G) compared to the H9c2 cells without
S1P that confirms our hypothesis that YAP1 expression increases AKT activity in the
cardiomyocyte cells that in turn inhibits GSK3p activity with increased inhibitory Ser9
phosphorylation of GSK3p. With GSK3pB inhibition, FOXM1 is stabilized in the
cardiomyocyte (Fig. 19D” and 19D’) and thus, YAP1 confers its regulatory effect on
FOXML1 via AKT/ GSK3p signaling. Further, we observed a reduced p-AKT activity in the
S1P mediated YAP1 activated group that has been treated with LY294002 (0.90 £ 0.28 fold,
Fig. 19G) compared to the only S1P treated cells without LY294002, along with reduced
inhibitory p-GSK3p in the S1P treated cells with LY294002 (0.82 + 0.36 fold, Fig. 19G)
compared to only S1P treated cells. This correlates with our findings that although FOXM1
expression is high in S1P treated cells, with AKT inhibition the FOXM1 expression has been
downregulated (Fig. 19D” and 19D’), confirmed now by the regulatory effect of GSK3p.

In the normal glucose treated cells with activated YAPL expression, on application of AKT
inhibitor we observed an improved pathological state of the H9c2 cells similar to verteporfin
mediated YAPL inhibited condition which may suggest YAP1 have some association with
AKT/GSK signaling in the exertion of its regulatory effect on FOXM1 as well as hypertrophy
and fibrosis induction. But in this experimental group as we have observed that AKT
inhibition reduced FOXM1 expression but had an insignificant effect on YAPL. From this
observation we can conclude that AKT acts downstream to YAPL1 rather than a co-regulation
or upstream regulation. This also indicates that in hyperglycemia, YAP1 mediated AKT
expression inhibits GSK3 activity that leads to an increased FOXMZ1 expression in the H9c2

cells.
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Figure 19. YAP1 upregulation along with AKT inhibition determines YAPL regulates
FOXM1 via AKT-GSK3p signalling pathway. A-A”. Phalloidin staining images showing
increase in the HI9c2 size in S1P treated cells. However, LY294002 treatment attenuated the
increase in cell size even when cells were treated with S1P. B-B”. a-SMA immunostaining
images showing increased number of positive cells on S1P treatment. But, when cells were
treated with S1P along with LY294002 (LY), the a-SMA staining was significantly reduced.
Scale bar represents 50um. C-C”. YAP1 immunostaining images show increased expression
of YAP1 in S1P treated group. In the S1P with AKT inhibitor LY group, YAP1 had no
significant changes in expression compared to only S1P group. D-D”. FOXM1
immunostaining images showing increased positive cells in the S1P group compared to the
control group. However, FOXM1 expression was significantly reduced upon LY treatment
even under S1P treated condition. E. Western blot images showing increased p-AKT/AKT
and inhibitory Ser9 p-GSK3p/GSK3p in the S1P treated H9c2 cell group compared to the
control group. This was again downregulated when cells were treated with S1P along with
LY. Statistical significance was calculated by one way ANOVA. *** p<0.0001; **, p<0.01;
*, p<0.05 between 5 mM +S1P and 5 mM group. ###, p<0.0001; ##, p<0.01; #, p<0.05
between 5 mM +S1P+ LY294002 and 5 mM+ S1P group. n=3
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4.A.13 Overexpression of FOXML1 in normoglycemic condition results in
cardiomyocyte hypertrophy and high a-SMA expression indicating
a definite role of FOXM1 in the hyperglycemia mediated

pathogenesis of cardiac cells

Finally, as very little work has been reported on the role of FOXML1 in the cardiomyopathy
induction in the adult heart, to confirm the effect of FOXM1 overexpression on
cardiomyocyte we have treated H9c2 cells with FOXM1 recombinant protein and observed
overexpression of hypertrophic and fibrotic markers with cell size enlargement and increased
number of a-SMA positive cells even under normal glucose condition. Phalloidin staining
showed a significant enlargement of overall cell size in the FOXML1 recombinant protein
(FOXML1 RP) group (2.33 £ 0.11-folds, Fig. 20B”) was seen over control cells (Fig. 20B). In
immunostaining experiment, we observed that the cells treated with FOXM1 recombinant
protein showed significant increase in the number of a-SMA positive cells (40.54 £ 3.77 %,
Fig. 20C’) compared to control cells (3.65 = 0.08 %) (Fig.20C). In the periostin
immunostaining data we have also observed significantly increased periostin expression in
the FOXM1 RP group (28.49 + 2.81 %, Fig. 20D’) compared to the control group (6.26
1.39 %) (Fig. 20D).

Also, to further support our proposed hypothesis, we have performed a YAPL inhibition
followed by exogenous administration of FOXM1 protein in the H9c2 cells, where it was
observed that even if we inhibit YAP1 activity, addition of FOXML1 protein to the medium
resulted in an increased hypertrophic and fibrotic response in the H9c2 cells. In the phalloidin
staining we observed an (2.4 + 0.31%, Fig. 20B”) increase in cell size in the VP with
FOXM1 recombinant protein as compared to control cells (Fig. 20B). in the VP with FOXM1
RP group an increased number of a-SMA positive staining (45.52 + 1.94%, Fig. 20C”) was
observed compared to control cells (3.65 *+ 0.08%) (Fig. 20C). Also, in the VP with FOXM1
RP treated cells a significantly increased periostin immunostaining (31.51 + 1.8%, Fig. 20D”)
was observed compared to control cells (6.26 + 1.3%, Fig. 20D) These observations suggest
that in cardiomyocyte cells, FOXM1 overexpression induces cardiomyocyte hypertrophy and
fibrosis leading to cardiac pathogenicity. Therefore, in conclusion, our study has inferred that
in the adult diabetic heart increased YAP1-FOXML1 expression via AKT-GSK3 signaling is

responsible for the induction of cardiomyocyte hypertrophy and fibrosis.
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Figure 20. FOXML1 overexpression with recombinant protein promotes cardiomyocyte
hypertrophy and fibrosis even in the normoglycemic condition. A-A”. FOXM1
immunostaining images show increased expression of FOXML1 in the recombinant FOXM1
protein treated group compared to the control group, even when YAPL is downregulated with
verteporfin treatment. B-B”. Phalloidin images show enlargement in the H9c2 cell size upon
recombinant protein treatment. The enlarged cell size was also observed in the VP treated
cells followed by FOXM1 RP treatment. C-C”. a-SMA immunostaining images show
increased number of positive staining in both the FOXM1 RP and VP with FOXM1 RP
treated group compared to the control groups. D-D”. Periostin immunostaining images show
FOXM1 RP treatment leads to increased periostin staining compared to the control group.
This was also observed in the VP treated group that were simultaneously treated with
FOXML1 RP. Scale bar represents 50um. Statistical significance was calculated by one way
ANOVA. *** p<0.0001; **, p<0.01 between 5 mM +FOXM1 RP and 5 mM group. ###,
p<0.0001; ##, p<0.01 between 5 MM+FOXM1 RP+ VP and 5 mM+ S1P group. n=3
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4.A.14 Chapter Discussion:

Diabetic cardiomyopathy is currently one of the leading health issues worldwide that prompts
us to look into the understanding of the disease mechanism at the molecular level. YAP1 and
FOXML1 are important cardiac development regulatory molecules that have recently been
investigated for their role in pathogenesis (Noguchi, Saito, and Nagase 2018; P. Wang et al.
2014; Penke et al. 2018). In our study we aim to see how the hyperglycemic stress is
perceived at the transcriptional level in cardiomyopathy induction and their specific
mechanism of action. We have reported that hyperglycemic stress in both in vivo and in vitro
conditions largely induces the expression of YAPL as seen from total YAPL1 expression
compared to the control group (Fig. 11 and 12). We have also found that hyperglycemia
causes increased YAPL activity as confirmed by reduced p-YAP1/ total YAP1 expression
compared to the normoglycemia group. Moreover, increased O-GIcNAcylation of YAP1 was
also observed in the high glucose treated condition indicating increased YAP1 activation in

hyperglycemic condition (Fig. 11 and 12).

YAPL1 is an important effector molecule in the hippo pathway that regulates organ size and
growth during development (Zhou et al. 2015; Jun Wang et al. 2018). In recent years several
studies reported overexpression of YAPL to be associated with hypertrophic disorders (P.
Wang et al., n.d.; Abe et al. 2019). Also some studies reported high glucose condition like
diabetes stimulates YAP1 expression leading to pathogenesis(X et al. 2017). However, little
work has been done on the role of YAP1 in cardiomyocyte hypertrophy and fibrosis
induction especially under hyperglycemic stress condition. In our study we have observed
enlargement of H9c2 cell size and increased expression of fibrotic markers like periostin and
a-SMA in the high glucose treated H9c2 cells that confirmed the observation that high
glucose induces cardiomyocyte hypertrophy and fibrosis (Fig. 10). Interestingly we observed
that inhibition of YAP1 in H9c2 cells with its specific inhibitor verteporfin, there is a
significant reduction in the H9c2 size and reduced fibrotic responses in the hyperglycemia
stressed cardiomyocyte (Fig. 15). Also, in cells under normoglycemic condition when treated
with YAP1 activator S1P, this resulted in increased cellular hypertrophy and fibrosis in the
H9c2 cells (Fig. 18 and 19).

FOXML1, an important cardiac development regulatory molecule has been shown in several
studies to be associated with hippo-pathway molecule YAP1 (Fan, Cai, and Xu 2015; Weiler
et al. 2017; Bolte et al. 2011). Reports suggest FOXML1 is downregulated in different adult
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organs and have been shown to express during injury in some organs like liver and lung to
facilitate tissue repair and regeneration(Kalin, Ustiyan, and Kalinichenko 2011). However,
recent reports have shown FOXM1 overexpression in adult lung tissue to cause
fibrosis(Penke et al. 2018). But, no studies so far addressed the role of FOXML in cardiac
pathogenesis in the diabetic condition. In this study we have observed high expression of
FOXML in the diabetic tissue as well as hyperglycemia treated cardiomyocyte cells that are
consistent with the increased hypertrophy and fibrotic condition observed in the experimental
groups (Fig. 11 and 12). In a separate study of treating H9c2 cells externally with FOXM1
recombinant protein to overexpress under normal glucose condition we have observed an
increase in the H9c2 cell size and increased fibrosis (Fig. 20). On the contrary, in the high
glucose treated H9c2 cells thiostrepton mediated FOXML inhibition reduced the hypertrophic
and fibrotic condition (Fig. 17). This observation for the first time reported that FOXM1
plays a crucial role in the induction of hyperglycemic stress mediated cardiomyocyte
hypertrophy and fibrosis. Also, we have shown that YAPL inhibition in H9c2 cells in high
glucose condition decreased FOXM1 expression and reversed the pathological phenotype
(Fig. 16). Interestingly, YAPL1 activation in H9c2 cells in normal glucose condition
upregulated FOXM1 expression and aggravated hypertrophy and fibrotic condition in
cardiomyocytes (Fig. 18). Also, while thiostrepton mediated FOXM1 downregulation
resulted in amelioration of cardiomyocyte hypertrophy and fibrosis, inhibition of FOXM1
had little effect on the expression of YAP1 (Fig. 17). This observation shows that there might
be an association between YAP1 and FOXML1 in the cardiomyocyte and the effect of
overexpression of YAP1 might be mediated through FOXM1 at the transcriptional level.
However, to further confirm the molecular hierarchy in this signalling pathway; in a follow
up experiment, we demonstrated that activation of YAPL with simultaneous inhibition of
FOXML did not result in cardiomyocyte hypertrophy and fibrosis as compared to only YAP1
activated cells where visible cardiomyocyte enlargement and fibrosis were seen (Fig. 18). If
FOXML1 have acted independently of YAP1 then inhibition of FOXM1 would not have any
effect on YAPL activation and hence, reduction of hypertrophy and fibrosis of
cardiomyocyte. Thus, it confirms the hypothesis in our study that FOXM1 is a downstream
effector of YAPL in the hyperglycemic cardiomyocyte cells.

In our previous experiments we have observed that hyperglycemia resulted in an increased
expression of AKT and p-GSKJ expression along with YAP1 and FOXM1 (Fig. 13 and 14).

AKT-GSK3p is a well-known signaling mediator in glucose metabolism pathway and reports
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have previously shown that this pathway is activated in cardiac cells in response to
injury(Chakraborty, Sengupta, and Yutzey 2013b). In recent studies GSK3p has been
reported to regulate the expression of FOXM1(Chen et al. 2016). Therefore to understand the
detailed regulatory mechanism of FOXML1 under hyperglycemic stress we have further
looked into the association of YAP1, AKT and GSK3p . We have found that increased p-
AKT activity with increased inhibitory p-GSK3p that was observed in the high glucose
conditioned cells were in sync with the expression of YAP1 in the cardiomyocyte. In Fig. 16
we have observed that verteporfin treatment in the high glucose incubated H9c2 cells reduced
the p-AKT and inhibitory p-GSK3p protein levels. With reduced GSK3 inhibition the active
GSK3pB may lead to reduced FOXM1 expression. Furthermore, YAP1 activation with S1P in
Fig. 19 clearly showed upregulated AKT activity which in turn increased the inhibitory effect
of p-GSK3p , thus aggravating the FOXML activity. To confirm the proposed mechanism of
AKT mediated FOXML1 activation by YAP1 we have performed a similar experiment of
simultaneous overexpression of YAP1 with its activator S1P followed by inhibition of AKT
by LY294002. Here we have observed in Fig. 19 that in spite of high YAP1 expression in the
S1P treated groups, on LY294002 treatment there is an increased cytoplasmic retention of
FOXM1 along with reduced H9c2 cell size and reduced expression of fibrosis markers o-
SMA and periostin as compared to the S1P only treated cells (Fig. 19). This data indicates
that YAP1 mediated FOXML1 activity is regulated via AKT-GSK3p signaling pathway in the
cardiomyocyte cells under hyperglycemic stress condition which ultimately leads to cardiac
hypertrophy and fibrosis.

With diabetes being the most serious metabolic disorder that largely affects cardiac function;
it is necessary to look into the molecular disturbances in the cardiac cells caused by the
hyperglycemic stress. Our data altogether shows that YAP1 and FOXML1 in the cardiac
myocyte, in diabetic or hyperglycemic stress is upregulated to a pathological level and works
via AKT/GSK3p signaling to induce cardiomyocyte hypertrophy and fibrosis. As currently
both FOXM1 and AKT remains one of the widely looked out molecules as drug therapy
option in various disease models there remains a need to understand the detailed regulation of
these molecules for development of better targeted therapy(AL 2008; Penke et al. 2018).
Therefore our reports on the detailed pathway of action of YAP1 and FOXM1 in diabetic
cardiomyopathy will help in better combating the disease outcome in future.
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Figure 21. Schematic diagram representing the signaling pathway of YAP1-FOXM1
activity in the induction cardiomyocyte hypertrophy and fibrosis. Under hyperglycemia
stress YAP1 is activated in the cardiomyocyte following reduced inactivating
phosphorylation on YAPL. High Glucose also increased activating O-GIcNAcylation of
YAPL. Elevated YAPL1 level further leads to increased AKT phosphorylation, thus promoting
AKT activity. Increased AKT mediated inactivation of GSK3 under hyperglycemic stress
results in removal of the inhibitory regulation of GSK3p over FOXM1. Upregulated YAP1
therefore leads to aberrant FOXM1 accumulation within the cardiomyocyte. This elevated
FOXM1 eventually promotes pathological remodelling of cardiomyocyte leading to
cardiomyocyte hypertrophy and fibrosis.
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CHAPTER 4.B

YAP1 mediates RAS signaling
dysregulation in promoting
hyperglycemia induced
cardiomyocyte EMT and
fibrotic response
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4. B.1 Chapter Overview:

Diabetic cardiomyopathy is currently one of the major metabolic disorders worldwide leading
to increased rate of heart failure in patients. Hypertrophy of cardiomyocytes and increased
collagen deposition which leads to fibrosis in the myocardium are common occurrences in
the hyperglycemic stressed heart(Dillmann 2019; Boudina and Abel 2010). Recent research
has focused extensively to understand how the hyperglycemic stimulus is perceived at the
molecular level in cardiac tissue to induce the pathogenesis of hypertrophy and fibrosis. In
our previous study we have reported an altered fetal gene expression such as YAP1, FOXM1
under hyperglycemic stress is one of the major contributing factors in cardiomyocyte
hypertrophy induction(Mondal et al. 2022). High glucose in the adult cardiomyocyte resulted
in increased YAP1 activation through both downregulating the phosphorylation of YAP1 and
increased N acetyl glycosylation of YAPL further leading to AKT activation and subsequent
downregulation of its downstream effector GSK3B. GSK3p is observed to restrict FOXM1
overexpression in the postnatal heart. YAP1 overexpression under hyperglycemia thereby
leads to FOXM1 accumulation in the cardiac tissue, promoting pathological hypertrophy of
the heart(Mondal et al. 2022). Activated YAP1 in the following study has further been
observed to play a direct role in inducing cardiac fibrosis along with an unusual regulation of

RAS signalling molecules.

Now, activated Angiotensin-1l (Ang-I1), the main component of RAS signalling has been
well known to induce cardiomyocyte hypertrophy and fibrosis. Angiotensin converting
enzyme (ACE) promotes Ang-Il production from the precursor Angiotensinogen and hence,
the blocking of upregulated ACE is clinically used to treat hypertension and associated
cardiac and renal disorders(Ribeiro-Oliveira et al. 2008). Interestingly, ACE blocker such as
captopril, enalapril is used as anti-hypertensive drug in diabetic patients albeit with some
limitations and side effects(Goyal, Cusick, and Thielemier 2023). Developing drugs that can
mimic the natural antagonist of ACE may be a better therapeutic option in combating diabetic
cardiac remodelling. In the body system ACEZ2, a physiological analogue of ACE molecule
has recently been in research focus for its perpetual benefit in counteracting the pathological
effects of ACE. ACE2, like ACE acts on Angiotensin-l and Angiotensin-Il but to rather
convert it into corresponding beneficial peptides Angiotensin 1-9 and Angiotensin 1-7 which
are vasodilator and cardioprotective in nature(Maruyama and Imanaka-Yoshida 2022; Imai et

al. 2010). Although some studies have reported the role of ACE2 molecule, but the extensive
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regulation of ACE-ACE?2 in the cardiac hypertrophy and fibrosis induction especially in the
context of hyperglycemic stress is not well documented. Here, in our study, we have
reported the regulation of differential expression of ACE and ACE2 by YAP1 during

hyperglycemic injury to influence the induction of cardiac hypertrophy and fibrosis.

In addition to YAPL, we have also observed the cardiac growth regulatory molecule (-
catenin to be significantly upregulated in both cardiac fibroblast and myocyte. Extensive
studies have reported that Wnt/B-catenin signalling is directly responsible in cardiac growth
and development(D. Li, Sun, and Zhong 2022; Chakraborty, Sengupta, and Yutzey 2013a).
Cardiac-injury induced activation of p-catenin has often shown to promote cardiac
pathogenesis over time(Ozhan and Weidinger 2015; Zhao et al. 2019). In our study,
hyperglycemia stimulated 3-catenin overexpression in the adult cardiac cells was observed to
initiate irregular fibrotic response and increased ACE activity. In vitro -catenin activation
was also found to have an inhibitory effect on ACE2 expression, thus further promoting
cardiac fibrosis.

Moreover, we have identified TGF-B as one of the downstream effector molecule that might
be involved in regulating ACE/ACE2 signaling to induce EMT mediated cardiomyocyte
fibrosis upon hyperglycemic injury. TGF-B is a key player in the hypertrophic and fibrotic
remodelling of cardiac tissue promoting cardiac fibroblast activation and fibrotic ECM
deposition(Khalil et al. 2017). In this study, ACE has been observed to positively affect TGF-
B expression, while ACE2 was seen to downregulate TGF-B-SMAD2/3 signaling and

alleviate fibrotic condition.

Moreover, activated cardiac fibroblast releasing TGFB, CTGF, and MMPs has been reported
to induce EMT process in the progression of fibrosis(Kalluri and Weinberg 2009). In the
hyperglycemic cardiomyocyte we have observed a similar upregulation of TGFp, CTGF,
MMP2 and MMP9 with a concomitant increased EMT and fibrosis. Altogether, our study
reports hyperglycemia mediated cardiac fibroblast activation may promote YAP1-B-
catenin expression to further regulate ACE/ACE2 activity to induce EMT mediate

cardiac fibrosis.
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4.B.2 Diabetes-induced upregulation of YAP/B-catenin expression results

in increased fibrotic response in rodent cardiac tissue

Alloxan mediated diabetes induction resulting in persistent elevated blood glucose in the
cardiac tissue resulting in increased cardiac fibrotic remodeling that was earlier reported in
our previous study along with compromised cardiac function(Mondal et al. 2022). Here, the
status of EMT-mediated cardiac fibrosis was examined in vivo in control and diabetic mouse
heart by immunofluorescence staining. To determine the fibrotic response and EMT like
process, two sets of analyses were performed with colocalization immunostaining of the
target molecules with cardiomyocyte marker mf20/a-actinin in one group and fibroblast
marker vimentin in another group. Study of EMT markers with cardiomyocyte specific
markers mf20/a-actinin revealed significant increased expression of mesenchymal marker N-
cadherin (N-cad) in the diabetic tissue (47.48 £ 2.47%, Fig. 22B’) compared to the control
tissue (12.77 £ 0.76%, Fig. 22B). Conversely, expression of the epithelial marker counterpart
E-cadherin (E-cad) was observed to be significantly reduced (17.97 £ 0.48%, Fig. 22A’) in
the diabetic heart to that of the control heart (37.12 £ 2.48%, Fig. 22A). Colocalization study
of the expression of N-cad and E-cad with fibroblast marker vimentin showed similar
changes in fibroblast cell population as of myocte cells in the diabetic cardiac tissue (50.78
2.33%, Fig. 22H’ and 15.95 £ 0.23%, Fig. 22G’ respectively) compared to control cardiac
tissue (14.78 £ 0.76%, Fig. 22G; 50.62 + 3.61%, Fig. 22H respectively). These data indicate
that increased EMT activity may lead to the activation of fibroblast to induce cardiac fibrosis
under hyperglycemic stress. Comparable EMT-like process was observed in the cardiac
myocyte that was speculated to induce fibrotic response in the cardiomyocyte as well
resulting in overall structural and functional damage in the cardiac tissue. Similar to increased
collagen deposition and periostin expression in the diabetic cardiac tissue reported
earlier(Mondal et al. 2022), we have also observed increased expression of TGF in the
diabetic cardiomyocyte (45.59 * 2.81%, Fig. 22F’) to that of control tissue (10.21 £ 0.83%,
Fig. 22F). In the vimentin positive diabetic tissue, TGF3 expression was also upregulated
(50.14 + 4.44%, Fig. 22L°) compared to the control tissue (15.26 + 1.24%, Fig. 22L).
Downstream to TGF-B upregulation pro-fibrotic signaling molecule p-SMAD2/3 activity is

observed to be increased in the diabetic cardiac tissue (2.74 + 0.32-fold, Fig. 22M) compared
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to control tissue indicating TGF-B-SMAD2/3 pathway may be a potential pathway in the

induction of diabetic cardiac fibrosis.

To elucidate the associated molecular regulations we have further observed, increased
expression of -catenin in the diabetic cardiac tissue. Co labelled staining of B-catenin with
mf20 shows increased expression (40.88 * 4.04%, Fig. 22C’) in the tissue myocyte following
diabetes induction compared to the control tissue (18.63 + 0.97%, Fig. 22C). B-catenin
expression was significantly upregulated in the diabetic cardiac fibroblast (40.34 £ 3.8%, Fig.
221’) compared to control tissue (15.69 £ 2.12%, Fig. 22l). Protein expression data of -
catenin also shows overall upregulated expression of (3-catenin in the diabetic cardiac tissue
(3.52 £ 0.89-fold, Fig. 22M) to that of control tissue. Along with -catenin, RAS regulatory
molecules were observed to have altered expression in the heart tissue following diabetic
stress induction. Significantly increased expression of ACE was observed in the diabetic
cardiomyocyte (45.64 + 3.07%, Fig. 22D’) compared to the control tissue (10.59 + 0.3%, Fig.
22D) leading to hypertrophy and fibrosis induction in cardiac tissue. Significantly increased
expression of ACE in the vimentin positive fibroblast cells in the cardiac tissue in diabetic
model (38.72 = 3.87%, Fig. 22J”) compared to control tissue (19.66 + 2.06%, Fig. 22J) was
observed. However, ACE2 was observed to have significant reduction in expression in the
diabetic cardiac tissue (13.85 + 1.88%, Fig. 22E’) to that of control tissue (51.67 + 4.87%,
Fig. 22E) in the myocytes co-labelled with o-actin. Co-labelling with vimentin also showed
ACE2 was downregulated in diabetic cardiac fibroblast (16.7 + 0.88%, Fig. 22K”) compared
to control tissue (38.15 = 1.14%, Fig. 22K). Total protein expression level of ACE was
observed to be increased in the diabetic tissue (2.55 + 0.27-fold, Fig. 22M) while ACE2
expression level was significantly downregulated in the diabetic tissue (0.35 £ 0.01-fold, Fig.
22M). As ACE2 observed to be protective in counterbalancing the effect of ACE in various
tissues, the depleted level of ACE2 in diabetic cardiac tissue is assumed to aggravate the
pathological phenotype. Altogether these in vivo observations suggest that hyperglycemia
induced EMT-like process in cardiac tissue may activate pro-fibrotic TGFB-SMAD2/3

pathway and RAS signaling activation eventually promoting adverse fibrotic remodelling.
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Figure 22. Diabetes mediated upregulated YAP/B-catenin expression results in
increased fibrotic response in rodent cardiac tissue. A-A’. Immunofluorescence staining
images of E-cad with cardiomyocyte marker mf20 showing significantly reduced expression
in the diabetic (diab) tissue compared to control tissue. B-B’. N-cad IF images show
significantly increased expression in the diab tissue to that of control tissue. C-C’. Tissue IF
images of B-catenin showing upregulated expression in the diab tissue to that of control
tissue. D-D’. IF data of ACE showing significantly increased expression in the diab tissue
compared to control tissue E-E’. ACE2 immunostaining images show significantly reduced
level of ACE2 in the diab cardiac tissue compared to control tissue. F-F’. IF staining images
for TGF-B antibody revealing upregulated expression in the diab tissue compared to control
tissue. G-G’. IF staining images of E-Cad with vimentin (vim) fibroblast marker show
significantly reduced expression of E-cad in the diab tissue compared to control tissue. H-H".
N-cad expression images co-labelled with vim indicating increased expression in the diab
tissue over control tissue. I-I’. immunostaining images of p-catenin show increased
expression in the fibroblast cells of diab tissue to that of control tissue. J-J°. ACE IF images
with vim co-labelling shows increased fibroblast expression of ACE in the diab tissue
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compared to control tissue expression. K-K”. IF data of ACE2 showing reduced expression in
the diabetic cardiac fibroblast tissue compared to control tissue. L-L’. TGF-B IF staining
images show upregulated expression in the diab fibroblast specific tissue to that of control
tissue. M. Western blot images of B-catenin, ACE, ACE2 and p-SMAD(2/3)/SMAD(2/3) of
diabetic tissue and control Statistical significance was calculated by one way ANOVA. **,
p<0.01; *** p<0.0001 between diab and con groups. n=3. Scale bar in A-L represents 50um.

4.B.3 Hyperglycemia induces EMT mediated fibrosis in cardiomyocyte

Primary investigation of the effect of high glucose in induction of fibrosis on cardiac tissue
(Fig. 22) prompted us to extend the experimental analysis on the main contractile cells of
cardiac tissue that is cardiomyocyte(Litvinukova et al. 2020). Preliminary observations were
performed with H9c2 cardiomyocyte cells with HG treatment for 48 hours. Gene expression
analyses of pro-fibrotic molecules tgf-g1 (2.57 + 0.11-fold) and ctgf (2.34 £ 0.33-fold) in
H9c2 cells showed a significant increase in the HG treated cells compared to the control cells
(Fig. 23G). A significant increase in several other key fibrotic markers such as coll and col3
in high glucose treated H9c2 cells were previously reported in earlier studies by our lab
(Mondal et al. 2022). Qualitative analyses for collagen accumulation with picrosirius red
(Fig. 23A’ and 23A) in H9c2 cells showed increased collagen staining in the HG treated cells
compared to control cells. Further, total collagen content was estimated by elution with 0.1N
NaOH solution and spectrophotometric analysis showed (2.70 + 0.3-fold) increased collagen
deposition in the HG treated cells (Fig. 23A’) to that of NG treated cells (Fig. 23A).
Excessive fibrosis within the cellular network was further observed in immunostaining results
with COL1 and fibronectin antibody staining. Both COL1 (40.36 + 1.65 % vs. 10.37 *
1.16%, Fig. 23B’, 23B) and FN had significantly increased expression in the HG treated cells
(8.56 = 1.21-fold, Fig. 23C’, 23C) respectively compared to the NG conditioned cells.

In the same experimental condition, we have also observed significant increased expression
of mmp2 (3.10 = 0.22-fold, Fig. 23G) and mmp9 (7.9 £ 2.07-fold, Fig. 23G) gene expression
respectively along with increased expression of TGF-B1 in the hyperglycemic cells (47.27 +
0.62%, Fig. 23D’) over control cells (15.95 + 1.81%, Fig. 23D). Also, significantly increased
SMAD?2/3 activity (1.68 + 0.13-fold, Fig. 23H) was observed in the HG treated cells. The
role of MMP2 and MMP9 in regulating EMT and the active role of TGF-B1 in cardiac
fibrosis encouraged us to further probe whether EMT mediated fibrosis could be a potential
process of pathophysiology associated with hyperglycemia stress induced cardiac injury.

In the immunostaining results, the epithelial cell marker E-cad expression was found to have
a higher expression in the NG acclimatised cells (60.57 + 1.16%, Fig. 23E) whereas a very
low expression of the same was observed in the HG treated cells (22.32 + 2.57%, Fig. 23E’).
On the contrary, the mesenchymal cell marker N-cad had significantly increased expression
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in the hyperglycemic H9c2 cells (54.2 = 2.34%, Fig. 23F’) to that of the NG treated cells
(19.38 + 2.15, Fig. 23F). All these results indicate hyperglycemia promotes EMT like process
in the H9c2 cells leading to progressive fibrotic changes in cells.
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Figure 23. Hyperglycemia induces EMT mediated fibrosis in cardiomyocytes. A-A’.
Picrosirius red staining images showing collagen deposition in H9c2 cells. Increased collagen
deposition is observed in the HG treated H9c2 cells compared to the NG subjected cells.
Scale bar represents 20uM. B-B’. Immunofluorescence images of COL1 antibody showing
increased expression in the HG treated H9c2 cells compared to the NG treated cells. C-C’.
FN immunostaining data shows increased expression in the HG treated cells to that of NG
treated cells. D-D’. Immunostaining of H9c2 cells with TGF-B1 antibody showing increased
expression in the HG group compared to NG group. E-E’. IF images of E-cad antibody
shows reduced expression in the HG treated cells over NG cells. F-F°. N-cad immunostaining
images showing high expression in the HG group compared to the NG group. G. Quantitative
Real Time PCR analysis showed significantly increased expression of tgf, ctgf, mmp2 and
mmp9 gene in the HG treated cells compared to the NG treated cells. H. western blot analysis
of p-SMAD2/3 expression showing increased SMAD activity in the HG treated cells
compared to the NG treated cells. Statistical significance was calculated by one way
ANOVA. *, p< 0.05; ***, p<0.0001; **, p<0.01 between 25 mM and 5 mM groups;
n=3.Scale bar in B-D represents 50uM.

4.B.4 Hyperglycemia mediates upregulation of YAPL, B-catenin expression

and dysregulated RAS signalling in cardiomyocyte
HG treatment of H9c2 cells resulted in significantly excessive activation of YAP1 (62.90 +
4.43%, Fig. 24A”) to that of NG (20.63 + 2.66%, Fig. 24A) which was also reported earlier in
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our study(Mondal et al. 2022). But in this study we also observed overexpression of B-catenin
in the hyperglycemic cells (57.33 + 2.77%, Fig. 24B’) compared to NG treated cells (18.28 £
2.19%, Fig. 24B) seen from the IF as well as western blot experimental results (2.86 £+ 0.43-
fold, Fig. 24F). Immunofluorescence staining and immunoblot images also revealed
increased ACE expression in the hyperglycemic group (60.63 + 0.97%, Fig. 24C”) compared
to the NG group (10.27 £ 1.9%, Fig 24C) (3.02 +0.48-fold, Fig. 24F) respectively. Also, HG
stress resulted in significantly reduced ACE2 immunostaining in the H9c2 cells (17.40 +
3.56%, Fig. 24D’) compared to the NG containing cells (63 + 2.43%, Fig. 24D). This was
also observed in the western blot experimental analysis where ACE2 has significantly
downregulated expression (0.54 = 0.03-fold, Fig. 24F) in the hyperglycemic group to that of
normoglycemic group.
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Figure 24. Hyperglycemia mediates upregulation of YAPL, B-catenin expression and
dysregulated RAS signalling in cardiomyocyte. A-A’. YAP1 antibody staining in the DAB
method showed significantly increased expression in the 25mM glucose treated cells
compared to 5mM glucose treated H9c2 cells. Scale bar represents 20uM. B-B’. B-catenin IF
staining images showing significantly upregulated expression in the HG treated cells to that
of NG treated cells. C-C°. Immunofluorescence staining images of ACE antibody shows
significant increased TGF-p1 expression in the HG H9c2 cells over NG cells. D-D’. ACE2
immunostaining data revealed significantly downregulated expression in the HG cells
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compared to NG cells. E. Quantitative Real time PCR expression analyses showing
significantly upregulated expression of g-catenin, ace and ace2 in the HG cells compared to
NG cells. F. Western blot images showing significantly increased expression of -catenin,
ACE and ACE2 in the HG cells to that of NG cells. GAPDH was used for loading control.
Statistical significance was calculated by one way ANOVA. *, p< 0.05; ***, p<0.0001; **,
p<0.01 between 25 mM and 5 mM groups; n=3.Scale bar in B-D represents 50uM.

4.B.5 YAP1 mediated differential expression of ACE-ACE?2 is responsible
to induce cardiomyocyte fibrosis through TGF-B-SMAD signaling
pathway

Next, to determine whether YAP1 plays a critical role in the induction of cardiac fibrosis and
EMT during hyperglycemic stress, we have pre-treated H9c2 cells to YAP1 inhibitor,
Verteporfin (VP) for 24 hours followed by incubation in HG media. VP mediated YAP1
inhibition in the H9c2 cardiomyocyte cells, resulted in significant amelioration of
pathological phenotypes that was observed in the YAPL upregulated HG stressed cells.
Immunofluorescence staining for EMT marker E-cad and N-cad showed significantly
recovered expression of E-cad in the YAPL inhibitor group (56.12 + 1%, Fig. 25C”’) to that
of HG without inhibitor group (28.33 + 1.47%, Fig. 25C°). Conversely, in the N-cad IF
images expression was shown to be reduced in HG conditioned cells pre-treated with
verteporfin (37.78 £ 1.69%, Fig. 25D’) as opposed to only HG treated cells (59.86 + 1.99%,
Fig. 25D’), indicating hyperglycemia mediated overactive YAP1 results in induced
pathological EMT in cardiomyocyte. Moreover, the expression of COL1 (29.06 + 2.06%, Fig.
25A”7 vs. 53.09 + 1.92%, Fig. 25A”) and FN (1.72 +0.12-fold, Fig. 25B” vs. 3.84 + 0.46-
fold, Fig. 25B”) were again observed to be significantly reduced in the YAP1 inhibited cells
as compared to the hyperglycemic cells without VP. Picrosirius red staining for collagen
accumulation showed significantly reduced collagen staining in the VP treated cells (1.58 *
0.14 fold, Fig. 25F’’) maintained in HG compared to HG treated cells without VP (2.55 +
0.34-fold, Fig. 25F’). This confirms YAPI, like in cardiac fibroblast cells also induces
exaggerated fibrotic remodeling in the H9c2 cells possibly following too much EMT
response in the cells. These data suggest that inhibition of YAP1 may be beneficial in
reducing the cardiomyocyte fibrosis in the context of hyperglycemic injury. Along with this,
treatment with VP resulted in significant downregulation of TGF-B1 expression in the
hyperglycemic H9c2 cells (32.77 £ 1.27%, Fig. 25E””) compared to cells without VP (53.98
+ 1.42%, Fig 25E’), to indicate the fibrotic activity of YAPL is mediated via TGF-

signalling.
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Figure 25. YAP1 mediates fibrotic response in H9c2 cardiomyocyte through TGF--
SMAD pathway. A-A”’. Immunofluorescence data of COL1 antibody showing increased
expression in the 25mM glucose treated H9c2 cells compared to 5mM glucose treated cells
which is reduced in the 25mM+VP treated cell. B-B’’. Immunostaining data of FN antibody
shows significantly reduced expression in the VP treated H9c2 cells compared to HG cells
without VP. C-C”°. E-cad immunostaining showing significantly increased e-cad positive
cells in the VP+25mM glucose treated cells to that of 25mM glucose cells without VVP. D-
D’’. N-cad antibody IF staining images showing significantly reduced expression in the VP
treated cells to that of HG cells without VP. E-E*’. TGFB1 expression in the IF data shows
increased expression in the HG treated cells to NG cells. TGF-B1 expression is reduced in the
VP treated H9c2 cells compared to HG cells without VP treatment F-F*°. Picrosirius red
staining shows increased collagen deposition in the HG H9c2 cells to NG cells. In the VP
treated hyperglycemic cells collagen deposition was observed to be significantly lower
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compared to hyperglycemic cells without VP treatment. Scale bar represents 20uM. G.
Western blot images revealing significantly increased expression of p-SMAD2/3 in the HG
treated H9c2 cells which are observed to be significantly downregulated in the VP pre-treated
groups. Statistical significance was calculated by one way ANOVA. *, p< 0.05; **, p<0.01;
*** p<0.0001 between 25 mM and 5 mM groups. #, p< 0.05; ##, p<0.01; ### p<0.0001
between 25 mM + VP and 25 mM groups. n=3. Scale bar represents 50um.

Moreover, both by Western blot and immunostaining analysis we show a significantly higher
expression of B-catenin in the hyperglycemic condition which got reduced following VP pre-
treatment compared to the untreated group (1.39 + 0.29-fold vs. 3.01 + 0.5-fold, Fig. 26D and
31.19 £ 3.16%, Fig. 26A°’ vs. 49.23 + 3.4%, Fig. 26A’ respectively). Western blot and IF
data against ACE antibody in the experimental groups showed downregulated ACE
expression following VP treatment of hyperglycemic cells compared to cells without
inhibitor (1.07 + 0.12-fold vs. 2.39 + 0.38-fold, Fig. 26D and 39.40 + 0.34%, Fig. 26B”’ vs.
57.56 + 1.38%, Fig. 26B’) respectively. For ACE2 expression, we observed YAP1 inhibition
in the HG treated cells resulted in significant stabilization of ACE2 expression in the cells
compared to cells without VP treatment (45.33 £ 2.22%, Fig. 26C”’ vs. 23.58 + 1.37%, Fig.
26C’) (0.69 + 0.05-fold vs. 0.42 + 0.05-fold, Fig. 26D), that proved YAP1 may have some
regulation in the expression of the RAS signalling in promoting cardiac remodeling through

ACE and ACE2.
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Figure 26. YAP1 induces altered ACE-ACE?2 ratio to induce cardiac fibrosis through
TGF-B-SMAD pathway. A-A”’. B-catenin immunofluorescence images show upregulated
expression in the hyperglycemic H9c2 cells compared to normoglycemic cells which was
reduced following VP treatment . B-B’’. IF images of ACE antibody staining showed
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significantly increased ACE expression in the HG group to that of NG cells and reduced
expression in the VP treated group to that of HG treated cells without VP. C-C”.
Immunostaining data of ACE2 staining in HG treated H9c2 cells showing reduced expression
compared to NG cells and VP pre-treated HG cells to that of untreated HG cells. G. Western
blot images revealing significantly increased expression of B-catenin and ACE in the HG-
treated H9c2 cells which are observed to be significantly downregulated in the VP pre-treated
groups. ACE2 expression was observed to be significantly downregulated in the 25mM
groups which was observed to be significantly upregulated following VP treatment. GAPDH
was used as loading control. Statistical significance was calculated by one way ANOVA. **,
p<0.01; *** p<0.0001 between 25 mM and 5 mM groups. #, p< 0.05; ##, p<0.01; ###
p<0.0001 between 25 mM + VP and 25 mM groups. n=3. Scale bar represents 50um.

4.B.6 Cardiac pB-catenin activation regulates ACE-ACE2 activity to

aggravate EMT and fibrosis in cardiac cells

Next, to understand the precise signalling pathway of YAP1, -catenin and RAS molecule
ACE and ACE2 we attempted to modulate the expression of -catenin with XAV-939 and
observe the subsequent expression pattern of the concerned molecules. XAV treatment
resulted in reduced B-catenin expression in the high glucose treated H9c2 cells compared to
high glucose treated cells without inhibitor in IF experiments and western blot data (26.74 £
1.97%, Fig. 27B”’ vs. 58.94 + 2.22, Fig. 27B’) (1.14 £+ 0.12-fold vs. 2.19 + 0.29-fold, Fig.
27E) respectively. The IF result showed that in the hyperglycemic cells where ACE
expression was observed to be significantly higher (58.37 +0.88%, Fig. 27C"") , following
XAV treatment it was found to be significantly reduced compared to the HG cells without
XAV (29.85 *+ 5.59%, Fig. 27C’). The same was observed in western blot data of 3-catenin in
the experimental groups (1.11 + 0.88-fold vs. 2.78 £ 0.39-fold, 27E). ACE2 expression in the
XAV pre-treated hyperglycemic H9c2 cells was found to be significantly increased compared
to the experimental group without XAV treatment in both IF and western blot experiments
(52.85 *+ 0.99%, Fig. 27D’ vs. 25.32 + 2.5%, Fig. 27D’) (0.81 + 0.04-fold vs. 0.48 + 0.01-
fold, Fig. 27E) respectively. However, XAV treatment had very little effect on the expression
of YAP1 as compared to the HG without XAV cells (35.08 + 2.19% vs. 36.31 + 1.25%, Fig.
27A”’, 27A’). This result confers that B-catenin regulates the expression of ACE-ACE2

signaling in high glucose stress cardiomyocyte downstream to YAP1.
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Figure 27. Cardiac B-catenin activation aggravate EMT and fibrosis in cardiac cells. A-
A”’. COL1 immunostaining results showing HG induced increased COL1 staining compared
to NG cells, which is observed to be significantly lower in XAV-939 treated group indicating
[B-catenin overexpression causes increased fibrotic response in the HG cells. B-B”.
Immunofluorescence images of FN antibody revealing significantly increased staining in the
HG group which is ameliorated following XAV treatment. C-C*’. EMT marker E-cad was
observed to be significantly reduced in the HG treated cells compared to NG treated cells.
Significant upregulation of E-cad expression was observed in the XAV-939 pre-treated HG
cells to that of untreated HG cells. D-D*’. N-cad immunostaining data revealed significantly
reduced expression in the XAV-939+25mM glucose treated cells to that of 25mM glucose
treated cells without XAV-939. E-E”’. immunostaining images of TGF-f1 antibody shows
the upregulated expression of TGF-B1 in the HG H9c2 cells to NG cells is significantly
downregulated in the XAV-939 treated cells. F-F*’. Picrosirius red staining data shows
increased collagen staining in the hyperglycemic cells compared to normoglycemic cells
which is further ameliorated in the XAV-939 pre-treatment groups. Scale bar represents
20uM. G. Western blot data shows significantly increased expression of p-SMAD2/3 in the
HG H9c2 compared to the NG cells. GAPDH was used as loading control. Statistical
significance was calculated by one way ANOVA. **, p<0.01; ***, p<0.0001 between 25 mM
and 5 mM groups. #, p< 0.05; ##, p<0.01; ### p<0.0001 between 25 mM + XAV-939 and 25
mM groups. n=3. Scale bar represents 50pum.
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[-catenin inhibition in the H9c2 cells was observed to have an inhibitory effect on the
progression of EMT in the H9c2 cells as well as fibrotic remodeling. E-cad immunostaining
showed the epithelial marker to have increased expression (59.81 + 3.75%, Fig. 28C’’) in the
XAV treated group compared to the HG cells without XAV treatment (30.58 + 0.62%, Fig.
28C’), whereas N-cad mesenchymal marker showed reduction in expression in the XAV-939
treated group (37.11 £ 1.67% , Fig. 28D”’) to that observed in the HG group without XAV-
939 treatment (53.79 = 1.69%, Fig. 28D’). Finally, in the XAV pre-treated experimental
groups, COL1 and FN deposition was observed to be significantly reduced compared to the
HG treated cells without XAV (32.12 £ 2.92%, Fig. 28A”’ vs. 47.49 + 3.18%, Fig. 28A”) (2.6
+ 0.3-fold, 28B”’ vs. 7.24 + 0.78-fold, Fig. 28B”) respectively. Collagen deposition in the
ECM estimated from picrosirius red staining, was also observed to be significantly lower
(1.53 = 0.26-fold, Fig. 28F’”) following B-catenin inhibition compared to HG cells without 3-
catenin inhibition (2.93 £ 0.23-fold, Fig. 28F’).
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Figure 28. Cardiac B-catenin regulates ACE-ACE2 activity to promote EMT and
fibrosis in cardiac cells. A-A”. immunostaining images of YAP1 antibody showing
increased expression in the HG treated cells compared to NG treated cells. In the XAV-939
treated HG cells there was no significant changes in the expression compared to untreated
cells. Scale bar represents 20uM. B-B”. Immunofluorescence images of B-catenin antibody
staining showing increased -catenin expression in the HG treated H9c2 cells to NG treated
cells that is significantly reduced following XAV treatment. C-C”. IF data of ACE antibody
shows increased expression of ACE in the HG treated cells which is reduced following XAV
treatment in the HG cells. D-D”. IF data of ACE2 antibody showing increased expression in
the XAV+25mM group compared to 25mM group without XAV indicating the regulation of
B-catenin on ACE2 expression. G. Western blot data shows significantly increased
expression of ACE and B-catenin in the HG H9c2 compared to the NG cells. XAV treatment
in the HG cells resulted in reduced expression of ACE, B-catenin and elevated level of ACE2
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compared to HG cells without XAV. Statistical significance was calculated by one way
ANOVA. *** p<0.0001 between 25 mM and 5 mM groups. ##, p<0.01; ### p<0.0001
between 25 mM + XAV-939 and 25 mM groups. n=3. Scale bar represents 50um.

4.B.7 Inhibition of TGF-B pathway results in normalization of EMT

activity and concomitant reduced fibrotic remodelling

To, Further confirm whether YAP1, B-catenin activity is exerted through TGF-§ signaling,
we have treated H9c2 cells first with YAP1 activator S1P following TGF-f inhibition with
SB431542 . Consistent with the findings in diabetic tissue, immunostaining experiment data
showed that YAPL activation in the NG condition resulted in increased expression of YAP1
(42.59 + 2.17% vs. 12.51 + 1.15%, Fig. 29A°, 29A), B-catenin (62.75 £ 4.02% vs. 13.72 £
0.72%, Fig. 29B’, 29B) and ACE (57.23 + 3.29% vs. 19.14 + 1.54%, Fig 29C’, 29C)
compared to the cells without YAPL activation. ACE2 IF images revealed S1P treatment
significantly affected ACE2 expression (31.52 + 0.9%, Fig. 29D’) compared to the
normoglycemic cells without YAP1 activation (58.53 £+ 2.11%, Fig. 29D). Similar
observation was seen in the western blot experimental analyses (3.58 + 0.33-fold p-catenin,
4.02 + 0.73-fold ACE, 0.29 + 0.11-fold ACEZ2, Fig. 29E).

Immunostaining images with YAP1, B-catenin, ACE and ACE2 antibody in the S1P
experimental groups further treated with SB431542 showed no significant alterations in their
expression levels as compared to cell groups without TGFf inhibitor (43.04 = 1.33%, Fig.
29A°’ vs. 42.59 + 2.17%, Fig. 29A° YAPI1, 55.98 = 2.72%, Fig. 29B”’ vs. 62.75 + 4.02%,
Fig. 29B’ B-catenin, 54.26 + 1.64%, Fig. 29C’ vs. 57.23 £+ 3.29%, Fig. 29C” ACE, and 33.14
+ 1.16, Fig. 29D’ vs. 31.52 + 0.9%, Fig. 29D’ ACE2) indicating both YAP, (-catenin as
well as ACE and ACE?2 all acts upstream to TGFp- SMAD pathway to signal the EMT and
fibrosis process. Western blot data reflected similar observation in the total protein
expression (2.94 + 0.29-fold vs. 3.58 * 0.33-fold p-catenin, 3.53 + 0.6-fold vs. 4.02 £ 0.73-
fold ACE, 0.31 £ 0.1-fold vs. 0.29 = 0.11-fold ACE2 and 0.23 + 0.03-fold vs. 2.45 + 0.55-
fold p-SMAD, Fig. 29E) in the S1P with SB421543 treated group compared to that of S1P
treated cells without SB431542.

81



SmM S1P S1P+SB e
‘- 2 L B . D
'S .g‘ ~ P o B

e
o > <
X ;": )’o = !
@

% YAPI1 positive cells

% P-catenin positive cells
-
>
1

% ACE positive cells

= 67 ” e 5mM 80
< - 5SmM+SIP @
4 +  SmM+SIP+SB E
B-catenin 92KDa e . . o
5+ £
ACE 71KDa £ : g
- (=5
£ 2
ACE2 91KDa 2 5] o
4 <
GAPDH 37KDa k- " =
g AT U flse

p-catenin ACE ACE2

Figure 29. Inhibition of TGF-B pathway results in normalization of EMT activity and
concomitant reduced fibrotic remodelling. A-A”’. Immunofluorescence images of COL1
antibody shows significantly upregulated expression under S1P treatment, which is observed
to be significantly reduced following SB431542 (SB) treatment. B-B*’. IF data of FN
antibody showing significantly upregulated expression in S1P treated NG cell group to that of
untreated NG cells. FN staining was observed to be significantly lower in the S1IP+SB group
to that of S1P treated cells without SB. C-C”°. In the IF images, E-cad expression was
observed to be significantly lower in the S1P treated NG cells compared to NG cells without
S1P, which was found to be significantly lower following SB treatment. D-D’’. N-cad
immunostaining results show increased expression in the S1P treated cells compared to NG
cells without S1P. In the S1P+SB cells N-cad expression was observed to be significantly
reduced compared to S1P treated cells without SB. E-E’. TGF-1 expression was observed
to be significantly upregulated following S1P treatment compared to NG cells without S1P
treatment. In the SB treated S1P pre-treatment cells, this upregulation was inhibited
compared to S1P treated cells without SB. F-F”’. Picrosirius red staining showed increased
collagen deposition in the S1P treated cells compared to NG cells without S1P. Collagen
deposition is observed to be significantly reduced following SB treatment compared to the
S1P treated cells without SB. Scale bar represents 20uM. G. Western blot data shows
significant increase in the expression of p-SMAD2/3 in the H9c2 cells which were observed
to be significantly reduced following SB431542 mediated TGF-B inhibition. Statistical
significance was calculated by one way ANOVA. *, p< 0.05; **, p<0.01; ***, p<0.0001
between 5 mM+S1P and 5 mM groups. ##, p<0.01; ### p<0.0001 between 5 mM +
S1P+SB431542 and 5 mM+S1P groups. n=3. Scale bar represents 50pum.
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In the S1P treated group, SB431542 mediated TGF- inhibition promoted E-cad expression
(51.44 £ 2%, Fig. 30C”*) compared to the group without SB431542 treatment (25.83 +
1.16%, Fig. 30C’). Likewise, SB431542 treatment resulted in reduced N-cad level (36.37
0.95%, Fig. 30D"’) in the S1P group compared to S1P treated cells without TGF-f3 inhibition
(54.61 + 2.23%, Fig. 30D”). Immunostaining for COL1 antibody in the experimental groups
showed while YAP1 activation with S1P resulted in overexpression of the fibrotic marker
(56.93 £ 3.02%, Fig. 30A’) compared to the NG treated cells (16.62 + 1.37%, Fig. 30A), this
was further ameliorated with SB431542 mediated TGFf inhibition (34.62 = 2.19%, Fig.
30A”%). FN expression in the immunofluorescence data also showed significantly increased
expression in the S1P treated 5mM group (10.26 £ 1.07-fold, Fig. 30B’) with reduction in
expression in the S1IP+SB+5mM group (2.67 + 0.25-fold, Fig. 30B’’) to that observed in the
S1P+5mM group (10.26 + 1.07-fold, Fig. 30B’). Collagen deposition in the picrosirius
staining data was observed to be significantly increased in the 5mM+S1P group (2.6 = 0.46-
fold, Fig. 30F’) which was reduced in S1P treated cells with SB431542 pre-treatment (1.39 +
0.09-fold, Fig. 30F’*) compared to S1P treated cells without SB431542 (2.6 + 0.46-fold, Fig.
30F). Thus, indicating TGF-B to be a critical mediator of YAP1-B-catenin-RAS signaling in

promoting cardiomyocyte EMT and fibrotic remodelling under hyperglycemic stress.
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Figure 30. YAP1 regulates TGF-B pathway in hyperglycemic cardiomyopathy through
B-catenin-ACE/ACE?2 activity. A-A”. YAP1 immunostaining images indicating upregulated
expression in the S1P treated cells to that of NG group. In the SB treated HG cells there was
no significant change observed in the YAP1 expression compared to HG cells without SB
treatment. Scale bar represents 20uM. B-B”. B-catenin IF images showing upregulated
expression following S1P treatment to that of untreated NG cells. SB treatment in the S1P
treated cells had no significant effect on the p-catenin expression compared to only S1P
treated cells C-C”. IF images of ACE antibody showing upregulated expression in the S1P
treated cells compared to cells without S1P. S1P+SB group had no significant changes in the
expression of ACE compared to S1P treated cells without SB. D-D”. ACE2 immunostaining
images show significantly reduced expression in the S1P treated NG cells compared to NG
cells without S1P. Significantly upregulated expression of ACE2 was observed in S1P+SB
cells compared to only S1P treated cells. G. Western blot data shows no significant changes
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was observed in the expression of B-catenin, ACE and ACE2 expression in the S1P+SB
treatment group compared to the S1P treated group. Statistical significance was calculated by
one way ANOVA. *, p< 0.05; ***, p<0.0001 between 5 mM+S1P and 5 mM groups. #,
p<0.05; ### p<0.0001 between 5 mM + S1P+SB431542 and 5 mM+S1P groups. n=3. Scale
bar represents 50pm.

4.B.8 ACE2 upregulation results in improved cardiac remodelling in

hyperglycemic stressed cardiomyocyte

Finally, as ACE2 upregulation in our study has been observed to be associated with lowering
of fibrotic markers and reduced EMT phenotypes; to further assess the beneficial function of
ACE2, we have externally induced ACE2 expression in hyperglycemic H9c2 cells with its
activator resorcinolnapthlein (Res) following standardization (Fig. 31A). The standardized
dose of Res i.e 20 uM for 24 h resulted in (6.55 + 0.99-fold) increase in ace2 expression in
real time PCR analysis; and (80.13 £ 1.58%, Fig. 31B’ vs. 27.3 = 3.32%, Fig. 31B) increase
in the IF staining images. The cells treated with Res were further subjected to
immunostaining analyses for the EMT and fibrosis markers. The immunostaining images
with E—cad antibody showed significantly stabilized expression in the ACE2 upregulated
group (86.04 + 1.42%, Fig. 31F’) compared to the HG group without ACE2 activation (22.41
+ 1.09%, Fig. 31F). This simultaneously showed significantly reduced N- cadherin
expression in the Res treated group (24.36 + 1.41%, Fig. 31G’) to the control group (53.59 +
1.36%, Fig. 31G). ACEZ2 activation was followed by significant reduction in the expression
of COL1 (25.42 + 1.75%, Fig. 31C’ vs. 62.53 + 1.53%, Fig. 31C) and FN (0.32 + 0.06-fold,
Fig. 31D’, 31D) in the Res treated hyperglycemic H9c2 cells compared to the HG cells
without res. In the immunofluorescence data with TGF-B1 antibody staining we have
observed significantly reduced expression (18.05 + 1.82%, Fig. 31E’) in the res treated HG
H9c2 cells over HG acclimatized cells with Res treatment (70.93 + 2.36%, Fig. 31E). The
expression of p-SMAD?2/3 was significantly reduced ( Fig. 31H) following Res treatment in
cardiomyocyte cells compared to cells without Res treatment. Altogether these results
indicate Res mediated ACE2 upregulation significantly alleviates EMT mediated fibrotic
remodelling in the cardiac cells. Thus, the study demonstrates that in hyperglycemic stress,
YAP1 promotes B-catenin/ACE/ACE2/TGF-f signaling in the induction of fibrosis through
EMT like process and ACE2 upregulation can significantly protect heart from hyperglycemic
stress induced cardiac remodelling.
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Figure 31. ACE2 upregulation results in improved cardiac remodelling in
hyperglycemic stressed cardiomyocyte. A. Relative m-RNA expression of ace2 following
Resorcinol treatment at 20uM for 24 hrs. B-B’. Immunofluorescence images of ACE2
antibody show significantly upregulated expression in the Res treated H9c2 cells compared to
the HG cells without Res. C-C’. COL1 immunostaining results showing significantly reduced
expression in the Res treated HG cells compared to the HG cells without Res. D-D’. IF data
of FN staining reveals reduced expression in the Res treated group compared to HG group. E-
E’. TGF-B1 antibody staining images showing the Res treated group have significantly
downregulated expression in the Res treated HG cells compared to HG cells without Res. F-
F’. Immunostaining images of E cad antibody show significant increase in the E-cad
expression in the HG+Res groups compared to the HG cells. G-G’. IF staining images of N-
cad antibody showing reduced expression in the Res pre-treated HG cells to that of HG cells
without Res treatment. H. Western blot data showing reduced p-SMAD?2/3 expression in the
Res treatment group compared to the HG group without Res treatment. Corresponding graph
shows relative p-SMAD?2/3 expression in the experimental groups. Statistical significance
was calculated by Students’ t-test. *, p< 0.05; **, p<0.01; ***, p<0.0001 between 25 mM and
25 mM+Res groups. n=3. Scale bar represents 50um.
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4. B.9 Chapter Discussion:

Diabetes is currently considered as the most common metabolic disorder posing increasing
health issues globally. High glucose stress often results in chronic disorders of heart, lungs
and kidney among others(Dillmann 2019; Boudina and Abel 2010). Often cardiac diseases
like hypertrophy and fibrosis in diabetic patients lead to an increasing rate of heart failure(Jia
et al. 2019; Frustaci et al. 2000). Even with advancement in the clinical treatment, control of
diabetic cardiomyopathy still requires an extensive understanding at the molecular level. Our
study focuses on identifying the molecular players underlying hyperglycemia stressed cardiac
tissue leading to disease pathogenesis. Previously, we have reported hyperglycemia to
promote reactivation of fetal genes like YAP1 and FOXML1 in cardiomyocytes to promote
hypertrophy(Mondal et al. 2022). In this study we aim to understand more on the role of
YAPL1 in cardiac pathogenesis especially in the induction of cardiac fibrotic remodelling.

The hippo pathway plays a crucial role in early cardiac development, but in the adult organ it
wanes off to a basal level(Jun Wang et al. 2018). Various reports have so far suggested that
tissue injury or stress condition results in aberrant activation of YAPL, the main regulatory
molecule of the pathway that causes worsening of the structural and functional integrity of
the cell (Liu et al. 2015; Xu et al. 2020). However, the detailed role of YAP1 in cardiac
fibrosis induction in diabetic organs still remains unknown. In our study we have observed
high blood glucose level induces YAPL expression in the CF cells along with increased
collagen-1 and fibronectin expression in the ECM. High glucose also resulted in increased

epithelial to mesenchymal transition (EMT) in cardiac cells (Fig. 22).

EMT is the process in which epithelial cells lose their basal polarity to transform into the
more plastic mesenchymal cells. This is a process that acts in embryogenesis, wound healing
and sometimes in pathological remodelling of organ fibrosis and cancer
metastasis(Lamouille, Xu, and Derynck 2014; Kalluri and Weinberg 2009). In cardiac cells,
one study reported the occurrence of EMT process, however it did not elucidate the detailed
molecular mechanism involved in the process(Ouyang et al. 2016). Here, we have reported
YAPL1 to have some role in EMT induction.

In our study, we observed YAPL overexpression, either in HG treated cells or in NG cells
with S1P mediated YAP1 activation, have significantly upregulated the EMT process with

increased fibrotic response compared to the control groups (Fig. 23, 24 and 29). On the
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contrary, YAPL inhibition with verteporfin in the HG cells resulted in reduced EMT activity
and fibrosis in the cells (Fig. 25). This led us to believe that YAP1 may promote EMT like

process in fibrosis induction in hyperglycemic fibroblast and cardiomyocyte.

We have also reported that in hyperglycemic CF and H9c2 cells, activated YAP1 leads to j3-
catenin upregulation (Fig. 22 and 24). The interplay of hippo signalling and Wnt signalling
has been well established in regulating cardiac development(Jun Wang et al. 2018). In the
hyperglycemic cells VP treatment resulted in significantly reduced expression of B-catenin
(Fig. 26). Now, in a follow up experiment, with B-catenin inhibitor XAV-939 treatment, we
found that B-catenin inhibition is sufficient to inhibit the fibrotic activity of YAPL. In the HG
treated cells, we have observed that following XAV-939 pre-treatment, there is reduction in
the expression of COL1 and FN in the ECM and simultaneously reduced TGF-$ and p-
SMAD?2/3 levels (Fig. 28). Also, p-catenin depletion in YAPL1 overexpressing cells
significantly normalizes EMT like activity in cardiomyocytes (Fig. 28). This confirms the
fact that YAPL and B-catenin interaction regulates EMT mediated fibrosis in cardiac cells.
However as XAV-939 had little effect on the expression of YAPL, we concluded that -
catenin may work downstream to YAP1 in this signalling cascade. Moreover, the inhibition
of B-catenin in H9c2 cells resulted in reduced ACE level while significantly upregulating
ACE2 expression (Fig. 27).

Finally, our experimental analyses regarding TGFp inhibition transpired a probable pathway
of interaction between the molecules in cardiac cells. While we have treated NG cells with
YAP1 activator S1P, it almost always resulted in upregulated B-catenin and ACE expression
with declining ACE2 level (Fig. 29). There was increased fibrotic response in the cells seen
in increased COL1 and FN expression level, and increased EMT process leading to
pathogenesis. But, on treating S1P activated cells with TGFB inhibitor SB431542, this
resulted in improved pathological state in both CF and H9c2 cells (Fig. 30). However, the
expression of YAP1, B-catenin and ACE-ACE2 remained unchanged following SB431542
treatment (Fig. 29). Hence, this was enough to conclude the fact that under hyperglycemic
stress YAP1 promotes B-catenin-RAS signaling mediated upregulation of TGFp to induce
cardiac fibrotic remodelling possibly through exaggerated EMT activity.

Importantly, as part of our main objective, we further have reported here that modulating a

key RAS molecule ACE2 could be beneficial in the disease outcome. Following externally
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upregulating ACE2 with its activator resorcinolnapthalein, we have observed significantly
reduced fibrotic activity in the cardiac cells even under hyperglycemic stress.
Resorcinolnapthalein treatment resulted in increased E-cad expression in the cell whereas
reduced N-cad expression indicating ACE2 elevation also hindered the excessive EMT
activity in hyperglycemic stress (Fig. 31). Importantly, in recent clinical practices ACE
inhibitors are frequently used as anti-hypertensive drugs that help with controlling cardiac
hypertrophy in diabetic patients(Strauss, Hall, and Narkiewicz 2021; “ACE Inhibitors vs.
Beta Blockers: What Do They Do? - GoodRx” n.d.). ACE blockers are preferred to (-
blockers in diabetic patients as B-blockers are known to lower heartbeats in diabetic patients
masking the symptoms of glycemic fluctuations(Strauss, Hall, and Narkiewicz 2021; “ACE
Inhibitors vs. Beta Blockers: What Do They Do? - GoodRx” n.d.). However, even ACE
inhibitors can cause significant side effects thus requiring more insight into alternative
approaches(“ACE Inhibitors vs. Beta Blockers: What Do They Do? - GoodRx” n.d.). Our
study not only demonstrated use of ACE2 as a counteractive therapeutic option to increased

ACE activity, but also reported ACE2 to specifically address diabetic cardiac remodelling.

In conclusion, our study has reported that under hyperglycemic stress, activated YAP1-$
catenin exert opposing effects on RAS signalling molecule ACE and ACE2. While ACE is
upregulated, prominent downregulation of ACE2 leads to activation of the pro-fibrotic TGF-
B pathway and EMT induction. This molecular event in the hyperglycemic stress plays a
critical role in promoting fibrotic remodelling of cardiac cells. This study will not only help
in understanding the basic molecular interplay in the pathogenesis of hyperglycemia

mediated cardiac hypertrophy and fibrosis, but will also help in better therapeutics in future.
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CHAPTER 4.C

YAP1 promotes hyperglycemia
Induced B-catenin/TGF-B Signaling

mediated dysregulation in cardiac
EMT and fibrosis
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4. C.1 Chapter Overview:

Cardiac fibrosis very commonly affects people suffering from diabetes leading to increased
mortality rate globally. In the cardiac tissue fibrosis is initiated as a reparative response to
increased cell death under pathological stress such as high blood sugar, coronary artery
disease among others. Cardiac fibrosis is indicated by excessive collagen and other
extracellular matrix deposition in the myocardial interstitium following cardiac injury or
stress resulting in stiffening of cardiac muscle and loss of pumping capability eventually
leading to heart failure. There are two main type of cardiac fibrosis namely, 1. Reactive
Interstitial fibrosis (RIF) and 2. Replacement fibrosis (RF) (Tian, An, and Niu 2017). RIF
occurs in response to increased pressure-volume loads in the cases of hypertension, ischemia,
hyperglycemia, or ageing. It is characterized by increased collagen deposition without
cardiomyocyte loss and an increased interstitial compartment volume without any associated
changes in myocyte volume(Tian, An, and Niu 2017; Weber et al. 1989). Whereas, RF occurs
as a result of signals released from dying cardiomyocyte that activates cardiac fibroblasts and
elicits fibrotic tissue remodelling(Psarras et al. 2019; Biernacka, Dobaczewski, and
Frangogiannis 2011). Emerging studies also reported other cell type such as cardiac
macrophage and lymphocyte to also release mediators of cardiac fibroblast activation under
pathological stress conditions(Biernacka, Dobaczewski, and Frangogiannis 2011). Therefore,
in cardiac biology, the interaction of different cell population and their signaling interaction
in regulating structural homeostasis and tissue remodelling have drawn significant attention
over the recent years.

In our study, we have observed hyperglycemic stress results in significant fibrotic
remodelling in diabetic cardiac tissue along with cardiac hypertrophy. Further, we have
observed hyperglycemia to induce EMT-like process and activation of TGF-f pro fibrotic
signaling in the cardiomyocyte H9c2 cells subjected to hyperglycemic condition. This
alteration was found to be associated with increased fibrotic response in the H9c2 cells
evident from significantly upregulated expression of fibrotic markers like COL1 and
Fibronectin. Further, to assess the effect of hyperglycemia on cardiac fibroblast activation we
have subjected adult rat primary cardiac fibroblast cells to varying glycemic conditions and
observed a similar upregulation of EMT-like process and associated fibrotic remodelling. A
similar alteration in the molecular signature of YAP1, B-catenin and ACE-ACE2 was evident
in the CF cells also. Therefore, it can be speculated that there may be a signaling crosstalk or
some form of association between the two major subpopulations of cardiac cells, that is
cardiac fibroblast and cardiomyocyte contributing to the overall degenerative structural
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changes in cardiac tissues. In the following chapter we have investigated the effect of
hyperglycemia stress on CF to have a preliminary observation on EMT associated
fibrotic response under hyperglycemic stress and the role of YAP1-B-catenin activation
in mediating fibrotic remodelling.

4.C.2 High Glucose induced overexpression of YAP1-B-catenin in cardiac
fibroblast cells results in aberrant RAS signaling and EMT
mediated fibrotic remodelling

To observe the effect of fibrosis induction under hyperglycemic stress, we have treated adult
rat primary cardiac fibroblast (CF) cells with high glucose (25mM) containing DMEM media
for 48 hours. In the cells treated with high glucose (HG) we have observed significantly
upregulated expression of fibrotic marker COL1 and FN. Immunofluorescence staining with
collagen 1 (COL1) antibody showed increased expression in the HG treated cells (51.41 £
1.87%, Fig. 33A’) compared to that of normal glucose (NG) treated cells (14.49 = 1.52%,
Fig. 33A). FN expression in the immunofluorescence study also revealed increased staining
(2.16 = 0.16-fold, Fig. 33B’) in the hyperglycemic CF cells to that of normoglycemic CF
cells (Fig. 33B). At the molecular level, pro-fibrotic pathway mediator TGF-1 expression
was observed to be significantly increased in the HG treated fibroblast cells (51.35 + 3.82%,
Supplemental Figure 33E’) compared to control cells (16.48 + 3.77%, Fig. 33E) indicating
increased fibrotic response in the cardiac cells following high glucose treatment. In addition,
protein expression of TGF-B1 and its downstream target p-SMAD2/3 activity were observed
to be significantly increased (3.7+0.59-fold, Fig. 33F) in the HG treated cells compared to
control cells.

Furthermore, cardiac fibroblast cells under hyperglycemic condition showed epithelial to
mesenchymal transition (EMT) which was found to be significantly upregulated compared to
that of cells maintained in normal glucose condition. EMT, known to play an important role
in wound healing and fibrosis induction, was hence speculated to play some role in the
hyperglycmia mediated fibrosis induction in the cardiac cells. Cardiac fibroblast exposed to
high glucose showed significantly lower expression of E-cadherin (23.05 = 0.96%, Fig. 33C’)
to that of NG treated cells (63.22 = 2.4%, Fig. 33C) with a concomitant increased expression
of N-cadherin in hyperglycemic cells (53.32 = 3.73%, Fig. 33D’) compared to normal cells
(20.19 + 3.12%, Fig. 33D) indicating the induction of the EMT process. Altogether these
scenarios point to an EMT associated fibrotic remodelling in cardiac cells upon induction of
hyperglycemis stress.
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Figure 33. High Glucose induces EMT mediated fibrotic remodelling in primary adult
rat cardiac fibroblast cells. A-A’°. Immunostaining for fibrosis marker COL1 shows
increased COL1 deposition in the HG treated CF cells compared to NG cells which is further
reduced in the verteporfin (VP) treated group. B-B’°. Fibronectin (FN) immunostaining
images showing increased FN deposition in the ECM in cells treated with HG compared to
cells maintained in NG. In the VP treated CF cells ECM was observed to have reduced
expression of FN. C-C”’. IF images of E-cad show significantly reduced expression in the
HG treated cells, which is increased in the VP treated groups. D-D’°. Immunostaining images
of N-cad antibody showing significantly upregulated expression in the HG groups compared
to the NG group. In the VP treated groups significantly reduced expression in the treated cells
was observed compared to the untreated HG cells indicating EMT induction in the CF cells
under HG condition. E-E’°. TGF-B1 immunostaining images shows increased expression in
the HG groups which is reduced in the VP treated group. F. Western blot data shows
enhanced SMAD2/3 activity in the HG treated VP cells compared to CF cells maintained in
NG. p-SMAD2/3 expression was again observed to be lower in the VP treated groups
compared to the untreated cells. Statistical significance was calculated by one way ANOVA.

** p<0.01; ***, p<0.0001 between 25 mM and 5 mM groups. #, p< 0.05; ##, p<0.01; ###
p<0.0001 between 25 mM + VP and 25 mM groups. n=3. Scale bar in E-F represents 50um.
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In the hyperglycemic cardiomyocyte, upregulated YAP1 expression has previously been
reported to play a crucial role in hypertrophy induction(Mondal et al. 2022). Importantly, in
the cardiac tissue, recent researches have indicated cardiomyocyte and cardiac fibroblast
among other cell types, to interact in mediating postnatal cardiac development(Uscategui
Calderon, Gonzalez, and Yutzey 2023), therefore necessitating to look further into the
activity of YAP1 also in the cardiac fibroblast cells. Similarly, in the cardiac fibroblast cells
treated with HG, YAP1 was observed to have a significantly increased expression (54.04 +
1.89%, Fig. 34A’) compared to the normal glucose treated cells (15.78 + 0.69%, Fig. 34A).

Our previous study showed that YAP1 inhibition in cardiomyocyte cells resulted in
significantly improved hypertrophic phenotype under pathological stress(Mondal et al. 2022),
we have performed similar YAP1 inhibition in the cardiac fibroblast cells with verteporfin
(VP) to examine the effect of YAPL in cardiac fibrotic remodeling. YAP1 inhibition resulted
in rescue of the EMT process as evident from reduced N-cadherin expression (32.33 £ 2% vs.
53.32 £ 3.73%, Fig. 33D”’, 33D’) with improved E-cadherin expression (46 + 0.95% vs.
23.05 £ 0.96%, Fig. 33C”’, 33C’) in the hyperglycemic cells as opposed to hyperglycemic
cells without inhibitor. Along with this, VP pre-treatment significantly resulted in the reduced
expression of fibrotic marker COL1 (25.72 + 3.23% vs. 51.41 + 1.87%, Fig. 33A’, 33A°)
and FN (1.11 = 0.11-fold vs. 2.16 £ 0.16-fold, Fig. 33B’’, 33B’) in the extracellular matrix
(ECM) compared to the HG treated cells without VP treatment.

In the developing heart, hippo signaling has been earlier reported to crosstalk with Wnt
signaling  through ~ YAP-Bcatenin  interaction  in  restricting  cardiomyocyte
proliferation(Heallen et al. 2011). However, the impact of B-catenin activation in adult tissue
especially in the context of cardiac pathogenesis following hyperglycemic stress is not well
known. In the preliminary study, we observed a significantly upregulated expression of -
catenin in HG treated CF cells (60.19 £ 2.58%, Fig. 34B’) compared to NG treated cells
(10.92 + 0.8%, Fig. 34B) from the immunofluorescence staining result. -catenin expression
was reduced following YAPL inhibition (25.58 £ 2.02%, Fig. 34B’’) compared to HG treated
CF cells without VP inhibitor (60.19 + 2.58%, Fig. 34B’). This indicates YAP1 activates [3-
catenin in CF cells. Moreover, immunofluorescence data for ACE and ACE2 antibody
revealed increased ACE expression in the HG conditioned cells (59.06 + 1.65%, Fig. 34C’)
over NG conditioned cells (13.52 + 1.17%, Fig. 34C) while reduced expression of ACE2 was
observed in the hyperglycemic cells (23.43 = 0.88%, Fig. 34D’) to that of normal cells (50.66
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+ 2.78%, Fig. 34D). YAPL inhibition with VP results in significant inhibition of ACE
expression in the HG treated CF cells (26.83 + 2.3%, Fig. 34C”’) compared to HG cells
without VP (59.06 + 1.65%, Fig. 34C’), while, significantly upregulating ACE2 expression
(45.47 £ 2.27%, Fig. 34D’’) compared to the untreated cells (23.43 £+ 0.88%, fig, 34D’). This
suggests a regulatory role of YAPL on the expression of [-catenin, ACE and ACE2.
Downregulating YAP1 expression can reduce ACE activity and simultaneously increase
ACE?2 activity to reduce EMT and fibrosis under pathological stress in cardiac cells.
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Figure 34. Hyperglycemia mediated overexpression of YAP1-Bcatenin in cardiac
fibroblast cells results in aberrant RAS signaling in EMT mediated fibrotic
remodelling. A-A”°. Immunofluorescence images of YAPL antibody showing significantly
increased expression of YAP1 in the HG treated cells compared to the NG treated cells. VP
treatment in the HG cells resulted in significant downregulation of YAP1. Scale bar
represents 20uM. B-B”’. B-catenin IF images showing significant increased expression under
HG treatment compared to NG cells. VP treatment resulted in significant reduction of (-
catenin compared to HG cells without VP . C-C*’. IF images of ACE antibody staining
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revealed significantly increased expression in HG CF cells to that of NG cells. Significantly
lower expression was observed in the VP pre-treated HG cells compared to HG cells. D-D”’.
ACE2 IF staining images showing increased ACE2 expression under HG compared to the
NG group which was reduced in the VP treated HG cells. Statistical significance was
calculated by one way ANOVA. *** p<0.0001 between 25 mM and 5 mM groups. ###
p<0.0001 between 25 mM + VP and 25 mM groups. n=3. Scale bar in C-E represents 50um.

4.C.3 YAP1/ACE-ACE2 signaling mediated fibrosis induction in cardiac
cell is dependent on TGF-B1 activity

In order to determine the effect of constitutive activation of YAP1 on hyperglycemia induced
EMT mediated fibrosis in CF cells, we have incubated the cells under NG condition in
presence of YAP activator, S1IP (Mondal et al. 2022). In this study, we have observed that
there is an increased B-catenin expression in the S1P treated normoglycemic cells (78.01 +
1.5%, Fig. 35B’) as opposed to NG treated cells without YAP1 activator (19.94 + 2.26 %,
Fig. 35B). YAP1 activation also, resulted in significant upregulation of ACE expression in
CF cells (73.16 + 2.48%, Fig. 35C’) compared to NG cells without activator (20.94 £ 2.25%,
Fig. 35C). ACE2 on the other hand was found to have significantly downregulated expression
following YAPL activation even under normoglycemic condition (30.21 £ 2.6%, Fig. 35D’)
compared to NG cells without YAP1 activation (70.81 £ 1.57%, Fig. 35D). Furthermore,
immunostaining was performed against TGF-B1 to determine the effect of YAP1 activation
on the fibrotic responses in S1P treated NG CF cells. We have observed the high level of
TGF-B1 expression in the S1P treated NG CF cells (59.9 + 1.44%, Fig. 36E’) compared to
NG cells without YAP1 activation (18.63 = 1.24%, Fig. 36E). TGF-B1 upregulation in the
S1P treated cells significantly increased the phosphorylation of its downstream signalling
molecule, SMADZ2/3 activity to lead to an increased fibrotic response in the CF cells (2.91 £
0.31-fold, Fig. 36F). As a result, the expression of COL1 (64.78 + 1.81% vs. 18.93 £ 1.89%,
Fig. 36A°, 36A) and FN (4.95 £ 0.86-fold, Fig. 36B’, 36B), two important ECM proteins,
were found to be significantly higher in the S1P treated cells compared to the untreated cells.
In the S1P treated cells, EMT activation was evident from the immunostaining expression
data of the marker molecules E-cad and N-cad. While the epithelial marker E-cad had
significantly lower expression observed in the S1IP+5mM group (29.17 £ 5.79%, Fig. 36C”)
compared to 5mM without S1P (70.42 + 1.78%, Fig. 36C), N-cad had markedly increased
expression following S1P treatment (66.13 + 2.7%, Fig. 36D) compared to control cells
(24.06 = 2.48%, Fig. 36D) confirming YAPL to be instrumental in the induction of EMT

mediated fibrosis in the cardiac cells.
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Figure 35. YAP1 regulated ACE-ACE2 expression leads to cardiac fibrosis in the TGF-
B pathway. A-A”’. Immunostaining images of YAP1 antibody staining in the experimental
groups, showing increased expression in the HG treated groups (A’) compared to NG treated
cells (A) which is reduced following VP treatment (A’’). Scale bar represents 20uM. B-B”’.
Immunofluorescence staining data of B-catenin antibody shows upregulated expression in the
HG treatment group (B’) over NG treated cells (B). The expression of [B-catenin is
ameliorated in the HG treated cells with VP pre-treatment (B’”). C-C”’. S1P treatment in the
5mM cells (C’) resulted in significantly upregulated expression of ACE in the IF staining
data with respect to the 5mM without S1P treated cells (C). SB431542 treatment in the
S1P+5mM cells (C”) is observed to have significantly reduced ACE expression to that of
cells without SB (C’). D-D’°. ACE2 IF images showing significantly reduced expression in
the S1IP+5mM cells (D’) to that of SmM cells without S1P (D). In the SB treated cells (D)
ACE2 expression was again observed to be significantly upregulated compared to that of
S1P+5mM cells (D). Statistical significance was calculated by one way ANOVA. **,
p<0.01; *** p<0.0001 between 5 mMM+S1P and 5 mM groups. #, p< 0.05; ##, p<0.01; ###
p<0.0001 between 5 mM + S1P+SB431542 and 5 mM+S1P groups. n=3. Scale bar in E-F
represents 50pum.
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Next, to understand the role of YAP1 and B-catenin to regulate the EMT mediated fibrosis
induction in cardiac cell is dependent on TGF-f1 activity; we have subjected S1P treated
cells with TGF-B1 inhibitor SB431542. SB431542 pre-treatment in the HG treated cells
resulted in significant inhibition of TGF-B1 expression seen in the immunofluorescence data
(14.99 + 1.86% vs. 59.9 + 1.44%, Fig. 36E”’, 36E”), along with reduced SMAD2/3 activity
(0.93 + 0.09-fold vs. 2.91 = 0.31-fold, Fig. 36F) compared to HG treated cells without
SB431542. Interestingly, no significant changes were observed in the expression of either
YAP1 (66.67 = 0.91% vs. 71.25 = 1.06%, Fig. 35A”°, 35A”) or B-catenin (77.2 £ 1.02% vs.
78.01 = 1.5%, Fig. 35B”’, 35B’) following TGF-f inhibition compared to the S1P treated
cells without TGF-f inhibitor. No significant changes in the ACE (67.03 + 1.21% vs. 73.16 =
2.48%, Fig. 35C*’, 35C’) and ACE2 (34.32 + 2.14% vs. 30.21 £ 2.6%, Fig. 35D”’, 35D’)
expression was observed following TGF-B1 inhibition compared to the S1P treated cells
without TGF-B inhibition. These data suggests that the regulation of YAP 1 and -catenin on
ACE- ACE2 molecule in CF cells to be upstream of TGF-3-SMAD 2/3 activity.

Very interestingly, TGFf inhibition had a profound effect on the EMT activity in the cardiac
fibroblast cells under hyperglycemia. SB431542 treatment significantly resulted in E-cad
expression recovery (54.19 = 2.67%, Fig. 35C”’) which was earlier observed to have
significantly reduced in S1P treated condition (29.17 + 5.79%, Fig. 35C’). Similarly, N-cad
expression was observed to be reduced in the S1IP+SB431542 treated cells (32.76 + 1.33%,
Fig. 36D’”) compared to S1P group without SB431542 (66.13 + 2.7%, Fig. 36D’). Moreover,
overexpression of YAPL results in excessive collagen (33.52 £1.45% vs. 64.78 £ 1.87%, Fig.
36A”°, 36A’) and fibronectin (2.27 + 0.47-fold vs. 4.95 + 0.86-fold, Fig 36B”’, 36B’)
accumulation and had significant reversal following TGF-B inhibition compared to the
control groups. Therefore, TGF-B3 can be confirmed to mediate EMT induced fibrosis in the

hyperglycemia stress subjected cardiac cells.
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Figure 36. YAPL regulated ACE-ACE2 expression leads to cardiac EMT mediated
fibrosis in TGF-B-SMAD pathway. A-A’’. Immunofluorescence images of COL1 shows
significantly increased expression in the S1P treated cells (A’) to that of untreated SmM cells
(A). Reduced COL1 expression was observed in the 5SmM+S1P+SB431542 group (A”)
compared to the SIP+5mM cells (A’). B-B”’. Fibronectin immunostaining showing increased
FN expression in the S1P treated NG cells (B’) to that of NG cells (B) indicating YAP1
overexpression induced fibrosis in the CF cells. SB treatment in the SIP+5mM groups (B”)
resulted in significant reduction of FN staining compared to that of NG+S1P cells (B*) C-C”’.
IF data of E-cad revealed reduced expression in the SIP+5mM group (C’) compared to SmM
cells (C). E-cad expression was further observed to be higher following SB treatment (C”) to
that of SmM+S1P treated cells (C”). D-D”’. N-cad immunostaining shows S1P treatment (D’)
resulted in increased N-cad expression compared to the NG group (D), which was
significantly reduced in the SB treated cells (D”’) compared to SmM+S1P group (D’). E-E”.
TGF-B1 immunostaining images show increased expression in the HG CF cells (E’) to NG
treated cells (E) which is reduced in SB treated group (E’’). F. western blot data of p-
SMAD?2/3 shows increased expression in the S1P treated 5mM CF cells over 5mM cells
without S1P. The expression of p-SMAD2/3 was observed to be reduced following SB
treatment. ***, p<0.0001 between 5 mM and 5 mM+S1P groups. ### p<0.0001 between 5
mM + S1P+SB431542 and 5 mM+S1P groups. n=3. Scale bar in E-F represents 50um.
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4. C.4 Chapter Discussion:

High glycemic stress in the cardiac cells, results in activation of cardiac fibroblast cells
resulting in aberrant ECM remodeling and scar formation within the tissue. Cardiac fibrosis
in diabetic patients is a rather common occurence contributing to high rates of heart failure
incidents. However, how the hyperglycemic stress is perceived at the cellular level leading to
such a pathological effect is rather not clearly understood. In our study, we have observed a
high level of developmental regulatory molecules like, YAPL, B-catenin activation in the
hyperglycemic CF cells (Fig. 34 and 35). This was observed to be accompanied with
increased EMT induction in CF cells (Fig. 33 and 36). As we observed in H9c2 cells, TGF-
B/SMAD?2/3 signaling was significantly upregulated in the hyperglycemic CF cells. As, CF
cells are the main mediator of cardiac fibrosis, activated fibroblast have recently been
speculated to interact with cardiomyocyte directly or through paracrine mediators, ECM
interactions, electrical modulators, mechanical junctions, and membrane nanotubes
generating pathological response within myocytes, in the diseased heart(Pellman, Zhang, and
Sheikh 2016). In the fibrotic heart, similar upregulation of YAP1, B-catenin alongwith pro
fibrotic TGF-pB signaling hints a probable interaction between the two cell populations in
conjuring a fibrotic response in the myocyte cell population. The differential expression of
ACE-ACE2 by YAP1-Bcatenin brings about the pathological EMT-like process in both the
cell population leading to structural and functional damage of myocardium. Suppression of
the high level of YAP1 or B-catenin in CF or H9c2 cells in high glucose condition
ameliorates fibrotic remodeling of cardiac cells indicating YAP1 plays a critical role in
mediating cardiac fibrosis in hyperglycemia stressed cardiac tissue (Fig. 33 and 35). ACE,
acting downstream to YAP1-B-catenin pathway, mediates the patholgical EMT and and
fibrosis while its counterpart ACE2 negates the activity YAP1, B-catenin to stop TGFp-
SMAD signaling, thereby alleviating EMT and associated fibrosis (Fig. 34 and 36). In our
study, ACE2 has been proved to be exceedingly beneficial in cardiac pathophysiology, esp in
diabetic cardiomyopathy (Fig. 34 and 36). Further, our study highlights a probable interaction
between cardiac fibroblast cells and cardiomyocytes in disease induction, which can further
be extended in co culture study to specifically understand the mode of interaction. This may

help in better understanding of the disease and development of better therapeutics in future.
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CONCLUSION



Cardiac disease is one of the most common complications associated with diabetes. Cardiac
hypertrophy and fibrosis often lead to structural and functional abnormalities leading to risks
of heart failure. Several regulatory molecules related to major signaling pathways have been
found to overexpress in different tissues during diabetes which show a very low level of
expression in non-diabetic condition. YAP1 and FOXM1 are recently being reported to play
an important role in various hypertrophic and fibrotic disorders. But, very limited information
is still known regarding their roles in cardiomyopathies especially in the context of diabetes
and hyperglycemic stress. YAP1 is known to be associated with AKT- GSK3p signaling that
is one of the important regulatory pathways in glucose and lipid metabolism. On the other
hand, the expression of FOXM1 has been found to be significantly upregulated in adult lung
tissue with induction of fibrosis but little is known about their role in cardiac diseases. In our
study, YAP1 and FOXM1 have been found to overexpress in cardiac tissue under
hyperglycemic condition leading to cardiomyocyte hypertrophy and increased fibrotic
response. Further YAP1 inhibition has resulted in a reduced expression of FOXML1 pointing
to a possible association of YAP1 and FOXML1 in high glucose-stressed cardiomyocytes. As a
mechanism we have found that YAPL1 undergoes reduced ser127 phosphorylation as well as
extensive O-GIcNAcylation mediated activation under hyperglycemia. Upregulated YAP1
further acts through increased AKT phosphorylation causing inhibition of GSK3 that in turn

results in increased FOXM1 expression, leading to cardiomyocyte hypertrophy and fibrosis.

Further, diabetes induced activated renin angiotensin system has been reported to play a
critical role in mediating cardiac hypertrophy and fibrosis. While Angiotensin-1I promotes
cardiomyocyte hypertrophy and fibrotic damage, various blockers of angiotensin converting
enzyme (ACE) that help in production of Ang-Il are used clinically to reduce the progression
of myopathy. Recently discovered analogue of ACE, ACE2, has been reported to be
beneficial in reducing the effect of RAS driven pathologies. In the first phase of our study, we
have reported YAPL to play a crucial role in the pathogenesis of diabetes induced cardiac
remodelling. Further, in this study, we have reported YAP1 modulates the RAS signalling
pathway by inducing ACE and inhibiting ACE2 activity to augment cardiomyocyte
hypertrophy and fibrosis in hyperglycemic condition. Furthermore, we have also reported that
hyperglycemic stress results in EMT induction in the cardiac cells promoting cardiac fibrosis.
Moreover, we have observed YAPL regulates ACE-ACE2 activity through a B-catenin and
further it acts through TGF-p pro fibrotic pathway in cardiac cells. This study also suggests

that there could be interactions among the different cell populations of cardiac tissue mainly,
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cardiac fibroblast and cardiomyocyte in cardiac pathophysiology. This can further be
extensively studied in future, with co-culturing of the cell populations to identify the precise

interplay between the cellular groups.

Moreover, the primary goal of this study was to identify the key molecular players in disease
induction, which can be modulated or targeted to improve cardiac function clinically with
minimum side effects. In our study we have reported FOXM1 and ACE2 as two molecules

that can be used in future as drug targets in controlling diabetic cardiomyopathy.
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ARTICLE INFO ABSTRACT

Keywords: Cardiac disease is one of the most common complications associated with diabetes. Cardiac hypertrophy and
Diabetes fibrosis often lead to structural and functional abnormalities leading to risks of heart failure. Several regulatory
C'ardia'c hypertrophy molecules related to major signaling pathways have been found to overexpress in different tissues during dia-
3:’1‘;‘;515 betes which show very low level of expression in non-diabetic condition. YAP1 and FOXM1 are recently being
FOXM1 reported to play important role in various hypertrophic and fibrotic disorders. But, very limited information is

still known regarding their roles in cardiomyopathies especially in the context of diabetes and hyperglycemic
stress. YAP1 is known to be associated with AKT- GSK3p signaling that is one of the important regulatory
pathways in glucose and lipid metabolism. On the other hand, the expression of FOXM1 has been found to be
significantly upregulated in adult lung tissue with induction of fibrosis but little is known about their role in
cardiac diseases. In our study, YAP1 and FOXM1 have been found to overexpress in cardiac tissue under hy-
perglycemic condition leading to cardiomyocyte hypertrophy and increased fibrotic response. Further YAP1
inhibition has resulted in a reduced expression of FOXM1 pointing to a possible association of YAP1 and FOXM1
in high glucose-stressed cardiomyocyte. As mechanism we have found that YAP1 undergoes reduced ser127
phosphorylation as well as extensive O-GlcNAcylation mediated activation under hyperglycemia. Upregulated
YAPI1 further acts through increased AKT phosphorylation causing inhibition of GSK3p that in turn results in
increased FOXM1 expression, leading to cardiomyocyte hypertrophy and fibrosis.

1. Introduction

Cardiac diseases are currently one of the major health issues espe-
cially in urban areas with modern lifestyle and food habits [11].
Currently, diabetes is considered as one of the leading causes of cardiac
disease across the globe. This metabolic disease leads to inefficient up-
take of glucose by the cells resulting in persistent high glucose content in
the blood, which often leads to cardiac hypertrophy and associated
fibrotic damages [7,16]. During diabetes, the continuous hyperglycemic
stress to the primary contractile cells of heart, the cardiomyocyte results
in increased cellular apoptosis, which in turn leads to cardiomyocyte
hypertrophy and fibrosis [10,16]. Within the cells an extensive reac-
tivation of fetal genes causes significant alteration in transcriptional
activity of different important genes responsible for the pathogenesis
[23,27,36].

YAP1 is an important regulatory molecule which is known to be

* Corresponding author.
E-mail address: arunima.sengupta@jadavpuruniversity.in (A. sengupta).

https://doi.org/10.1016/j.abb.2022.109198

expressed largely during the developmental stages of various organs and
subsequently its expression declines with postnatal growth. Interest-
ingly, increased expression of YAP1 has been found in some pathologi-
cally stressed adult organs including fibrotic lung and kidney [21,30,
36]. In both human hypertrophic cardiomyopathy (HCM) patient and
experimental mice, YAP1 overexpression has been shown to be associ-
ated with pathological cardiac hypertrophy [32]. Several studies have
recently reported an important glucose mediated activation of YAP1,
however, very little information has been known regarding the role of
YAP1 in the induction of cardiac hypertrophy especially in the context of
diabetic cardiomyopathy [34]. In our study we have reported that hy-
perglycemia increases O-GlcNAcylation of YAP1 as well as inhibits
phosphorylation at ser127 thereby dramatically increasing the YAP1
level within the cardiomyocyte. Along with this we observed a high level
of FOXM1 that correlated with cardiomyocyte hypertrophy and fibrosis
induction.
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FOXM1 transcription factor has been reported in several studies to
play an important role in early heart development [4,18]. But, FOXM1
expression has been shown to get reduced with progression to adult
stages of heart development [3]. In adult lung and liver, FOXM1 upre-
gulation has been shown to be associated with injury response and tissue
repair [17]. Recent studies have reported that overexpression of FOXM1,
causes lung fibrosis [22]. In vitro, hyperglycemia upregulates FOXM1
expression in adult pancreatic islet cells [13]. But, no studies so far have
been carried out on the role of FOXM1 in diabetes mediated pathogen-
esis in adult heart. Our study focuses on the role of FOXM1 in specific
disease model of diabetic cardiomyopathy. Some recent studies have
shown, YAP1 regulates the expression of FOXM1 [9,33]. Therefore we
can speculate an interaction between these two molecules that may play
a role in the cardiac disease induction under hyperglycemic stress. But,
nothing has been shown regarding the mechanistic regulation of FOXM1
in the cardiomyocyte and pathogenesis.

YAP1 is also known to be functionally associated with protein kinase
B/AKT which plays an important regulatory role in glucose metabolism
along with its downstream regulatory molecule GSK3p [12,14,29,35].
AKT-GSK3p signaling is activated in the cardiomyocyte following car-
diac stress condition and has been known to regulate several key
downstream regulatory molecules that eventually lead to the exacer-
bated stress response [5,25]. AKT is known to positively regulate
FOXM1 expression and studies have also shown that GSK3p degrades
FOXM1 protein whereas inhibition of GSK3p activity leads to FOXM1
stabilization in brain cancer cells but nothing is known regarding the
role of AKT/GSK3p signaling in regulation of FOXM1 in cardiomyocyte
[15,25,28].

Based on these individual reports, in the present study we have
focused to observe that how the high glucose stress in diabetic cardio-
myopathy condition acts at the transcriptional level to promote the
prevailing pathogenic condition of cardiac hypertrophy and fibrosis
through YAP1/FOXM1 signaling pathway. We have hypothesized that
increased hyperglycemia-mediated YAP1 activity may induce AKT that
in turn inhibits GSK3p activity to stabilize the expression of FOXM1 in
the cardiomyocyte. Upon stabilization, elevated level of FOXM1 leads to
increased cardiomyocyte hypertrophy and fibrosis.

2. Materials and methods
2.1. Generation of diabetic animal model

Diabetes was induced in vivo by injecting adult male Swiss Albino
mice (8 weeks old) with alloxan at a dose of 150 mg/kg body weight
intra-peritoneally [8]. The animals were starved overnight prior to in-
jection. The control animals were injected with equal volume of 0.9%
saline solution as vehicle. Mice with blood glucose >200 mg/dl main-
tained up to 2 weeks were taken for experimental analysis [20]. Blood
glucose was periodically measured using Accu-chekR glucometer
(Roche). All animals were maintained at the animal facility as per the
CPCSEA guidelines. Animals were provided with standard chow feed
and water ad libitum. All the experimental procedures were approved by
the Institutional Ethical Committee, Presidency University (Registration
PU/IAEC/SC/39), registered under “Committee for the purpose of
Control and Supervision of Experiments on Laboratory Animals
(CPCSEA), Ministry of Environment and forests, Govt. of India.

2.2. Heart weight body weight ratio

Heart weight to Body weight ratio was calculated in mg/g (milli-
gram/gram) unit after successfully harvesting heart tissue after sacri-
ficing the animals.

2.3. Immunohistological analyses

Heart tissues from different animal groups were washed in PBS and
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fixed in 4% paraformaldehyde overnight. Tissues were embedded in
paraffin and sectioned at 5 pm. For histological staining, sections were
deparaffinized, rehydrated and subjected to subsequent staining pro-
cedures [24].

2.3.1. Cardiomyocyte size determination

Animal tissue sections were stained with FITC conjugated wheat
germ agglutinin (WGA, #L4895, SIGMA) and nuclei were counter-
stained with DAPI (#D9542, SIGMA). Images were taken by Leica
DFC7000T at 40x magnification across different field.Cell size were
measured using ImageJ (NIH) software.

2.3.2. Fibrosis detection

Tissue samples were stained with Masson’s Trichrome reagent for
collagen deposition. The amount of collagen was quantified as percent
fibrotic tissue area with respect to the total tissue area using ImageJ
(NIH) software. The data has been represented as fold change with
respect to the control group.

2.4. Immunostaining

Tissue sections were processed similarly as described previously and
blocking was done with 2% BSA for 1 h at room temperature, then
incubated with following primary antibodies as per experimental
studies: YAP1 (1:200; #14074 Cell Signaling), FOXM1(1:100; #sc-502
Santa Cruz Biotechnology), a-SMA(1:640, #19245 Cell signaling), per-
iostin (1:500; #ab14041, Abcam). For in vitro studies cells cultured on
coverslips were washed with PBS and fixed using 4%PFA, blocked in 2%
BSA and subsequently incubated with antibodies and DAPI nuclear
staining as mentioned earlier.

2.5. Cell culture and treatments

To establish the hyperglycemic model in vitro, H9c2 cells were
incubated in serum free and glucose free media for 24 h prior to treat-
ment. For hyperglycemia experiment, cells were supplemented with 25
mM glucose and 5 mM glucose containing media as hyperglycemic
condition and normal glycemic condition respectively. Cells were
treated with activators and inhibitors for manipulation of signaling
molecules as follows: YAP1 inhibitor verteporfin (1 pM, #SML0534
Sigma), FOXM1 inhibitor thiostrepton (1 pM, 24 h; #), YAP1 activator
S1P (1 pM, 2 h; #59666 SIGMA), AKT inhibitor LY294002 (10 pM, 2 h;
#19908 SIGMA). For FOXM1 activation FOXM1 recombinant protein
(0.1 ng protein per ml DMEM, overnight, #H00002305-P0 Abnova) was
used. The cells were maintained in DMEM media containing 10% fetal
bovine serum and 1% penstrep at 37 °C incubator and 5% CO2 condition
[24].

2.6. Cell size determination by phalloidin staining

Cells from different experimental groups were washed with PBS and
fixed in 4% PFA. The cells were permeabilized in 2% Triton-X followed
by incubation with Alexa fluor-488 tagged phalloidin (A12379, Thermo
Fisher). The cells were counterstained with DAPI. Cell size was
measured using ImgaeJ (NIH) software and shown as fold change with
respect to the control group.

2.7. Real time PCR

RNA from cell and tissue was isolated using TRIzol reagent (Invi-
trogen, #15596026), quantified using Qubit 4 machine and cDNA was
prepared using iScript cDNA synthesis kit (170889, BIORAD) using 1 pg
of RNA from each sample. Real time PCR was performed from the cDNA
samples using SsoFast EvaGreen for hypertrophy marker gene bnp (Brain
natriuretic peptide), p-mhc (Beta myosin heavy chain), and fibrosis
marker genes: coll (colagenl), col3 (colagen3) and analysis of our target
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Table 1
Primer sequence used in the PCR analyses.
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Primer Gene/Accession No. Sequence Amplicon size (bp) Annealing temperature (°C)

yap1(M) [NM_001171147.1] Forward 5'-ACCCTCGTTTTGCCATGAAC-3' 172 56.5
Reverse 5'-TTCAACCGCAGTCTCTCCTT-3’

foxm1 (M) [NM_008021.4] Forward 5'-AAGGCAAAGACAGGAGAGCT-3' 188 55.7
Reverse 5'- AGGGCTCCTCAACCTTAACC-3'

bnp (M) [NM_008726.6] Forward 5'-AAGTCCTAGCCAGTCTCCAGA-3’ 91 56.2
Reverse 5-GAGCTGTCTCTGGGCCATTTC-3'

beta-mhc (M) [NM_080728.3] Forward 5'-ACGGATGCCATACAGAGGAC-3' 340 56.1
Reverse 5'-CCTCATAGGCGTTCTTGAGC-3'

coll (M) [NM_007742.4] Forward 5-CACCCTCAAGAGCCTGAGTC-3 269 58
Reverse 5'-GCTTCTTTTCCTTGGGGTTC-3’'

col3(M) Forward 5'-ACGTGGTAGTCCTGGTGGTC-3' 287 60

NM_009930.2] Reverse 5-GACCTCGTGCTCCAGTTAGC-3'

serca2 (M) [NM_001110140.3] Forward 5'-GGGCGAGCCATCTACAACAA-3/ 150 60
Reverse 5-TGTCACCAGATTGACCCAGAGT-3'

beta-actin (M) [NM_007393.5] Forward 5'-CCTCTATGCCAACACAGTGC-3' 206 56
Reverse 5'-CCTGCTTGCTGATCCACATC-3'

yap1(R) [NM_001394328.1] Forward 5'-CGCTGAGTTCCGAAATCCTG-3' 234 56.1
Reverse 5'-AGAGCAGAGCAACAGTGGAT-3'

foxm1 (R) [NM_031633.3] Forward 5-ACCAATATCCAGTGGCTTGG-3' 210 54
Reverse 5'-GCTGTTGATCGCGAACTGTA-3'

bnp(R) [NM_031545.1] Forward 5'- AGTCCTAGCCAGTCTCCAGA -3’ 172 60
Reverse 5'-GTCTCTCCTGGATCCGGAAG-3'

beta-mhc(R) [NM_017240.2] Forward 5-CCAGTCCCGAGGTGTACTTT-3 195 60
Reverse 5'-TCCTCCTTCATGTTGGCCAT-3'

col1(R) [NM_053304.1] Forward 5’- ATCCTGCCGATGTCGCTAT-3' 207 60
Reverse 5'- CCACAAGCGTGCTGTAGGT-3’

col3(R) [NM_032085.1] Forward 5'- CTGGTCCTGTTGGTCCATCT-3' 131 60
Reverse 5’- ACCTTTGTCACCTCGTGGAC-3'

beta-actin (R) [NM_031144.3] Forward 5-TCTTCCAGCCTTCCTTCCTG-3' 238 58
Reverse 5'-CACACAGAGTACTTGCGCTC-3

genes: yap1, foxm1 and marker gene for cardiac function: serca2. All the
primers have been obtained from IDT and mentioned in Table 1. (M-
mouse, R-rat). All the Gene expression has been normalized against beta
actin gene expression.

2.8. Western Blot (WB) and Immunoprecipitation (IP) assay

Total protein lysates from H9c2 cells or mouse cardiac tissue were
isolated using RIPA protein extraction buffer containing protease in-
hibitor cocktail (Puregene, GX-2811AR) and phosphatase inhibitor
cocktail (Puregene, GX-1211AR). Protein was quantified by BCA protein
assay kit (Puregene, GX-6410AR). The immunoblots with specific pri-
mary antibodies were incubated with HRP tagged secondary antibody
(Abcam, ab97051) and developed using ClarityTM Western ECL sub-
strate (Luminol/enhancer solution and peroxide solution, 1610182,
BIORAD).

For immunoprecipitation assay, the protein lysates from tissues and
cells were precleared with agarose beads (Protein A Plus agarose, #BB-
PAOO1P, BioBharati Life Science Pvt.Ltd.) as per the supplier’s protocol.
The lysates were then incubated with the specified antibody overnight at
4 °C followed by incubation with agarose beads for 4 h. The proteins
were finally eluted from the beads with elution buffer followed by
western blotting [19].

The following primary antibodies were used in the experiment:, p-
YAP (1:1000; #13008 Cell Signaling), YAP (1:1000 WB; 1:50 IP;
#14074 Cell Signaling), Anti-O-Linked N-Acetylglucosamine antibody
[RL2] (1:1000; ab2739, Abcam), FOXM1(1:500 #sc-502, Santa Cruz), p-
AKT (1:1000; #9271 Cell Signaling), AKT (1:1000; #9272 Cell
Signaling), p-GSK3p (1:1000; #9322 Cell Signaling) GSK3p (1:1000;
#9315 Cell Signaling). GAPDH antibody (1:2000; #BB-AB0060 Bio-
BharatiLifeScience Pvt.Ltd.) was used as loading control. The original
uncropped immunoblots of the representative images have been shown
in the supplemental figure (Figs. S9, S10, S11).

2.9. Statistical analysis

All the results were calculated as +S.E.M of three independent ex-
periments. Statistical significance were determined by Students’ t-test
for two groups and by one way analysis of variance (ANOVA) for mul-
tiple groups using Graphpad Prism software. Results with p value < 0.05
were considered as significant.

3. Results

3.1. Hyperglycemia induces cardiac hypertrophy and fibrosis in adult
mice

To analyze the effect of hyperglycemia on cardiomyocyte, mice
under experiment were injected with alloxan to mimic type II diabetic
condition. From initial time-point experiment (Fig. 1A, Supplementary
Figs. 1A and S1A), we observed a significant increase of blood glucose
level in day1 (382 + 17.58 mg/dl) after injecting the mice with alloxan
at a dose of 150 mg/kg body weight compared to the day 0 (126 + 9.04
mg/dl) group. The data also suggests the blood glucose level stays at
significantly higher level up to 2 weeks (1 week: 340 + 19.53 mg/dl; 2
week: 208.5 + 12.93 mg/dl) compared to the day O group. The mice
with high glucose level kept for 2 weeks were used as diabetic cardio-
myopathy (DCM) group. The DCM group showed significant increase in
heart weight to body weight ratio (5.78 + 0.21 mg/g) compared to the
control group (4.66 + 0.06 mg/g) (Figs. 1B and S1B). The fixed tissue
sections stained with WGA antibody showed significant enlargement of
the cardiac cells in the DCM group (2.6 + 0.22-fold) compared to the
control group (Figs. 1C and S1C), indicating cardiac hypertrophy
occurrence in hyperglycemic stress condition. Massons’ trichrome
staining showed significantly increased collagen deposition in the DCM
group (4.37 + 0.24 fold) compared to the control heart sections
(Figs. 1D and S1D) which confirmed increased fibrotic activity in cardiac
environment stressed due to hyperglycemic response.
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3.2. High blood sugar stress induces overexpression of YAP1, FOXM1 and
AKT along with reduced activity of GSK3p in adult mice concomitant with
increased expression of hypertrophy and fibrosis markers

To further confirm the occurrence of cardiac hypertrophy and
fibrosis due to hyperglycemic stress, we looked into the mRNA
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Fig. 1. High glucose stress induces cardiac hyper-

8 trophy and fibrosis in adult heart.
A. The fasting blood glucose level of adult mice after
ek alloxan injection at a dose of 150 mg/kg body weight
61 -~ - (i.p). Control animals were simultaneously injected

with vehicle (0.9% normal saline). Animals with
blood glucose level >200 mg/dl for 4 weeks were
taken for further experiments as diabetic. Blood
glucose parameters were measured from 6 adult ani-
mals. Statistical significance was calculated by one
way ANOVA. ***, p < 0.0001 with respect to day 0;
##+#, p < 0.0001 with respect to 1 week;, p < 0.0001
with respect to dayl. B. Graphical representation of
the heart weight to body weight ratio (mg/g).
Increased HW/BW ratio indicates cardiac hypertro-
phy in DCM animals. C. Diabetic heart tissue has an
overall increased cell size compared to control tissue
indicated by WGA staining shows cellular hypertro-
phy in high glucose stress. The graph represents mean
cell size of control and DCM tissue quantified using
ImageJ software (NIH). D. Masson’s trichrome stain-
ing shows an increased collagen deposition in the
DCM mice heart indicating cardiac fibrosis in the
diabetic animal. The corresponding graph represents
relative collagen deposition as par cent collagen vol-
ume fraction (CVF) quantified using ImageJ (NIH)
software. Statistical significance of B-D was per-
formed using Student’s t-test. . ***, p < 0.0001 (n =
6). Scale bar represents 20 pm.

control DCM

expression of the marker gene. We observed a significant increase in
hypertrophy marker bnp (3.51 + 0.5-fold) and p-mhc (2.39 + 0.24-fold)
expression and an increased expression of fibrosis marker coll (3.52 +
0.55-fold) and col3 (2.47 + 0.12-fold) in the DCM group compared to
the control animals (Figs. 2B and S2B). Moreover, periostin expression is
markedly increased in the diabetic cardiac tissue (6.63 + 0.71-fold) as
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compared to the control tissue (Figs. 2F and S2F) suggesting an
increased fibrosis in the tissue. These results correlate with our previous
findings as shown in Fig. 1 indicating hyperglycemia mediated hyper-
trophy and fibrosis induction in our diabetic cardiomyopathy animal
model. In the DCM animal model reduced expression of serca2 gene
(0.53 + 0.08-fold) (Figs. 2C and S2C) was observed that along with
elevated bnp levels further indicated impaired contractile function in the
DCM animals [26]. Since altered glycemic condition in different tissues
lead to activation of YAP1 and its target genes we wanted to further
investigate the effect of high glucose in regulating YAP1 and its down-
stream effectors in our hyperglycemic model. In the cardiac tissue YAP1
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Fig. 2. High glucose induces YAP1, FOXM1 over-
expression along with increased expression of hyper-
trophy and fibrosis marker.

A. m-RNA expression of yap1 and foxm1 genes by real
time PCR shows up regulated expression in the DCM
group compared to the control group. The Cq value of
target genes were normalized against p-actin gene. B.
m-RNA expression level of hypertrophy marker bnp,
p-mhc and fibrosis marker col-1, col-3 done by real
time PCR can be seen to be significantly up regulated
in the DCM group compared to the control group. The
Cq value of target genes were normalized against
B-actin gene. C. serca2 expression in heart showing
cardiac functions in the experimental model animal
group. A significant decrease in the serca2 expression
in the DCM animal groups indicates impaired cardiac
function in the diabetic animals. The Cq value of
target genes were normalized against f-actin gene. D.
Immunostaining with YAP1 antibody shows over-
expression of YAP1 in the diabetic heart tissues
compared to the control heart tissue, corresponding
graph shows the quantitative value of the experiment
within the specified groups. E. FOXM1 antibody
staining shows increased FOXM1 expression in the
DCM group compared to the control tissue. Corre-
sponding graph shows the quantitative values of
FOXM1 expression within the experimental groups.
Inset in C, D shows images of immuno positive cells in
magnified view. F. Periostin immunostaining showing
increased expression in the DCM than in the control
group. representative graph shows the quantitative
value of the periostin expression in the experimental
groups. G. Western blots images show increased
YAP1, FOXM1 expression in the HG group. ser473 p-
AKT/AKT was significantly higher in the DCM group
compared to the control group with increased ser9 p-
GSK3p/GSK3p in the DCM group was observed
compared to the control group. H. Expression of O-
GlcNAc of YAP in IP experiments. Immunprecipita-
tion was performed with YAP antibody and expres-
sion of O-GlcNAc was observed by western blotting
with O-GlcNAc antibody. Corresponding graph shows
relative expression of O-GlcNAc in the experimental
groups. Statistical significance was calculated by
students’ t t-test. ***, p < 0.0001; **, p < 0.01; *, p <
e 0.05; between DCM and control group, n = 3. Scale

bar represents 20 pm.
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is known to be associated with AKT-GSK3p signaling that is an important
signaling pathway in glucose metabolism. On the other hand, as AKT-
GSK3p has recently been reported to regulate FOXM1 expression, we
further attempted to investigate the expression of FOXM1 along with
AKT and GSK3p to identify the molecular hierarchy of the YAP1/FOXM1
mediated signaling pathway in inducing hypertrophy and fibrosis in
diabetic cardiomyopathy.

In the DCM tissue yap1l showed an increased mRNA expression (2.86
+ 0.6 fold) compared to the control tissue (Figs. 2A and S2A). In the
immunohistochemistry data of YAP1 antibody in mice tissue sections, an
overall increased number of YAP1 positive cells was seen in the
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Fig. 3. Hyperglycemia induces hypertrophy and
fibrosis along with YAP1, FOXM1 in H9c2 cells.

A. Real time PCR data of yapl and foxml shows
upregulated expression in the H9¢2 cells treated with
high glucose (HG) (25 mM) media compared to the
normal glucose (NG) (5 mM) treated cells. B. Real
time PCR data showing increased expression of hy-
pertrophy marker bnp, f-mhc and fibrosis marker col-
1, col-3 in the HG treated H9c2 cells compared to the
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hyperglycemic tissue (38.42 + 5.96%) compared to the control tissue
(7.41 + 1.68%) (Figs. 2D and S2D). Western blot shows in diabetic
cardiac tissue, significantly increased expression of YAP1 (3.51 + 0.29-
fold) to the control group at total protein level along with increased
activity evident from the reduced expression of inhibitory p-YAP1/YAP1
(0.13 + 0.02-fold) compared to the control group (Figs. 2G and S2G).
Moreover, immunoprecipitation experiment showed high level of O-
GlcNAcylation of YAP1 in the DCM animals (2.07 + 0.38-fold)
compared to the control animal (Figs. 2H and S2H). As YAP1 is known to
be majorly activated following O-GlcNAcylation, therefore, our data
confirms the initial observation that high glucose induces YAP1

NG treated cells. C. H9c2 cells with YAP1 antibody
staining shows increased YAP1 positive cells in the
high glucose treated cells compared to normal
glucose. Graph shows the percent YAP1 positive cells
in HG and NG group. The corresponding graph rep-
resents quantitative values as percent YAP1 positive
cells to total cells between the groups. D. Immuno-
staining images of FOXM1 antibody showing over-
expression of FOXM1 in HG treated H9c2 cells
compared to NG treated cells. The corresponding
graph represents quantitative values as percent
FOXM1 positive cells to total cells between the
experimental groups. E. Phalloidin staining images
showing enlarged cell size in the high glucose treated
cells compared to the normal glucose treated cells.
Corresponding graph shows relative cell size increase
between the groups as fold change. F. Inmunostain-
ing with a-SMA antibody showing higher number
positive cells in cells treated with HG to that of NG
treated cells. Representative graph shows the quan-
tified values of the data between the groups as
percent a-SMA positive cells to total cells. G. Periostin
immunostaining images showing increased expres-
sion indicative of fibrosis in the HG treated cells
compared to the NG treated cells. Graph shows the
corresponding quantitative values as percent positive
staining cells between the groups. Scale bar repre-
sents 50 pm. Insets in C, D, F, and G shows lower
magnification images of the representative image. H.
Western blot data showing increased expression of
YAP1, FOXM1 in the 25 mM group compared to the 5
mM group. Increased ser473 p-AKT/AKT and ser9 p-
GSK3p/GSK3p expression showing increased activity
of AKT and reduced GSK3p activity in the 25 mM
group compared to 5 mM group. Corresponding
graph shows the densitometric analyses of the West-
ern blot data within the groups. I. Western Blot im-
ages of O-GIcNAc in IP  experiments.
Immunoprecipitation was performed by YAP anti-
body followed by western blotting with O-GlcNAc
antibody. HG was observed to significantly increase

col-1

W

1

25mM
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20

% periostin positive area
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2.0

0.5
the O-GlcNAcylation of YAP compared to the NG
0.0- treated cells. Representative images show one more
O-GlcNAc replicate image of HG treated condition. Graph shows

relative O-GlcNAc expression in the groups. Statistical
significance was calculated by students’ t-test. ns, p:
non-significant, *, p < 0.05, **, p < 0.01***, p <
0.0001 between the high glucose and the normal
glucose group. n = 3.

overexpression and activity in the cardiac tissue and its downstream
transcriptional effectors resulting in increased hypertrophic and fibrotic
response.

Likewise we have also observed that the expression level of FOXM1
was significantly increased in diabetic cardiac tissue as compared to
control tissue both at the mRNA level (2.27 + 0.35 fold) (Figs. 2A and
S2A) and protein level (1.85 + 0.17 fold) (Figs. 2G and S2G) as detected
by real time RT-PCR assay and Western blot analyses respectively. Im-
munostaining with FOXM1 antibody shows an overall increased number
of FOXM1 positive cells (33.17 + 2.7%) in the diabetic tissue over the
control tissue (9.75 + 0.7%) (Figs. 2E and S2E). Thus, like YAP1 we also
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Fig. 4. YAP1 inhibition in H9c2 cells reduces the
hypertrophy and fibrosis in the H9c2 cells with
increased cytoplasmic localization of FOXM1 and
increased AKT activity.
A. Verteporfin (VP) inhibits the expression of YAP1 in
the H9c2 cells. Graph shows the corresponding
quantitative values between the groups. B. FOXM1
immunostaining images showing increased cyto-
plasmic localization of FOXM1 in the verteporfin
» treated high glucose cells to that of high glucose
treated cells without YAP1 inhibitor. Corresponding
graph shows the quantitative representation as
percent FOXM1 cells as nuclear vs. cytoplasmic
19 expression. ***, p < 0.0001 between 25 mM nuclear
and 5 mM nuclear groups; $$$, p < 0.0001 between
25 mM cytoplasmic and 5 mM cytoplasmic groups.
— ##+#, p < 0.0001 between 25 mM nuclear and 25 mM
I without verteporfin group; p < 0.0001 between 25
mM cytoplasmic and 25 mM without verteporfin
cytoplasmic group. n = 3. C. Phalloidin staining im-
ages showing YAP1 inhibition significantly reduces
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observed an increase expression of FOXM]1 transcription factor in the
diabetic animals compared to the control animals which may suggest
that the increased level of expression of FOXM1 in adult cardiac cells
may play a crucial pathological role in the adult cardiac cells.

We further observed a significantly increased in p-AKT level (3.28 +
0.39-fold) over total AKT in the diabetic condition along with simulta-
neous decrease in the activity of GSK3p as evident from the increased
expression of inhibitory phosphorylated form of GSK3p (2.15 + 0.23-
fold) over total GSK3p (Figs. 2G and S2G). This data suggests that high
glucose promotes AKT activity and reduces GSK3 activity in the car-
diomyocyte. In the adult heart under high glucose stress this abnormally

H9c2 cell size in the HG condition compared to the
HG conditioned cells without inhibitor. Correspond-
ing graph shows the quantitative value as fold change
in cell size between the groups. D. a-SMA staining
images showing reduced expression in the HG treated
cells with verteporfin compared to the HG cells
without verteporfin. Corresponding graph represents
the quantified values as percent a-SMA positive cells
to total cells between the groups. Scale bar represents
50 pm. Insets in A, B, D shows lower magnification
images of the representative image. E. Western blot
data shows reduced ser473 p-AKT/AKT and reduced
inhibitory ser9 p-GSK/GSK3p expression in the HG
treated cells with verteporfin compared to the HG
cells without verteporfin. Statistical significance was
calculated by one way ANOVA. *, p < 0.05; ***, p <
0.0001 between 25 mM and 5 mM group. #, p < 0.05;
##, p < 0.01; ###p < 0.0001 between 25 mM +
verteporfin and 25 mM group. n = 3.

S

® 5mM
25mM

B 5SmM+VP
25mM+VP

p-GSK3p/GSK3p

higher expression of YAP1, FOXM1 protein and altered AKT/GSK
signaling pathway over the basal level indicates the pathological status
of diabetic cardiomyopathy. Next we have used H9¢2 cardiomyocyte
cells to dissect out the molecular hierarchy of the YAP1/FOXM1 medi-
ated signaling pathway in inducing hypertrophy and fibrosis in diabetic
cardiomyopathy.
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Fig. 5. FOXM1 inhibition in H9c2 cells reverse car-
diomyocyte hypertrophy and fibrosis.

A. Immunostaining images of YAP1 in H9c2 cells
treated with FOXM1 inhibitor thiostrepton (Th)
shows no changes in YAP1 expression in the 25 mM
with thiostrepton treated group compared to the 25
mM group without inhibitor. YAP1 shows high
expression in both groups. The graph represents the
overall quantitative analyses of YAP1 expression in
different groups. B. FOXM1 immunostaining images
showing reduced FOXMI1 expression in H9c2 cells
treated with thiostrepton. Graph shows the quantified
vales of overall FOXM1 expression in different
40 groups. C. Phalloidin staining images of H9¢c2 cells
treated with thiostrepton shows reduction in cell size
in thiostrepton treated cells. The corresponding graph
shows overall quantitative cell size of H9¢2 among
different groups. D. a-SMA immunostainng images
20 shows reduced number of cell positive staining in HG
treated cells with thiostrepton group compared to
only HG conditioned cells. Graph represents corre-
T sponding quantitative values across various fields in
the experimental groups. Scale bar represents 50 pm.
Insets in A, B, D shows lower magnification images of
the representative image. Statistical significance was
calculated by one way ANOVA. ***, p < 0.0001 be-
tween 25 mM and 5 mM group; ###, p < 0.0001
between 25 mM + thiostrepton and 25 mM group. n
=3.
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3.3. Induction of hyperglycemic condition in H9c2 cells in vitro similarly
results in increased expression of YAP1, AKT and FOXM1 with
simultaneous inhibition of GSK3f activity along with the high expression of
hypertrophy and fibrotic markers

Next to investigate the molecular mechanism of induction of cardiac
hypertrophy and fibrosis in hyperglycemic condition by YAP1 and
FOXM1 signaling we further investigated the findings in the in vitro
model of hyperglycemia. In this experiment when H9c2 cells were
infused with high glucose medium (25 mM glucose) for 48 h we
observed high expression of bnp (2.43 + 0.48-fold) $-mhc (3.56 + 0.55-
fold) along with coll (2.5 + 0.40-fold), col3 (4.34 + 0.5-fold) over
control cells (Figs. 3B and S3B) that indicated cardiomyocyte hyper-
trophy and fibrosis induction as it was observed in the diabetic cardio-
myopathy model in vivo. We also confirmed cellular hypertrophy under
high glucose condition from phalloidin stained cells (Figs. 3E and S3E)
where an increase in cell size (3.46 + 0.28-fold) was seen in the cells
treated with high glucose media compared to the cells treated with
normal glucose. In the immunostaining experiment we also observed an
increase in the myofibroblast marker a-SMA expression in high glucose
group (21.36 + 2.44%) compared to the control group (4.56 + 0.57%)
and increased fibrosis marker periostin expression in the high glucose
group (20.97 + 1.93%) to the control group (6.94 + 0.97%) that further
validates the observation that high glucose induces fibrotic responses in
the cardiac cells (Figs. 3F, G, S3F, S3G).

In the high glucose treated cells we observed significant upregulation
of yapl mRNA expression (3.96 + 0.98 fold), along with higher
expression of foxml m-RNA (4.21 + 0.51 fold) over normal glucose
treated cells (Figs. 3A and S3A). We observed significantly increased
expression of YAP1 in the high glucose condition (1.93 + 0.07-fold)
compared to control group (Figs. 3H and S3H). We have also found
significantly reduced activity of YAP1 from p-YAP1/YAP1 expression
(0.31 + 0.07-fold) compared to control as seen in western blot experi-
ments (Figs. 3H and S3H). Increased activity of YAP1 was also evident
from the higher YAP- O-GlcNacylation (1.88 + 0.21-fold) observed in
the high glucose treated H9c2 cells as compared to the NG treated cells
(Figs. 31 and S3I). Significantly increased expression of cellular FOXM1
protein in the hyperglycemic cells (1.58 + 0.12-fold) compared to
control cells was also seen in the hyperglycemic condition over normal
glucose condition (Figs. 3H and S3H). These data correlate with the
higher YAP1 and FOXM1 expression seen in diabetic cardiomyopathy in
vivo. Western blot results from high glucose and normal glucose treated
cells also showed a significant upregulated expression of ser473 p-AKT
(1.79 + 0.11 fold) to total AKT and increased ser9 inhibitory phos-
phorylation of GSK3f (2.46 + 0.26-fold) compared to total GSK3f
(Figs. 3H and S3H) in the cells under hyperglycemic environment
indicating an increased activity of AKT along with decreased activity of
GSK3p in the hyperglycemic cells. Inmunostaining data performed on
high glucose treated and fixed H9c2 cells with YAP1 antibody clearly
showed a significantly increased number of positive cells (21.1 +
2.09%) in the hyperglycemic condition over the normoglycemic cells
(6.04 + 0.73%) (Figs. 3C and S3C). A higher number of FOXM1
immnunopositive cells can also be seen in 25 mM glucose condition
(28.6 + 4.0%) over normal glucose treated cells (6.95 + 0.29%)
(Figs. 3D and S3D), which further confirmed the fact that YAP1, FOXM1
show upregulated expression in the high glucose treated H9c2 cells.
These results correlate with our in vivo data where YAP1, FOXM1 and
AKT showed a significantly upregulated expression in the diabetic car-
diomyopathy animal group.

3.4. YAP1 down regulation in H9c2 cells resulted in reduced expression of
AKT/GSK3p signaling with reduced FOXM1 expression and recovery from
pathogenic condition

To determine whether YAP1 is necessary to induce cardiac hyper-
trophy and fibrosis, H9C2 cells maintained in presence of high glucose
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containing media were treated with either in presence or absence of YAP
inhibitor, verteporfin (VP) at a concentration of 10 pM for 48 h. Inhi-
bition of YAP1 activity by verteporfin in H9C2 cells with 25 mM glucose
resulted in reduced expression of YAP1 (6.72 + 1.43%) compared to 25
mM glucose treated cells without inhibitor (25.19 + 3.23%) (Figs. 4A
and S4A). If YAP] activity is necessary to induce cardiac hypertrophy
and fibrosis then pre-treatment with verteporfin would fail to induce
cardiac hypertrophy and fibrosis even in presence of high glucose as
compared to cells maintained in absence of verteporfin. Interestingly, a
significant reduction in the H9c2 size or hypertrophic condition was
observed as seen by phalloidin staining in the cells treated with high
glucose with verteporfin (1.93 + 0.04-fold) compared to high glucose
condition without the inhibitor (3.61 + 0.41-fold) (Figs. 4C and S4C).
Furthermore, the data also showed a significant decrease in expression
of myofibroblast marker a-SMA (3.91 + 0.96%) compared to high
glucose treated cells without verteporfin (20.57 + 2.29%) (Figs. 4D and
S4D). Therefore, the data confirmed an obvious role of YAP1 over-
expression in the induction of cardiomyocyte hypertrophy and fibrosis
under hyperglycemic stress and would suggest that active YAP1 is
necessary to induce cardiac hypertrophy and fibrosis in hyperglycemic
condition.

To Further look into the association between YAP1, FOXM1 and AKT
we have next observed the status of these molecules under verteporfin
treated condition in the high glucose group. Interestingly, verteporfin
treatment in H9c2 cells under hyperglycemic condition in turn resulted
in an increased cytoplasmic localization of FOXM1 (69.06 + 3.32%
cytoplasmic to 4.77 + 0.30% nuclear) compared to hyperglycemic cells
without inhibitor (34.87 + 2.28% overall cellular expression) (Figs. 4B
and S4B). This result indicates that during hyperglycemic stress YAP1
overexpression in the cardiomyocyte promotes FOXM1 expression.
YAP1 inhibition with its specific inhibitor causes the cytoplasmic
retention of FOXM1 protein in the cardiomyocyte. This data further
confirms the proposed association between YAP1 and FOXM1 molecule
in the cardiomyocyte.

From Western blot analysis, we have also observed a downregulated
expression of ser473 p-AKT/AKT (1.13 + 0.29 fold) in the 25 mM
glucose with verteporfin group compared to 25 mM glucose treated cells
without inhibitor (3.0 £ 0.72 fold) which confirmed reduced activity of
AKT in verteporfin treated cells in high glucose condition. Reduced ac-
tivity of AKT in turn significantly downregulated the inhibitory phos-
phorylation on GSK3p (0.76 + 0.09 fold) in the verteporfin treated high
glucose group over high glucose group without inhibitor (2.73 + 0.69
fold) (Figs. 4E and S4E). The results conferred that in the high glucose
treated H9c2 cells YAP1 promotes the activity of AKT and reduces
GSK3p activity. Overall, all these data indicate that YAP1 regulates the
expression of FOXM1 and AKT/GSK3p signaling and under high glucose
condition promotes cardiomyocyte hypertrophy and fibrosis.

3.5. FOXM1 inhibition resulted in decreased hypertrophy and fibrogenic
condition of H9c2 cardiomyocyte cells

Like in the observations found with verteporfin treated cells, we next
attempted to observe the effect of FOXM1 inhibition on the cells using its
specific inhibitor thiostrepton (Th). In this experimental group, we
observed a significant inhibition of the FOXM1 expression in the thio-
strepton treated hyperglycemic cells (5.12 + 1.4%) compared to hy-
perglycemic cells without the inhibitor (27.07 + 3.24%) (Figs. 5B and
S5B). This observation was followed by a significant reduction in hy-
pertrophy and fibrotic response in H9c2 cells under hyperglycemic
condition that was pre-treated with thiostrepton, as was observed from
phalloidin and a-SMA staining. In the phalloidin staining, we have
observed a significant reduction in cell size (1.9 & 0.06-fold) in the high
glucose with thiostrepton group compared to control group (3.81 +
0.37-fold) (Figs. 5C and S5C) and significantly decreased number of
a-SMA positive cells (3.52 + 0.54%) in the hyperglycemic cells treated
with thiostrepton over hyperglycemic cells without FOXM1 inhibitor



Archives of Biochemistry and Biophysics 722 (2022) 109198

A. Mondal et al.

sk

1004

T
=3
*©

*®

*

*
2 2 = o
L |

1122 2amsod TNX 0 %

A2
v
7
m

- W

RRE

3t m
3+
T T T 1
L o — E

AZIS [[92 IADE[IY

+
7
+
=
w

.

o,
*

,

o,

R

L

“«,

<

*

*
*
*

r
=3
Ll

Ll

(caption on next page)

10



A. Mondal et al. Archives of Biochemistry and Biophysics 722 (2022) 109198

Fig. 6. Upregulation of YAP1 with S1P followed by inhibition of FOXM1 with thiostrepton determines FOXM1 is a downstream effector of YAP1 in H9c2 cells
A. Immunostaining images of YAP1 shows increased expression of YAP1 in S1P treated cells. Thiostrepton mediated FOXM1 inhibition in the S1P treated group has
no effect on YAP1 expression. Graph represents quantitative values of overall YAP1 expression in different groups. B. Inmunostaining images of FOXM1 show upon
YAP1 activation there is an increased FOXM1 expression in normoglycemic H9c2 cells. However, this increase is ameliorated when the cells are treated with S1P
along with thiostrepton. Corresponding graph shows overall FOXM1 expression in the experimental groups. C. Phalloidin staining images show there is an increase in
cell size in the S1P mediated YAP1 activated H9c2 cells. Upon thiostrepton treatment in the S1P group, this phenotype was reversed to normoglycemic condition.
Graphical image shows overall quantitative values of cell size in the experimental groups. D. a-SMA immunostaining images show upon S1P treatment there is an
increase in number of a-SMA positive cells which is again reduced to normoglycemic condition when cells are treated with S1P along with thiostrepton. Graph
represents the overall percent positive staining over in different groups. E. Periostin marker immunostaining images also show an increased positive staining in the
S1P group compared to normoglycemic group that was also reduced upon thiostrepton treatment. Graph represents the corresponding quantitative values of periostin
expression in the experimental groups. Scale bar represents 50 pm. Insets in A, B, D, E shows lower magnification images of the representative image. Statistical
significance was calculated by one way ANOVA. ***, p < 0.0001; **, p < 0.01 between 5 mM + S1P group and 5 mM group. ###, p < 0.0001; ##, p < 0.01 between
';")mM + S1P + thiostrepton and 5 mM + S1P group. n = 3.

(21.35 + 2.44%) (Figs. 5D and S5D). These data so far proved that treated group without thiostrepton (24.09 + 0.96%) (Figs. 6D and S6D).
FOXM1 overexpression in the cardiomyocyte resulted in increased Immunostaining revealed significantly reduced expression of periostin
pathogenesis of hypertrophy and fibrosis which is one of the potential (6.12 + 1.18%) in S1P and thiostrepton treated cells in comparison to
pathways through which hyperglycemia acts to induce cardiac hyper- S1P treated cells without thiostrepton (21.2 + 3.85%) (Figs. 6E and
trophy and fibrosis. S6E).

However, the thiostrepton mediated FOXM1 inhibition interestingly As for the target gene expression, we have observed a diminished
had almost an insignificant effect on the YAP1 expression (21.74 + FOXM1 in the S1P group treated with thiostrepton group expression
0.93%) in the high glucose condition to that of high glucose cells treated (5.84 + 0.62%) compared to S1P treated group without thiostrepton
with thiostrepton group (17.61 + 1.15%) (Figs. 5A and S5A). These data (72.61 + 3.89%) (Figs. 6B and S6B); while FOXM1 inhibition with thi-
indicate that either YAP1 acts upstream to FOXM1 in cardiomyocyte to ostrepton had no significant effect on YAP1 expression (25.33 + 4.33%
induce hypertrophy and fibrosis or, YAP1 and FOXM1 act independently vs. 27.08 + 3.1%) seen in S1P + thiostrepton group compared to S1P
to induce hypertrophy and fibrosis in cardiomyocyte treated with high treated group without thiostrepton (Figs. 6A and S6A). This data

glucose which eventually leads to pathogenesis. confirmed that YAP1 activation followed by FOXM1 inhibition resulted

in reduced cardiomyocyte size and fibrosis in vitro suggesting a FOXM1
3.6. YAP1 up regulation followed by FOXM]1 inhibition indicates mediated activity of YAP1 in induction of cardiomyocyte hypertrophy
regulation of FOXM1 activity by YAP1 in the H9c2 cells as their possible and fibrosis. The data also suggests that FOXM1 acts downstream of
pathway of action YAPI1.

In order to investigate whether YAP1 mediated induction of car- 3.7. Simultaneous activation of YAPI1 and inhibition of AKT shows
diomyocyte hypertrophy and fibrosis is dependent on FOXM1 activity, increased GSK3p activity and inhibition of FOXM1 expression in H9c2
H9C2 cells under normoglycemic condition were pre-treated with YAP cells
activator, S1P (1 pM) for 2 h followed by FOXM1-specific inhibitor,
thiostrepton for overnight. If YAP1 mediated induction of car- In order to further confirm that YAP1 induced FOXM1 activity in the

diomyocyte hypertrophy is FOXM1 dependent then H9C2 cells pre- cardiomyocyte is mediated through AKT-GSK3p signaling, we attempted
treated with FOXM1-specific inhibitor thiostrepton would fail to to modulate the expression of AKT in H9c2 cells with LY294002 (LY).

induce cardiac hypertrophy and fibrosis even in presence of YAP acti- We have observed LY294002 treatment in the hyperglycemic H9c2 cells
vator, S1P. Conversely, if H9c2 cells without the FOXM1 inhibitor but in significantly reduced the expression of FOXM1 (5.4 + 0.37%) compared
presence of S1P in normoglycemic condition would still induce cardiac to the high glucose cells without inhibitor (28.20 + 3.29%) (data not

hypertrophy and fibrosis suggesting that YAP1 mediated induction of shown). But LY294002 had no significant effect on the expression of
cardiomyocyte hypertrophy is FOXM1 dependent. Here, our experiment YAP1 (24.96 £ 0.9%) in the high glucose with LY294002 group to the
found significant increase of the cell size in the S1P treated H9c2 cells in high glucose without inhibitor group (22.20 + 0.97%) (data not shown).
normal glucose (5 mM) condition (2.99 + 0.3 fold) (Figs. 6C and S6C) These results indicate that AKT-GSK3p may be a downstream effector of

compared to cells under normal glucose condition without S1P. We also YAP1 that furthers regulates FOXM1 expression in a signaling pathway.
observed significantly higher expression of a-SMA in S1P treated cells in However, to confirm our observations earlier we have performed a
normal glucose condition (24.09 + 0.96%) compared to normal glucose simultaneous upregulation of YAP1 with S1P alongwith inhibition of
treated cells without YAP1 activator (2.20 + 0.09%) (Figs. 6D and S6D). AKT with LY294002 in the normal glucose condition. Firstly in the S1P
Significantly increased periostin expression (21.2 + 3.85%) was found treated cells with LY294002 treatment under normal glucose condition
even in the normoglycemic treated cells with S1P compared to the cells there was a significantly reduced FOXM1 expression (6.55 + 0.22%)

that were maintained without YAP1 activator (3.67 + 0.38%) (Figs. 6E compared to the S1P treated cells without LY294002 (62.32 + 4.01%)
and S6E). FOXM1 expression in the S1P treated group was significantly (Figs. 7B and S7B) Now, at par with our previous report of S1P mediated

higher (72.61 + 3.89%) in contrast to the cells maintained in normal YAP1 activation (Fig. 6A), a reduction in the cell size was observed in
glucose media (3.97 + 0.25%) (Figs. 6B and S6B). the S1P with LY294002 treated normoglycemic cells (1.06 + 0.06-fold)

Interestingly, we observed a reversal in cell size to almost normo- compared to S1P group without inhibitor (2.23 + 0.06-fold) (Figs. 7C
glycemic condition in the S1P treated cells that were simultaneously and S7C). In the a-SMA immunostaining data we have also observed a

treated with thiostrepton (1.51 + 0.04-fold) compared to S1P treated reduced number of positively stained cells in the S1P with AKT inhibitor
cells without thiostrepton (2.99 + 0.3-fold) (Figs. 6C and S6C). A sig- group (3.18 + 0.7%) compared to S1P treated group without AKT in-
nificant decrease in the number of a-SMA positive cells was observed in hibitor (17.78 + 3.42%) (Figs. 7D and S7D). But, as was observed earlier
the S1P and thiostrepton treated group (2.32 + 0.22%) compared to S1P no significant change was observed in the expression of YAP1 in the S1P
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Fig. 7. YAP1 upregulation along with AKT inhibition determines YAP1 regulates FOXM1 via AKT-GSK3p signalling pathway

A. YAP1 immunostaining images show increased expression of YAP1 in S1P treated group. In the S1P with AKT inhibitor LY294002 (LY) group YAP1 had an
insignificant change in expression compared to the only S1P group. Corresponding graph represents quantitative values of YAP1 expression in different groups. B.
FOXM1 immunostaining images showing increased FOXM1 positive cells in the S1P group compared to the control group. However, FOXM1 expression was
significantly reduced upon LY294002 treatment even under S1P treated condition. Corresponding graph shows the quantitative values across different fields in the
experimental groups. C. Phalloidin staining images shows increase in the H9¢2 size when treated with S1P. However, LY294002 treatment attenuated the increase in
cell size even when cells were treated with S1P. Corresponding graph shows the quantitative values of overall cell size in different experimental groups. D. a-SMA
immunostaining images showing increased number of positive cells in H9¢2 cells treated with S1P. But, when cells were treated with S1P along with LY294002, the
a-SMA staining was significantly reduced. Graph represents quantified value of a-SMA expression across different field in the experimental groups. Scale bar rep-
resents 50 pm. Insets in A, B, D shows lower magnification images of the representative image. E. Western blot images showing increased p-AKT/AKT and inhibitory
Ser9 p-GSK3p/GSK3p in the S1P treated H9c2 cell group compared to the control group. This was again seen to be downregulated when cells were treated with S1P
along with LY294002. Corresponding graph shows densitometry analyses of the Western blot data. Statistical significance was calculated by one way ANOVA. *** p
< 0.0001; **, p < 0.01; *, p < 0.05 between 5 mM + S1P and 5 mM group. ###, p < 0.0001; ##, p < 0.01; #, p < 0.05 between 5 mM + S1P + LY294002 and 5 mM
+ S1P group. n = 3.

treated cells that was simultaneously treated with AKT inhibitor hypertrophic and fibrotic markers with cell size enlargement and
LY294002 (25.65 + 2.21%) to that of H9c2 cells treated with only S1P increased number of a-SMA positive cells even under normal glucose
(28.49 + 1.85%) (Figs. 7A and S7A). This indicates that YAP1 acts up- condition. Phalloidin staining showed a significant enlargement of
stream of AKT-GSK in the regulatory pathway. overall cell size in the FOXM1 recombinant protein (FOXM1 RP) group
To, follow up with our findings in the Western blot data, we observed (2.33 £ 0.11-folds) was seen over control cells (Figs. 8B and S8B). In
increased p-AKT/AKT in the SI1P treated group (2.07 £+ 0.32 fold) immunostaining experiment, we observed that the cells treated with
compared to H9c2 cells without the YAP activator S1P (Figs. 7E and FOXM1 recombinant protein showed significant increase in the number
S7E). Also a simultaneous increased Ser9-p-GSK3p/GSK3p was observed of a-SMA positive cells (40.54 + 3.77%) compared to control cells (3.65
in the S1P treated H9c2 cells (2.22 + 0.31 fold) (Figs. 7E and S7E) =+ 0.08%) (Figs. 8C and S8C). In the periostin immunostaining data we
compared to the H9c2 cells without S1P that confirms our hypothesis have also observed significantly increased periostin expression in
that YAP1 expression increases AKT activity in the cardiomyocyte cells FOXM1 RP group (28.49 + 2.81%) compared to the control group (6.26
that in turn inhibits GSK3p activity with increased inhibitory Ser9 + 1.39%) (Figs. 8D and S8D).
phosphorylation of GSK3f. With GSK3p inhibition, FOXM1 is stabilized Also, to further support our proposed hypothesis, we have performed
in the cardiomyocyte (Figs. 7B and S7B) and thus, YAP1 confers its a YAP1 inhibition followed by exogenous administration of FOXM1
regulatory effect on FOXM1 via AKT/GSK3p signaling. Further, we protein in the H9c2 cells, where it was observed that even if we inhibit
observed a reduced pAKT activity in the S1P mediated YAP1 activated YAP1 activity, addition of FOXM1 protein to the medium resulted in an
group that has been treated with LY294002 (0.90 + 0.28 fold) compared increased hypertrophic and fibrotic response in the H9c2 cells. In the
to the only S1P treated cells without LY294002, alongwith reduced phalloidin staining we observed an (2.4 4+ 0.31%) increase in cell size in
inhibitory p-GSK3p in the S1P treated cells with LY294002 (0.82 + 0.36 the VP with FOXM1 recombinant protein as compared to control cells
fold) compared to only S1P treated cells (Figs. 7E and S7E). This cor- (Figs. 8B and S8B). in the VP with FOXM1 RP group an increased
relates with our findings that although FOXM1 expression is high in S1P number of a-SMA positive staining (45.52 + 1.94%) was observed
treated cells, with AKT inhibition the FOXM1 expression has been compared to control cells (3.65 + 0.08%) (Figs. 8C and S8C). Also, in the
downregulated (Figs. 7B and S7B), confirmed now by the regulatory VP with FOXM1 RP treated cells a significantly increased periostin im-
effect of GSK3p. munostaining (31.51 + 1.8%) was observed compared to control cells
In the normal glucose treated cells with activated YAP1 expression, (6.26 + 1.3%) These observations suggest that in cardiomyocyte cells,
on application of AKT inhibitor we observed an improved pathological FOXM1 overexpression (Figs. 8A and S8A) induces cardiomyocyte hy-
state of the H9c2 cells similar to verteporfin mediated YAP1 inhibited pertrophy and fibrosis leading to cardiac pathogenicity. Therefore, in

condition which may suggest YAP1 have some association with AKT/ conclusion, our study has inferred that in the adult diabetic heart
GSK signaling in the exertion of its regulatory effect on FOXM1 as well as increased YAP1-FOXM1 expression via AKT-GSK3p signaling is respon-
hypertrophy and fibrosis induction. But in this experimental group as we sible for the induction of cardiomyocyte hypertrophy and fibrosis.
have observed that while AKT inhibition reduced FOXM1 expression but

had an insignificant effect on YAP1. From this observation we can 4. Discussion

conclude that AKT acts downstream to YAP1 rather than a co-regulation

or upstream regulation. This also indicates that in hyperglycemia, YAP1 Diabetic cardiomyopathy is currently one of the leading health issues
mediated AKT expression inhibits GSK3f activity that leads to an worldwide that prompts to look into the understanding of the disease
increased FOXM1 expression in the H9c2 cells. mechanism at the molecular level. YAP1 and FOXM1 are important

cardiac development regulatory molecules that have recently been
investigated for their role in pathogenesis [21,22,32]. In our study we
aim to see how the hyperglycemic stress is perceived at the transcrip-
tional level in cardiomyopathy induction and their specific mechanism
of action. We have reported that hyperglycemic stress in both in vivo and
in vitro conditions largely induces the expression of YAP1 as seen from
total YAP1 expression compared to control group. We have also found
that hyperglycemia causes increased YAP1 activity as confirmed by
reduced p-YAP1/total YAP1 expression compared to normoglycemia
group. Moreover, increased O-GlcNAcylation of YAP1 was also observed

3.8. Overexpression of FOXM1 in normoglycemic condition results in
cardiomyocyte hypertrophy and high a-SMA expression indicating a
definite role of FOXM1 in the hyperglycemia mediated pathogenesis of
cardiac cells

Finally, as very little work has been reported on the role of FOXM1 in
the cardiomyopathy induction in the adult heart, to confirm the effect of
FOXM1 overexpression on cardiomyocyte we have treated H9c2 cells
with FOXM1 recombinant protein and observed overexpression of
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Fig. 8. FOXM1 overexpression with recombinant protein in promotes cardiomyocyte hypertrophy and fibrosis even in the normoglycemic condition.

A. FOXM1 immunostaining images shows increased expression of FOXM1 in the recombinant FOXM1 protein treated group compared to the control group, even
when YAP1 is downregulated with verteporfin treatment. Graphical image represents the corresponding quantitative values in different groups. B. Phalloidin images
show enlargement in the H9c2 cell size upon recombinant protein treatment. The enlarged cell size was also observed in the verteporfin treated cells followed by
FOXM1 RP treatment. Corresponding graph shows overall quantitative analyses of cell size in different groups. C. a-SMA immunostaining images shows increased
number of positive staining in both the FOXM1 RP and verteporfin with FOXM1 RP treated group compared to the control groups. Corresponding graph represents
the quantified values of a-SMA staining in the experimental groups. D. Periostin immunostaining images show FOXM1 RP treatment leads to increased periostin
staining compared to the control group. This was also observed in the verteporfin treated group that were simultaneously treated with FOXM1 recombinant protein.
Corresponding graphical image represents overall periostin staining in the experimental groups. Scale bar represents 50 pm. Insets in A, C, D shows lower
magnification images of the representative image. Statistical significance was calculated by one way ANOVA. *** p < 0.0001; **, p < 0.01 between 5 mM + FOXM1
RP and 5 mM group. ###, p < 0.0001; ##, p < 0.01 between 5 mM + FOXM1 RP + VP and 5 mM + S1P group. n = 3. E. Schematic diagram representing the
signalling pathway of YAP-FOXM1 activity in the induction cardiomyocyte hypertrophy and fibrosis. Under hyperglycemia stress YAP1 is activated in the car-
diomyocyte following reduced inactivating phosphorylation on YAP1. High Glucose also increased activating O-GlcNAcylation of YAP1. Elevated YAP1 level further
leads to increased AKT phosphorylation thus promoting AKT activity. Increased AKT mediated inactivation of GSK3p under hyperglycemic stress results in removal of
the inhibitory regulation of GSK3p over FOXM1. Upregulated YAP1 therefore leads to aberrant FOXM1 accumulation within the cardiomyocyte. This elevated
liOXMl eventually promotes pathological remodelling of cardiomyocyte leading to cardiomyocyte hypertrophy and fibrosis.

in the high glucose treated condition indicating increased YAP1 acti- downregulation resulted in amelioration of cardiomyocyte hypertrophy
vation in hyperglycemic condition. and fibrosis, inhibition of FOXM1 had little effect on the expression of
YAP1 is an important effector molecule in the hippo pathway that YAP1. This observation shows that there might be an association be-
regulates organ size and growth during development [30,37]. In recent tween YAP1 and FOXM1 in the cardiomyocyte and the effect of over-
years several studies reported overexpression of YAP1 to be associated expression of YAP1 might be mediated through FOXM1 at the
with hypertrophic disorders [1,31]. Also some studies reported high transcriptional level. However, to further confirm the molecular hier-
glucose condition like diabetes stimulates YAP1 expression leading to archy in this signalling pathway; in a follow up experiment, we
pathogenesis [34]. However, little work has been done on the role of demonstrated that activation of YAP1 with simultaneous inhibition of
YAP1 in cardiomyocyte hypertrophy and fibrosis induction especially FOXM1 did not result in cardiomyocyte hypertrophy and fibrosis as
under hyperglycemic stress condition. In our study we have observed compared to only YAP1 activated cells where visible cardiomyocyte
enlargement of H9c2 cell size and increased expression of fibrotic enlargement and fibrosis were seen. If FOXM1 have acted independently
markers like periostin and a-SMA in the high glucose treated H9c2 cells of YAP1 then inhibition of FOXM1 would not have any effect on YAP1
that confirmed the observation that high glucose induces cardiomyocyte activation and hence, reduction of hypertrophy and fibrosis of car-
hypertrophy and fibrosis. Interestingly we observed that inhibition of diomyocyte. Thus, it confirms the hypothesis in our study that FOXM1 is
YAP1 in H9c2 cells with its specific inhibitor verteporfin, there is a a downstream effector of YAP1 in the hyperglycemic cardiomyocyte
significant reduction in the H9c2 size and reduced fibrotic responses in cells.
the hyperglycemia stressed cardiomyocyte. Also, in cells under normo- In our previous experiments we have observed that hyperglycemia
glycemic condition when treated with YAP1 activator S1P, this resulted resulted in an increased expression of AKT and p-GSKp expression along
in increased cellular hypertrophy and fibrosis in the H9¢2 cells. with YAP1 and FOXM1. AKT-GSK3 is a well-known signaling mediator
FOXM1, an important cardiac development regulatory molecule has in glucose metabolism pathway and reports have previously shown that
been shown in several studies to be associated with hippo-pathway this pathway is activated in cardiac cells in response to injury [5]. In
molecule YAP1 [3,9,33]. Reports suggests FOXM1 is downregulated in recent studies GSK3p has been reported to regulate the expression of
different adult organs and have been shown to express during injury in FOXM1 [6]. Therefore to understand the detailed regulatory mechanism
some organs like liver and lung to facilitate tissue repair and regenera- of FOXM1 under hyperglycemic stress we have further looked into the
tion [17]. However, recent reports have shown FOXM1 overexpression association of YAP1, AKT and GSK3p. We have found that increased
in adult lung tissue to cause fibrosis [22]. But, no studies so far addressed p-AKT activity with increased inhibitory p-GSK3f that was observed in
the role of FOXM1 in cardiac pathogenesis in the diabetic condition. In the high glucose conditioned cells were in sync with the expression of
this study we have observed high expression of FOXM1 in the diabetic YAP1 in the cardiomyocyte. In Fig. 4 we have observed that verteporfin
tissue as well as hyperglycemia treated cardiomyocyte cells that are treatment in the high glucose incubated H9c2 cells reduced the p-AKT
consistent with the increased hypertrophy and fibrotic condition and inhibitory p-GSK3p protein levels. With reduced GSK3p inhibition
observed in the experimental groups. In a separate study of treating the active GSK3p may lead to reduced FOXM1 expression. Furthermore,
HO9c2 cells externally with FOXM1 recombinant protein to overexpress YAP1 activation with S1P in Fig. 7 clearly showed upregulated AKT
under normal glucose condition we observed increase in H9c2 cell size activity which in turn increased the inhibitory effect of p-GSK3, thus
and increased fibrosis. On the contrary, in the high glucose treated H9c2 aggravating the FOXM1 activity. To confirm the proposed mechanism of
cells thiostrepton mediated FOXM1 inhibition reduced the hypertrophic AKT mediated FOXM1 activation by YAP1 we have performed a similar
and fibrotic condition. This observation for the first time reported that experiment of simultaneous overexpression of YAP1 with its activator

FOXM1 plays a crucial role in the induction of hyperglycemic stress S1P followed by inhibition of AKT by LY294002. Here we have observed
mediated cardiomyocyte hypertrophy and fibrosis. Also, we have shown in Fig. 8 that in spite of high YAP1 expression in the S1P treated groups,

YAP1 inhibition in H9c2 cells in high glucose condition decreased on LY294002 treatment there is an increased cytoplasmic retention of
FOXM1 expression and reversed the pathological phenotype. Interest- FOXM1 along with reduced H9c2 cell size and reduced expression of
ingly, YAP1 activation in H9c2 cells in normal glucose condition upre- fibrosis markers a-SMA and periostin as compared to the S1P only

gulated FOXM1 expression and aggravated hypertrophy and fibrotic treated cells. This data indicates that YAP1 mediated FOXM1 activity is
condition in cardiomyocyte. Also, while thiostrepton mediated FOXM1 regulated via AKT-GSK3p signaling pathway in the cardiomyocyte cells

15



A. Mondal et al.

under hyperglycemic stress condition which ultimately leads to cardiac
hypertrophy and fibrosis.

With diabetes being the most serious metabolic disorder that largely
affects cardiac function; it is necessary to look into the molecular dis-
turbances in the cardiac cells caused by the hyperglycemic stress. Our
data altogether shows that YAP1 and FOXM1 in the cardiac myocyte, in
diabetic or hyperglycemic stress is upregulated to a pathological level
and works via AKT/GSK3p signaling to induce cardiomyocyte hyper-
trophy and fibrosis. As currently both FOXM1 and AKT remains one of
the widely looked out molecules as drug therapy option in various dis-
ease models there remains a need to understand the detailed regulation
of these molecules for development of better targeted therapy [2,22].
Therefore our reports on the detailed pathway of action of YAP1 and
FOXM1 in diabetic cardiomyopathy will help in better combating the
disease outcome in future.

5. Conclusion

e Overexpression of YAP1 and FOXM1 growth regulatory molecules
during diabetic or hyperglycemic stress in the adult heart over basal
expression level seen in the normal condition leads to cardiomyop-
athy like cardiomyocyte hypertrophy and fibrosis.

e YAP1 acts through AKT-FOXM1 signaling path in the cardiomyocyte
to exert its pathogenic functions.

e Reversing the unbalanced expression of YAP1, FOXM1 even in hy-
perglycemic condition results in rescue of pathological phenotype up
to some extent in the in vitro cultured cell model.
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Abstract

Arsenic toxicity is one of the major environmental problems causing various diseases, cardiovascular disorders is one
of them. Several epidemiological studies have shown that arsenic causes cardiac hypertrophy but the detailed molecular
mechanism is to be studied yet. This study is designed to determine the molecules involved in the augmentation of arsenic-
induced cardiac hypertrophy. Furthermore, the effects of oleic acid on arsenic-induced hypertrophy and cardiac injury have
also been investigated. Our results show that arsenic induces cardiac hypertrophy both in vivo in mice and in vitro in rat
HOc?2 cardiomyocytes. Moreover, arsenic results in decreased activity of AMPK and FoxO1 along with increased NFATc3
expression, a known cardiac hypertrophy inducer. In addition, activation of AMPK and FoxOl1 results in reduced NFATc3
expression causing attenuation of arsenic-induced cardiac hypertrophy in H9c2 cells. Interestingly, we have observed that
oleic acid helps in ameliorating cardiac hypertrophy in arsenic-exposed mice. Our studies on protection from arsenic-induced
cardiac hypertrophy by oleic acid in H9¢c2 cells shows that oleic acid activates AMPK along with increased nuclear FoxO1
localization, thereby reducing NFATc3 expression and attenuating cardiomyocyte hypertrophy. This study will help in find-
ing out new avenues in treating arsenic-induced cardiac hypertrophy.

Keywords Arsenic toxicity - Cardiac hypertrophy - AMPK - FoxO1 - NFATc3 - Oleic acid

Abbreviations TIAEC Institutional Animal Ethics Committee
AMPK  Adenosine monophosphate-activated protein DMEM Dulbecco’s modified Eagle’s medium
kinase FBS Fetal Bovine serum
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CVDs  Cardiovascular-associated diseases PCR Polymerase chain reaction
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BNP Brain natriuretic peptide
S.E. Standard error
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In the mammalian heart, fetal cardiomyocytes proliferate
prior to birth; however, they exit the cell cycle shortly after
birth. Recent studies show that adult cardiomyocytes re-enters
the cell cycle postinjury to promote cardiac regeneration. The
endoplasmic reticulum (ER) orchestrates the production and
assembly of different types of proteins, and a disruption in this
machinery leads to the generation of ER stress, which activates
the unfolded protein response. There is a very fine balance
between ER stress—mediated protective and proapoptotic re-
sponses. T-box transcription factor 20 (Tbx20) promotes em-
bryonic and adult cardiomyocyte proliferation postinjury to
restore cardiac homeostasis. However, the function and regu-
latory interactions of Tbx20 in ER stress—induced cardiomy-
opathy have not yet been reported. We show here that ER stress
upregulates Tbx20, which activates downstream bone
morphogenetic protein 2 (Bmp2)-pSmadl/5/8 signaling to
induce cardiomyocyte proliferation and limit apoptosis. How-
ever, augmenting ER stress reverses this protective response.
We also show that increased expression of thbx20 during ER
stress is mediated by the activating transcription factor 6 arm
of the unfolded protein response. Cardiomyocyte-specific loss
of Tbx20 results in decreased cardiomyocyte proliferation and
increased apoptosis. Administration of recombinant Bmp2
protein during ER stress upregulates Tbx20 leading to
augmented proliferation, indicating a feed-forward loop
mechanism. In in vivo ER stress, as well as in diabetic cardio-
myopathy, the activity of Tbx20 is increased with concomitant
increased cardiomyocyte proliferation and decreased
apoptosis. These data support a critical role of Tbx20-Bmp2
signaling in promoting cardiomyocyte survival during ER
stress—induced cardiomyopathies.

In mammals, the developing heart is highly proliferative
prior to birth, and it involves the interplay of multiple signaling
pathways. However, after birth, the cardiomyocytes lose its
plasticity, exit the cell cycle, its proliferative capacity dissipates,

*For correspondence: Arunima Sengupta, arunimasengupta2013@gmail.
com.
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and the cells grow in size primarily by hypertrophy (1). In the
neonates, post 1 week after birth, the cardiomyocytes become
binucleated, express adult contractile protein isoforms, and
lose its ability to regenerate (2—4). The notion that adult car-
diomyocytes lose their capacity to proliferate because of cell
cycle arrest was revoked by growing studies showing that
resident adult myocardial cardiomyocyte re-enters cell cycle
following myocardial injury by regulating key regulatory
pathways (5).

T-box transcription factor 20 (Tbx20) is a member of the
Tbx1 subfamily of T-box—containing genes and plays pivotal
roles in development and maintenance of heart by driving
cardiomyocyte proliferation (6). Loss of function of Tbx20
leads to unlooped and severely hypoplastic heart with em-
bryonic lethality (7-9). Ablation of Tbx20 in adult car-
diomyocytes leads to severe cardiomyopathy with arrhythmias
and death (10). Gain of function of Tbx20 leads to increased
cardiomyocyte proliferation in fetal heart development (11).

Endoplasmic reticulum (ER) is an organelle that mediates
production and folding of different secretory and membrane
proteins (12). Any sort of dysregulation in the machinery of
the ER because of external factors or internal stimulus leads to
accumulation of misfolded protein leading to generation of ER
stress. ER stress activates the adaptive cellular response
signaling cascade known as unfolded protein response (UPR),
which consists of three pathways, activating transcription
factor 6 (ATF6), inositol-requiring enzyme 1 alpha (IREla),
and protein kinase RNA-activated-like ER kinase (PERK). The
protective UPR is initially beneficial as it works for restoration
of homeostasis; however, a severe ER stress leads to cell death
via apoptosis. There is a very delicate balance between ER
stress—induced prosurvival and proapoptosis (13). Tbx20
overexpression was previously shown to induce proliferation
of cardiomyocytes during oxidative stress and hypoxia (14);
however, its mechanistic role during ER stress—mediated car-
diomyopathy is still elusive.

Our study for the first time identified the novel unknown
function of Tbx20 that is able to directly enhance the pro-
tective responses of the UPR for restoration of ER homeostasis
in the milieu of cardiac injury. Since ER stress have been

J. Biol. Chem. (2023) 299(4) 103031 1
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Abstract

Cardiovascular disorders (CAVDs) being a major concern over the past several years due to the huge number of morbidity
and mortality worldwide, a number of studies have been done on the various aspects of cardiac problems. One of the vari-
ous CAVDs is cardiovascular calcification. A number of investigations and research work have been done previously on the
molecular mechanism of vascular and heart valve calcification but the mechanism of myocardial and cardiomyocyte calcifica-
tion has remained uninvestigated. A number of case studies have shown the presence of calcific deposits in the myocardial/
ventricular region of the heart in fetal condition as well as in individuals of different ages but no detailed studies have been
done yet. In this study, we have mainly investigated the role of Forkhead box transcription factor FoxO1 and nuclear factor
of activated T-cells NFATc3 in cardiomyocyte calcification. Our studies in H9c2 cardiomyocytes show that calcific deposi-
tion in cardiomyocytes does not occur in 15 d but upon osteogenic induction for 1 mo where FoxO1 expression gets reduced
thereby increasing the expression of its downstream target NFATc3, thus increasing the expression of the osteogenic marker
Runx?2. Detailed studies on the molecular mechanism of cardiomyocyte calcification will help in finding out therapeutic
strategies in the treatment of cardiac calcification.

Keywords Cardiovascular - Cardiomyocyte - Calcification - FoxO1 - NFATc3

Introduction fibrosis and myocardial infarction, cardiomyocyte apopto-

sis, and arterial and valvular calcification. Another known
Cardiovascular disorders (CAVDs) are a very common path- ~ CAVD that has been detected in a number of cases not only
ological condition that leads to mortality of a number of peo-  in adult hearts but also in fetal condition is cardiac/myo-

ple worldwide. Various studies are being done extensively  cardial calcification. Many case studies have been done
on the various types of CAVDs like cardiac hypertrophy, so far on the aspect of cardiac calcification but very few
detailed studies have been done on the molecular mechanism
that leads to the calcific deposition in the cardiomyocytes/
myocardium/ventricular region of the heart (Ivandic et al.
1996; Korff et al. 2006; Elsherif et al. 2008). A number of
case studies have shown that calcific deposition occurs in
the ventricular region in the case of renal disorder patients.
Cardiac calcification has also been detected in heart failure
and in other pathological condition (Lasser 1983; Catellier
et al. 1990; Olbrich et al. 1990; Aras et al. 2006; Lee et al.
2007; Kruijsdijk et al. 2011; Rios et al. 2014). Myocardial/
cardiomyocyte calcification is a delayed process and is often
detected in patients with sepsis and other complications as

< Arunima Sengupta
arunimasengupta2013 @gmail.com

Jayeeta Samanta
jayeetal 993 @ gmail.com

Arunima Mondal
mondal.arunimal8 @ gmail.com

Shreya Das
shreyadas1991 @ gmail.com

Santanu Chakraborty
santanu.dbs @presiuniv.ac.in

! Department of Life Science and Biotechnology, Jadavpur observed in a number of case studies like postoperative
%‘:féﬁy’a} Sfﬂ(}?;‘ja S. C. Mallick Road, Kolkata 700032, complications and kidney disorders. For example, a patient

, gab . _ _ o with acute myeloid leukemia (AML) developed myocardial
Department of Life Sciences, Presidency University, 86/1, calcification after several weeks of suffering from sepsis.

College Street, Kolkata 700073, India

@ Springer §


http://orcid.org/0000-0002-0014-3242
http://crossmark.crossref.org/dialog/?doi=10.1007/s11626-021-00623-0&domain=pdf

Molecular and Cellular Biochemistry (2021) 476:4061-4080
https://doi.org/10.1007/511010-021-04223-0

=

Check for
updates

Unfolded protein response during cardiovascular disorders: a tilt
towards pro-survival and cellular homeostasis

Shreya Das' - Arunima Mondal’ - Jayeeta Samanta’ - Santanu Chakraborty? - Arunima Sengupta’

Received: 12 March 2021/ Accepted: 8 July 2021 / Published online: 14 July 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

The endoplasmic reticulum (ER) is an organelle that orchestrates the production and proper assembly of an extensive types
of secretory and membrane proteins. Endoplasmic reticulum stress is conventionally related to prolonged disruption in the
protein folding machinery resulting in the accumulation of unfolded proteins in the ER. This disruption is often manifested
due to oxidative stress, Ca>* leakage, iron imbalance, disease conditions which in turn hampers the cellular homeostasis and
induces cellular apoptosis. A mild ER stress is often reverted back to normal. However, cells retaliate to acute ER stress by
activating the unfolded protein response (UPR) which comprises three signaling pathways, Activating transcription factor
6 (ATF6), inositol requiring enzyme 1 alpha (IREla), and protein kinase RNA-activated-like ER kinase (PERK). The UPR
response participates in both protective and pro-apoptotic responses and not much is known about the mechanistic aspects
of the switch from pro-survival to pro-apoptosis. When ER stress outpaces UPR response then cell apoptosis prevails which
often leads to the development of various diseases including cardiomyopathies. Therefore, it is important to identify mol-
ecules that modulate the UPR that may serve as promising tools towards effective treatment of cardiovascular diseases. In
this review, we elucidated the latest advances in construing the contribution imparted by the three arms of UPR to combat
the adverse environment in the ER to restore cellular homeostasis during cardiomyopathies. We also summarized the various
therapeutic agents that plays crucial role in tilting the UPR response towards pro-survival.

Keywords ER stress - Unfolded protein response - Cardiovascular diseases - Cardioprotective - Chemical - Natural products

Introduction

The endoplasmic reticulum (ER) serves as the primary gate-
way for protein synthesis [1]. It is involved in a multitudinal
array of cellular processes including protein folding, serv-
ing as a site for synthesis of both secretory and membrane
proteins as well as many steroids, cholesterol and lipids [1,
2]. The endoplasmic reticulum is an organelle that houses
escalating demand for protein folding. However, any kind of
dysregulation in proper protein folding due to any extracel-
lular stimuli or intracellular loss of equilibrium often leads
to the accumulation of misfolded proteins in the ER [3].
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Glucose-regulated protein 78 (GRP78), an ER chaperone
plays a critical role in gauging the intensity of insult done
to ER due to accumulation of misfolded proteins. It acts
as a protein quality control agent of the ER. A mild insult
to the ER is often reverted by the chaperone function of
GRP78. However, an intense disruption of the ER homeosta-
sis causes GRP78 to activate ER transmembrane signaling
molecules. The stress caused due to the accumulation of
misfolded proteins is perceived by three ER resident proteins
namely PERK, IREla and ATF6a which in turn triggers the
activation of an adaptive cellular response signaling cascade
known as the unfolded protein response (UPR) [4]. All the
three resident proteins initially remains bound to GRP78.
The UPR recruits various molecules to revert back the dam-
aged caused and restore the cellular homeostasis. However,
prolonged ER stress often leads to cell death [5]. There is
a delicate balance between adaptation and apoptosis due to
the upregulation of UPR during ER stress.

Cardiovascular diseases are one of the leading causes of
death worldwide [6, 7]. Compelling evidences suggests that

@ Springer


http://orcid.org/0000-0002-0014-3242
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-021-04223-0&domain=pdf

Taylor & Francis
Taylor & Francis Group

Journal of Drug Targeting

N —

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/idrt20

Cetuximab-conjugated PLGA nanoparticles as a
prospective targeting therapeutics for non-small
cell lung cancer

Leena Kumari, Iman Ehsan, Arunima Mondal, Ashique Al Hoque, Biswajit
Mukherjee, Pritha Choudhury, Arunima Sengupta, Ramkrishna Sen &
Prasanta Ghosh

To cite this article: Leena Kumari, Iman Ehsan, Arunima Mondal, Ashique Al Hoque,
Biswajit Mukherjee, Pritha Choudhury, Arunima Sengupta, Ramkrishna Sen & Prasanta
Ghosh (2023) Cetuximab-conjugated PLGA nanoparticles as a prospective targeting
therapeutics for non-small cell lung cancer, Journal of Drug Targeting, 31:5, 521-536, DOI:
10.1080/1061186X.2023.2199350

To link to this article: https://doi.org/10.1080/1061186X.2023.2199350

4 . .

ﬁ View supplementary material (' @ Published online: 14 Apr 2023.
\]

CJ/ Submit your article to this journal &' il Article views: 58
A PN

& View related articles (3' (!) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=idrt20


https://www.tandfonline.com/action/journalInformation?journalCode=idrt20
https://www.tandfonline.com/loi/idrt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://www.tandfonline.com/doi/suppl/10.1080/1061186X.2023.2199350
https://www.tandfonline.com/doi/suppl/10.1080/1061186X.2023.2199350
https://www.tandfonline.com/action/authorSubmission?journalCode=idrt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=idrt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1061186X.2023.2199350
https://www.tandfonline.com/doi/mlt/10.1080/1061186X.2023.2199350
http://crossmark.crossref.org/dialog/?doi=10.1080/1061186X.2023.2199350&domain=pdf&date_stamp=2023-04-14
http://crossmark.crossref.org/dialog/?doi=10.1080/1061186X.2023.2199350&domain=pdf&date_stamp=2023-04-14

	Total Papers 85% R.pdf
	1 Mondal A 1
	YAP1 induces hyperglycemic stress-mediated cardiac hypertrophy and fibrosis in an AKT-FOXM1 dependent signaling pathway
	1 Introduction
	2 Materials and methods
	2.1 Generation of diabetic animal model
	2.2 Heart weight body weight ratio
	2.3 Immunohistological analyses
	2.3.1 Cardiomyocyte size determination
	2.3.2 Fibrosis detection

	2.4 Immunostaining
	2.5 Cell culture and treatments
	2.6 Cell size determination by phalloidin staining
	2.7 Real time PCR
	2.8 Western Blot (WB) and Immunoprecipitation (IP) assay
	2.9 Statistical analysis

	3 Results
	3.1 Hyperglycemia induces cardiac hypertrophy and fibrosis in adult mice
	3.2 High blood sugar stress induces overexpression of YAP1, FOXM1 and AKT along with reduced activity of GSK3β in adult mic ...
	3.3 Induction of hyperglycemic condition in H9c2 cells in vitro similarly results in increased expression of YAP1, AKT and  ...
	3.4 YAP1 down regulation in H9c2 cells resulted in reduced expression of AKT/GSK3β signaling with reduced FOXM1 expression  ...
	3.5 FOXM1 inhibition resulted in decreased hypertrophy and fibrogenic condition of H9c2 cardiomyocyte cells
	3.6 YAP1 up regulation followed by FOXM1 inhibition indicates regulation of FOXM1 activity by YAP1 in the H9c2 cells as the ...
	3.7 Simultaneous activation of YAP1 and inhibition of AKT shows increased GSK3β activity and inhibition of FOXM1 expression ...
	3.8 Overexpression of FOXM1 in normoglycemic condition results in cardiomyocyte hypertrophy and high α-SMA expression indic ...

	4 Discussion
	5 Conclusion
	Credit authorship contribution statement
	Funding source
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


	2 J1
	Oleic Acid Protects from Arsenic-Induced Cardiac Hypertrophy via AMPKFoxONFATc3 Pathway
	Abstract
	Introduction
	Materials and Methods
	Animal Studies
	Cell Culture and Treatment
	siRNA and Recombinant Protein Treatment in Cultured H9c2 Cells
	Immunohistochemistry
	Real Time PCR
	Western Blotting
	Statistical Analysis

	Results
	Arsenic Exposure Leads to Cardiac Hypertrophy in Mice Along with Increased Cardiac Fibrosis that is Reduced by OA
	Reversal of Arsenic-Mediated Cardiac Hypertrophy by OA Pretreatment in Mice is due to Increased Activity of AMPK and FoxO1 with Concomitant Decrease in NFATc3 Activity
	Arsenic Trioxide Causes Increase in Cell Size Along with Increased NFATc3 and Other Cardiac Hypertrophy Markers Expression that is Ameliorated by OA Pretreatment in H9c2 Cells
	OA Pretreatment in Arsenic-Exposed H9c2 Cells Helps in Increasing the Expression of Active AMPK Along with Increased Nuclear Localization of FoxO1
	Protective Effect of OA in Ameliorating Arsenic-Induced Cardiotoxicity is Dependent on AMPK and FoxO1 Activity
	AMPK is Upstream to FoxO1 Signaling in Alleviating the Toxic Effect of Arsenic by OA in H9c2 Cardiomyocytes
	NFATc3 is Necessary and Sufficient to Induce Cardiac Hypertrophy in Arsenic-Treated H9c2 Cells and is Acting Downstream to FoxO1
	NFATc3 is an Important Downstream Effector Acting via AMPKFoxO Signaling Pathway Inducing Cardiomyocyte Hypertrophy

	Discussion
	Acknowledgements 
	References


	2a S2
	ER stress induces upregulation of transcription factor Tbx20 and downstream Bmp2 signaling to promote cardiomyocyte survival
	Results
	Tbx20 activity and Bmp2 activity are increased upon induction of ER stress in H9c2 cells in vitro
	Atf6-mediated induction of Tbx20 promotes cardiomyocyte proliferation and limits cardiomyocyte apoptosis
	Tbx20 is necessary, and it acts upstream of Bmp2–pSmad1/5/8 signaling in protecting cardiomyocytes against Tun-induced ER s ...
	Tbx20–Bmp2 signaling acts in a feed-forward loop mechanism in protecting cells against Tun-induced ER stress
	Prolonged Tun-induced ER stress in adult heart is accompanied by altered cardiac functions, increased cell size, and collag ...
	ER stress–induced upregulation of Tbx20 activity is beneficial for cardiomyocyte viability and maintenance of cardiomyocyte ...
	Hyperglycemia-induced ER stress upregulates activity of Tbx20 with concomitant increase in cardiomyocyte proliferation

	Discussion
	Experimental procedures
	Induction of ER stress in vivo
	Induction of diabetes in vivo
	Cell cultures and treatments
	3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide cell viability assay
	RNA interference and cell treatments
	Western blot analysis
	Immunostaining
	Antibodies
	ECG recording in anesthetic rats
	Determination of HW/BW ratio
	Immunohistological analysis
	Cardiomyocyte size determination
	Fibrosis detection
	Real-time qRT–PCR
	ROS estimation
	ChIP assay
	Statistical analysis

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


	2b J2
	Induction of cardiomyocyte calcification is dependent on FoxO1NFATc3Runx2 signaling
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


	3 S1
	Unfolded protein response during cardiovascular disorders: a tilt towards pro-survival and cellular homeostasis
	Abstract
	Introduction
	Endoplasmic reticulum (ER) stress
	UPR signaling pathway
	ER stress and cardiovascular disease (CVD)
	Myocardial ischemia
	Arrhythmia
	Heart failure
	Diabetic cardiomyopathy

	Three pathways of unfolded protein response (UPR)
	The ATF6 branch of UPR
	ATF6: its cardioprotective and antioxidative response during cardiomyopathies
	The PERK branch of UPR
	PERK: its cardioprotective response during cardiomyopathies
	The IRE1α branch of UPR
	IRE1α: its cardioprotective response during cardiomyopathies
	ER stress and apoptosis
	NF-κB mediated apoptosis
	JNK mediated apoptosis
	Disruption of calcium homeostasis mediated apoptosis
	Induction of ER-stress induced apoptosis by degradation of cell survival genes
	CHOP: a dedicative molecule of apoptotic response
	Therapeutic targeting of UPR signaling towards cardiovascular homeostasis by chemical and biological agents
	Therapeutic targeting of UPR signaling towards cardiovascular homeostasis by natural products

	Discussion and future perspective
	Acknowledgements 
	References


	4 L1
	Cetuximab-conjugated PLGA nanoparticles as a prospective targeting therapeutics for non-small cell lung cancer
	ABSTRACT
	Introduction
	Materials and methods
	Materials
	Drug excipients interaction study
	Preparation and physicochemical characterisation of the PLGA nanoparticles
	SDS-PAGE
	In vitro drug release study
	Stability study
	Detection of mRNA by RT-PCR
	ELISA method for dissociation constant (KD) determination
	In vitro cytotoxicity assay
	In vitro cellular uptake study
	In vitro cellular apoptosis study
	In vitro cell cycle analysis
	Haemolysis study
	Maximum tolerated dose (MTD)
	Pharmacokinetic study in normal mice
	Experimental animal model for in vivo anti-tumour efficacy
	In vivo biodistribution study
	Survival time of mice
	Caspase-3 activity
	LPO and ROS study
	Lung histopathology analysis
	Statistical analysis

	Results
	Fourier transform infrared spectroscopy (FTIR) analysis
	Preparation and characterisation of nanoparticles
	SDS-PAGE
	Energy dispersive X-ray (EDX) study
	In vitro drug release study
	Stability study
	Hydrolytic stability
	Detection of mRNA by RT-PCR
	Determination of dissociation constant (KD) by binding experiment
	In vitro cytotoxicity assay
	Cellular uptake study
	Cellular apoptosis study
	Cell cycle analysis
	Haemolysis study
	Maximum tolerated dose (MTD) in normal mice
	In vivo pharmacokinetics study in normal mice
	In vivo biodistribution study
	Survival time of mice
	Caspase-3 activity
	LPO and ROS study
	Lung histopathology analysis

	Discussion
	Conclusion
	Acknowledgements

	Disclosure statement
	Authors contributions
	Funding
	References





