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Dissertation Overview

My doctoral work has investigated the cell-specific contributions of the two talin proteins -
TIn1 and TIn2 - in cardiac fibroblasts and myofibroblasts during pressure overload injury in the
heart. The first focus of this research was to explore the effect that myofibroblast TIn1 had during
transverse aortic constriction. The second aim of my work was to generate a TIn2 null, TIn1-
cardiac fibroblast specific genetically modified mouse and then find and validate a dosing strategy
that reproducibly resulted in interstitial fibrosis during pressure overload injury to the heart. Lastly,
my work applied the model to study cardiac fibroblast remodeling post hypertension injury in the
absence of TIn2 and loss of TInl in cardiac fibroblasts and the resulting cardiac remodeling that

OCCurs.

In this dissertation, | provide a thorough background on heart failure, hypertension, and
the roles of cardiac fibroblasts and cardiomyocytes to response to prolonged pressure overload
of the heart. Next, | justify targeting TIn1 and TIn2 in cardiac fibroblasts in the context of
hypertension disease. Following this, | summarize the known mouse models for inducing
hypertension and pressure overload experimentally. Subsequentially, | present my research into
the effects of cardiomyocyte TInl using the experimental model of transverse aortic constriction
in vivo and siRNA knockdown in vitro. Following this, | describe the generation and creation of a
novel genetic mouse to explore cardiac fibroblasts specific TIn1 and TIn2 contribution to fibrotic
remodeling and cardiac hypertrophy in response to pressure overload injury. | then use this novel
mouse to research the effect of cardiac fibroblast TIn1 and TIn2 loss following angiotensin Il
induced pressure overload of the heart. Echocardiography, RNA sequencing and in vitro assays
were implemented to characterize the phenotypic alterations due to loss of TIn1l and TIn2 in
cardiac fibroblasts. Finally, | discuss the impact of this work and potential future directions the

research could be taken.



Chapter 1

Cardiovascular Disease and Tissue Response to Hypertension

Text for Chapter 1 was adapted from Noll NA, Lal H, Merryman WD. Mouse Models of Heart Failure with

Preserved or Reduced Ejection Fraction. The American Journal of Pathology, Vol. 190, No. 8, August 2020.
1.1 Heart failure disease burden

Heart failure (HF) is the leading cause of death worldwide. There are approximately 6.5
million Americans living with HF with an incidence in 10 in 10,000 people over the age of 65.1
Recently, morbidity attributed to HF has dropped to one in nine deaths due to improvements in
strategies focused on treating the conditions proceeding and leading to HF, including
hypertension, myocardial infarction (MI) and atherosclerosis.? However, even with improvements
in treatment, mortality associated with HF is still high, with 50% of patients diagnosed with HF
dying within five years of diagnosis.® Current predictions show that by 2030, 8 million American

adults will be diagnosed with HF.3

Two-thirds of all HF cases can be attributed to one of four underlying conditions: ischemic
heart disease, chronic obstructive pulmonary disease, hypertensive heart disease, or rhematic
heart disease.* Of these, hypertension remains the major preventable cause of cardiovascular
disease through pharmacological intervention and life style changes.® This is done by treating the
underlying symptoms, namely systolic blood pressure (SBP). However, these treatments do not
address the chemical and cellular changes that are occurring in the heart leading to HF.
Therefore, there is a need to identify the cellular processes underlying the conditions leading to

HF so that new therapeutic strategies can be developed.



1.2 Heart failure classifications

The American Heart Association (AHA) defines HF as a complex clinical syndrome that
results from any structural or functional impairment of ventricular filling or ejection of blood.® HF
is classified based on ejection fraction (EF), and the progression of the disease based on cardiac
deterioration. The American College of Cardiology (ACC)/AHA defines HF in four stages. These
stages range from stage A, where there is a high risk of HF but no symptoms or structural damage
to the heart, to stage D, where patients with refractory HF require advanced intervention (Table
1).”° Left-sided HF is associated with an increased risk of sudden death,® and is subdivided
based on left ventricular (LV) EF: HF with preserved ejection fraction (HFpEF; LVEF = 50%), HF
with mid-range ejection fraction (HFmrEF; LVEF 40-49%), and HF with reduced ejection fraction
(HFrEF: LVEF <40).!! Medical advances have developed specific treatments for HFrEF by acting
on the neuro-hormonal axis, but effective drugs for treatment of HFpEF are absent.'? This has led

to an increase in HFpEF prevalence, and account for more than 50% of all HF cases in the United

States.!?
Stage Discription Additonal Treatment
Treat underlying conditions: hypertension,
A High risk with no symptoms diabetes, dyslipidemia
ACE inhibitors or ARBs with beta-blockers in
B Structural heart disease, no symptoms selected patients

Dietary sodium restrition, diuretics,
revascularization, mintral-valve surgery,
o Structural disease, symptomatic aldosertone agonist

D Refractory systoms with special interventiof VAD, transplantation

Table 1: Stages of Heart Failure and Treatment Options for Systolic Heart Failure. Adapted from
Jessup et al.”®



HFpEF is clinically defined as HF with normal EF and diastolic dysfunction, the inability of
the ventricles to relax properly.* HFpEF is usually the result of chronic diseases such as
hypertension, diabetes mellitus, atrial fibrillation, aging, obesity, and/or renal dysfunction (Figure
1).15 Of these, hypertension is the most predominant underlying condition with a prevalence in
60-80% of all HFpEF cases.'® These chronic diseases gradually diminish the normal relaxation
ability of the LV as the ventricular walls become stiffer from increasing interstitial fibrosis. As a
result, the heart can no longer fill properly with blood during the resting period between each beat,
which eventually leads to diastolic failure. Cardiomyocytes increase their thickness, by adding
sarcomeres, the contractile unit of the cell, in parallel, resulting in cardiomyocyte hypertrophy and
concentric hypertrophy of the heart. HFpEF occurs more often in women (79% vs 49% of all
HFpEF cases) and is more prominent in older populations.!* HFpEF manifests clinically as
exercise intolerance, dyspnea, edema, pulmonary hypertension and pulmonary edema, all of
which are symptoms associated with cardiac hypertrophy, increased fibrosis, and decreased
capillary content. Additional acute insults to the heart, or chronic high blood pressure can cause

a transition from HFpEF to HFrEF during increased cardiomyocyte injury.

In contrast with the reduced relaxation capacity of HFpEF, HFrEF occurs when the
ventricles lose their ability to contract normally. A wide range of cardiac conditions can cause
HFrEF, including coronary artery disease, Ml, and cardiomyopathies (Figure 1).2° These diseases
result in apoptosis of cardiomyocytes which causes an imbalance in heart wall structure, causing
eccentric remodeling with left ventricular dilation, but normal wall thickness.}?! These
adaptations initially allows the heart to normalize left ventricle (LV) wall stress and maintain
cardiac output and EF. However, as remodeling continues, stiffening of the ventricular walls
diminishes the cardiomyocyte’s ability to contact with enough force to adequately eject blood into

the systemic circulation. This eventually leads to systolic failure. Patients with HFrEF have higher



levels of circulating brain natriuretic peptide (NPPB), a common biomarker for HF, and a higher

mortality rate than those with HFpEF.?

Healthy Heart

Hypertension @ @ Pressure Overload

Diabetes @ @ Ishemic Injury
Obesity @ Right Ventricle © Hypertension
Aging @ & @O Renal Dysfunction
Pulmonary @ | @ Cardiomyopathies
H . Left Ventricle
ypertension
Concenmt & Eccentric
Hypertrophy Hypertrophy

Diastolic Dysfunction Systolic Dysfunction
(HFpEF) (HFrEF)

Figure 1: Disease states and presenting phenotypes of HFpEF and HFrEF. Disease states
and their resulting left ventricular remodeling leading to the development of heart failure with
preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF).
Created with BioRender.com.



1.3 Hypertension

Hypertension (HT) is one of the main underlying conditions that leads to HFpEF and is the
most important risk factor for the development of HFrEF in the United States.*?*2* In the
Framingham Heart Study, 91% of all patients developed hypertension that predated their newly
diagnosed HF.'*® HT is characterized by an increase in SBP which causes increased ventricular
pressure in the heart. 2017 guidelines by the ACC/AHA define HT as blood pressure greater than
130/180 mmHg.2® Currently, there are 70 million adults in America with HT, only 52% of which
have their blood pressure properly managed.?® Studies show that that a SBP reduction as low as
5mmHg can reduce the risk of HF by 24% in early onset HT, underscoring the importance of the

development of therapies that target hypertension and SBP.?’

1.3.1 Systolic blood pressure

Blood pressure is the pressure or tension that is exerted by the blood as it circulates the
arterial vessels and is the result of cardiac output (CO) of the heart and the total peripheral
resistance (TPR) of the systemic circulation (Equation 1).2% Blood flow (F) through the heart is
maintained by the change in perfusion pressure (atrial — venous pressure) and the amount of
resistance (R) in the vasculature (Equation 2).2° Under normal conditions, perfusion pressure
and vascular resistance do not change. HT is caused by, but not limited to, malfunction of the
humoral system, neuronal and autoregulatory systems.*® Under pathological conditions such as
HT and during aging, narrowing of the vasculature causes an increase in vascular resistance. The
heart initially responds through autoregulation. Autoregulation is the ability of the heart to maintain
blood flow despite a change in perfusion pressure (Pa-Py).?° The heart does this by increasing the
flow of blood by dilating the vasculature to decrease resistance. This allows for the maintaining of
homeostatic SBP. Under continual pathological insults, such as plaque buildup in the arteries,
and a reduced coronary endothelium-dependent dilation capacity in HFpEF, vascular dilation

alone cannot adequately reduce the vascular resistance, resulting in an increase in blood
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pressure.®=3" This leads to a sequential increase in ventricular heart pressure, and ventricular

wall stress.
BP = CO xTRP Equation (1)
F= %) Equation (2)

1.3.2 Cardiac fibroblasts

The adult heart is comprised of approximately 30% cardiomyocytes with the remaining
70% non-myocyte cells being primarily cardiac fibroblast (CFs).*® CFs are arranged in sheets that
run in parallel with muscle fibers and they help maintain continuity of cell signaling between
cardiomyocytes.®® Genetic lineage tracing has shown that Tcf21 is the best marker for CFs as it
is expressed most widely expressed marker of all fibroblast-like cells in the heart, and is

expressed by all activated cardiomyocytes derived from CFs.%°

CFs are recognized chiefly as regulators of the extracellular matrix (ECM) and are involved
in general maintenance of myocardial structure.** Collagen is the major stress-bearing element
within the ECM and forms a 3D network around bundles of myocytes to generate a stress-tolerant
network.*? In the healthy heart, ~85% of the ECM is composed of thicker collagen | fibers, witch
conifer tensile strength, and ~11% of collagen type Ill fibers that maintain the elasticity of ECM.*3
Additionally, the ECM acts as an insulator for myocardial signaling. Electrical signals are passed

between CFs and cardiomyocytes through gap junctions. In vitro analysis of single fibroblasts



have shown them to be capable of synchronizing contractions between myocytes, illustrating the

role that CFs play in maintaining total heart contractility.**

Pathological conditions such as systemic inflammation, hypoxia, cardiomyocyte death,
mechanical stress, and activation by pro-fibrotic cytokines can lead to the phenotypic shift of
guiescent CFs to active myofibroblasts. Myofibroblasts proliferate and migrate to the site of injury,
where they secrete and compact ECM components.*>4¢ This migration is cytokine-induced and
requires the co-coordinated activity of matrix metalloproteinases (MMPs) and tissue inhibitor of
metalloproteinase (TIMPs) to move through the ECM network in the heart (Figure 2).*” CFs
express a limited subset of MMPs; collagenases (MMP-1, MMP-13), gelatinases (MMP-2, MMP-
9), and stromelysin (MMP-3).4? Myofibroblasts also differ from inactivated CFs by having a more
contractile phenotype, marked by the expression of alpha-smooth muscle actin (a-SMA) (Figure
2). This allows myofibroblasts to compact and arrange ECM components such as collagen types
I and Ill, and fibronectin. The secretion and compaction of ECM components leads to interstitial
and perivascular fibrosis of the ventricular walls, allowing for short-term adaptation to tissue

injury. 4852
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Figure 2: Cardiac fibroblasts to myofibroblast activation. Fibroblast to myofibroblast transition in the
heart in response to cardiomyocyte injury, proinflammatory cytokines, and systemic inflammation through
reactive oxygen species (ROS). Ang Il, angiotensin Il; Gal-3, galectin-3; MMP, matrix metalloproteinase;
TGF-B, transforming growth factor- 3; TIMP, tissue inhibitor of metalloproteinase; TNF-a, tumor necrosis
factor-a. Created with Bio-Render.com.

While necessary for initial survival, continued CF remodeling of the heart can lead to
negative effects. Chronic pressure overload of the heart increases ventricular wall stiffness, and
secretion of pro-fibrotic signaling factors resulting in a positive feedback loop of further
myofibroblast activation (Figure 2). Unlike myofibroblasts in other regions which undergo
apoptosis after healing is complete, cardiac myofibroblasts can persist in fibrotic areas, such as
the scar post-MI.%® Clinical studies have shown that in the failing heart TIMP activity is decreased,
while MMP activity is increased, pointing to an imbalance in the hearts ability to degrade
unnecessary collagens.>*°¢ Angiotensin Il (Angll), which is secreted by CFs, has been shown to
induce collagen synthesis, as well as decrease TIMP-1 and TIMP-2 in humans.%” Angll stimulation

causes the increased expression of TGF-f3, resulting in collagen | and Il secretion, and further



induction of the CF to myofibroblast transition.®® Additionally, myofibroblasts produce cytokines
(TNF-q, IL-1B, IL-6, TNF-B), vasoactive peptides, and growth factors (Angll, TN-1, ANP, BNP,
VEGEF), which can increase collagen synthesis in CFs, while also inducing cardiomyocyte
hypertrophy (Figure 2). The pathological responses of myofibroblasts results in a stiffer, non-
compliant myocardium that can lead to impaired cardiomyocyte contraction and hypertrophy

(Figure 1).

During HFrEF, cardiac fibrosis occurs primarily due to the loss of cardiomyocytes, where
myofibroblasts lay down ECM to fill the empty gaps left by cardiomyocytes death. This fibrosis
leads to the impairment of cardiomyocyte contraction transduction resulting in uncoordinated
contraction of cardiomyocyte bundles.®® Further disruption of the interactions between laminin,
which connect cardiomyocytes and capillaries, causes a further reduction in cardiomyocyte
mass.®® During HFpEF, excessive collagen deposition and a reduction in collagen Il results in a

stiffer, less compliant ventricular wall.5-62

1.3.3 Cardiac myocytes

Cardiomyocyte remodeling in HFpEF and HFrEF are driven by the amount of damage that
cardiomyocytes endure during the initial injury of the heart. During HFrEF, remodeling is driven
by cardiomyocyte damage and death, leading to an imbalance in the heart wall structure.’-2* This
death can be driven by ischemia, an inappropriate inflammatory response, and pressure
overload.®*-%¢ Increasing levels of circulating Troponin-T leads to a reduction in cardiomyocyte
mass, causing cardiomyocytes to become thinner and more elongated.'’~?! This results in
eccentric remodeling of the heart, with left ventricular dilation, but normal wall thickness (Figure
1). Increased stiffness of the heart walls due to interstitial fibrosis results in impaired
cardiomyocyte contraction.®® This results in a decrease in SV and a decrease in EF as
cardiomyocytes are unable to push blood out of the ventricles and into the systemic circulation as

the same rate.
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Conversely, under chronic injury to the heart, such as increase systolic blood pressure
during hypertension, the heart undergoes HFpEF first. As the LV walls become stiffer from
increasing interstitial fibrosis, cardiomyocytes lose their ability to relax properly. To normalize their
ability to contract cardiomyocytes add sarcomeres in parallel to increase their contractility, which
also results in increased cardiomyocyte thickness.®”%® This results in concentric hypertrophy,
where the heart wall thickens and ventricular chamber volume decreases (Figure 1). As
concentric remodeling continues, the heart can no longer fill properly due to the decrease
ventricular chamber volume and altered cardiomyocyte relaxation, resulting in diastolic heart

failure.
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1.4 Therapeutic shortcomings of hypertension

Two-thirds of all HF cases can be attributed to one of four underlying conditions: ischemic
heart disease, chronic obstructive pulmonary disease, hypertensive heart disease, or rhematic
heart disease.* Of these, HT remains the major preventable cause of cardiovascular disease.®
Treatment of adults with HT has centered around lowering blood pressure to less than 140/90
mmHg. However, new evidence from the Systolic Blood Pressure Intervention Trail suggests that
lowering SBP to less than 130 mmHg may be vital for patients who are high-risk, including those
with a history of cardiovascular disease and chronic kidney disease.®® Life style changes, in
combination with pharmacotherapy are the most commonly used method to treat hypertension.
The most modifiable lifestyle changes are obesity, high sodium intake, insufficient physical
activity, and excessive alcohol consumption. For patients eating a typical American diet, reduction
to intake of 2400mg of sodium per day shows benefits in reduction of blood pressure across a
wide range of patients.” This benefit is increased with a reduction of sodium intake to 1500mg

and 1000mg per day.

Therapeutics for high blood pressure fall into 3 categories: 1) Thiazide-type diuretics 2)
calcium channel blockers (CCBs) 3) angiotensin converting enzyme (ACE) inhibitors /
angiotensin Il receptor blockers (ARBs).”* For stage 1 hypertension (SBP between 140-159
mmHg), each of the first 3 classes are similarly effective in lowering BP in 30-50% of the general
adult population.”>™ However, initial monotherapy is unlikely to lower BP to the goal in patients
whose BPs are greater than 20/10 mmHg of their goal BP. When this occurs, in stage 2
hypertension (SBP = 160 mmHg), and in many cases of stage 1 hypertension, combination

therapy using 2 drugs is needed.”?"?

While the right combination of pharmacotherapy and lifestyle modifications can decrease

blood pressure, there are currently no treatments for the underlying interstitial fibrosis,
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cardiomyocyte hypertrophy, and additionally cellular changes that occurred during injury.
Additionally, lifestyle modifications may not be able to be made due to economic status,
underlying risk factors, and living environment. Therefore, there is a need to identify the cellular
process underlying the conditions leading to HT so that new therapeutic strategies can be

developed to treat the cause of HT, and not the underlying symptom of increased blood pressure.
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Chapter 2

Integrin Adhesions & Talin

2.1 Mechanotransduction between cells and the extracellular matrix
Mechanotransduction is the ability of cells to sense and transduce physical forces into
biomechanical signals and a cellular response.” In the heart, resident cardiomyocytes and
cardiac fibroblasts (CFs) are subjected to physical forces during normal cardiac function such as
membrane stretch, gain and loss of adhesion, and compression’. Mechanotransduction is vitally
important in the heart, as this process drives cardiomyocyte hypertrophy, CF migration, and
deposition of collagen in response to increased stiffness and stress on ventricular and atrial walls

during acute and prolonged injury.

Integrin adhesion complexes allow cells to transduce forces between the extracellular
environment and their cellular body. Integrin adhesion complexes require 4 components for their
formation: an extracellular matrix (ECM) ligand, a transmembrane integrin heterodimer, a
mechanosensitive protein (e.g., talin), and filamentous actin.”® Integrin adhesion complexes form
a variety of adhesions from small, transient nascent adhesions, to larger, more stable focal
adhesions that develop under high mechanical loads. Integrin adhesions can also form structures
such as protostomes and invadopodium that mediate matrix degradation and remodeling, as well

as fibrillar adhesions that mediate ECM assembly.”"="®

Integrin adhesions function in a bidirectional manner, resulting in ‘outside-in’ and ‘inside-
out’ signaling.t%-82 Outside-in signaling is a result of integrins binding the ECM leading to

intracellular signaling events that can influence a wide-range of cellular activities including
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migration, proliferation, gene expression, survival, and alterations in cellular morphology. Inside-
out signaling occurs when non-integrin cellular receptors modify integrin activation. This signaling
results in a change in integrin binding affinity and clustering on the cellular membrane, which has

been associated with chemical and mechanical signaling in cardiomyocytes and CFs.

2.1.1 Integrins

Integrins are heterodimeric transmembrane receptors that are comprised of an a and
subunit.®3#* Integrins binding to the ECM occurs in the extracellular domain of the integrin and is
modulated by binding of proteins to its intracellular portion.® Integrin activation occurs when talin,
a cytoskeletal linker molecule, binds the intracellular 8 subunit of the integrin, resulting in a change
in integrin affinity for the ligand.®®8” While integrins can be activated by numerous proteins, talin

is the cytoskeletal link common to all integrin adhesions.”®

Integrin expression is unigue to each cell type and can change based on developmental
stage and pathological state. In adult cardiomyocytes, a11, a5B1, and a7B1 are the most highly
expressed integrin heterodimers, and are the binding receptors for collagen, fibronectin, and
laminin, respectively.®® The B1 integrin subunit is unique as it has two differently spliced isoform,
B1A and B1D.8% The B1A isoform is expressed embryonically, while the B1D isoform is
expressed in adult cells, providing them with distinct, isoform-specific interactive properties with
the ECM and signaling molecules.®® Knockout studies have shown that integrin function in

cardiomyocytes is vital for preservation of normal heart function.%

In CFs there is redundancy in ECM binding partners, as CFs express a531 integrins which
bind both fibronectin and osteopontin. Additionally, CFs express avp1, avf3 and avf35, which bind
vitronectin, as well as fibronectin and osteopontin.8%39 Post-myocardial infarction,
myofibroblasts migrating to the site of injury had an upregulation of B1 integrins.®% This

upregulation of 1 integrins and integrin localization on the cellular membrane of CFs was also
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seen in a rat model of Angll-induced hypertension, as well as in in vivo stimulation of CFs with
Angll.®*° These data show that increased integrin activation and modulation in vital in the

response to injury in the heart.

2.1.2 Talin

The mechanotransdution of signals across integrin adhesions are facilitated by mechano-
effector proteins which bind integrins to the F-actin cytoskeleton of the cell. Talin is a key
mechano-effector protein for integrin-mediated adhesion to the ECM.%%1%1 Talin is a large 270kDa
cytosolic protein composed of an N-terminal FERM head domain, a flexible neck region, and a C-

terminal rod domain (Figure 3).

THD
(FERM domain) Rod domain
Vinculin, RIAM, DLC1
FO F1 ... ABS2 . /R8 DD
F2 e L L
o Ry R (s B -“ABS3
ABS1 T
Integrin (IBS1) Vinculin Kank Integrin (IBS2)

Figure 3: The talin protein. Talin-based molecular clutch mediates Mechanotransduction. Domain
organization of talin. The N-terminal talin head FERM domain that consists of FO,F1,F2 and F3 subunits
containing an integrin tail-binding site (IBS1). The talin rod domain contains 13 helix bundles (R1-13) which
contain a second IBS (IBS2) and two actin binding sites (ABS2, ABS3) as well as two critical vinculin binding
sites (VBS) in the R3 and R8 domains. The other VBS are not pictured. Reprinted with permission from ©
2016 Sun et al. Originally published in J Cell Biol.
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In the cytoplasm, talin adopts a closed, autoinhibited conformation.%2-1% Upon activation,
talin migrates to the cell membrane, where it activates integrins via its FERM domain by binding
the cytoplasmic B-tail of integrins on talins IBS1 site (Figure 3). This results in a conformational
change of the integrin receptor where binding of talin to the integrin B-tail disrupts the
autoinhibitory association between the integrins a- and B-tails, causing an increase in affinity for
ECM ligands (Figure 4).1%5-197 This triggers a series of intracellular events such as cell motility
and ECM adhesion. Deletion of talin resulted in cells that were unable to migrate or proliferate as
well as diminishing the structural integrity of FAs.1® Studies in in C. elegans, Drosophila, and
mice have demonstrated that talin is essential for integrin adhesion.'°%1! The fact that talin is
necessary for integrin activation is evolutionarily conserved suggests that talins are critical
mediators of cell-environmental interactions. Thus, understanding their functions during

environmental change is essential.
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Figure 4: Talin activation and the formation of focal adhesion complexes under increasing applied
force. Talin changes binding partners in response to force induced conformational changes. Force plays a
key role in driving the formation of FA.0-5pN: RIAM recruits autoinhibited talin to the plasma membrane in
a Rapl via synergistic binding of RIAM to the R2—-R3domains of talin. At the membrane talin autoinhibition
is relieved. Talin can then activate integrins.,5pN: Only when talin has engaged the integrins and also
captured the retrograde flow of actin is force exerted on talin. At,5 pN, the force of a single actomyosin
contraction, the R3 domain is destabilized, and this reduces RIAM binding whilst exposing the high affinity
VBS which then bind vinculin strengthening the adhesion. 5pN: With more vinculin cross-linking the
adhesion can withstand greater force exposing further VBS. 25pN: At sufficiently high forces vinculin is
displaced, resulting in unfolding of the VBS to a random coil. Reprinted with permission from 2014 Yao et
al. Originally published in Scientific Reports.

The rod domain of talin consists of 13 a-helical bundles (R1-R13) that connect to F-actin
directly through two actin-binding sites (ABS2 and ABS3), and indirectly through vinculin, and
other adapter molecules such as RIAM, DLC1, and Kank (Figure 3).1'? These connections
between ECM, integrin, talin, and actin allow for the transmission of cell generated contractile

forces and forces derived from externally applied strains.

When talin is under force, the a-helical bundles in the talin rod domain unfold. This allows
for new binding sites to be exposed and disrupts the binding of proteins to the folded state. For
example, RIAM binds to the R3 folded domain. However, under force unfolding of R3, vinculin is
recruited and binds to the unfolded R3 domain (Figure 4).11314 Vinculin also binds actin, causing

increased stability of talin in its unfolded state under higher forces. Each talin a-helical bundle
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operates as a mechanical switch and opens under different levels of tension. This allows for

complex, time-dependent responses to tension exerted across the integrin-actin complex.

Vinculin is the best characterized cytoskeletal linkage protein to talin and can bind to 11
vinculin binding sites throughout the talin rod.**> Binding of vinculin to talin stabilizes the rod
domain in its open state, even after tension is reduced (Figure 4).1'® This results in the force
necessary for talin refolding to be lower than the force needed for unfolding, allowing for
stabilization of talin in the unfolded state.''’ Vinculin also creates an additional links to F-actin
which allows for higher force transmission and increased stabilization of the unfolded talin rod

domain.18

Due to mechno-effector proteins playing a key role in the transmission of forces between
the ECM and the cells actin cytoskeleton, researchers have tried to parse talins specific
contributions to mechanotransdution in cells that are under force during normal and pathological

conditions.
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2.2 Talin in the body

In vertebrates there are two talin genes, TIn1 and TIn2, which encode very similar proteins
(74% amino acid sequence identity). TInl is ubiquitously expressed in adults, while TIn2
expression is dominant in the heart, brain, and skeletal muscle.®? While TIn1 and TIn2 play the
same role in cells, TIn2 has a stronger affinity for F-actin through its co-localization with 1D
integrins.'1*120 This allows TIn2 to make stronger bonds.*?* As such, cells that are under constant
forces, such as cardiomyocytes, have higher expression of TIn2 than TInl, which leads to the
unequal expression of TIn2 throughout different cell types. During development, TIn2 knockout
mice develop normally, and only incur a mild skeletal myopathy at 3 months of age due to a defect
in their myotendinous junctions (MTJs) in skeletal muscle.?? TIn1 knockout mice, however, are
embryonically lethal at E8.5-9 due to gastrulation defects.!!! This indicates that TInl is an

essential protein for development, and TIn2 cannot completely compensate for loss of TIn1.

In adult cells, TInl and TIn2 switching has shown that talins can partially compensate for
each other when one is removed. This was demonstrated in mouse skeletal muscle tissue where
knockdown of TIn2 in vivo resulted in successful assembly of integrin complexes at costameres
and MTJs.'2 However, with aging, defect in MTJs occurred. Likewise, when only TInl was
knockdown in mouse muscle cells, successful assembly of integrin complexes at costamere and
MTJs was seen, with MTJ defects occurring over time.*?* This shows that while talins can partially
offset each other, they cannot completely compensate. When TInl and TIn2 were both removed
from skeletal muscle, mice died shortly after birth, illustrating that talins are required for intact
integrin function during muscle development and growth.?® Interestingly, these mice had a
phenotype similar to B1-integrin KO mice, suggesting that removal of talin from skeletal muscle
also inhibited integrin functions. This is consistent with findings in vitro that knockdown of TIn1
and TIn2 in mouse fibroblasts resulted in cells unable to form integrin adhesions,**® and in

Drosophila where all of the adhesive functions of BPS (orthologous to 1) required talin to form.*°
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2.3 Talin in the heart

In the heart, talin has been primarily studied in cardiomyocytes, with a focus on talins role
in cardiac hypertrophy. During development, both TInl and TIn2 are highly expressed in
embryonic cardiomyocytes. However, TIn2 becomes the dominant form of adult cardiomyocytes
with minimal expression of TIn1.1%® In the adult mouse heart, TIn2 is localized to myocyte
costameres, where TIn2 colocalizes with 1D integrins, allowing cardiomyocytes to support the
high and constant forces that they must endure. This expression level is similar to human hearts,

with a slightly higher TIn1 expression in human cardiac muscle.!?

Under basal conditions, TIn2-null (TIn27) mice have normal cardiac structure and function
up to 12 months of age.*?” In these mice, a decrease in B1D integrins coincided with a two-fold
increase of TInl in the costameres of cardiomyocytes, illustrating that TIn1 can functionally
replace TIn2 in cardiomyocytes under basal conditions. This was also observed in a mouse model
of cardiomyocyte-specific deletion of TIn1 (TIn1™"). TIn1°™’" mice had normal basal cardiac
structure and function,'?® suggesting that TIn1 and TIn2 function in similar roles in cardiomyocytes,
and this is protectively redundant under basal conditions. However, during disease, loss of
cardiomyocyte TInl is beneficial, and blunts cardiac hypertrophy and interstitial fibrosis in
response to prolonged pressure overload of the heart, suggesting that during disease, TInl1 and

TIn2 play different roles in cardiomyocyte response to injury.

Under pressure overload of the mouse heart, TInl protein levels were increased in WT
mice 4-weeks post-transverse aortic constriction (TAC) in cardiomyocytes and whole heart tissue,
with no change in TIn2 expression.'? This is consistent with protein levels of TIn1 and TIn2 taken
from patients with end-stage, non-ischemic dilated cardiomyopathy (DCM) and suggests that TIn1
upregulation plays a key role in cardiomyocyte response to injury.?® When TAC was performed

on the TIn1°™" mice, ablation of TIn1 in cardiomyocytes resulted in a blunted response to TAC;
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with a decrease in HW/BW ratio, cardiomyocyte area, and a reduction in fibrosis.?® This showed
that cardiomyocyte TInl alters acute biomechanical signaling and offers an apparent beneficial
response to cardiac remodeling after pressure overload of the heart. When the TIn1™ mouse
was crossed with the global TIn2 null mouse (TIn2”; TIn1°™'), rapid cardiac dysfunction
occurred. TIn27;TIn1°™"-mice developed dilated cardiomyopathy with defects in integrin adhesion
complexes and abnormal costameres that resulted in death by 25 weeks of age, illustrating that
cardiomyocytes need a form of talin to respond to pressure-overload injury of the heart (Figure
5).127 While deletion of talins in cardiomyocytes has been evaluated, the effect of talin deletion in

CFs in unknow.
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Figure 5: Loss of TInl1 and TIn2 in cardiomyocytes leads to dilated cardiomyopathy. Histological (H&E
and trichrome staining) analysis showed cardiac dilation with fibrosis in 8-week-old male mice that were
TIn2-null, with TIn1 knockdown in cardiomyocytes as compared to TIn2 null mice. Reprinted with permission
from Manso, et al. Originally published in PNAS.
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Chapter 3

Mouse Models of Pressure Overload Injury to the Heart

Text for Chapter 3 was adapted from Noll NA, Lal H, Merryman WD. Mouse Models of Heart Failure with

Preserved or Reduced Ejection Fraction. The American Journal of Pathology, Vol. 190, No. 8, August 2020.

3.1 Introduction

Mouse models of heart failure (HF) have been utilized to improve our understanding of the
various aspects and etiologies of HF towards the goal of developing novel treatment strategies.
Mice are the most commonly used animal models in HF research, as they share the majority of
their genes with humans, and approximately 85% of the protein-coding regions to the human
genome.'?® Additionally, mice provide unique experimental advantages, such as the ability to
impose genetic alterations, short breeding cycles, and relatively low housing costs. Numerous
murine models of HF have been developed through a combination of genetic modifications,
administration of pharmacological compounds, and/or surgical approaches to recapitulate human
disease.?%13%0 Mouse models allow for the study of specific risk factors of and treatment strategies
for HF without some of the confounding effects of comorbidities seen in other animal models.
Over the last decade, a large increase in mouse models of HF has increased our knowledge of
both HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF),

many of which are highlighted in this chapter and summarized in Table 2.
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3.2 Mouse models of HFpEF

There are many different models of HFpEF. These models strive to recapitulate the
chronic disease progression and risk factors associated with the development of HFpEF, including
hypertension, obesity, diabetes, and gaining. Some of these models, if permitted to run long

enough, may also lead to the development of HFrEF.

3.2.1 Hypertension

Hypertension is one of the main underlying conditions that leads to HFrEF in humans.*23
Hypertension, which causes broad changes in inflammation and metabolism, can cause
myocardial stiffness and diastolic dysfunction.’® This is additionally exacerbated when
hypertension results in increased pressure in the left ventricle (LV), resulting in the expansion of
fibroblasts, hypertrophy of vascular smooth muscle cells, and pathological deposition of interstitial
collagen. This leads to increased myocardial wall stress, which causes LV hypertrophy in an
attempt to compensate for the increased pressure.'*? The most commonly used mouse model to
study hypertension-induced HFpEF is the administration of deoxycorticosterone acetate (DOCA)
while providing high-salt (1% NaCl) drinking water. This model causes increased sodium and
water reabsorption in the kidneys, leading to high blood pressure through a decrease in the renin-
to-aldosterone ratio. This model has also been shown to be mouse strain-dependent, as C57BL/6
mice are less susceptible to renal damage and hypertension than the 129/Sv strain3,
Additionally, renal impairment is more severe in males than in females'®**. The DOCA model
results in cardiac hypertrophy, ventricular fibrosis, upregulation of the hypertrophy markers atrial
and brain natriuretic peptides (NPPA, NPPB), and infiltration of inflammatory cells into the cardiac

tissuel®*,

Angiotensin Il (Ang 1) administration has also been used to induce hypertension and

chronic kidney disease in mice. Sustained elevation of Ang Il levels in the circulation results in
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Ang lI-mediated vasoconstriction, hypertension, aldosterone secretion, TGF-B-mediated fibrosis,
and inflammation - all of which contribute to the development of cardiac hypertrophy. This model
has contributed to many cardiovascular discoveries, including that sildenafil, an inhibitor of
PDES5A, improves LV performance, reduces adverse remodeling, and diminishes infiltration of
inflammatory cells during Ang ll-induced HFpEF.1% Additionally, the Ang Il model has been
combined with the DOCA salt and uninephrectomized models in an attempt to overcome the
resistance of C57BL/6 mice to chronic kidney disease (CKD) and hypertension

development!36:137,

3.2.2 Pulmonary hypertension

Diastolic dysfunction, as experienced in HFpEF, is the most frequent cause of pulmonary
hypertension (PH).*® PH is commonly found in deteriorating HFpEF, and is therefore closely
associated with worse outcomes and mortality in patients with HFpEF.*® During HFpEF,
chronically elevated filling pressure in the LV causes backward pressure in the pulmonary
arteries, resulting in vascular remodeling and increased pulmonary arterial pressure, pulmonary
vascular resistance, and right ventricular hypertrophy that are associated with PH.*° PH
exacerbates the LV diastolic dysfunction that is already occurring in the heart.!*! As a result,
mouse models of PH were developed to study how PH leads to increased diastolic dysfunction.
AKR/J, NON/shiLtJ, and WSB/EiJ mice, when placed on a high-fat diet for 20 weeks, develop
elevated right ventricular systolic pressure and LV end-diastolic pressure while having a
preserved EF.}*2 These findings illustrate that these mice develop biventricular hypertrophy,

HFpEF, and PH.

3.2.3 Type 2 diabetes
Cardiovascular complications are the leading cause of diabetes-related morbidity and
mortality.'*® Diabetes mellitus, or Type 2 diabetes (T2D), is non-insulin-dependent and results

from a combination of insulin resistance and B-cell secretory defects.'** Complications associated
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with T2D include increased coronary heart disease and accelerated atherosclerosis due to
associated risk factors of hypertension, obesity, and dyslipidemia'*®. Db/db and ob/ob mice are
the most commonly used T2D that are based on leptin-receptor deficiency or lack of functional
leptin, respectively.*® In both mouse models, circulating leptin is taken up in the hypothalamus,
causing an increase in appetite, body weight, and decreased energy expenditure. This results in
both models having severe, early onset obesity at four-weeks of age and the development of
hyperinsulinemia and T2D by 15 weeks.'*” Cardiac hypertrophy, increased LV mass and diastolic
dysfunction occur in these mice as myocardial oxygen consumption is increased, resulting in
decreased cardiac efficiency.4414814° Ob/ob mice experience contractile dysfunction; however,
db/db cardiomyopathies are more pronounced.**® The major disadvantage of the db/db and ob/ob
mouse models is that while there is a robust phenotype of T2D, there are potentially confounding
side effects from altered leptin signaling. In db/db mice, there is no altered tyrosine kinase
signaling changes in cardiomyocytes, a variation from decreased signaling seen in human muscle
tissue.’® In ob/ob mice, the innate and acquired immune response is repressed, potentially

resulting in an altered response to acute and chronic injury to the heart.5?

3.2.4 Type 1l diabetes

Type 1 diabetes (T1D) is defined by the National Institute of Diabetes, Digestive and
Kidney Disease as an autoimmune disease in which the immune system attacks and destroys
insulin-producing pancreatic B-cells, resulting in an absolute insulin deficiency.®® The autosomal
dominant mutant INS-gene is one known human genetic cause of T1D and serves as a
reproducible model of T1D in mice.'® The Akita mouse (Ins2*K@*") is heterozygous for the Ins2
gene mutation, wherein all males develop T1D after weaning age. At 5-6 weeks of age, the Akita
mice develop hyperglycemia (which is similar to humans who develop T1D between 15 and 25

years of age).'® At 12 weeks, these mice have an increase in the circulating HF markers NPPA
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and NPPB with diastolic dysfunction and a decrease in the radial strain occurring between 3 and

6 months.155156

To look at the acute onset of T1D in mice, Streptozotocin (STZ), which directly Kkills
pancreatic 3-cells, is administered, inducing chronic T1D. High doses of STZ can cause toxicity
outside of the pancreas, so a low continuous dose of STZ is recommended. The STZ mouse
model results in hyperglycemia seven to 14 days after the first injection.’®” STZ induces early
diastolic and vascular dysfunction, which is progressively exacerbated by the development of
diabetes, leading to systolic dysfunction and HFpEF, accompanied by abnormal patterns of mitral
valve inflow and pulmonary venous flow.'%1%° While the STZ model of T1D produces a robust
imitation of the disease, it does not capture the autoimmune aspect of the development of T1D in

humans.

Acute onset of T1D can also be studied without the use of toxins by using OVE26 mice.
OVE26 mice overexpress calmodulin in pancreatic (-cells, resulting in mice with diabetic
nephropathy and severe early onset of T1D during the first week of life. OVE26 mice can live for
one year with no insulin treatment and will maintain near-normal body weight.*® These mice
spontaneously develop diastolic dysfunction with an increase in end-systolic interventricular
septum thickness and end-systolic left ventricular posterior wall thickness. When treated with Ang
I, OVE26 mice have exacerbated cardiac hypertrophy, with an increase in LV mass and NPPA

expression. 16!

3.2.5 Obesity

Obesity is a complex chronic disease resulting from the accumulation of several
physiological changes over a long period of time and is associated with many other risk factors in
the development of HF (e.g. hypertension, diabetes, and psychosocial stress). In the lab, diet-

induced obesity in mice has been developed as the standard practice to probe the pathologic
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contributions of an imbalance of food intake, basal metabolism, and energy expenditure.5?
C57BL/6J mice on a high-fat diet closely parallel patterns of progression and metabolic
irregularities found in human obesity. After two weeks, C57BL/6 mice have decreased rates of
glucose oxidation and glycolysis, which further develops into obesity and T2D.%3 At 20 weeks, a
20 to 30% increase in body weight occurs alongside cardiac dysfunction, elevated filling
pressures, myocardial fibrosis, and exercise intolerance.®* This model was used to discover the
importance of Akt and mTOR signaling in obesity.'®® Physiosocial stress is recognized as an
independent risk factor for cardiovascular disease, and when it is added to a high-fat diet model
of obesity, cardiac dysfunction will occur.'®® This model results in prominent interstitial fibrosis,
apoptosis of CMs, remodeling of the larger coronary branches, and augmented oxidative stress

in the LV.166

3.2.6 Aging

HF is disproportionately distributed among the elderly, as over half of all patients
hospitalized with HF are over the age of 75, with 50% presenting with diastolic dysfunction.¢” The
senescence-accelerated prone (SAM) mouse, derived from inbreeding AKR/J mice, recapitulates
many common geriatric disorders evident in elderly human populations.'®® The SAM model is
comprised of both a senescence-prone (SAMP) and senescence-resistant (SAMPR) control
strain. The SAM strains are the best-studied strains regarding HFpEF, as they result in age-
dependent diastolic dysfunction in the absence of systolic dysfunction. Additionally, there is an
increase in pathological fibrosis and the production of the pro-fibrotic cytokines TGF-$ and

connective tissue growth factor.1
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3.3 Advantages and disadvantages of HFpEF models

HFpEF results from systemic underlying conditions that cause diastolic dysfunction to
develop overtime with the progression of the principle disease. To study HFpEF, mouse models
aim to accurately recapitulate the risk factors of HFpEF, which include hypertension, obesity,
diabetes, and aging. In hypertension-induced HFpEF mouse models, DOCA and Ang I
administration both cause systemic changes to the cardiovascular system with increased blood
pressure through the renin-aldosterone pathways. This makes DOCA and Ang |l advantageous
models for looking at HFpEF progression due to there being no direct insult on the heart. However,
both DOCA and Ang Il have effects on the kidneys, leading to CKD, which could cause additional

changes to the heart outside the scope of just hypertension.

These potential off-target effects are additionally seen in the T2D models of db/db and
ob/ob mice. Altered leptin signaling in these mice is also seen in addition to changes in tyrosine
kinase and immune signaling, respectively, to humans with T2D.!%0152 Additionally, in both the
ob/ob and db/db models of T2D there is a reverse lipid profile as compared to humans, high HDL,
low LDL, which results in high clearance of lipoprotein which keeps atherosclerosis from
developing spontaneously, as seen in humans with T2D.'7° Altered signaling in other
tissues/organs is not an issue in T1D-induced HFpEF mouse models, as the pancreatic B-cells in
the Akita, STZ, and OVE26 mice are destroyed. The advantages of using the Akita mice and
OVEZ26 mice are that they develop T1D due to genetic mutations. The Akita mouse develops T1D
at 5-6 weeks of age, which is equivalent to humans who developed T1D between 15 and 25 years
of age and will survive with insulin treatment until HFpEF occurs. OVE26 mice develop T1D after
the first week of life, making it a good model of childhood T1D. Additionally, they can be aged for
a year without insulin treatment, allowing them to be a model of T1D-induced HFpEF with
untreated T1D. The advantage of using STZ toxin to induce the onset of T1D and HFpEF is that

it can be given when the mice are at a specific age, allowing researchers to study T1D-induced
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HFpEF when T1D occurs at multiple ages. However, too high a dose of STZ has off-target effects
and can cause toxicity outside of the pancreas due to STZ being a potent alkylating agent. These
effects include direct and indirect immunosuppressive effect through toxicity on lymphocytes and

B cells, as well as toxicity to the kidney, liver and brain.'"*

Obesity and aging models of HFpEF develop diastolic dysfunction over time without
directly causing the initiation of any of the other precursors of HFpEF. This is advantageous
because there is no direct insult to the mouse’s system through the ablation of a particular cellular
population or injecting a toxin systemically. However, this means the mice could develop multiple
risk factors for HFpEF, such as hypertension and diabetes, and the individual contribution of each
risk factor to HFpEF may be hard to parse out, as each animal may not develop the same

underlying conditions.

Additional spontaneously developed insults, such as myocardial infarction, in all models
of HFpEF can cause further cardiovascular remodeling. In such instances, this can drive
extracellular matrix deposition, LV wall thinning, and additional hypertrophy, resulting in systolic
dysfunction and HFrEF (Figure 1). Therefore, it is suggested that echocardiographic analysis of
all mice should be performed during HFpEF studies to monitor diastolic dysfunction and any

potential systolic dysfunction occurring.

A key limitation of all the above preclinical HFpEF models is that they largely reflect a
temporary stage of ejection fraction maintenance during the initial trajectory of the disease and
ultimately leads to the HFrEF phenotype. A transition from HFpEF to HFrEF is not typical of all
human etiologies. Thus, these animal models of HFpEF fail to accurately recapitulate all the
HFpEF phenotypes observed in humans. Overall, the attempts to developing novel and relevant
animal models of HFpEF have been disappointing. This has seriously hampered our mechanistic

understanding of the fundamental biology of HFpEF. In humans, HFrEF cardiomyocytes are
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characterized as a systolic deficit, compromised contractile potential, with depleted Ca?* reserves,
whereas these characteristics are not featured in the HFpEF cardiomyocytes. Unfortunately, the
current preclinical models of HFpEF have not yet facilitated the discovery of fundamentally
different biology of cardiomyocytes or other cell types in the heart specific to HFpEF. The
emergence of patient-specific HIPSC-derived cardiomyocyte and fibroblast model system have
brought new hope. Functional studies with HFpEF patient-derived HiPSC-induced
cardiomyocytes or bioengineered microtissues from them have the potential to revolutionize the
fundamental research of HFpEF biology, including bioengineered tissue patches from HFpEF
patients can display a phenotype of relaxation defects, diastolic dysfunction, with maintained
contractility.1">1" However, as of now, the field of HIPSC-derived cardiomyocyte biology is facing
challenges of relatively immature cardiomyocytes, and difficulty in maintaining a differentiated
phenotype for long-term studies. Therefore, even though this model system has enormous

potential, only time will tell if it can accurately mimic the HFpEF phenotype.
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3.4 Mouse models of HFrEF

The following sections discuss mouse models that routinely result in HFrEF (Table 2). Some
of these models initially cause HFpEF, with the eventual development of systolic dysfunction

indicative of HFrEF.

3.4.1 Left ventricular pressure overload

Hypertension is the single most important risk factor for the development of HFrEF in the
United States.?* To study HFrEF induced by chronic pressure overload of the LV, various surgical
approaches have been developed to mimic the adaptations associated with hypertension in
patients. Rockman et al. first described the transverse aortic constriction (TAC) method, and this
is currently the most prevalent method of studying LV pressure overload-induced HF.1"* TAC
causes an increase in LV afterload, resulting in concentric hypertrophy, interstitial fibrosis, and
increasing LV stiffness, eventually leading to systolic failure.24#1741’> The severity of the TAC
procedure is assessed by measurement of pulsed wave Doppler images of the aortic arch and
comparing these to sham animals.?”® The TAC model has allowed for the discovery of many
underlying causes of HF, including that NOS3” augments LV remodeling.*”” However, the TAC
procedure is not without its drawbacks, as it is highly operator-dependent, has poor
reproducibility, and is technically demanding, which can lead to variable degrees of aortic
constriction. The hypertrophic response to TAC and the progression to HF depend on the sex,
weight, age, and genetic background of the mice. This is exemplified by C57BL/6J mice
developing HFrEF, with a similar expression pattern to human dilated cardiomyopathy, more
readily post-TAC than 129/Sv mice.’® Additionally, the range of mortality of TAC varies between

studies as much as 6 to 45% when a large TAC is induced.76178.179

More recently, a modified TAC technique, the double loop-clip technique, was developed

to decrease variability during the surgical procedure. Merino et al. measured the mid-aortic arch’s
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luminal diameter during pre-surgery echocardiography to calculate the inter-knot span of the
suture for the modified double loop-clip technique. This allowed for the customization of the
constriction to the mouse somatometry.'® This new procedure results in a far more accurate,
reproducible stenosis that decreases mouse mortality and increases the homogeneity of structural

and molecular features post-aortic constriction.&

3.4.2 Ischemic injury

Coronary artery ligation is the most common mouse model used to mimic myocardial
infarction (MI).18 Ligation of the left anterior descending (LAD) artery results in HF, with HFrEF
developing by 6 weeks post-infarction. Myocyte death and ECM deposition leading to a
collagenous scar can be assessed by Evans blue and TTC (2,3/5-triphenyltetrzolium chloride)
double staining, where the typical infarct area is between 50 and 60% of the total LV wall
area.l’>82 This results in thinning and dilation of the infarcted area, causing reactive hypertrophy
and fibrosis in the non-affected myocardium and eventual LV dilation and impaired systolic
function. 183184 Additionally, PH develops in these mice, with severity proportional to the size of the
infarct.'® While coronary artery ligation is a reliable model to induce tissue damage that leads to
HFrEF, it does not reflect the development of HF in patients, as the underlying factors that cause
MI in humans - coronary artery disease, atherosclerosis, thrombus formation and hypertension -

do not exist in this model.

Ischemia/reperfusion (IR) injury during Ml is a major cause of morbidity and mortality of
patients with HF.18¢ IR injury in the heart results in cardiac remodeling and fibrosis, resulting in
HFrEF. In mice, IR injury is simulated by temporarily occluding the LAD to produce transient
ischemia to the LV.'®" This procedure results in a smaller injury than is achieved by coronary
artery ligation.*®® Furthermore, the IR mouse model closely parallels the clinical scenario where

reperfusion of the occluded vessel occurs during coronary angiography after an acute Ml.
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3.4.3 Other surgical models

Increasing clinical evidence has shown that ischemic heart disease and accompanying
hypertension result in additional risk factors for developing HFrEF.1%” Previously studied in dogs
and rats, a mouse model has been developed where a moderate TAC is performed on mice
followed by a small MI (myocardial injury is less than 25% of infarct size).'® In this model, LV
remodeling post-Ml is exaggerated due to increased wall stresses from the induced hypertension.
This leads to progressive LV dilation, interstitial fibrosis, and an increase in LV mass 28 days
following the procedures. This model more accurately models the comorbidities of arterial

hypertension and ischemic heart disease than TAC or Ml alone.

Pulmonary aortic banding (PAB) in mice mimics PH and pulmonary stenosis in humans
and is used as a model of right ventricular hypertrophy and HF in mice.”* PAB results in
concentric hypertrophy, increased heart weight, and myocardial fibrosis 8 weeks post-injury.1®

The severity of the PAB correlates with the progression of cardiac dysfunction and mortality. %!

Chronic kidney disease (CKD) is often a common underlying cause of HFrEF due to
increased hypertension and other cardiopulmonary dysregulation associated with impaired kidney
function. In a study of the Acute Decompensated Heart Failure National Registry, 60% of the
patients studied had CKD.*? Considering this data, CKD mouse models are being used to study
the effects of CKD on myocardial dysfunction during HF. Common models of CKD, such as Angll
administration, salt loading, and uninephrectomy result in HFrEF with systolic dysfunction,
pulmonary congestion, cardiomyocyte hypertrophy, and an increase in fibrosis 6 weeks post-

injury. 13

3.4.4 Pharmacological models of HFrEF
Toxin-induced HF models have been increasingly used to study the underlying causes of

HFrEF, including chemotoxicity, hypertension, renal injury, and liver injury.’®*-1% These models
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aim to induce a systemic injury to the mouse instead of specifically targeting the cardiovascular
system. This section will summarize the mechanisms of action, cardiovascular effects, and

disadvantages associated with several commonly used toxin-induced models of HF.

Chronic adrenergic stimulation is a hallmark of chronic HF.1®" In order to isolate this
stimulation, isoproterenol (ISO), a nonselective B-adrenergic agonist, is administered to mice
using an implanted osmotic pump or continuous injections. Echocardiography illustrates cardiac
hypertrophy, dilation, and ventricular dysfunction develop after 3 weeks of continuous ISO
administration.'®* 1SO additionally causes cardiomyocyte apoptosis, leading to a decreased
ability of the ventricle to contract.®* Mice of different genetic backgrounds have varying increases
in LV mass, hypertrophy, and dilation, as well as variable decreases in ejection fraction,
suggesting that dosing of ISO must be matched to the genetic background of the mice being

used.1%8

Phenylephrine is an a-adrenergic agonist that causes vasoconstriction, resulting in an
increase in afterload and a decrease in ventricular function. When given in mouse models,
phenylephrine causes myocardial hypertrophy of the LV, increased LV weight, systolic
dysfunction, and increased expression of HF markers NPPA and NPPB.*° When Ang II, another
potent vasoconstrictive hormone, is given as a subcutaneous infusion over 14 days, mice develop
hypertension, vascular inflammation, and fibrosis.?®® Phenylephrine and Ang Il have also been
given in conjunction to increase total vasoconstriction in the cardiovascular system and
exacerbate HFrEF. The main drawback of adrenergic and Ang ll-induced HFrEF is that they only

recapitulate one component of the disease.

Alcohol is one of the most abused substances in the United States. While its effects on
liver injury have been studied in-depth, there is a smaller amount of research looking at the

secondary development of alcohol-induced cardiotoxicity. Injection of ethanol into mice has been

35



developed as a model of alcohol-induced cardiac disease.?’® This method results in reduced
cardiac contractility, enlarged cardiomyocytes, myocyte apoptosis, and mitochondrial damage.
These were also all increased with overexpression of alcohol dehydrogenase transgene in mice

with a decreased LV diastolic pressure.'®

Doxorubicin (DOX) is a widely used chemotherapeutic agent used as a treatment for many
cancers (e.g. breast, ovary, thyroid, and bone tumors).?> Dose-dependent DOX-induced
cardiotoxicity has been noted in these patients a short time after treatment.2°® Mice differing in
sex, age, or genetic background react differently to DOX administration, but all experienced some
degree of cardiac injury that worsened over time, even after DOX treatment was halted.%:204
Chronic DOX-toxicity in these mice presents with interstitial fibrosis, pervasive fibril atrophy and
disorganization, collagen remodeling, and dense infiltration of macrophages and myofibroblasts
most commonly observed in the atria as atrial lesions.**® These mice additionally suffer from toxic
side effects in their bone marrow and gastrointestinal systems, making this model less than ideal

for the investigation of immunologic impacts on HF.

3.4.5 Genetic models

Transgenic mouse models have become the norm when investigating the impact of
specific genes on cellular and molecular pathways during HF. The two most popular methods to
generate whole-body gene deletions and conditional knockouts are the Cre/loxP and
Flippase/FRT-mediated recombination methods. These methods combine Cre/loxP or
Flippase/FRT with a specific promoter (e.g. Postn) that is unique to a target cardiac cell type.*°
These models have been useful in studying the various underlying causes of dilated
cardiomyopathy (DCM), which can lead to HFrEF. DCM is the leading cause of HF and has been
linked to mutations in more than 40 different genes. These mutated genes can be grouped broadly

into four categories: nuclear envelope, sarcomere, cytoskeletal and other proteins.?% This section
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will discuss an example of commonly used genetic models of dilated and hypertrophic

cardiomyopathy.

The LINC complex is composed of proteins that interact with the nuclear envelope that
form the physical link between the cytoskeleton and the interior of the nucleus. Many diseases
have been associate with mutation in LINC complex proteins, including nesprin-1 and nesprin-2,
which lead to X-linked Emery-Dreifuss muscular dystrophy and cardiomyopathy. 2°°A/AKASH
mice are homozygous for a nesprin-1 allele but lack the KASH domain, and instead have an
alternative sequence that is not homologous to any known protein domain.?’ At 52 weeks of age,
A/AKASH mice exhibited longer P duration, an elongated QRS duration, and an increased atrial
effective refectory period, which indicates the development of conduction defects.?%® Additionally,
fractional shortening at 52 weeks is decreased, indicating HFrEF. This mimics systolic dysfunction

seen in patients with DCM with conduction system defects.

Another genetic model interferes with myosin binding protein-C (MYBPC), a thick filament
accessory protein that is present in sarcomeres. Mutations in this protein result in 20% to 30% of
all mutations in familial hypertrophic cardiomyopathy.?®® Mybpc3” mice exhibited significant
cardiac hypertrophy with interstitial fibrosis at eight weeks of age, along with systolic dysfunction.
Impaired contractile function was also exhibited in these mice, as myocytes had increased Ca?*

sensitivity of tension.2%®
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3.5 Advantages and disadvantages of HFrEF models

Mouse models of HFrEF provide several advantages and disadvantages to researchers.
Surgical models, such as TAC and Ml, are technically demanding, can be very hard to reproduce,
and have a large degree in variability in the injury that occurs.?!° However, with new alteration to
past techniques, such as the double loop-clip technique to the TAC surgery, the reproducibility of
consistent injury severity is increased. Surgical models of HFrEF work by creating an acute injury
to the heart either directly, as in Ml and IR, or indirectly, TAC. As a result, the systemic factors
associated with chronic disease leading to HFrEF are not recapitulated in these surgical models.
However, these mouse models do allow for study of fibrotic and hypertrophic remodeling that are
a direct response to the acute cardiac injury. These models have been used in studies such as
those involving Xinji'erkang (XJEK), a medication used clinically to treat coronary heart disease
and myocarditis, to show XJEK has a cardioprotective effect following MI in mice by reducing

oxidative stress and improving endothelial dysfunction.?'?

DOX, alcohol, and Ang II, toxin-induced models of HFrEF, cause a systemic injury that
leads to the development of HFrEF. These models are advantageous in that they cause the mice
to develop one of the underlying conditions that lead to HF, namely hypertensive heart disease.
They allow for the accurate study of disease progression and are more representative of the
development of HFrEF in humans. This was demonstrated recently, where blocking toll-like
receptor 2 (TLR2) was identified as a potential therapeutic strategy for the treatment of DOX-
induced DCM. TLR2 isotype-matched IgG Ab administration resulted in reduced mortality,
decreased cardiac dysfunction by 13%, and diminished cardiac fibrosis.?** While systemic injury
allows for targeting of the underlying cause of HFrEF, this introduces many variables into these
studies that can result in confounding data. ISO and phenylephrine are more specific and act as
adrenergic agonists, limiting some of the off-target cardiovascular injuries while still allowing for

the study of HF progression.
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With an increase in genetic testing and knowledge of genetic mutations that result in HF,
genetic mouse models are an ideal way to study these diseases and their resulting pathologies.
By creating models of known cardiomyopathies due to genetic mutations, such as nesprin-1 and
MYBPC, researchers can more easily explore altered protein expression and molecular pathways
to discover potential new mechanisms of action and treatment strategies. Additionally, Cre/loxP
and Flippase/FRT systems can be used to study the knockout or overexpression of proteins in
specific cell types. In conjunction with surgical or toxin-induced models of HFrEF, the Cre/loxP
system has allowed for the study of cardiac fibroblasts and the immune system in fibrotic
remodeling during HFrEF post-MI. The Cre/loxP model has been used to selectively knockout
GSK-3B in CFs, resulting in CFs adopting a myofibroblast phenotype and mice developing LV

dysfunction and fibrosis post-MI.2*2

While mouse models have allowed for advancement in the study of HF, they have
limitations. Mice are inbred, resulting in little heterogeneity, which does not reflect the vast genetic
diversity seen in humans. Additionally, most mouse studies of HF are performed in male
adolescent mice. Since HF disproportionately affects the elderly, changes in the cardiovascular

system due to aging are not recapitulated in these models.

39



3.6 Discussion

In summary, the mouse models of HFrEF are well established and characterized, however,
the ideal HFpEF animal model is yet to be developed and optimized. Nonetheless, mouse models
of HFpEF and HFrEF are effective tools for researchers investigating novel pathologies and
therapies in HF. These models mimic various aspects of the underlying conditions that cause
HFpEF and HFrEF to help decipher numerous underlying contributing mechanisms of the
disease. While several limitations of these mouse models warrant the interpretation of the results
of the studies performed with caution, mouse models of HFpEF and HFrEF have advanced our
understanding of the pathogenesis of HF. Based on advancements in gene editing, numerous
transgenic mouse models will further advance our knowledge in this area in the near future. These
models in combination with surgical and toxin-induced models of HFpEF and HFrEF will continue
to facilitate the identification of new targets and development of novel treatment strategies for

HFpEF and HFrEF patients.
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Table 2: Mouse models used to induce HFpEF or HFrEF

Type of
HF
Model

Model

Stimuli

Advantages

Disadvantages

Selected
References

HFpEF

Hypertension

DOCA

Reliable model of
hypertension

Non-specific side
effects such as
the development
of chronic kidney
disease

133,134

Angll

Reliable model of
hypertension

Non-specific side
effects such as
the development
of chronic kidney
disease

135

DOCA + Angll +
uninephrectomy

Allows for
hypertension
development in
C57/Bl/6 mice

136,137

Pulmonary
Hypertension

High-fat-diet

Mimics right
ventricular HF

Models an
exasperator of
HFpEF and not
an initial stimulus
of disease

142

Type 2 Diabetes

db/db mouse

Reliable model of
T2D

Time-dependent
progression of
HF phenotype,
altered leptin
signaling

146,148-151

ob/ob mouse

Reliable model of
T2D

Time-dependent
progression of
HF phenotype,
altered leptin
signaling

146,148-151

Type 1 Diabetes

Mimics time of

Time-dependent

Akita mouse T1D development | progression of 155,156
in humans HF phenotype
Toxicity to
pancreas if dosed
. to high, does not
STZ Reliable model of model 157-159

T1D

autoimmune
aspect of the
disease

OVE26 mouse

Mimics acute
onset of T1D in
children

Time-dependent
progression of
HF phenotype

160,161

Obesity

High-fat diet

Mimics metabolic
abnormalities
found in humans

HF takes 20
weeks to develop

162-165

High-fat diet +
physiological
stress

Mimics metabolic
abnormalities
found in humans

HF takes 16
weeks to develop

166
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Allows for studying

May have non-

HFrEF

Aging SAMP/SAMPR | aging-induced specific effects 168,160
mice HFpEF on a on the mouse
shorter timeline during aging
. Technically
TAC Reliable model of demanding 175177213
hypertrophy suroer
LV Pressure Easier surgery =
Overload TAC-double where degree of

loop technique

hypertension is
more reproducible

180

Reliable model of

Does no reflect
cardiovascular

i i 181-185
LAD ligation ischemic injury disease leading
L to Ml
Ischemic Injury
Does no reflect
Smaller more ;
IR consistent injury cgrdlovasculgr 187,188
than LAD disease leading
to Ml
Comorbidities of Does no reflect
LV Pressure pressure overload -
TAC + LAD : . cardiovascular 189
Overload + o and ischemic . .
. ligation . disease leading
Ischemic Injury heart disease
to Ml
modeled
Volume Overload PAB RV hypertrophy 174,190,191
Models an .
C Angll + salt . Time dependent
Chronic Kidney loading + underlying of HF progression of 103

Disease

uninephrectomy

without injury to
the heart

HF phenotype

Reliable inducer of

Chronic
adrenergic
stimulation is only

Isoproterenol cardiac one contributing 194,198
hypertrophy factor to the
development of
HF
Chronic
adrenergic
Hypertension Reliable inducer of | stimulation is only
Phenylephrine cardiac one contributing 199
hypertrophy factor to the
development of
HF
Non-specific side
Reliable inducer of | effects such as
Angll cardiac the development 200
hypertrophy of chronic kidney
disease
. Non-specific side
Alcohol Lr;(ig%e; d(;la;fﬁ effects such as 195,204
yopathy liver toxicity
Cardiotoxicity Chronic toxicity of
DOX Induces dilated bone marrow and 196,204

cardiomyopathy

gastrointestinal
system
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Cardiomyopathies

Time dependent

A/A KASH Induces _
mouse cardiomvopath progression of 207,208
yopathy HF phenotype
Time dependent
Induces

Mybpc3 mouse

cardiomyopathy

progression of
HF phenotype

209

HF, heart failure; DOCA, deoxycorticosterone acetate; Angll, angiotensin Il; T2D, type 2 diabetes; T1D, type
1 diabetes; STZ, Streptozotocin; TAC, transverse aortic constriction; LAD, left anterior descending artery; M,

myocardial infarction; IR, ischemia/reperfusion; PAB, pulmonary aortic banding; DOX, Doxorubicin.
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Chapter 4

Loss of TInl in Myofibroblasts During Pressure-Overload Induced

HFpEF Results in Augmented Cardiac Hypertrophy

4.1 Introduction

Adverse myocardial remodeling in response to pressure overload is a leading cause of
heart failure.*#%2* The two principal components of myocardial remodeling in the context of
pressure overload are cardiac hypertrophy and interstitial fibrosis.*®24 These adaptations cause
the heart to initially normalize LV wall stress and maintain cardiac output.?'>?'® However, as
remodeling continues, interstitial fibrosis causes a stiffening of the heart walls leading to impaired
cardiomyocyte contraction and heart failure. Hypertension is the single most important risk factor
for the development of HFrEF in the United States.?* To study HFrEF induced by chronic pressure
overload of the LV, various surgical approaches have been developed to mimic the adaptations
associated with hypertension in patients. One of the most common is transverse aortic
constriction (TAC). TAC results in increased LV afterload, resulting in concentric hypertrophy,

interstitial fibrosis, increasing LV stiffness, and systolic failure.?!’

Cardiac fibrosis is a key feature of the remodeling response and is defined by the
accumulation of excessive amounts of ECM proteins, such as collagen and fibronectin.* Fibrotic
remodeling is driven by the phenotypic shift of cardiac fibroblasts (CFs) in the ventricular wall into
activated myofibroblasts. Myofibroblasts are marked by their expression of alpha smooth muscle

actin (a-SMA), and periostin (Postn).?'8 Myofibroblasts secrete and compact ECM components
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such as collagen types | and Ill as they become contractile, allowing for short-term adaptation to
tissue injury.48-51219220 These changes result in increasing ECM stiffness during pathological
remodeling, which is transmitted to CFs by their focal adhesions. During prolonged pressure
overload, increased ECM stiffness results in a positive feedback loop whereby CFs continue to
differentiate into myofibroblasts, creating a stiff, non-compliant myocardium. These changes lead

to impaired cardiomyocyte contraction, cardiac dysfunction, and heart failure. 1145221

Focal adhesions are protein complexes which link the cytoskeleton of CFs with the ECM
via integrin receptors on the cellular membrane and mechanosensitive proteins. Integrins, through
activation of their cytoplasmic tails, bind to actin via mechanosensitive proteins, including talin,
vinculin, and a-actinin.®8222 As ECM rigidity increases, outside-in signaling through focal
adhesions causes stress fibers within CFs to form (expression of actin fibers and a-SMA instead
of depolymerized G-actin) as more mechanosensitive proteins are recruited to focal adhesions
and these stress fibers allow CFs to contract.??® This contractility is transmitted to the ECM
through inside-out signaling through focal adhesions and allows CFs to compact the ECM leading

to more defined and rigid ECM in the heart.8-82

Talins are a family of large, dimeric, cytoskeletal proteins that link the actin cytoskeleton
via connections to the cytoplasmic domain of the integrin B subunit.??422° The two talin genes of
vertebrates, TInl and TIn2, encode very similar proteins with 74% amino acid sequence
identity.??® In the adult heart, TIn1 and TIn2 are both highly expressed in CFs, while
cardiomyocytes express TIn2 predominantly.'?® TIn2 has a stronger affinity for F-actin, allowing it
to make stronger bonds than TInl and, therefore, is expressed highly in cells under constant
forces, such as cardiomyocytes.'?* Under pressure overload of the heart, TIn1 protein levels were
increased 4-weeks post-TAC in CMs and whole heart tissue, with no change in TIn2
expression.?® This is consistent with protein levels of TIn1 and TIn2 taken from patients with end-

stage, non-ischemic dilated cardiomyopathy (DCM), and suggests that TIn1 upregulation plays a
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key response in CM response to injury.'?® While deletion of talins in cardiomyocytes has been

evaluated, the effect of talin deletion in CFs in unknown.

Here, we describe the effects of TAC-induced pressure overload on the hypertrophic and
fibrotic response when TInl is deleted from myofibroblasts. Additionally, we use siRNA to
knockdown TInl in vitro in myofibroblasts to characterize the morphological changes in

myofibroblasts when TInl is removed.

4.2 Methods

Mice

All animal protocols were approved by the Institutional Animal Care and Use Committee
at Vanderbilt University. TIn1 myofibroblast-specific knockout mice were created by crossing the
TIn1fo¥flox mice, provided by Dr. Roy Zent (Vanderbilt University Medical Center), with the Postn-
Cre mice, provided by Dr. Jeffery Molkentin (Cincinnati Children’s Hospital).*° All mice were
crossed with the Rosa26-stop-tdTomato reporter mice (Jackson Laboratory, Stock No. 007914)
to visually verify Cre activation (Figure 6).22 For brevity, these mice will be referred to as TIn1VF-

mice. The sequences for the genotyping primers are listed in Table 3.
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Brightfield

Td-Tomato

Figure 6: Postn-Cre activation after TAC. Pictures of WT and TIn1MF- hearts and carotid arteries under
brightfield and Td-Tomato filters 6 weeks post-TAC.

Gene Primer Name Primer Sequence
Talint Primer A AAGCAGGAACAAAAGTAGGTCTCC
Primer B GCATCGTCTTCACCACATTCC
Postn Primer A TCTGTAAGGCCATCGCAAGCT
Postn Cre |Mutant Primater A GGTGGGACATTTGAGTTGCT
Primer B AATAAGTAAAACAGCTCCCCT
WT Primer A AAGGGAGCTGCAGTGGAGTA
TdTomato WT Primer B CCGAAAATCTGTGGGAAGTC
Homozygous Primer A |GGCATTAAAGCAGCGTATCC
Homozygous Primer B |CTGTTCCTGTACGGCATGG

Table 3: Primers used for genotyping.
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Animal Studies — Transverse aortic constriction

All mice were started on tamoxifen chow at 8-weeks of age and were given
tamoxifen chow throughout the duration of the experiment. Transverse aortic constriction (TAC)
was induced in 10-week-old mice (Figure 7).228 Briefly, mice were anesthetized with a single
intraperitoneal injection of a mixture of ketamine and xylazine. Following a 3-4 mm upper partial
sternotomy, a 6/0 silk suture is threaded through the eye of a ligation aid was passed under the
aortic arch and tied over a blunted 27-guage needle. Sham-operated animals underwent the same
surgical preparation but without aortic arch constriction. The success of TAC surgery can be seen
by a decrease in peak left ventricular outflow tract velocity time integral (LVOT VTI) and

hypertrophy of the tied carotid artery.

f\ Tamoxifen

Chow Echocardiograph

8 weeks | €&

10 weeks
16 weeks

TIn1 M-

Figure 7: Experimental approach of TAC injury. 8-week-old WT and TIn1MF" mice were given tamoxifen
chow 2 weeks prior to injury and kept on tamoxifen chow throughout the experiment. At 10-weeks of age
transverse aortic constriction (TAC) or sham surgery was performed. 6-weeks later echocardiography was
performed, and mice were euthanized.
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Euthanasia

Mice were either euthanized with CO; exposure in accordance with Vanderbilt University

Medical Center’s Division of Animal Care Guidelines. Littermates were used and treatment groups

were distributed throughout cages and litters.

Echocardiography

Blinded echocardiographic measurements were taken from short-axis cardiac M-mode

images captured at mid-papillary level of non-anesthetized mice on a Vevo2100 small-animal

ultrasound system (VisualSonics). Three independent measurements were analyzed per mouse

for each timepoint.

Quantitative Polymerase Chain Reaction

Quantitative PCR (qPCR) was performed on flash frozen LV tissue dissected from

experimental mice. The sequences for the primers used are listed in Figure 4. Gene expression

was compared to the housekeeping gene Gapdh.

Gene Forward Reverse

Gapdh |ATGTTCCAGTATGACTCCACTCACG |GAAGACACCAGTAGACTCCACGACA
a-SMA |[CACCCAGGGCCAGAGTCA TCTCGTCTTCGTCGCACATG

Nppa |CCATATTGGAGCAAATCCTGTGT CAGGTTCTTGAAATCCATCAGATCT
Tin1 GGCCCTCCCAACGACTTT AGCCTCTAGCCAGATGCCTTT

Fn1 CTTTGGCAGTGGTCATTTCAG ATTCTCCCTTTCCATTCCCG

Table 4: Primers used for gPCR.
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Histology

Upon euthanasia, hearts were perfused with PBS-/-, excised, and submerged in 3M
potassium chloride to arrest hearts in diastole. Hearts were bisected along the transverse plane
of the heart. Tissue was frozen and cryosectioned at 7 pum thickness. Picrosirius red staining
(PSR) (Fisher Scientific #50-300-77) was used to identify ECM (red) and cytoplasm (yellow).
Images were analyzed using a semiautomated image-processing pipeline that was developed
based on color segmentation.??” Left and right carotid arteries were taken and fixed in
formaldehyde. Carotids were then frozen and cryosectioned at 7 um thickness. Carotids were

elastin stained (Sigma-Aldrich, HT25A-1), and imaged to determine the elastin/media ratio.

Western Blot

Cells were lysed in RIPA buffer and frozen at -80°C. Protein lysates were denatured via
B-mercaptoethanol and heat (five minutes at 95°C). 10% polyacrylamide gels were used for gel
electrophoresis to separate proteins. Proteins were transferred to nitrocellulose membranes (LI-
COR 926) and blocked with Odyssey Blocking Buffer (LI-COR 927) to prevent non-specific
antibody binding. Membranes were incubated serially in primary antibody followed by
fluorescently tagged secondary antibodies. LI-COR odyssey fluorescent scanner was used to
image membranes and Image Studio Lite was used to analyze the images and perform the

densitometry. Antibodies used were aTubulin for normalizing total protein TIn1 (ab71333).

Cell isolation and Culture

WT animals were mated with mice harboring the Immorto gene to allow for serial cell-
culture of littermate WT cell lines. CFs were isolated from eight-week-old mice. Hearts were
excised, minced, and digested in > 175 units/mL collagenase type 2 (Worthington Biochemical,

LS004202) at 37° with mixing for 45 minutes. Digested tissue was centrifuged, filtered through a
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40 um filter, and cells were plated on gelatin-coated dishes. Cells were cultured at 33°C in DMEM
supplemented with 10% FBS, 1% penicillin/streptomycin, and 10 pg/mL recombinant murine
interferon y to induce activation of the simian virus 40 T antigen. Prior to experiments (overnight),
cells were incubated at 37°C in the same media lacking interferon y (complete media) to

deactivate the T antigen that confers immortalization.
SiRNA knockdown

siRNA knockdown of TInl was performed in isolated cardiac fibroblasts with X-treme
GENE siRNA (Roche, 04476093001) in 6-well plates when cells were 60% confluent (TIn1 KD).
Scramble siRNA was added to control cells (Scr). 24 hours after siRNA was added, media was
changed, and cells were lifted and plated for experiments. Western blot was used to verify
knockdown over 120h post-siRNA addition. Western blot was used to verify knockdown over 120h

post-siRNA addition (Figure 8).

Scr Scr Scr  TIn1 KD Scr  Tin1 KD Scr  Tin1 KD Scr  TIn1 KD
24h 24h 48h 48h 72h 72h 96h 96h 120h 120h

Tin1

a-Tubulin

Figure 8: Western blot of TIn1 siRNA knockdown. siRNA TIn1 KD in cardiac fibroblasts with a-Tubulin
used as the loading control. All marked sections on the blot are the concentration of siRNA used for all
experiments.
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Equalbiaxial Strain

Equalbiaxial strain was implemented on isolated cells for 24 hours using the FlexCell 3000

machine (FlexCell International Corporation) (Fig

was added onto fibronectin flexcell plates. Plates were then exposed to 10% strain for 24 hours.

Control plates were not exposed to any strain.

ure 9). Briefly, cells were plated 24h after sSIRNA

SIDE VIEW TOP VIEW
| BioFlex®
Medium| [ well
DB NSRS
Loading post \ l
Gasket Rubber
membrane
Strain
. Loading post
VACUUM

Radial = Circumferential Strain

Figure 9: Flexcell diagram. Diagram of how the FlexCell 3000 applies equalbiaxial strain to cells.

MTT Assay

Cells were pated into 96-well plates 24
11465007001) was added to the cells at 24 and

reader.

hours after siRNA was added. MTT (Roche,

48 hours later and imaged using a colorimetric
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Gel Contraction Assay

Cells were suspended in complete media were used to create a 50:50 mixture with a
bovine collagen solution (Advanced Biomatrix, 5005) for a final collagen concentration of 1.5
mg/mL collagen and 200,000 cells/mL. 250 pL of solution was pipetted unto a Teflon ring within
a suspension cell culture plate. Following 1.5 hours of polymerization, complete media was
added, and the collagen gel was released from both the Teflon mold and bottom of the plate. Gels
were imaged immediately after release as well as six, 48, 72, 96 hours following siRNA addition.
Gel area was measured at each time point using ImageJ (NIH) and normalized to original gel

area.

Scratch Wound Assay

Cells were plated into 24-well plates 24 hours after siRNA was added. 24 hours after this,
when all cells were 100% confluent, a 1mL pipet tip end was used to create a uniform scratch
wound ‘X’ shape in each well. Pictures were taken after the scratch wound was inflicted, and all

timepoints were normalized to these original images. Cells were then imaged every 6 hours.

Immunostaining

Cells were plated on glass coverslips coated in fibronectin 24 hours after siRNA was
added to cells. 48 hours later, cells were fixed and permeabilized at 370C. They were then washed
and blocked in 1% BSA for 1 hours at room temperature. Primary antibodies were added overnight
at 4o0C. Talin (ab71333). Cells were washed, and then secondary antibodies were added
overnight at 40C. D-a-Ms IgG 647, a-SMA-Cy3 (Sigma-Aldrich, C6198), Phalloidin Alexa-Flour
488 (A12379). Cells were washed and then mounted with ProLongGold with DAPI (Invitrogen,

P36941) and imaged.
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Statistical Analysis

Data was compiled and shown as the means + SEM. Data was evaluated using unpaired,
two-tailed t-tests with Welch’s correction (95% confidence interval) using GraphPad Prism

software (GraphPad Inc., San Diego, CA). A p value < 0.05 was considered significant.
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4.3 Results

4.3.1 TAC injury results in pressure overload of the heart that leads to both

HFpEF and HFrEF in WT and mice with myofibroblast deletion of TInl

A TInl floxed mouse (TIn1"fox) was crossed with the myofibroblast specific Postn-Cre,

referred to as TIn1M™". We then performed TAC on male WT and TIn1M*" mice for 6 weeks

(Figure 7). All TAC mice had an increase in peak left ventricular outflow tract velocity time integral

(LVOT VTI) as compared to sham controls (both p < 0.0001), indicating successful TAC (Figure

10), and tdTomato was verified in TAC mice (Figure 6).
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Figure 10: LVOT Peak Velocity after TAC. Peak left ventricular outflow tract velocity time integral (LVOT
Peak V) 6 weeks after TAC to confirm successful TAC procedure. MeantSEM, ****P<0.0001 between
groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.

Additionally, the left and right carotid arteries were collected, and elastin staining showed

increased injury in the carotid that was banded, indicating successful TAC (Figure 11).
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Figure 11: Elastin staining of carotid arteries after TAC. A. Representative pictures of elastin stain of
both carotid arteries 6-weeks post TAC of a TIn1MF- mouse. The left carotid is uninjured, and the right
carotid is injured as this carotid was next to the ligation site of the TAC. B. Elastin / Media ratio of the injured
and uninjured carotid arteries for each mouse 6-weeks after TAC. MeantSEM, **P<0.01, ***P<0.0001
between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.

At 6-week post-TAC, 17.64% of WT mice and 31.58% of TIn1M*" mice had EF < 40%,

indicating development of HFrEF (Figure 12). Due to the incidence of HFrEF not being prevalent

in either the WT or TIn1MF" mice, we decided to focus on TAC-induced HFpEF (EF = 40%) for

the remainder of this study (Figure 12).

56



80- .
] L4 *
.
.
‘;:?? 60' ® .. —.‘.—
: L Y 1 ;‘
w E. % ® o |®
o..' ] ® ®
40 ° 2 AL
.. Gge®
A °
WT TIn1"F--

Figure 12: EF of mice after TAC injury. Ejection Fraction (EF) of mice taken 6-weeks post-TAC. Mice
that had an EF < 40% and were classified as having HFrEF (seen shaded in red), and mice that had an
EF = 40% were classified as having HFpEF. MeantSEM, **P<0.01, ***P<0.001 between groups noted
with bar. All statistics were done with a two-tailed t-tests with Welch'’s correction.

4.3.2 Myofibroblast deletion of TInl results in myocardial injury and
cardiomyocyte hypertrophy in response to TAC injury with HFpEF
Expression of Nppa was quantified in the left ventricle to assess myocardial injury. TIn1MF
" 'mice had an increase in Nppa (p < 0.05) compared to their saline controls at 6 weeks post-TAC.
This increase in Nppa was not seen in the WT TAC mice (Figure 13a). Ventricle weights were
taken 6-weeks post-TAC to assess myocardial remodeling. Ventricle to body weight ratio at 6-

week post TAC was increased in the TIn1“™" mice (p < 0.001) (Figure 13b).
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Figure 13: gPCR of Nppa and ventricle weight after TAC injury. A. Quantitative polymerase chain
reaction analysis of Nppa, the gene encoding the heart failure marker natriuretic peptide A, at 6-weeks
post-TAC, B. Ventricles to body weight ratio (VW/BW) at 6-weeks post-TAC. MeantSEM, *P<0.05,
**+*P<(0.0001 between groups noted with bar. All statistics were done with a two-tailed t-tests with
Welch’s correction.

This was supported by measurements of ventricle thickness through echocardiography.
Echocardiographic measurement of LV mass showed an increase in the TIn1M*" mice (p < 0.01)
(Figure 14). This increase in LV mass was additionally measured in increased thickness of the
septum and posterior wall as the TIn1M*- mice had a greater increase in LVPW;d, IVS;d, and

IVS;d (all p £ 0.01) compared to sham as the WT mice (all p < 0.05) (Figure 14).
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Figure 14: Echocardiographic assessment of LV thickness after TAC injury. Echocardiographic
analysis of left ventricular (LV) mass, diastolic LV posterior wall thickness (LVPW;d), diastolic and
systolic internal ventricular septum thickness (IVS;d), (IVS;s) 6-weeks post-TAC. MeantSEM,
*P<0.05, **P<0.01 between groups noted with bar. All statistics were done with a two-tailed t-tests

with Welch’s correction.

Dry lung to body weight ratio was not changed in the TAC mice groups, showing that no

congestion occurred (Figure 15). This indicates morphological evidence of enhanced hypertrophic

response of cardiomyocytes to TAC injury during HFpEF.
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Figure 15: DL/BW ratio in TAC injured mice. Dry lung to body weight (DL/BW) ratio of mice 6-weeks
post-TAC. MeantSEM, *P<0.05 between groups noted with bar. All statistics were done with a two-
tailed t-tests with Welch’s correction.

4.3.3 Myofibroblast deletion of TIn1 results in no change in cardiac fibrosis
burden following TAC with HFpEF
Interstitial fibrosis and fibroblast activation was measured using picrosirius red staining
and mRNA expression of a-SMA respectively to determine the effects of myofibroblast TIn1.
Image quantification of PSR staining showed that WT and TIn1M*" mice did not have an increase
in interstitial fibrosis as compared to sham animals 6 weeks post-TAC (Figure 16a). Additionally,

a-SMA was not increased in the WT or TIn1*" TAC mice (Figure 16b).
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Figure 16: Measurement of interstitial fibrosis in TAC injured mice. A. Quantification of picrosirius red
(PSR) staining of hearts. Collagen (red pixels) and heart tissue (yellow) was used to calculate the average
collagen fraction in each heart 6-weeks post-TAC B. Quantitative polymerase chain reaction analysis of a-
SMA, the gene encoding the myofibroblast marker alpha-smooth muscle actin. MeantSEM, *P<0.05
between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.

4.3.4 siRNA knockdown of TInl in myofibroblasts alters cellular proliferation,
migration, and contraction
To try and determine the characteristical changes that are occurring in myofibroblasts with
loss of TInl, we used siRNA to knockdown TInl expression in vitro in myofibroblasts. siRNA
knockdown of TInl (TIn1 KD) resulted in an average reduction of 75% in TInl at 24h, an 88%
reduction at 48h, an 80% reduction at 72h, and a 79% reduction at 96h compared to siRNA

scramble (Scr) controls at the same timepoint (Figure 17).
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Figure 17: siRNA knockdown of TInlin CFs. Percent knockdown of TIn1 in cardiac fibroblasts
using siRNA at 24-96-hour timepoints. Data shown as a percent reduction of TInl as compared
to Scramble (Scr) control at each timepoint.

WT and TIn1 KD cell were exposed to 10% strain for 24 hours. TIin1 KD cell had increased

MRNA expression of fibronectin (Fn1) (p < 0.05) and a-SMA (p < 0.001) (Figure 18).
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Figure 18: gPCR of a-SMA and Fnl in TInl KD and Scr cells aft 10% strain. Quantitative polymerase
chain reaction analysis of aSMA, the gene encoding alpha-smooth muscle actin, at 6-weeks post-TAC.
MeanzSEM, *P<0.05, ***P<0.001 between groups noted with bar. All statistics were done with a two-tailed
t-tests with Welch’s correction.

We next characterized proliferation, migration, and contraction in the Tinl KD
myofibroblasts. Proliferation, as measured by MTT assay, was decreased in the TIn1 KD cells at
48h (p = 0.001) and 72h post-KD (p < 0.001) as compared to Scr controls (Figure 19a). This was
confirmed via immunofluorescence where TInl KD cells plated at the same concentration failed
to proliferate to the same extent as Scr myofibroblasts after 56 hours (Figure 19b). Interestingly,
the TIn1 KD cells also appeared to have less expression of a-SMA as compared to Scr

myofibroblasts.
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Figure 19: Cell proliferation measurement in TIn1l KD and Scr CFs. A. MTT Assay measuring
proliferation of sSiRNA knockdown of TInl in CFs (TIn1l KD) and siRNA scramble (Scr) controls at
48h and 72h after siRNA was introduced. B. Immunofluorescence of TIn1 KD and Scr CFs 48h aft
siRNA was introduced, and 56 hours after being plated on fibronectin-coated coverslips.
Mean+SEM, ***P<0.001 between groups noted with bar. All statistics were done with a two-tailed t-
tests with Welch’s correction.

Migration, measured by the scratch wound assay, decreased in the TInl KD
myofibroblasts (p < 0.01) by 66h after KD (Figure 20a). Finally, we measured cell contraction
using a collagen gel assay. Contractility was reduced in TIn1 KD cells compared to Scr cells (p <

0.0001) at 96h (Figure 20b).
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Figure 20: Scratch wound and gel contraction assays of TInl KD and Scr CFs. Scratch Wound and
Contraction Assays of cardiac fibroblasts (CFs) cells with siRNA knockdown of TIn1 (TIn1 KD) or siRNA
scramble (Scr). siRNA was added to CFs at Oh. A. CFs were plated at 24h after SIRNA was added, and
scratch wound was created at 48h. Percent closure was measured at 66h post-siRNA. B. CFs were plated
inside collagen gels at 24h post-siRNA, and percent contraction was measured at 48-96h after siRNA was
added to CFs. MeanzSEM, **P<0.01, ****P<0.001 between groups noted with bar. All statistics were done

with a two-tailed t-tests with Welch'’s correction.
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4.4 Discussion

The purpose of the present study was to evaluate the functional significance of TInl in
myofibroblasts during pressure overload injury of the heart. This was accomplished by developing
a novel transgenic mouse where TInl was deleted from myofibroblasts using the Postn Cre
system. TIn1”- myofibroblasts were further characterized through siRNA knockdown in vitro. The
results suggest that mechanotransdution in myofibroblasts through TIn1 may be an important
mediator of cardiomyocyte hypertrophy during pressure overload injury of the heart that results in

HFpEF.

WT and TIn1M*" mice underwent TAC for 6 weeks to evaluate the hemodynamic and
fibrotic response to prolonged pressure overload of the heart. We observed 17.64% of WT and
31.58% of TIn1F"- mice developed EF < 40%, indicating the development of HFrEF. This is
surprising as TAC was developed as a method to study pressure overload-induced HF leading to
HFrEF.1"* There are a couple potential reasons there was not a larger development of mice with
HFrEF in this study. We may not have waited long enough post-TAC to allow more mice to
progress from HFpEF to HFrEF. A second explanation is that the TAC procedure is technically
demanding, highly operator dependent, and is variable depending on mouse weight, age, and
genetic background. While we tried to control many variables including weight, gender, and age
of the mice, there may have been too much inter-animal variability. However, the amount of
variability that is inherent in the TAC procedure, even with the same operator performing all the
TAC surgeries, could have resulted in a less-intensive pressure overload of the heart, resulting in
the majority of WT and TIn1“"" mice having HFpEF at 6 weeks post-TAC. Using our TAC as a
model of HFrEF could be done with larger a sample size, but there are many logistical and ethical
barriers to such large-scale studies when there are other models of HFrEF that are currently used

in mice to study HFrEF disease.
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WT and TIn1F" mice that developed HFpEF did not develop more interstitial fibrosis as
compared to sham animals (Figure 16). Due to the Rosa26-TdTomato reporter activating in the
TIn1IM™" mice after TAC (Figure 6), we know there are myofibroblasts present during injury.
Therefore, the TAC injury at this timepoint most likely did not produce enough pressure overload
in the heart to cause a large interstitial fibrotic response. To better understand the contribution of
TIn1 in myofibroblasts during HFpEF to interstitial fibrosis, TIn1M*- mice should be subjected to
either a more severe TAC injury, or another injury model, such as Angll infusion, that more reliably

results in the development of interstitial fibrosis.*®

Due to the WT and TIn1M*- TAC HFpEF mice not having a difference in interstitial fibrosis,
our findings suggest that an increase in ventricular wall stiffness in not the primary factor driving
a larger cardiomyocyte hypertrophy in the TIn1™™" mice post-TAC. However, increased mRNA
expression of Nppa in the TIn1M* mice post-TAC indicates that there is a greater myocardial
injury in mice with myofibroblast loss of TIn1. Therefore, this change in cardiomyocyte hypertrophy

could be attributed to compensation for a change in myofibroblast function due to loss of TIn1.

Past studies have shown that talins can partially compensate for each other when one is
removed. This was demonstrated in skeletal muscle tissue, where knockdown of TIn2 in muscle
in vivo resulted in successful assembly of integrin complexes at costameres and MTJs.'%
However, with aging, defects in the MTJs occurred. Likewise, when TIn1l was knocked down in
muscle in vivo the same results were seen, with MTJ defects occurring over time.*?* This shows
that while talins can partially offset each other, they cannot completely compensate. Additionally,
talins ability to compensate for each other may be tissue specific and dependent on if one talin
form is dominantly expressed. In the heart, myofibroblasts, which equally express TIn1 and TIn2,
are tasked with responding to the initial response to injury.*?® To do this, they must migrate to the
cite of injury, proliferate, and then lay down ECM.*>4 Qur studies show that loss of TInl in

myofibroblasts, through siRNA knockdown, results in myofibroblasts with decreased migration,
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proliferation, and contraction, indicating that TIn2 cannot completely compensate for loss of Tinl
(Figure 19 and Figure 20). This would lead us to hypothesize that myofibroblasts without Tinl
would not be able to respond to injury as quickly in the heart and create and compact interstitial

fibrosis at the site of injury.

When TAC was imposed on the WT and TIn1M™ mice we did not observe an increase in
interstitial fibrosis in the WT mice in our HFpEF cohort. This could be due to TAC inducing
pressure overload of the entire heart, and not an acute injury. Therefore, even if loss of TInl in
myofibroblasts reduces their ability to migrate and contract, it is not translated into a response
post-TAC, suggesting that migration and proliferation to the site of injury are not vital requirements
for myofibroblasts when responding to TAC injury. Because Nppa is increased in the TIn1VF"
mice post-TAC, we know that there is increased myocardial injury. Therefore, there could be some
signaling changes between the myofibroblasts and the cardiomyocytes, resulting in
cardiomyocyte hypertrophy as a response to the increased pressure in the heart. To better test
the loss of TInl in myofibroblasts, a more acute injury should be used, like myocardial infarction,

or a model that results in a large increase in interstitial fibrosis post-injury.

In conclusion, this study demonstrates that deletion of TInl in myofibroblasts results in
cells that have reduced ability to migrate, proliferate, and contract. In a mouse model of TAC with
HFpEF, the loss of myofibroblast TIn1 enhances cardiac hypertrophy following TAC. Moving
forward, we aim to find a model of hypertension that is more reproducible so that we can better
draw conclusions across genetic mouse models and mouse genders. Additionally, due the
potential effect of tamoxifen on the heart, we aim to perform a specific knockdown of TInl in CFs
so that tamoxifen can be given prior to injury to induce the Cre and not throughout the injury.??°
In addition, we want to look at the development of pressure overload induced hypertension in a
TIn2-null mouse and the TIn2-null mouse with a TIn1 knockout in cardiac fibroblasts to better

understand the contribution of both talins in cardiac fibroblasts during cardiac injury.
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Chapter 5

Creating and Validating Models of Heart Failure Injury and Creation of

the TIn2-Null; Cardiac Fibroblast-Specific TIn1 Knockout Mouse

5.1 Introduction

Hypertension is one of the main underlying conditions that leads to HFpEF in humans,
and deterioration into HFrEF.#?324 Hypertension injury is exacerbated when pressure in the LV
increases, resulting in the proliferation of fibroblasts, hypertrophy of vascular smooth muscle cells,
and pathological deposition of interstitial collagen. This leads to increased myocardial wall stress
which causes LV hypertrophy to compensate for the increased pressure.?® Pharmacological
models of hypertension focus on chronic adrenergic stimulation and chronic vasoconstriction. This
is accomplished though administration of isoproterenol (ISO), phenylephrine (PE), and/or
angiotensin Il (Angll).?” ISO is a nonselective B-adrenergic agonist that can lead to cardiac
hypertrophy, reduced EF, ventricular dysfunction, and cardiomyocyte apoptosis.®* PE is a a-
adrenergic agonist that causes vasoconstriction, resulting in decreased EF, myocardial
hypertrophy, systolic dysfunction, and increased Nppa expression.!®® Angll, another potent
vasoconstrictive hormone, induces hypertension, TGF- and aldosterone secretion resulting in
the development of cardiac hypertrophy.2®® Additionally, it has been shown that mice on different

generic backgrounds have an interstitial fibrotic response when injured with Angll.2%

Cardiomyocyte hypertrophy and interstitial fibrosis are the two principle components of

myocardial remodeling in response to pressure overload of the heart.*®?'* During pressure
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overload of the heart, CFs in the ventricular walls undergo a phenotypic shift to activated
myofibroblasts. Myofibroblasts secrete and compact ECM components leading to interstitial

fibrosis.

In vitro studies that removed TInl and TIn2 in fibroblasts resulted in cells that balled up
and did not form new focal adhesion protrusions.?*! Furthermore, in a study of myocardial
infarction (MI), myofibroblasts were removed from the heart using the Postn-Cre that expressed
diphtheria toxin. This resulted in the death of 80% of mice by 4 days post-MI.*° This study
illustrates that myofibroblasts mediate the cardiac fibrotic response to an acute injury, and are

necessary for preserving heart function.

Many different markers have been used to identify myofibroblasts in the heart including a-
SMA, Postn, and Collal.*° However, none of these markers universally mark all myofibroblast-
like cells in the heart. Postn is the most common driver used for Cre genetic models when trying
to knockdown myofibroblast protein expression. However, Postn is only expressed in
myofibroblasts and not in inactivated CFs. Recent genetic lineage tracing has identified Tcf21 as
the best universal marker of all CFs. Tcf21 is found in almost all CFs and this expression persists
during myofibroblasts activation.*® For this reason, we used Tcf21 as the driver for our Cre to
remove TInl from CFs and myofibroblasts in the context of cardiac injury. To better understand
the specific contribution of talins in the heart, we created a novel mouse model that has a germline
deletion of the TIn2 gene and has a tamoxifen-inducible, Tcf21 Cre-driven deletion of TInl gene
specifically in CFs. TIn2”- mice have normal cardiac structure and function up to 12 months of

age.'?” Therefore, TIn2"- mice were used as our control.

Here, we describe the creation and validation of mouse models of 1ISO, PE & Angll, and
Angll alone to develop a working reproducible model of hypertension that allows for the

guantification of cardiac hypertrophy and interstitial fibrosis. We then describe the creation of a
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novel TIn2 null mouse with a CF-specific deletion of TInl and the cardiac phenotypes that occur
during MI and Angll injuries. We hypothesis that with removal of TIn1 and TIn2 from cardiac

fibroblasts, we will render a myofibroblast cell that cannot respond Ml injury.

5.2 Methods

Mice

All animal protocols were approved by the Institutional Animal Care and Use Committee
at Vanderbilt University. TIn1 myofibroblast-specific knockout mice were created by crossing the
TIn1"¥fox mice, provided by Dr. Roy Zent (Vanderbilt University Medical Center), with the Postn-
Cre mice, provided by Dr. Jeffery Molkentin (Cincinnati Children’s Hospital) “°. All mice were
crossed with the Rosa26-stop-tdTomato reporter mice (Jackson Laboratory, Stock No. 007914)

to visually verify Cre activation (Figure 6).2?’

TIn2 null, TIn1 CF-specific knockout mice were created by crossing the TIn27;TIn1Mlox/flox
mice, provided by Dr. Roy Zent (Vanderbilt University Medical Center)!1123232 wjth the Tcf21-
Cre mice, provided by Dr. Michelle Tallquist (University of Hawaii) 233. All mice were crossed with
the Rosa26-stop-tdTomato reporter mice (Jackson Laboratory, Stock No. 007914) to visually

verify Cre activation (Figure 29).22” The sequences for the primers used are listed in Table 5.
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Gene Primer Name Primer Sequence
Talin Primer A AAGCAGGAACAAAAGTAGGTCTCC
Primer B GCATCGTCTTCACCACATTCC
Primer A CAAACTGAATGAAGGCCCAACAG
Talin2  |Primer B TCTCCACTTACTCCTTGCCC
Primer C GCCGAGGCTACATGGAGTCAGTAT
Primer A CAAACCCTAGCACAAATCACTCGC
Tef21 Cre  |Primer B GCTTCCGATATCCAGATCCAGAC
Primer C TTCTCCAGGCTCAAGACCAC
WT Primer A AAGGGAGCTGCAGTGGAGTA
TdTomato WT Primer B CCGAAAATCTGTGGGAAGTC
Homozygous Primer A |GGCATTAAAGCAGCGTATCC
Homozygous Primer B [ICTGTTCCTGTACGGCATGG
Postn Primer A TCTGTAAGGCCATCGCAAGCT
Postn Cre |Mutant Primater A GGTGGGACATTTGAGTTGCT
Primer B AATAAGTAAAACAGCTCCCCT

Table 5: Primers used for genotyping mice.

Animal Studies - Isoproterenol

All mice were started on tamoxifen chow at 10 weeks of age to activate the Postn-Cre.
Chronic hypertension was imposed via isoproterenol (ISO) injection through intraperitoneal

injection on 12-week-old mice at a concentration of 180mg/kg/day for 1 week (Figure 21). Control

mice were given saline injections.

Animal Studies - Angiotensin Il and Phenylephrine

All mice were started on tamoxifen chow at 11 weeks of age to activate the Postn-Cre.
Chronic hypertension was imposed via angiotensin Il (Angll) at 1.5mg/kg/day and phenylephrine
(PE) at 50mg/kg/day infusion through mini osmotic pumps (Alzet Corp, 1004) on 12-week-old

mice at a concentration of 180mg/kg/day for 4 weeks (Figure 23). Control mice were given saline

pumps.
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Animal Studies - Myocardial Infarction

MI was induced in 12-week-old mice by permanent coronary artery ligation, as previously
described 224236, Briefly, mice were anesthetized with 2% isoflurane inhalation. A small incision
was made over the left chest and dissection and retraction of the pectoral major and minor
muscles was performed. A small hole was punctured in the fourth intercostal space and gently
held open with a mosquito clamp. Using gentle pressure superior and inferior to the heart, the
heart was popped out of the chest. A 6-0 silk suture was used to ligate the left main descending
coronary artery approximately 3 mm from its origin. The heart was immediately placed back into
the chest cavity, air was manually evacuated, the muscle was replaced, and the skin sutured.

Mice were then taken out to 3-weeeks before dissections (Figure 28).

Animal Studies - Angiotensin Il

All mice were given tamoxifen injections (2 mg in PBS-/-)/day for 5 days at 9 weeks
of age to activate the Tcf21-Cre. Chronic hypertension was imposed via Angll infusion
(1.5mg/kg/day) through mini osmotic pumps (Alzet Corp, 1004) on 12-week-old male and female

mice at a concentration of 1.5mg/kg/day (Figure 31). Control mice were given saline pumps.

Euthanasia

Mice were either euthanized with CO; exposure or via exsanguination followed by removal
of the heart under isoflurane INH continuous at 1-5% in accordance with Vanderbilt University
Medical Center’s Division of Animal Care Guidelines. Littermates were used and treatment groups

were distributed throughout cages and litters.
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Echocardiography

Blinded echocardiographic measurements were taken from short-axis cardiac M-mode
images captured at mid-papillary level of non-anesthetized mice on a Vevo2100 small-animal
ultrasound system (VisualSonics). Three independent measurements were analyzed per mouse

for each timepoint.

Systolic blood pressure

Systolic blood pressure was measured using a noninvasive tail-cuff platform (Hatteras
Instruments). Two rounds of 10 measurements were taken for each mouse and averaged for each
mouse at each timepoint. Four mice were excluded from this study as their systolic blood pressure
8 weeks post Angll infusion did not indicate hypertension injury, and one control mouse was
excluded for having a systolic blood pressure higher than all Angll mice, indicating vascular

defect.

Quantitative Polymerase Chain Reaction

Quantitative PCR (gPCR) was performed on flash frozen LV tissue dissected from
experimental mice. The sequences for the primers used are listed in Table 4. Gene expression

was compared to the housekeeping gene Gapdh.

Histology

Upon euthanasia, hearts were perfused with PBS-/-, excised, and submerged in 3M
potassium chloride to arrest hearts in diastole. Hearts were bisected along the transverse plane
of the heart. Tissue was frozen and cryosectioned at 7 pm thickness. Picrosirius red staining

(PSR) (Fisher Scientific #50-300-77) was used to identify ECM (red) and cytoplasm (yellow).
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Images were analyzed using a semiautomated image-processing pipeline that was developed

based on color segmentation.??’

Statistical Analysis

Data was compiled and shown as the means + SEM. Data was evaluated using unpaired,
two-tailed t-tests with Welch’s correction (95% confidence interval) using GraphPad Prism

software (GraphPad Inc., San Diego, CA). A p value < 0.05 was considered significant.
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5.3 Validation of heart failure mouse models
5.3.1 Isoproterenol injections
First, we validated a model of ISO injury to find a reliable reproducible model that produced
cardiac hypertrophy and interstitial fibrosis. ISO or saline was administered to WT mice through
intraperitoneal injection, and cardiac function and ventricular weight were measured at 4-weeks

post-injury to determine injury and induction of hypertension (Figure 21).
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Figure 21: Experimental approach for ISO injection injury. Ten-week-old WT mice were given tamoxifen
chow 2 weeks prior to injury and kept on tamoxifen chow throughout the experiment. At twelve weeks,
isoproterenol (ISO) or control (saline) was injected into mice one daily for a week. Treatment was ceased
four weeks after initial injury, and echocardiography was performed.

Echocardiography analysis at 4-weeks post-injury showed that there was no change in EF
(Figure 22a). Measurements of ventricular weight / body weight illustrated that there was no
change in ventricular mass in the ISO mice compared to saline controls (Figure 22b). These

measurements indicate that our treatment of mice with ISO was not successful in inducing HFrEF

and cardiac hypertrophy.
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Figure 22: EF and ventricular weight of ISO injured mice. A. Echocardiographic analysis of ejection
fraction (EF) 4 weeks post-isoproterenol (ISO) or saline pumps, B. Ventricles to body weight ratio
(VWIBW) at 4 weeks post-ISO or saline pumps. Mean+SEM, *P<0.05 between groups noted with bar.
All statistics were done with a two-tailed t-tests with Welch'’s correction.

5.3.2 Angiotensin Il & Phenylephrine osmotic pumps

Next, we tried a more aggressive pharmacological treatment of mice with PE, a
nonselective -adrenergic agonist, and Angll, a vasoconstirive hormone, to try and induce HFrEF.
WT mice were subjected to either Angll & PE or saline through osmotic pumps for 4-weeks, and

echocardiography, ventricular weights, and interstitial fibrosis were measured to determine the

degree of injury (Figure 23).
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Figure 23: Experimental approach of Angll & PE injury. Eleven-week-old male WT mice were given
tamoxifen chow 1 week prior to injury and kept on tamoxifen chow throughout the experiment. At twelve
weeks, pumps were surgically implanted in mice with angiotensin Il (Angll) and phenylephrine (PE), or
control (saline). Treatment was ceased four weeks after initial injury, and echocardiography was

performed.

After 4-weeks, echocardiography was performed to assess cardiac function. EF was not

changed between the saline and the Angll & PE groups (Figure 24).
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EF (%)

Figure 24: EF of Angll & PE injured mice. Echocardiographic analysis of ejection fraction (EF) four
weeks after pumps implant of angiotensin Il (Angll) and phenylephrine (PE) or saline pumps. MeantSEM,
*P<0.05 between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s

correction.

Mouse ventricle / body weight was measured and revealed no difference between the

sham and the Angll & PE groups (Figure 25a). This was additionally seen though
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echocardiography at 4-weeks post-injury (Figure 25b).
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Figure 25: Measurements of ventricle weights in Angll & PE injured mice. A. Ventricle to body weight
ratio (VW/BW) 4 weeks post-pump implantation of angiotensin Il (Angll) and phenylephrine (PE) or saline,
B. Echocardiographic analysis of left ventricle (LV) mass 4 weeks post-pump implants. MeanSEM,
*P<0.05 between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s

correction.
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Interstitial fibrosis was measured for saline and Angll & PE treated hearts. Quantification
of fibrosis showed that there was a significant increase in interstitial fibrosis in the Anll & PE mice
(p = 0.001) as compared to saline mice (Figure 26). This indicates that while our treatment of
mice with Angll & PE was successful in inducing interstitial fibrosis, it did not cause cardiomyocyte

hypertrophy or a reduction in EF at 4-weeks post injury.
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Figure 26: Measurement of interstitial fibrosis in Angll & PE injured mice. Quantification of picrosirius
red (PSR) staining of hearts four weeks after pump implantation. Collagen (red pixels) and heart tissue
(yellow) was used to calculate the average collagen fraction in each heart. MeantSEM, ***P<0.005
between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.

5.4 Creation and validation of a TIn2 null, CF-specific deletion of TInl

The COVID19 pandemic severely reduced the amount of animal work that could be

performed which limited the amount of injury validation performed in WT mice. However, during
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the time of reduced lab activity we successfully developed the TIn2-null, CF specific knockout out
of TInl (TIn27;TIn1°F") mice. When the pandemic was better controlled, we resumed testing

models of HF in the TIn2;TIn1°F" mice, with TIn2” as our controls.

Echocardiography, body weight, and systolic blood pressure at 12 weeks of age, after 5
days of tamoxifen injections, showed no difference between the TIn2” and TIn2”;TIn1¢*" mice
(Figure 27), indicating that under basal conditions, TIn1 deletion from CFs doesn’t result in overall

morphometric or functional changes in the heart.
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Figure 27: Echocardiographic analysis of TIn2”; TIn1°" and TIn2" mice at 12 weeks of age.
Echocardiographic analysis of ejection fraction (EF), heart rate (HR), stroke volume (SV), cardiac output
(CO) to assess cardiac function in mice at 12 weeks of age. Echocardiographic analysis of LV internal
volume diameter during diastole (Diamere;d), LV chamber volume during diastole (Volume;d), LV posterior
wall thickness during diastole (LVPW:;d), interventricular septal thickness during diastole (IVS;d), and LV
anterior wall thickness during diastole (LVAW; d) to assess cardiac hypertrophy in mice at 12 weeks of age.
Filled black circles denote female mince, and white filled circles denote male mice. Mean+SEM, *P<0.05
between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.
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5.4.1 Mice with a global deletion of TIn2 and CF-specific deletion of TInl does
not affect the ability of mice to survive myocardial infarction injury.
Next, we wanted to assess if CFs and myofibroblasts were still functional in the heart when
TIn2 and TIn1 were removed from CFs. We performed MI on male and female TIn2" and TIn2"

;TIn1°%"- mice for 3-weeks to assess the ability of TIn1 and TIn2 null CFs to respond to acute injury

(Figure 28).

Tamoxifen Myocadial

Injections  Infarction Echocardiograph

!

12 weeks |€—

9 weeks
10 weeks
15 weeks

TIn2 *;Tn1 ¢ °

Figure 28: Experimental approach for Ml injury. Nine-week-old mice were subjected to 5 consecutive
days of tamoxifen injections. At twelve weeks, myocardial infarction (MI) or sham surgery was performed.
Treatment was ceased three weeks after initial injury, and echocardiography was performed.

Rosa26-TdTomato expression was checked to ensure activation of the Tcf21-Cre (Figure

29).
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Figure 29: Tcf21-Cre expression in mice after Ml injury. Representative pictures of hearts 3 weeks

post-MI taken under brightfield and a Td-Tomato filter. Tcf21-Cre activation was seen only in the TIn2
;TIn1CF mice as depicted by florescence under the Td-Tomato filter.

There was an initial increase in death in the TIn2”;TIn1*" mice as they died more rapidly
in response to Ml injury (50% death at 1 day post-MI compared to 25% in TIn2”- mice). However,
6-days post-Ml, survival curves level out with 40% or more survival in both genotypes out to 21-
days post-Ml injury (Figure 30). This indicates that loss of TInl and TIn2 in CFs does not affect

the overall survival of mice during Ml as compared to mice that just have CF TIn1.
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Figure 30: Survival curves pos-Ml injury. Survival curves for TIn2”- and TIn2*;TIn1°F" mice after
myocardial infarction (MI) up to 21 days.

5.4.2 Angll-injury in TIn2-null mice results in cardiac hypertrophy
To induce a pressure-overload of the heart in a hypertension model, Angll was given

through osmotic pumps for 4-weeks to TIn2” and TIn2”;TIn1°F" mice (Figure 31).
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Figure 31: Experimental approach for Angll injury. Nine-week-old mice were subjected to 5
consecutive days of tamoxifen injections. At twelve weeks, pumps were surgically implanted in mice with
angiotensin Il (Angll), or control (saline). Treatment was ceased four weeks after initial injury, and
echocardiography was performed, and systolic blood pressure was performed.
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SBP was measured at 4-weeks post-Angll infusion as a marker of increased pressure
overload in the heart. At 4-weeks, both TIn2” (p < 0.001) and TIn27;TIn1°%" (p < 0.01) mice had

an increase in SBP as compared to saline mice (Figure 32), with no differences seen between

the Angll injured animals.
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Figure 32: SBP of mice after Angll injury. Systolic blood pressure (SBP) 4-weeks post pump
implantation. Mean+SEM, **P<0.01, ***P<0.001 between groups noted with bar. All statistics were done

with a two-tailed t-tests with Welch'’s correction.

Echocardiographic measurements showed no change in EF between TIn2” and TIn2”

:TIn1°"" and their saline controls (Figure 33).
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Figure 33: EF in mice after Angll injury. Echocardiographic analysis of ejection fraction (EF) 4-weeks
after pump implantation. MeantSEM, *P<0.05 between groups noted with bar. All statistics were done

with a two-tailed t-tests with Welch’s correction.

Echocardiographic measurements additionally show a trend towards increasing LV mass
in Angll inured mice in both TIn2”-and TIn27;TIn1°F"- mice. This is also seen in LV/body weight
(LV/BW) ratios taken during dissections, with the TIn27- Angll mice already having an increase

LV/BW ratio as compared to their same controls (p < 0.05) (Figure 34).
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Figure 34: Measurements of ventricle weight after Angll injury. A. Echocardiographic analysis
of ejection fraction (EF) at 4-weeks post pump implantation, B. Ventricle to body weight (VW/BW)
ratio 4 weeks post-pump implantation. MeantSEM, *P<0.05 between groups noted with bar. All
statistics were done with a two-tailed t-tests with Welch’s correction.

Interstitial fibrosis was quantified through PSR staining. There were no changes seen

between TIn27 and TIn2”; TIn1°%" mice at 4-weeks after Angll infusion (Figure 35).
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Figure 35: Measurement of interstitial fibrosis after Angll injury. Quantification of picrosirius red
(PSR) staining of hearts. Collagen (red pixels) and heart tissue (yellow) was used to calculate the average
collagen fraction in each heart 4 weeks after pump implantation. Mean+SEM, *P<0.05between groups
noted with bar. All statistics were done with a two-tailed t-tests with Welch'’s correction.
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5.5 Discussion

We successfully created a novel TIn2-null, CF-specific knockdown of TIn1 mouse and
tested this mouse in a model of Ml to see if fibroblasts lacking both talin isoforms had an altered
response to acute injury. We expected there to be significant death in the TIn27;TIn1°F"- mice in
the first 2 days post-MI, as we anticipated that removal of both talins would not allow
myofibroblasts to migrate to the site of acute injury and lay down the ECM to create the scar
needed to survive MI. While there was an increase in death in the TIn27;TIn1¢™" mice initially
post-MI compared to the TIn2” mice, this death leveled off to approximately the same survival
percentage at 3 weeks post-MI. This indicates that the loss of TIn1 in CFs influences the ability of
mice to survive acute cardiac injury. However, although there was approximately 50% death in
the TIn2";TIn1°F mice initially post-Ml, this was not close to the death seen when myofibroblasts
were removed from the heart with diphtheria toxin during MI,%° indicating that even with loss of
talins in CF prior to MI, myofibroblasts are still able to respond to acute injury. Additionally,
because survival rates do not continue to decrease after 2 days in the TIn2”;TIn1*" mice, this
may indicate that talins in CFs do not play a large role after the initial injury response during acute
injury to the heart. Due to MI being an acute injury, we next decided to subject TIn2” and TIn2"
:TIn17" mice to a prolonged pressure overload injury to try and tease out the contribution of TIn1

and TIn2 in CFs during the remodeling process (Chapter 6).

We also set out to create and validate a model of HF that was reproducible and resulted
in cardiac hypertrophy and interstitial fibrosis. We turned to pharmacological agonists of
hypertension due to greater reliability and reproducibility when compared to surgical interventions.
However, we did not see the expected results when using models of ISO, and PE & Angll injury.
An explanation for this could be the overall weight of our mice. The WT mice used to test these
models were the same background as our talin mutant mice and were on average smaller than

the typical C57BL/6J mouse. Due to this, dosages taken from the literature for C57BL/6J mice
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may not have been optimal to induce HF in experimental mice. All experiments were performed
in multiple groups using fresh ISO or PE & Angll which should rule out a reagent issue causing a

problem.

While a 4-week model of Angll injury did not produce the anticipated effect, we decided to
extend this injury model out to 8 weeks since we were seeing an increase in SBP that indicated
the development of systemic hypertension. Extending to 8-weeks induced measurable increases
in blood pressure, cardiac hypertrophy, and fibrosis (Chapter 6). This model was chosen going
forward as it also allows for standardized dosing and consistency across different genetic

backgrounds.
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Chapter 6

Loss of Talin in Cardiac Fibroblasts Results in Augmented Ventricular

Cardiomyocyte Hypertrophy in Response to Pressure Overload

Text for Chapter 6 was adapted from Noll NA, et al. Loss of talin in fibroblasts results in augmented

ventricular cardiomyocyte hypertrophy in response to pressure overload. The American Journal of

Physiology-Heart and Circulatory Physiology. In review December 2021.

6.1 Abstract

Pressure overload of the heart is characterized by concentric hypertrophy and interstitial
fibrosis. Cardiac fibroblasts (CFs) in the ventricular wall become activated during injury and
synthesize and compact extracellular matrix, which causes interstitial fibrosis and stiffening of the
ventricular heart walls. Talinl (TIn1l) and Talin2 (TIn2) are mechanosensitive proteins that
participate in focal adhesion transmission of signals from the extracellular environment to the actin
cytoskeleton of CFs. The aim of the present study was to determine whether removal of TIn1 and
TIn2 from CFs would reduce interstitial fibrosis and cardiac hypertrophy. Twelve-week-old male
and female TIn2 null (TIn27) and TIn2 null; CF-specific TIn1 knockout (TIn27; TIn1°F") mice were
given angiotensin-Il (Angll) (1.5mg/kg/day) or saline through osmotic pumps for 8 weeks.
Cardiomyocyte area and ventricle weight to body weight ratio were increased in the Angll infused
TIn27; TIn1°F" mice. Additionally, the systolic blood pressure was increased to a greater extent in
the TIn27;TIn1°F"-mice after Angll infusion compared to the TIn2”- mice. There was no difference
in interstitial fibrosis or markers of fibroblast to myofibroblast transition in the Angll infused mice
of either genotype. Collectively, these data indicate that the absence of TInl and TIn2 in CFs
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results in cardiomyocyte hypertrophy in response to Ang Il, without a change in interstitial fibrosis.
These findings have important implications for the role of mechanosensitive proteins in CFs, and
their impact on cardiomyocyte function in the pathogenesis of hypertension and cardiac

hypertrophy.

6.2 Introduction

Adverse myocardial remodeling in response to pressure overload is a leading cause of
heart failure.*#%2* The two principal components of myocardial remodeling in the context of
pressure overload are cardiac hypertrophy and interstitial fibrosis.*324 These adaptations cause
the heart to initially normalize left ventricle (LV) wall stress and maintain cardiac output.?15216
However, as remodeling continues, interstitial fibrosis causes a stiffening of the heart walls

leading to impaired cardiomyocyte contraction and heart failure.

Cardiac fibrosis is a key feature of the remodeling response and is defined by the
accumulation of excessive amounts of extracellular matrix (ECM) proteins, such as collagen and
fibronectin.*® Fibrotic remodeling is driven by the phenotypic shift of cardiac fibroblasts (CFs) in
the ventricular wall into activated myofibroblasts. Myofibroblasts secrete and compact ECM
components such as collagen types | and lll as they become contractile, indicated by their
expression of alpha smooth muscle actin (a-SMA), allowing for short-term adaptation to tissue
injury. 4851219220 Thege changes result in increasing ECM stiffness during pathological
remodeling, which is transmitted to CFs by their focal adhesions. During prolonged pressure
overload, increased ECM stiffness results in a positive feedback loop whereby CFs continue to
differentiate into myofibroblasts, creating a stiff, non-compliant myocardium. These changes lead

to impaired cardiomyocyte contraction, cardiac dysfunction, and heart failure.1145221

92



Focal adhesions are protein complexes which link the cytoskeleton of CFs with the ECM
via integrin receptors on the cellular membrane and mechanosensitive proteins. Integrins, through
activation of their cytoplasmic tails, bind to actin via mechanosensitive proteins, including talin,
vinculin, and a-actinin.®87222 As ECM rigidity increases, outside-in signaling through focal
adhesions causes stress fibers within CFs to form (expression of actin fibers and a-SMA instead
of depolymerized G-actin) as more mechanosensitive proteins are recruited to focal adhesions
and these stress fibers allow CFs to contract.??® This contractility is transmitted to the ECM
through inside-out signaling through focal adhesions and allows CFs to compact the ECM leading

to more defined and rigid ECM in the heart.8%-%2

.Talins are a family of large, dimeric, cytoskeletal proteins that link the actin cytoskeleton
via connections to the cytoplasmic domain of the integrin B subunit.??422> The two talin genes of
vertebrates, TInl and TIn2, encode very similar proteins with 74% amino acid sequence
identity.??® In the adult heart, TIn1 and TIn2 are both highly expressed in CFs, while
cardiomyocytes express TIn2 predominantly.'?® TIn2 has a stronger affinity for F-actin, allowing it
to make stronger bonds than TInl and, therefore, is expressed highly in cells under constant
forces, such as cardiomyocytes.’?® When TIn2 was deleted from cardiomyocytes in a TIn2
knockout mouse, cardiac structure and function are not affected up to one year of age, as TInl is
upregulated and functionally replaces TIn2.'2” This expression pattern may be protectively
redundant in adult mice, however during development, TIn2 cannot replace TInl function in the
entire embryo, as TIn1 knockout mice leads to an embryonically lethal phenotype by E8.5-9.0.1%2
Likewise, when TInl and TIn2 are both deleted from cardiomyocytes in adult mice, dilated
cardiomyopathy develops spontaneously and results in death by 24 weeks of age, highlighting
the need for a form of talin in cardiomyocytes to maintain function.'?” While deletion of talins in

cardiomyocytes has been evaluated, the effect of talin deletion in CFs in unknown.
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Here, we describe the effects on Angll-induced cardiac injury on the hypertrophic and
fibrotic response when TInl is deleted from CFs in the global TIn2 knockout mouse. We
hypothesized that the absence of TInl and TIn2 from CFs would result in the attenuation of

adverse myocardial remodeling in response to pressure overload.

6.3 Methods

Animal Studies

All animal protocols were approved by the Institutional Animal Care and Use Committee
at Vanderbilt University. TIn2 null, CF-specific knockout mice were created by crossing the TIn2
TIn1fodiox mice, provided by Dr. Roy Zent (Vanderbilt University Medical Center)'1123.232 jith
the Tcf21-Cre mice, provided by Dr. Michelle Tallquist (University of Hawaii) 2. All mice were
crossed with the Rosa26-stop-tdTomato reporter mice (Jackson Laboratory, Stock No. 007914)
to visually verify Cre activation (Figure 29).22” The sequences for the primers used are listed in

Table 5.

All mice were given tamoxifen injections (2 mg in PBS-/-)/day for 5 days at 9 weeks of age
to activate the Tcf21-Cre. Echocardiography and body weight at 12 weeks of age showed no

difference between TIn27 and TIn2”;TIn1°*" mice (Figure 36).
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Figure 36: Echocardiographic measurements at 12 weeks of age under basal conditions. A.
Echocardiographic analysis of ejection fraction (EF), heart rate (HR), stroke volume (SV) and cardiac output
(CO) at 12 weeks of age, B. Mouse body weight at 12 weeks of age. A-B. Mean+SEM, *P<0.05 between
groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s correction.

These mice were then randomly assigned to receive Angll or saline through osmotic
pumps. Chronic hypertension was imposed via Angll infusion through mini osmotic pumps (Alzet
Corp, 1004) on 12-week-old male and female mice at a concentration of 1.5mg/kg/day. Control
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mice were given saline pumps. This surgery was repeated in all mice at 16 weeks of age (Figure
37). Mice were either euthanized with CO2 exposure or via exsanguination followed by removal
of the heart under isoflurane INH continuous at 1-5% in accordance with Vanderbilt University

Medical Center’s Division of Animal Care Guidelines. Littermates were used and treatment groups

were distributed throughout cages and litters.

Echocardiograph
Tamoxifen Osmotic Osmotic Sy stolic Blood
Injections Pump Pump Pressure
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Figure 37: Experimental approach of 8-week Angll injury. Nine-week-old mice were subjected to 5
consecutive days of tamoxifen injections. At twelve and sixteen-weeks, pumps were surgically implanted in
mice with angiotensin lI-treatment (Angll), or control (saline). Treatment was ceased eight weeks after initial
injury, and echocardiography and systolic blood pressure was performed.

Systolic blood pressure

Systolic blood pressure was measured using a noninvasive tail-cuff platform (Hatteras
Instruments). Two rounds of 10 measurements were taken for each mouse and averaged for each
mouse at each timepoint. Four mice were excluded from this study as their systolic blood pressure

8 weeks post Angll infusion did not indicate hypertension injury, and one control mouse was
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excluded for having a systolic blood pressure higher than all Angll mice, indicating vascular

defect.

Echocardiography

Blinded echocardiographic measurements were taken from short-axis cardiac M-mode
images captured at mid-papillary level of non-anesthetized mice on a Vevo2100 small-animal
ultrasound system (VisualSonics). Three independent measurements were analyzed per mouse

for each timepoint.

Quantitative PCR

Quantitative PCR (qPCR) was performed on flash frozen LV tissue dissected from
experimental mice. The sequences for the primers used are listed in Table 4. Gene expression

was compared to the housekeeping gene Gapdh.

Histology

Upon euthanasia, hearts were perfused with PBS-/-, excised, and submerged in 3M
potassium chloride to arrest hearts in diastole. Hearts were bisected along the transverse plane
of the heart. Tissue was frozen and cryosectioned at 7 pum thickness. Picrosirius red staining
(Fisher Scientific #50-300-77) was used to identify ECM (red) and cytoplasm (yellow). Images
were analyzed using a semiautomated image-processing pipeline that was developed based on
color segmentation.??” Wheat germ agglutinin (WGA) staining (Invitrogen, #W11261) was
performed for 30 min at room temp to quantify cardiomyocyte area, which was calculated using

ImageJ.Z” A minimum of two LV images per animal were quantified.

RNA Sequencing
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Left Ventricles (LVs) from dissected hearts were homogenized in TRIzol reagent, and
RNA was isolated with the Zymo Direct-zol RNA Microprep Kit (Zymo, R2060). RNA integrity was
measured with an Agilent Bioanalyzer before library preparations (Table 6). Sequencing and read
alignment was performed by the Vanderbilt Technologies for Advanced Genomics (VANTAGE)
center as described in Snider et al. to an average depth of 57.9 M reads per sample.??” Differential
expression analysis was performed with DEseq2 with Cook’s outliers to filter low gene counts
(mean count < 6 ) and Pag = 0.01.2272% Protein-coding genes with an absolute log, fold change >
1 were analyzed. Visualizations were generated with ggplot2 in R. RNA sequencing (RNAseq)
data has been deposited in the Gene Expression Omnibus (GEO) of NCBI under accession code

GSE189323.

Sample #| Sample |[Mouse Gender| RIN |Total Yield (Reads)
1 |TIn2" Female 7.9 58,527,039
2 |Tin2” Female 7.6 53,114,305
3 |TIn2” Female 7.9 51,995,179
4 |TIn2" Female 8.1 53,155,641
5 |Tin2" Male 7.4 63,308,193
6 |Tin2" Male 8.1 55,557,228
7 |Tin2" Male 8.0 61,759,284
8  |Tin2” Male 7.9 56,708,543
9  |TIn2";TIn1""|Female 7.8 58,828,204
10 |TIn2”;TIn1”" |Female 5.4 55,351,935
11 [TIn2”:TIn1”"|Female 7.6 63,439,261
12 |TIn2";TIn1""|Female 7.8 61,297,446
13 [TIn2";TIn1""|Male 7.9 42,751,671
14 [TIn2":TIn1""|Male 7.5 52,768,925
15 |TIn2";TIn1""|Male 6.9 88,967,671
16 |TIn2";TIn1""|Male 7.1 49,048,848

Table 6: RIN numbers for RNAseq. Descriptions of RNA integrity (RIN) and number of sequencing reads
for each sample used in RNA sequencing (RNAseq).
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Statistical Analysis

Data was compiled and shown as the means + SEM. Data was evaluated using unpaired,
two-tailed t-tests with Welch’s correction (95% confidence interval) using GraphPad Prism

software (GraphPad Inc., San Diego, CA). A p value < 0.05 was considered significant.
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6.4 Results

6.4.1 Global deletion of TIn2 and CF-specific deletion of TIn1 causes a mild
stress response in adult mice

Due to the ability of TIn2 to compensate for the loss of TInl, we developed a strategy to
delete both talin genes from CFs to determine the role of TIinl in CFs during cardiac injury. We
crossed the talin knockout mouse (TIn27;TIn1x¥x) with the fibroblast specific Tcf21-Cre, referred
to as TIn27;TIn1°F" mouse. TIn2” mice have no cardiac phenotype up to one year of age, and
therefore served as our control.*?” At 20 weeks of age, there was no increase in systolic blood
pressure in either of the two saline groups indicating there was no pressure overload injury to the
hearts (Figure 38a). At 20 weeks of age, TIn2”;TIn1°F" mice had a significant increase in
expression of the myocardial injury marker, atrial natriuretic peptide (Nppa) compared to the TIn2
" mice (p < 0.05) (Figure 38b). Measurements of cardiac hypertrophy, and interstitial fibrosis were
not changed at 20 weeks of age. Overall, this data suggests that under basal conditions, a mild
stress response occurs in the ventricular myocardium when TInl is deleted from CFs, but this

deletion does not result in overall morphologic or functional changes in the heart.
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Figure 38: Measurements of SBP and mRNA Nppa expression in 8 week Angll injured mice. A.
Systolic blood pressure at 20 weeks of age, B. Quantitative polymerase chain reaction analysis of Nppa,
the gene encoding the heart failure marker natriuretic peptide A, at 20 weeks of age. A-B. Mean+SEM,

*P<0.05, ***P<0.001 between groups noted with bar. All statistics were done with a two-tailed t-tests with
Welch'’s correction.

6.4.2 Mice with a global deletion of TIn2 and CF-specific deletion of TIn1 develop
exaggerated systolic hypertension in response to Angll infusion

Given the absence of significant changes at baseline, we then subjected TIn2”- and TIn2-

~TIn1°*" mice to Angll or saline for 8 weeks (Figure 37). Both Angll groups had an increase in

systolic blood pressure compared to respective saline controls at 8 weeks post-Angll infusion (p

< 0.001) (Figure 38a). Additionally, the TIn2”;TIn1°"" mice had a significant increase in systolic

blood pressure compared to the TIn2"- mice after Angll infusion ( p < 0.05) (Figure 38a).

6.4.3 CF deletion of TIn1 and TIn2 does not affect heart hemodynamics during
Angll infusion
Expression of Nppa was quantified in the left ventricle to assess myocardial injury. TIn2"
and TIn27;TIn1°" mice had an increase in Nppa (both p < 0.001) compared to their saline
controls at 8 weeks post-Angll infusion (Figure 38b). Heart hemodynamics was assessed through
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echocardiographic analysis. An unchanging ejection fraction (EF) and heart rate (HR) (Figure
39a) with a decrease in stroke volume (SV) and cardiac output (CO) in all Angll groups (both p <

0.001) indicate a decrease in end diastolic volume in all mice with Angll infusion (Figure 39b).
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Figure 39: Echocardiographic measurements of heart function in 8-week Angll injured mice. A.
Echocardiographic analysis of ejection fraction (EF) and heart rate (HR) at 20 weeks of age, B.
Echocardiographic analysis of stroke volume (SV) and cardiac output (CO) at 20 weeks of age. A-B.
Mean+SEM, ***P<0.005 between groups noted with bar. All statistics were done with a two-tailed t-tests

with Welch'’s correction.

Dry lung/ body weight ratio was not changed in the Angll groups, showing that no

congestion occurred (Figure 40).
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Figure 40: DL/BW ratio in 8-week Angll injured mice. A. Echocardiographic analysis of ejection fraction
(EF) and heart rate (HR) at 20 weeks of age, B. Echocardiographic analysis of stroke volume (SV) and
cardiac output (CO) at 20 weeks of age. A-B. MeantSEM, ***P<0.005 between groups noted with bar. All

statistics were done with a two-tailed t-tests with Welch’s correction.

6.4.4 CF deletion of TIn1 and TIn2 results in cardiomyocyte hypertrophy in

response to Angll infusion

Cardiac hypertrophy in the setting of pressure overload is a result of cardiomyocyte
hypertrophy and interstitial fibrosis. TIn2”;TIn1*" mice had a significant increase in ventricle/end

body weight compared to their saline controls (p < 0.05) at 8 weeks post Angll infusion (Figure

41).
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Figure 41: Ventricle / BW ratio in 8-week Angll injured mice. Ventricles to body weight ratio at 20 weeks
of age. MeantSEM, *P<0.05 between groups noted with bar. All statistics were done with a two-tailed t-
tests with Welch’s correction.

This was supported by measurements of cardiomyocyte hypertrophy. Histologic analysis
showed that the TIn2";TIn1°F"- mice had an increase in cardiomyocyte area (p < 0.01) at 8 weeks
post Angll treatment, whereas the TIn2” mice had no change (Figure 42). This indicates that
there is morphometric and histological evidence of enhanced hypertrophic response of

cardiomyocytes to Angll infusion in mice with loss of TInl in CFs.
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Figure 42: WGA staining of cardiomyocyte area in 8-week Angll injured mice. Representative images
of wheat germ agglutinin (WGA) stain on the left ventricle of mice at 20 weeks of age. Quantification of
WGA staining to determine cardiomyocyte area. Mean+SEM, **P<0.01 between groups noted with bar. All
statistics were done with a two-tailed t-tests with Welch’s correction.

6.4.5 CF deletion of TInl and TIn2 results in no change in cardiac fibrosis burden
following Angll infusion

To measure the effects of CF TIn1 and TIn2 on fibrotic remodeling we measured interstitial

fibrosis and fibroblast activation following Angll infusion. Picrosirius red staining was performed

on transverse sections of the heart and quantified to determine fibrosis. Image quantification of

the ratio of the fibrotic to non-fibrotic tissue showed that the TIn2” and TIn2";TIn1°F- mice both

had a significant increase (p < 0.005) in fibrosis at 8 weeks of Angll infusion compared to saline

controls, but were not significantly different from each other (Figure 43).
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Figure 43: Measurements of interstitial fibrosis in 8-week Angll injured mice. A. Representative
images of picrosirius red (PSR) stained hearts at 20 weeks of age at 20x and their corresponding 40x
images indicated with black boxes, B. Quantification of PSR staining of hearts. Collagen (red pixels) and
heart tissue (yellow) was used to calculate the average collagen fraction in each heart. MeanSEM,
***P<(0.005 between groups noted with bar. All statistics were done with a two-tailed t-tests with Welch’s
correction

a-SMA, a marker of CF to myofibroblast transition, was increased in both the Angll-treated
TIn2”- and TIn27;TIn1*" (both p < 0.001) mice (Figure 44). This indicates that the loss of both

talins in CFs does not result in a change in the fibrotic response to Angll infusion.
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Figure 44: gPCR expression of a-SMA in 8-week Angll injured mice. Quantitative polymerase chain
reaction analysis of a-SMA, the gene encoding the myofibroblast marker alpha-smooth muscle actin.
Mean+SEM, ****P<0.001 between groups noted with bar. All statistics were done with a two-tailed t-tests
with Welch’s correction.

6.4.6 Global deletion of TIn2 and CF-specific deletion of TInl causes a change in
genes associated with fibrosis and cardiac hypertrophy
To further understand the increase in cardiomyocyte hypertrophy in the Anll-injured TIn2
~TIn1°*" mice, we used RNAseq to investigate genetic changes associated with loss of talin in
CFs. RNAseq analysis of LV tissue from TIn27- and the TIn27;TIn1°" hearts 8 weeks post-Angl|
infusion yielded 10 differentially expressed genes between the TIn2” and the TIn2”;TIn1¢"

genotypes. (Pag < 0.01 and absolute log, fold change > 1). These top 10 enriched genes are

annotated on the volcano plot in Figure 45.
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Figure 45: Volcano plot showing enriched genes from RNAseq. RNAseq comparing TIn2- and TIn2--
;TIn1CF left ventricles shows changes to genes involved in fibrosis and cardiac hypertrophy. Volcano plot
showing the significantly (Padj < 0.01) altered genes in TIn27-;TIn1°- left ventricle tissue following Angll-
induced injury.

Manually categorizing these genes based on literature searches, these genes fell mostly
into two categories: genes associated with fibrosis (Igfbp4, Sfrpl, Tcf21, Plau, Serpina3n, Cntfr)

and genes associated with cardiac hypertrophy (Igfbp4, Sfrpl, Serpina3n, Cntfr) (Table 7).

PubMed Results

Gene Fibrosis Cardiac Hypertrophy
Igfbp4 13 2
Tef21 19 0
Adcy2 1 0
Ripor3 0 0
Matn2 2 0
Sfrp1 27 2
Serpina3n 4 1
Plau 14 0
Hoxd8 0 0
Cntfr 3 1

Table 7: PubMed results for top 10 enriched genes in studies of fibrosis and cardiac hypertrophy
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6.5 Discussion

The purpose of the present study was to evaluate the functional significance of talins in
CFs during Angll-induced injury. This was accomplished by developing a novel transgenic mouse:
a TIn2 null mouse with TInl specifically deleted in CFs. The results suggest that
mechanotransdution in CFs through TIn1 and TIn2 may be important mediators of cardiomyocyte

hypertrophy and interstitial fibrosis.

Under basal conditions, the TIn27;TIn1°F" mice had an increase in Nppa, indicating that
there was an increase in myocardial stress in these mice. This did not manifest into changes in
cardiac function through 20 weeks of age, suggesting that talins in CFs are not needed to maintain
cardiac function under basal conditions. The increase in Nppa does suggest that the myocardium
of the TIn27;TIn1°F" mice is under more stress, indicating that cardiomyocytes compensate for
the additional stress placed on the heart due to dysfunctional fibroblasts. To further understand
this phenomenon, we subjected the TIn27- and TIn27;TIn1*" mice to Angll infusion for 8 weeks
to evaluate cardiomyocyte response under prolonged pressure overload of the heart. We found
that absence of TIn1 and TIn2 in CFs results in an increase in cardiomyocyte hypertrophy with

Angll infusion but did not affect interstitial fibrosis.

Because TIn2”" and TIn27;TIn1*" mice under Angll infusion have no difference in
interstitial fibrosis, our findings suggest that an increase in ventricular wall stiffness is not the
primary factor driving cardiomyocyte hypertrophy in the TIn27;TIn1*" mice. Therefore, this
change in cardiomyocyte hypertrophy could be attributed to the increase in afterload, apparent in
the increased systolic blood pressure in the TIn27;TIn1°" mice under Angll infusion. The
increase in systolic blood pressure seen in the TIn2”;TIn1*" mice could be the result of using
Tcf21 as the driver for the Cre. Tcf21 is highly expressed in resident CFs and myofibroblasts, and

is considered the best marker of all fibroblast populations in the heart “°. However, Tcf21 is also
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expressed in podocytes in the kidney.?* Integrin adhesions are necessary for podocytes to
withstand the hydrostatic pressure in the kidney, and injured podocytes results in an increase in
systolic blood pressure.?*®?41 Therefore, systolic blood pressure could be increased in the TIn2"
;TIn1°7" mice due to TIn1 and TIn2 being removed from podocytes, resulting in podocyte injury.
This increase in systolic blood pressure would result in more ventricular wall stress in the heart,
resulting in cardiomyocyte hypertrophy in response to increased wall stress and intraventricular

pressure.

Contrary to the development of enhanced cardiomyocyte hypertrophy in the TIn27;TIn1¢F
"mice under Angll infusion, there was no change in interstitial fibrosis between the TIn2” and
TIn27; TIn1°F" mice under Angll infusion. With the absence of TIn1 and TIn2 in CFs we expected
to see a decrease in interstitial fibrosis in the TIn27;TIn1°F-mice as the ability of CFs to sense
ECM stiffness through focal adhesions would be impaired. However, this does not mean that the
absence of TInl and TIn2 in CFs did not alter ECM deposition in these mice. TIn27;TIn1°F" mice
had higher systolic blood pressure than the TIn2” mice after 8 weeks of Angll infusion, indicating
that the TIn2”";TIn1°" hearts were under more pressure. The higher systolic blood pressure
would result in an increase in LV wall stress, and we would therefore expect to see more interstitial
fibrosis in the ventricles of a heart that had a higher systolic blood pressure. Because we do not
see this in the TIn2”;TIn1*" mice, our data suggests that absence of TIn1 and TIn2 in CFs is
hampering the ability of CFs to produce ECM in response to increased LV pressure. Due to the
limitations of our current study, we cannot say if this is a protective mechanism that prevents the
increase in interstitial fibrosis, or merely delays the onset of interstitial fibrosis during constant
Angll infusion. To answer these questions, this study should be repeated over a longer time
course and with a higher concentration of Angll in order to distinguish if this phenotype only occurs

during a lesser injury, or also occurs during a more progressive intense injury.
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Our data indicate that CF-specific TInl deletion is involved in the development of
hypertension and hypertrophy in response to hemodynamic stress. RNAseq analysis of the LV
after 8 weeks of Angll infusion showed a decrease in Cntfr and Sfrp1 in TIn2”;TIn1%" mice, with
no change in the angiotensin type 1 receptor (Agtrla) as compared to TIn2” mice.
Overexpression of Cntfr in mouse cardiomyocytes has been shown to be cardioprotective against
Angll-induced injury, suggesting that cardiomyocytes in the TIn2”;TIn1*" mice are under more
stress and have additional injury due to their decreased expression of Cntf.?*? Additionally, Sfrp1-
" mice develop dilated cardiomyopathy at 1 year of age with cardiomyocyte hypertrophy.?4
Therefore, reduction in Sfrp1l may mediate the development of Angll-induced cardiac hypertrophy
during the presence of disrupted mechanical signaling in CFs. The relationship between talins
and Cntfr and Sfrpl has not been studied and should be examined in the future to elucidate the

mechanisms of signaling leading to cardiomyocyte hypertrophy with loss of TInl in CFs.

In conclusion, this study demonstrates that global deletion of TIn2 and CF-specific deletion
of TInl results in enhanced hypertension and cardiac hypertrophy following Ang Il infusion.
Furthermore, the absence of TInl and TIn2 in CFs may prevent the development of fibrosis in the

setting of enhanced Angll induced pressure overload.
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Chapter 7

Discussion and Future Directions

7.1 Summary and broader impact

This work investigated the role of the two talin proteins, TIn1 and TIn2, in the context of
multiple models of hypertension-induced injury through pressure overload of the heart. HF is one
of the leading causes of death worldwide, and there is no indication that its prevalence is
decreasing. While there have been advances in lowering death rates in patients with acute cardiac
events leading to HFrEF, prolonged slow development of HFpEF rates continue to rise.
Hypertension is one of the main underlying conditions that leads to HFpEF, and clinically presents
as an increase in blood pressure.>'? Therefore, the most common therapeutics (Thiazide-type
diuretics, CCBs, and ACE inhibitors/ARBSs) used in treating hypertension function through wide-
spread mechanisms of action to lower SBP."* During pressure overload, interstitial fibrosis, and
cardiomyocyte hypertrophy lead to concentric remodeling of the heart.'® While treatments to lower
blood pressure have proven useful in slowing down the progression of hypertension induced HF,
the results obtained can be improved as these pharmacologic therapeutics do not address the

underlying cardiac injury; namely cardiac hypertrophy and interstitial fibrosis.

To address these challenges, we utilized multiple novel genetic mice to selectively delete
the focal adhesion proteins TIinl and TIn2 from CFs and myofibroblasts so that we could target
interstitial remodeling during hypertension. Additionally, we utilized several injury models of
hypertension and pressure overload in mice, as well as an acute heart failure model, to determine

the contribution of CF talins to cardiac disease.
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We initially started by characterizing CFs in vitro with loss of TInl using an siRNA
knockdown in WT CFs (TIn1 KD). Myofibroblasts were characterized as they are the cells primarily
responsible for depositing and contracting the ECM in heart injury.*>%® First, we exposed these
cells to strain to activate CF to myofibroblasts transition. a-SMA, a gene that is associated with
CF to myofibroblast transition, was upregulated in TIn1 KD cells. Additionally, a-SMA is associated
with increased cellular ability to contract. Gel contraction assays, however, showed that there was
a significant decrease in TIn1 KD cells' ability to contract as compared to Scr controls. This
suggests that while the TIn1 KD cells have an increased expression of mMRNA genes associated
with contraction, this is not translated to cellular contraction. This indicates that TIn1 has a function
in fibroblasts in regulating the contractile units inside the cell. We know that TIn1 connects the
actin cytoskeleton to the ECM, so loss of TIn1 could be disrupting these connections, and resulting
in the decreased contractility phenotype. However, because these fibroblasts still have TIn2, they
still have some functional connections to the ECM, and therefore the fibroblasts are still receiving
signals to produce more a-SMA to cause contraction, hence the increased mRNA expression.
This indicates that intact TIn2 in these fibroblasts are still able to confer some contractile
properties in TIn1 KD cells. We additionally identified changes in cell viability and migration in
myofibroblasts lacking TIn1l. Overall, these characteristic changes we observed in the TIn1 KD
myofibroblasts led us to move to a mouse model of pressure overload of the heart to further study

the specific effects of myofibroblast loss of TIn1.

To further investigate the changes in myofibroblasts with loss of TInl in the heart, we
created a novel myofibroblast TIn1-specific knockout mouse (TIn1M*-mice) and subjected these
and WT mice to 6-weeks of TAC. 6-weeks post TAC, we observed a decrease in LVOT Peak
Velocity in the TAC mice as compared to sham, indicating that the surgery was successful in
causing pressure overload in the heart. Through echocardiography, we observed that most of the

TAC animals, WT and TIn1“*"mice, did not have a decrease in EF as expected. Because cardiac
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remodeling is different in HFpEF and HFrEF, we decided to focus just on the mice that had EF >
40% 6-weeks post-TAC to ensure that we were analyzing only mice undergoing the concentric
remodeling seen in HFpEF. Once we removed mice from our experiment that had an EF < 40%,
we looked at measures of interstitial fibrosis. We observed that there was no change in interstitial
fibrosis between the WT and TIn1MF- mice after TAC. Furthermore, there was no difference in
interstitial fibrosis between either of these TAC mice and their sham controls. This suggests that
either our TAC model did not produce enough pressure overload of the heart to cause a fibrotic
response, or our time point in this mouse model was not far enough out for us to start seeing the
fibrotic response. To establish why this model is not producing the interstitial fibrotic response we
expected, this TAC model should be continued for twice as long. Additionally, a smaller gauge
needle can be used for the aortic constriction to cause a greater severity of ligation and greater

pressure overload of the heart.

While this was not what we expected to see, we proceeded to investigate measurements
of cardiac hypertrophy, as hypertrophy in addition to interstitial fibrosis are the hallmarks of HF.
Vertical/body weight ratio 6-weeks post-TAC was increased in just the TIn1™™" mice compared to
sham animals, indicating the presence of cardiac hypertrophy. This was validated though
echocardiography where LV mass in just the TIn1M*" TAC mice was increased. Additionally, the
WT and TIn1M*- TAC mice all had an increase in LVPW;d, IVS;d, and IVS;s. However, the TIn1VF
" TAC mice had a larger increase in these echocardiographic measurements compared to sham
animals indicating that concentric remodeling in the TIn1™™"- TAC mice was occurring to a greater
extent than the WT mice. This indicates that loss of TIn1 in myofibroblasts results in an increase
in cardiomyocyte hypertrophy during pressure overload of the heart. Since we are only removing
TInl from the CFs, this points to loss of TInl in CFs causing a change that results indirectly in

cardiomyocyte hypertrophy. We know from prior measurements that the interstitial fibrosis is not
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changing, therefore, loss of TInl in CFs is most likely causing a chemical or electrical signaling

change between CFs and cardiomyocytes, resulting hypertrophy.

Since it has been shown in literature that TIn1 and TIn2 often have similar roles in cells
that highly express both talin proteins, we wanted to then assess interstitial fibrosis when there is
loss of both TIinl and TIn2 in CFs. We created a novel genetic mouse that was null for TIn2 with
a CF TInl-specific knockout (TIn27;TIn1¢F") using the Tcf21-Cre. It has been shown in vitro that
removal of TInl and TIn2 from fibroblasts results in fibroblasts that do not migrate, proliferate, or
form cellular protrusions.®* Additionally, in vivo studies of mice exposed to Ml result in death four
days post-MI with removal of mouse myofibroblasts.?'® We hypothesized that removal of TIn1 and
TIn2 from CFs would theoretically be like removing CFs from the heart, and therefore would also
result in mouse death during acute injury. To test this, we exposed the TIn27;TIn1¢* mice to MI.
While these mice had a 60% mortality 4 days post-MI, this was less death than when all
myofibroblasts were ablated. To survive MI, a collagenous scar must be formed through the
deposition of collagen in place of apoptotic cardiomyocytes. Formation of this scar in the TIn2”
:TIn17" mice suggests that CFs with loss of TIn1 and TIn2 are still able to function, proliferate,

and lay down ECM to some extent.

We then decided to look at CF TInl and TIn2 in an Angll model of prolonged pressure
overload of the heart to try to identify the contribution of CF TInl and TIn2 in a non-acute injury
model. When the TIn27;TIn1°%" mice were exposed to 8 weeks of Angll infusion, we measured
an increase in SBP, indicating that pressure overload of the heart was occurring. Interestingly,
the SBP of the TIn27;TIn1°" mice was greater than the TIn2”-, which were serving as our control.
While this could mean that loss of TIn1 and TIn2 in CFs results in an alteration in blood pressure,
Tcf21, the driver of our Cre system, could also be resulting in this change. Tcf21 is expressed in
podocytes in the kidney, as well as CFs and myofibroblasts in the heart.?*® Injury of podocytes

cell, such as loss of TIn1, can result in increased systolic blood pressure.?%24! This could be
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causing the increased SBP that we seen between the TIn2” and TIn2";TIn1*" Angll injured

mice.

We proceeded to investigate the hypertrophic response of cardiomyocytes to pressure
overload injury of the heart. We observed that Nppa, a marker of myocardial injury, was increased
in both the TIn27;TIn1°F" and TIn2”- mice after Angll-injury. Echocardiography showed that both
the TIn27;TIn1°F" and TIn2"- mice both had a decrease in SV and CO after Angll injury, indicating
that cardiomyocyte remodeling was occurring. We further investigated these histological changes
associated with our echocardiographic observations. Ventricle / body weight was increased in just
the TIn27;TIn1"" mice after Angll-injury. WGA staining additionally showed that there was
increased cardiomyocyte hypertrophy in the TIn27;TIn1°*" mice that was not seen in the TIn2"
mice. These observations together suggest that loss of TIinl and TIn2 in CFs results in
cardiomyocyte hypertrophy during pressure overload injury of the heart. The increase in
cardiomyocyte hypertrophy mirrors the same results that we saw in the TIn1MF" TAC mice
signifying that loss of TIn2 in CFs is not changing the response to pressure overload injury in the

heart, and that loss of TInl in CFs is driving the morphologic remodeling that we are seeing.

Finally, we investigated the interstitial fibrosis changes associated with pressure overload
injury in the heart. Through histology, we observed an increase in fibrosis in both the TIn2” and
TIn27;TIn1°F" mice after Angll-injury, with no difference between the Angll-injured mice. This was
surprising as we expected to see an increase in interstitial fibrosis in the TIn27;TIn1°F" mice after
Angll-injury since there was an increase in SBP in these mice, suggesting that they were
experiencing a higher degree of injury. This indicates that loss of TInl and TIn2 in CFs can

augment interstitial fibrosis during pressure overload of the heart.

In conclusion, we set out to target the focal adhesion proteins, TInl and TIn2, in the

effector cells of fibrosis (i.e. CFs and myofibroblasts) to control the fibrotic response and limit the
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adverse fibrotic remodeling in the heart during pressure overload injury. These studies have
identified a novel role of TInl and TIn2 in CF and myofibroblasts in regulating the hypertrophic
response of cardiomyocytes to pressure overload injury in the heart. Removal of TInl and TIn2
from CFs resulted in cells that have a decreased ability to migrate, proliferate, and contract. This
was seen in a decrease in interstitial fibrosis after pressure overload injury of the heart, even in
the face of greater SBP. Taken together, this work has identified CF TInl and TIn2 as novel
mediators of cardiomyocyte behavior in the heart. Further work needs to be done to determine
the contribution of increased SBP during loss of TInl and TIn2 in CFs before this work should be

looked at in other contexts of heart disease.
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7.2 Future directions

The present work advances our understanding of CF TInl and TIn2 in the context of
pressure overload remodeling of the heart. However, it has also raised important questions that
can be used to direct future research into this topic. In particular, this research should be
expanded by investigating the signaling between cardiac fibroblasts and cardiomyocytes. While
we began the investigation of CF and myofibroblasts change in vitro we only looked at the overall
characteristic changes in these cells with loss of TInl through siRNA knockdown. With the
creation of the TIn1M™" mouse, CFs from these mice can be isolated and then exposed to a Cre-
recombinase in vitro to ensure a more complete knockdown of TIin1. Additionally, myofibroblasts
produce multiple cytokines (TNF-a, IL-1B, IL-6, TNF-b), vasoactive peptides, and growth factors
(Angll, TN-1, ANP, BNP, VEGEF), which can increase collagen synthesis in CFs, while also
inducing cardiomyocyte hypertrophy.5® Therefore, the production of these cytokines, peptides,
and growth factors should be measured in TIn1” myofibroblasts. Media can be collected from
TIn1l-null CFs and immunoprecipitation assay can be performed to measure the above factors.
Additionally, TGF-B, Angll, or ISO can be added to CF’s 24 hours prior to media collection to look
specifically at activated CFs. Additionally, CFs should be co-cultured with cardiomyocytes to see

how changes in CF signaling alter cardiomyocyte physiology in vitro.

Limitations of the work described in this dissertation could be addressed with a variety of
studies to directly and incrementally expand the data presented. First, podocyte injury should be
assessed when TInl is removed with the Tcf21 Cre through collection of kidneys and measuring
the podocyte injury markers of podoplanin and synaptopodin.?** Since podocyte injury can result
in an increase in blood pressure, assessment of podocyte injury should be measured to rule out
their contribution to injury as an increase in SBP results in further cardiomyocyte hypertrophy and
interstitial fibrosis in the heart. If podocyte injury is found to contribute to regulating SBP, then this

experiment should be repeated using a different driver of the Cre system for TIn1 removal. Other
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common markers for CFs include fibroblast specific protein 1 (FSP1) and platelet-derived growth

factor receptor-a (PDGFRa), and they maybe more viable drivers for the Cre system.?!8

Secondly, SBP was used to confirm a systemic increase in blood pressure, but pressure
overload was not confirmed in ventricular pressure. This could be done through measuring the
outflow of blood through the aorta, as was done during the initial TAC study. Furthermore,
noninvasive measurements could be used to assess the changes in cardiomyocyte function.
Echocardiography could be used to measure the contractility and relaxation of the heart through
global longitudinal strain measurements, and electrocardiogram could be used to measure the
electrical conduction of the heart. This would allow us to see if altered interstitial fibrosis in the
heart is leading to cardiomyocyte defects and allow for a more targeted approach to study
cardiomyocyte and CF crosstalk in an electrical, stiffness, or chemical signaling context.
Additionally, mice should be kept on Angll-infusion for more than 8 weeks to allow for greater
cardiac decompensation to occur to further confirm that a decrease in interstitial fibrosis in the
TIn27;TIn1°%" mice is still seen during longer injury with increased SBP, and is not just delaying

the onset of increased interstitial fibrosis.

Further experiments should also include determining if there is an alteration in collagen
deposition and processing. While we did begin investigation into alteration in the transcription of
MMPs and TIMPs, further research should be done to determine the thickness of collagen, types
of collagen present, and location of interstitial fibrosis in the Angll injured hearts. Polarized light
images of PSR staining reflect different colors based on the thickness of collagen fibers. Using a
MatLab program previously developed in our lab to quantify the coloration,??” we can quantify the
proportion of thinner, less mature collagen fibers compared to thicker more mature collagen fibers
in the interstitial fibrosis. Additionally, the type of collagen present should be investigated. In the
healthy heart, ~85% of the ECM is composed of thicker collagen | fibers to conifer tensile strength,

and ~11% of collagen type Ill fibers that maintain the elasticity of the ECM.*® These proportions
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change during injury, and the amount of Collagen type lll increases. The ratios of collagens should
be measured to give an idea of elasticity of the ventricular heart wall. This should be done both
through gPCR and immunostaining. Atomic force microscopy (AFM) should also be used to
measure the stiffness of the interstitial fibrosis to additionally gain insight on alteration in collagen

deposition.

Lastly, the location of interstitial fibrosis in the heart should be characterized. Histological
sections of the heart can be subdivided into LV posterior wall, LV anterior wall, septum, and right
ventricle. PSR staining can then be quantified in each of these sections and correlated to WGA
quantification in these same histological sections and correlated to echocardiographic
measurements of LV Mass, LVPW, LVAW, and IVS. This would allow for a better determination
of the contribution of interstitial fibrosis and cardiomyocyte hypertrophy to the overall hypertrophy

in each section of the heart.

In terms of RNA sequencing, we would like to have improved selection criteria for the mice
that we use to see if we can detect more subtle changes. While we did control for an increase in
SBP and used an equal number of male and female mice, we had no other variables to determine
the severity of pressure overload injury in each of these mice. Additional measurements that could
be used would be ventricle/body weight ratio during dissections, and measurement of mRNA
Nppa to try and only use mice with more severe injury. We would also like to include control
animals in the RNA sequencing. From our data, we know that the TIn27;TIn1°" mice have a
slight increase in Nppa under basal conditions at 12-weeks indicating a slight stress response.
Therefore, comparing the Angll mice with a control for both genotypes may elucidate more genetic
changes that were masked by only comparing mice that were exposed to Angll-injury in our

current study.
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In the present RNA sequencing set up, we use LV tissue, resulting in the changes seen in the
RNA sequencing mostly reflecting changes in cardiomyocytes since they are producing most of
the RNA used in this study. This could be masking CF changes. In order to highlight only CF
changes in the TIn2";TIn1*" and TIn2" cells, we could alter our breeding strategy such that our
control animals express Tcf21MM and the Rosa26 td-Tomato reporter but do not have the TIn1™
allele. This would ensure that all Tcf21+ CFs are fluorescent in both the control and the
experimental groups, but only the experimental group would lack TInl expression. Then, injured
and sham hearts could collected and flow sorted for only Td-Tomato+ cells. These cells could
then be used for RNA sequencing to determine the genetic changes specifically between CFs in

both the TIn27- and TIn2"; TIn1°F" mice.

Collectively, the work presented in this dissertation contributes to the understanding of TInl
and TIn2 function in CFs and myofibroblasts in cardiovascular pathologies, specifically pressure
overload induced hypertension. This work applies a variety of tools to garner a better
understanding of interstitial fibrosis which could be applied to other fibrotic processes. This
includes the creation and validation of two novel genetic mice in multiple models of cardiovascular
disease. Lastly, this work highlights the interconnectedness of cardiomyocytes, CFs, and the ECM
in the heart, and that changing the response of one to cardiac injury results in indirect changes in

the others.
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