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Abstract 

Cardiac fibrosis is characterized by maladaptive accumulation of collagen and 

extracellular matrix (ECM) components in the heart, a condition that decreases cardiac function 

and accelerates heart failure. Cardiac fibroblasts, the principal cellular mediators of cardiac 

fibrosis, are normally quiescent, though injury-related signals trigger their activation and 

increases in their proliferation, migration, and synthesis and secretion of ECM materials. While a 

number of cardiac fibroblast activation pathways are established, much remains unknown about 

how these pathways are regulated, in part from the difficulty of their study in vitro posed by their 

spontaneous activation in non-physiologic stiffness conditions present in cell culture. The post-

translational lipid modification known as palmitoylation, mediated by a family of enzymes called 

S-acyltransferases, has emerged as a critical regulator of disease signaling, though little is known 

of how palmitoylation influences pathways in the heart. Recently, pro-fibrotic signaling 

pathways have been shown to be regulated by palmitoylation in other cell types by the S-

acyltransferases zDHHC3 and zDHHC7, including the GTPase Rac1, stressing the need to 

explore the possibility that palmitoylation is regulating adult cardiac fibroblast (ACF) signaling. 

We hypothesized that deletion of Zdhhc3, Zdhhc7, or their combined deletion in ACFs would 

result in blunted fibroblast activation and reduced fibrosis in vivo. Further, we hypothesized that 

ACFs with impaired Rac1 palmitoylation (Rac1 ConKI) would show reduced activation in vitro. 

To test these hypotheses, a physiologic-stiffness polydimethylsiloxane (PDMS) coverslip coating 

protocol was developed to maintain ACF quiescence in vitro. Zdhhc3 fl/fl mice and whole-body 

Zdhhc7 knockout (KO) mice were used to test for changes in ACF activation in vitro and cardiac 
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fibrosis in vivo, and our newly developed Cre-inducible Rac1 palmitoylation-deficient mutant 

knock-in mouse model (Rac1 ConKI) was used to test for changes in ACF activation in vitro. 

Zdhhc3 KO ACFs in vitro responded comparably to controls in migration and levels of TGFβ1-

induced α-smooth muscle actin (αSMA, hallmark activated fibroblast marker) expression, and 

levels of the fibroblast marker genes Postn and Tcf21. Using an in vivo pressure overload model 

of cardiac injury, no significant differences were observed in cardiac function, hypertrophy, or 

fibrosis in myofibroblast Zdhhc3 KO mice compared to controls. Zdhhc7 KO and Zdhhc3/7 KO 

ACFs in vitro exhibited reduced Postn expression in response to TGFβ1 compared to controls, 

though no significant differences were observed in collagen gene expression or nuclear factor of 

activated T cells (NFAT) transcription factor activity. A migratory defect was present in Zdhhc7 

KO ACFs, and a downward trend was seen in Zdhhc3/7 KO ACFs compared to controls. In vivo, 

hypertrophy and contractility in response to chronic angiotensin II/phenylephrine (AngII/PE) 

infusion were unchanged in Zdhhc7 KO and cardiac fibroblast-specific Zdhhc3/7 KO mice 

compared to controls. Zdhhc7 and Zdhhc3/7 KO mice similarly exhibited comparable fibrotic 

gene mRNA levels in response to AngII/PE, and no significant differences were detected in 

ventricular fibrosis. Rac1 ConKI ACFs had increased levels of stress-inducible NFAT and SRF 

transcription factor activity, though showed no differences in αSMA expression or fibrotic gene 

mRNA levels compared to controls when treated with TGFβ1, nor were changes observed in 

migration. These data suggest that ACF zDHHC3 and zDHHC7 are not essential for the 

development of cardiac fibrosis and that TGFβ1-induced ACF activation is not dependent on 

Rac1 palmitoylation. Future experiments will focus on identifying key S-acyltransferases and 

palmitoylated substrates involved in the cardiac fibroblast activation process. 
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Chapter I: Palmitoylation-mediated Regulation of Cardiac Fibroblast Signaling Pathways 

Cardiovascular Disease Health Burden 

 Cardiovascular disease (CVD), in its many forms, remains an immense public health 

issue both in the United States and globally (Martin et al., 2024). Per 2021 data, CVD 

represented the leading cause of mortality in the US and was directly implicated in more deaths 

than cancer, COVID-19, and stroke (Xu et al., 2022). CVD patients suffer from symptom 

profiles including pain, fatigue, reduced stamina, and shortness of breath, and as a result can 

experience a dramatically reduced quality of life (Jurgens et al., 2022). Necessary treatments for 

CVD can be extremely costly even when life-saving treatment is not required, and it is estimated 

that the combined direct and indirect costs of CVD in the United States between 2019 and 2020 

in summation were over 423 billion USD (Martin et al., 2024). Individuals experiencing various 

types of CVD may also exhibit a reduced ability to maintain gainful employment, increasing the 

economic burden component of these diseases, with the cost of lost annual income as a result of 

CVD exceeding 200 billion USD (Weintraub, 2023). Furthermore, the advancement of CVD can 

eventually lead to the development of heart failure, where the heart is insufficiently able to pump 

enough blood to meet the metabolic demands of the body, leading to fatal outcomes (Schwinger, 

2021). Collectively, it is estimated that CVD results in a death occurring every 34 seconds in the 

United States, according to the American Heart Association (Martin et al., 2024). As such, 

significant efforts have been undertaken to understand the pathophysiology of many different 

types of CVD to determine novel treatment strategies and reduce loss of life (Frąk et al., 2022; 

Schwinger, 2021; Severino et al., 2020). 
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 One major area of advancement in our understanding of heart biology involves insights 

into how the heart compensates and adapts in response to stressors incurred in patients with CVD 

(López et al., 2021; Nakamura & Sadoshima, 2018; Schirone et al., 2017). Throughout the 

progression of many CVDs, changes in cardiac workload can lead to remodeling in the form of 

structural alterations to heart composition (Azevedo et al., 2016; Wu et al., 2017). In addition to 

hypertrophic remodeling, where ventricular size increases to meet increased cardiac workload 

(Bazgir et al., 2023; Nakamura & Sadoshima, 2018), one key area of remodeling that 

accompanies many types of CVD involves changes to the extracellular matrix (ECM) 

(Frangogiannis, 2017; Silva et al., 2020). The ECM is a structural network of proteins and 

proteoglycans assembled throughout tissues to provide support and stability for cellular 

activities, movement, and communication (Frangogiannis, 2017; Muncie & Weaver, 2018; Silva 

et al., 2020). Efficient contraction of the heart relies upon the sturdy yet flexible cellular support 

structure provided by the ECM, which ensures cardiomyocytes can mechanically and electrically 

couple with each other to coordinate the heartbeat (Silva et al., 2020). Thus, homeostatic 

maintenance of the ECM in the heart is crucial for healthy heart function (Frangogiannis, 2019). 

However, a variety of CVDs can contribute to dysregulations in ECM structure, leading to the 

overaccumulation of ECM and resultant deleterious effects on cardiac function (Kim et al., 2000; 

Silva et al., 2020). Maladaptive dysregulation of cardiac ECM that leads to reduced cardiac 

function is collectively known as cardiac fibrosis, and there are varying types and degrees of 

severity depending on the precipitating conditions (Frangogiannis, 2021; López et al., 2021). 

 In the past few decades, cardiac biologists have dramatically increased their attention on 

the role of scar formation in the heart and cardiac fibrosis, as well as its contributing role in CVD 

(Frangogiannis, 2021; López et al., 2021; Ravassa et al., 2023). Cardiac fibrosis is a condition 
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characterized by the excess accumulation of scar tissue in the heart and often exists comorbidly 

with common diseases such as hypertension (Díez, 2007; Kuwahara et al., 2004; Narayanan et 

al., 2023), diabetic cardiomyopathy (Cheng et al., 2023; Russo & Frangogiannis, 2016; Tuleta & 

Frangogiannis, 2021; van den Borne et al., 2010), and is perhaps most well-known for its 

involvement in myocardial infarction (MI) (Hinderer & Schenke-Layland, 2019; Liang et al., 

2019). Cardiac scar formation can be essential for maintaining the structural integrity of the 

heart, and in the context of MI, when a large population of cardiomyocytes dies, it is often a life-

saving response to the consequences of cardiomyocyte death after a heart attack (Shinde & 

Frangogiannis, 2014; van den Borne et al., 2010). “Replacement” fibrosis, or scarring of the 

infarct zone, prevents deadly rupture events when pressurized ventricular tissue is weakened, 

even if that scarring cannot provide the functional capacities of the cardiomyocytes that preceded 

it (Talman & Ruskoaho, 2016; Travers et al., 2016). From this vantage point, the formation of 

these scars can be a valuable and necessary response to cardiac injury. However, increased 

accumulation of cardiac scarring can impact cardiac function by impairing both contraction and 

relaxation of the heart (Ma et al., 2018). The development of these scars in response to MI, as 

well as additional fibrotic responses observed in the heart, such as in response to pressure 

overload, contribute to the reduction in heart function and acceleration towards heart failure 

(Hara et al., 2017; Schimmel et al., 2022). 

In other non-MI diseases, maladaptive accumulation of ECM can additionally occur 

(Hara et al., 2017; Schimmel et al., 2022; Travers et al., 2016). Often referred to as “reactive” 

fibrosis, cardiac scarring can be present throughout the cardiac interstitium, commonly within the 

left ventricle (Hara et al., 2017; Schimmel et al., 2022). In less developed cases, minor scarring is 

relatively inconsequential and may not result in any functional consequences to the heart. 
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Though as it increases in severity, interstitial fibrosis can begin to interfere with cardiomyocyte 

communication, and the mechanical and electrical coupling of cardiomyocytes can be impaired 

to an extent that prohibits efficient contraction and relaxation of the heart (H. Liu et al., 2022; 

Pellman et al., 2016; Reed et al., 2011). Severe changes to the ECM through excessive scar 

formation and alterations in fibroblast/cardiomyocyte communication have additionally been 

shown to be responsible for potentiating arrhythmia (Kazbanov et al., 2016; Nguyen et al., 2014; 

Pellman et al., 2016; Schiau et al., 2021). The resultant loss of function from decreased 

contractile ability, as well as arrhythmogenesis, can contribute to a patient developing heart 

failure (Hinderer & Schenke-Layland, 2019). Further, at present cardiac fibrosis is generally 

considered to be irreversible in most cases (Nagaraju et al., 2019). As cardiac fibrosis worsens, 

the potential for adverse events becomes elevated, contributing to the acceleration of fatal 

outcomes (Ravassa et al., 2023; Webber et al., 2020).  

In response to the major economic consequences and loss-of-life associated with CVD, 

cardiac fibrosis, and heart failure, significant work has been performed towards research that 

aims to generate effective therapeutic modalities, which over the years have included small 

molecules, biologics, and even Car-T strategies (Morfino et al., 2023; Raziyeva et al., 2022; Ren 

et al., 2023; Travers et al., 2022). Unfortunately, efforts towards the treatment of cardiac fibrosis 

have largely been non-viable clinically, and at present, there are no known clinically approved 

primarily anti-fibrotic therapies indicated for this condition (Morfino et al., 2023). As such, 

future examination is critically needed to determine novel targets and develop therapies for the 

prevention, treatment, and reversal of cardiac fibrosis. 



5 

Cardiac Fibroblasts and Pro-Fibrotic Signaling 

Cardiac Fibroblast Activation and ECM Remodeling 

In order to understand the cellular basis for the development of cardiac fibrosis, 

increasing attention has been shifted to elucidating the biology of its principal mediator, the 

cardiac fibroblast (CF) (Ivey & Tallquist, 2016; Souders et al., 2009; Tallquist & Molkentin, 

2017). CFs are one of the most abundant non-myocyte cell types in the heart (Camelliti et al., 

2005), and while estimations vary, recent reports indicate that they represent upwards of ~30% of 

observed cells in the healthy heart (Tucker et al., 2020). Exploring the many ways in which CFs 

contribute to the regulation of the heart has become an exciting frontier in cardiac biology, in the 

hopes that increasing our understanding of these cells may allow us to modulate their activity in 

the future to prevent, treat or even reverse fibrosis in the heart. 

As part of these investigations, significant advances have been made in recent years 

toward characterizing the many roles of CFs in the heart (Fu et al., 2020; Kanisicak et al., 2016; 

Tallquist & Molkentin, 2017). CFs predominantly arise from both the epicardium and 

endocardium and at present, it is generally understood that the collective responses of these cells 

are consistent both at baseline and during injury despite differences in embryonic origin 

(Tallquist, 2020). Amongst their most important roles in the heart is the generation and 

maintenance of the cardiac ECM (Humeres & Frangogiannis, 2019). This function is primarily 

accomplished through the production of both structural and functional proteins that compose the 

ECM, including collagen types I and III, fibronectin, proteoglycans, and glycoproteins (Fan et 

al., 2012; Humeres & Frangogiannis, 2019; Sarohi et al., 2022). These structural proteins are 

secreted and arranged into their matrix composition to provide a stable environment for cardiac 

cells to arrange into tissue and additionally serve as a functional substrate for the transmission of 
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mechanical signals throughout the heart (Fan et al., 2012; Song & Zhang, 2020). Critically, 

continuously maintaining the ECM to achieve a balance between secretion and degradation is 

required to provide the proper homeostatic environment for cardiomyocyte communication and 

contraction (Fan et al., 2012). This maintenance process is achieved in part through CF-mediated 

secretion of metalloproteinases (MMPs) (Creemers et al., 2001; Fan et al., 2012; Ridwan et al., 

2023). MMPs are responsible for the degradation of the ECM, and the sensing of the cardiac 

microenvironment by CFs enables them to regulate ECM homeostasis through the release of 

MMPs or, alternatively, through the release of tissue inhibitors of metalloproteinases (TIMPs) to 

either up- or down-regulate changes in ECM formation (Creemers et al., 2001; Fan et al., 2012). 

In doing so, the ECM is maintained in such a way that it provides an optimal environment for 

cardiac function and contraction. 

In the event of injury-related signaling processes associated with many CVDs, major 

changes in CF activity can occur, and as a result, dramatic alterations to the structure of the ECM 

in the heart (Fan et al., 2012; Frangogiannis, 2021; Humeres & Frangogiannis, 2019). In the case 

of myocardial infarction, for example, chemical signals in the cardiac microenvironment can 

trigger changes in CF activity that allow for an adequate response to injury (Humeres & 

Frangogiannis, 2019; Shinde & Frangogiannis, 2014). Cardiac injury can trigger the release of 

damage-associated molecular patterns (DAMPs) and cytokines to the cardiac microenvironment 

(Chen & Frangogiannis, 2013; Turner, 2016), and when sensed by CFs, induce multi-phasic 

morphological and phenotypic changes in these cells (Gibb et al., 2020; Humeres & 

Frangogiannis, 2019; Kanisicak et al., 2016).  

In the immediate response to these signals, CFs undergo an upregulation in their own 

inflammatory signaling molecule secretion, including tumor necrosis factor α (TNFα), 



7 

interleukin 1β (IL-1β), MMPs, and chemokine monocyte chemoattractant protein-1 (MCP1), and 

in turn promote the recruitment of immune cells critical for the injury response and the 

facilitation of dead cell clearance (Humeres & Frangogiannis, 2019; Souders et al., 2009). To 

begin scar formation, pro-fibrotic signaling molecules present in the injured heart, such as 

transforming growth factor β 1 (TGFβ1), angiotensin II (AngII), and cytokines such as 

interleukin-6 (IL6), stimulate CFs to transition into an “activated” state (Figure 1.1). This 

activation process primarily involves increased cellular proliferation, cytokine production and 

release, and synthesis and deposition of collagen and other ECM proteins that will be used in the 

formation of scar tissue (Bertaud et al., 2023; Jiang et al., 2021; Umbarkar et al., 2021). This 

transition into the canonical “myofibroblast” is characterized by increased expression of 

activated fibroblast marker genes Postn, Col1a1, Col3a1, Nox4, and Thbs4, as well as the 

expression and cytoskeletal incorporation of the hallmark activated fibroblast protein α-smooth 

muscle actin (αSMA) (Chaffin et al., 2022; Kanisicak et al., 2016; Shinde et al., 2017; Tallquist 

& Molkentin, 2017). Myofibroblast activation is key to the wound healing process and the 

development of protective scar tissue (Chen & Frangogiannis, 2013; Fu et al., 2018; Tallquist, 

2020; Tallquist & Molkentin, 2017). Chronic myofibroblast activation is also observed in the 

heart in other types of CVD outside of the context of myocardial infarction. In the pressure-

overloaded heart, similar pro-fibrotic chemical signaling patterns can be recognized by these 

cells, resulting in myofibroblast activation and, ultimately, reactive interstitial fibrosis that can 

contribute to the worsening of heart function and contribute to heart failure (Nagalingam et al., 

2022; Tallquist, 2020). In addition to chemical stimuli, CFs possess mechanosensitive signaling 

systems that allow them to sense changes in the stiffness and mechanical strain of the heart 

(Pesce et al., 2023; Tian & Ren, 2023). Collectively, the combinatorial influences of these 



8 

chemical and mechanical pro-fibrotic signals and their effectors elicit the ECM dysregulation 

and cardiac fibrosis observed accompanying many types of CVD. 

CFs serve a variety of important functions in the heart, from maintaining the ECM, 

modulating cardiac immune responses, and responding to injury (Pesce et al., 2023; Tallquist, 

2020). While CF activation in response to injury plays an essential role in survival, chronic 

myofibroblast activity in the absence of cardiomyocyte death represents a significant 

contribution to the development of heart failure (Fan et al., 2012; Nagalingam et al., 2022). The 

complex mechanisms involved in the facilitation of CF responses in the heart are not fully 

understood, but a variety of major ligand/receptor systems and their downstream signaling axes 

have begun to be elucidated (Bertaud et al., 2023; Jiang et al., 2021; Umbarkar et al., 2021). 

Continual investigations into myofibroblast signaling mechanisms seek to characterize the 

nuances of CF activation pathways and establish a solid understanding of how they elicit the 

dynamic responses of this critical cardiac cell type. 

Notable Cardiac Fibroblast Activation Signaling Pathways 

 In order to establish a deeper understanding of myofibroblasts and the signaling pathways 

that underlie their activation, many groups have sought to elucidate the mechanisms responsible 

for the dynamic regulation of these cells at baseline and in response to injury (Bertaud et al., 

2023; Umbarkar et al., 2021). In doing so, a number of key signaling axes have been 

demonstrated to underlie the myofibroblast transition and contribute to increases in the 

development of fibrosis.  

TGFβ1/SMAD2/3 Signaling 

One of the most important pathways that has been established in the fibroblast to 

myofibroblast transition is the TGFβ1/SMAD2/3 signaling axis (Hanna et al., 2021; Khalil et al., 
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2017). TGFβ isoforms 1,2 and 3 are a family of cytokine signaling proteins that bind to TGFβ 

receptors (I, II), and upon ligand binding, these receptors canonically signal through a family of 

effector proteins/transcription factors known as mothers against decapentaplegic (SMADs) 

(Heldin & Moustakas, 2016). In the context of pro-fibrotic signaling, the binding of TGFβ1 to 

transforming growth factor β receptor II (TGFβRII) at the plasma membrane of CFs promotes 

recruitment of their main effectors SMAD2/3 (Hu et al., 2018). SMAD2/3 phosphorylation by 

receptor kinase activity drives disassociation from the receptor and binding with cytosolic 

SMAD4, and upon complex formation, nuclear localization of the complex results in changes in 

gene expression related to proliferation, myofibroblast activation, and collagen synthesis (Hu et 

al., 2018).  

Due to the importance of TGFβ1 in inducing the myofibroblast transition, its influence on 

cardiac remodeling has been extensively characterized (Dobaczewski et al., 2011; Frangogiannis, 

2020; Frangogiannis, 2022). TGFβ1 has become an essential agonist for experiments analyzing 

in vitro CF activation, as treatment of quiescent CFs with TGFβ1 results in a dramatic increase in 

αSMA expression and myofibroblast induction (Luo et al., 2017; Mia et al., 2014; Ranjan et al., 

2021). A variety of groups have investigated the consequences of interrupting TGFβ1/SMAD2/3 

signaling in order to determine the downstream effects on CF activation and fibrosis. Removal of 

TGFβ receptors through fibroblast-specific deletion of Tgfbr1/2 resulted in a significant 

reduction in the development of cardiac fibrosis in mice subject to 12-weeks of transverse aortic 

constriction (TAC)-induced pressure overload (Khalil et al., 2017). Further, mice with fibroblast-

specific deletion of Smad2 and Smad3 exhibited significantly reduced levels of activated CFs in 

response to 7-day TAC, as well as reductions in myocardial fibrosis in Tgfb1-overexpressed 

transgenic mice (Khalil et al., 2017). Selective deletion of Smad3 alone resulted in an equal 
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reduction in fibrosis compared to Smad2/3 deletion, suggesting that the pro-fibrotic effects of 

TGFβ1 are more dependent on SMAD3 than SMAD2 (Khalil et al., 2017). Other studies have 

provided additional evidence for this effect, as in vivo cardiac fibroblast-specific deletion of 

Smad3 in fibroblasts via an inducible Col1a2-promotor significantly reduced histological 

measures of myocardial collagen content at baseline, as well as reductions in mRNA levels of 

Col1a1, Col2a1, Col4a1, and Thbs1, whereas cardiac fibroblast-specific Smad2 knockout mice 

exhibited comparable responses to controls in these measures (Huang et al., 2020). Through 

explorations into signaling upstream of TGFβ1 activity at its receptors, it was recently 

determined that high-temperature requirement A serine peptidase 3 (Htra3) regulates the 

development of fibrosis in the injured heart through degradation of TGFβ1, thus maintaining the 

quiescent state of fibroblasts (Ko et al., 2022). Whole-body Htra3 knockout mice yielded 

significant upregulation of phosphorylated SMAD2/3 in both sham and TAC groups, as well as a 

significant increase in fibrosis in the heart in response to TAC compared to controls (Ko et al., 

2022). Thus, the interruption of TGFβ1/SMAD2/3 signaling can result in major changes to the 

CF activation in vitro and in vivo. 

In addition to canonical SMAD signaling, non-canonical pathways induced by TGFβRII 

activation have also been characterized. In particular, effectors in the mitogen-activated protein 

kinases (MAPK) family with known roles in proliferation, differentiation, and inflammation 

(Cargnello & Roux, 2011) have been demonstrated to play crucial roles in fibroblast activity and 

the development of fibrosis in vivo (Frangogiannis, 2020; Molkentin et al., 2017; Turner & 

Blythe, 2019). p38 MAPK is known to be activated by mitogen-activated protein kinase kinase 

3/6 (MKK3/6) downstream of TGFβRs, independent of SMAD, and then activate downstream 

signaling effectors including the transcription factor nuclear factor kappa-light-chain-enhancer of 
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activated B cells (NFκB) and the transcription coactivator yes-associated protein (YAP) which 

upregulate cytokine release and collagen synthesis from their activity in mediating 

transcriptional changes in the nucleus (Francisco et al., 2020; Lu et al., 2021; Umbarkar et al., 

2021). Deletion of p38 in fibroblasts in vivo was shown to reduce cardiac myofibroblast 

transition as well as result in a significant reduction in fibrosis induced through an 

ischemia/reperfusion injury model (Molkentin et al., 2017). Further, phosphorylation of 

extracellular signal-regulated kinase 1/2 (ERK1/2) is significantly upregulated in response to 

TGFβ1 in CFs (Luo et al., 2017; Peng et al., 2010), and in vitro administration of PD98059, an 

ERK inhibitor, has been shown to abrogate TGFβ1-induced pro-fibrotic effector activity, 

including reducing myocardin related transcription factor A (MRTF-A) nuclear localization. 

Recent discoveries of TGFβ1 signaling in CFs have provided insights into how Wnt/β-

catenin regulates myofibroblast proliferation and fibrosis. The Wnt/β-catenin pathway has 

become increasingly recognized for its role in regulating cell homeostasis, proliferation, and 

migration, with known roles in the disease signaling of cancer, pulmonary disorders, CVD, and 

Alzheimer's disease (J. Liu et al., 2022). Mechanistically, binding of Wnt to the extracellular 

portion of the transmembrane Frizzled receptor activates downstream de-phosphorylation of β-

catenin, facilitating its nuclear localization and binding to T-cell factor/lymphoid enhancer factor 

(TCF/LEF) to initiate transcriptional changes (Cadigan & Waterman, 2012; J. Liu et al., 2022). 

In vitro administration of secreted Frizzled-related protein 2 (sFRP2), an endogenous inhibitor of 

Wnt, completely abrogated TGFβ1-induced increases to CF αSMA expression and mRNA levels 

of pro-fibrotic genes, including Col1a1, Fn1, and Tnc (Blyszczuk et al., 2017). Further, in vivo 

deletion of β-catenin in CFs significantly reduced levels of fibrosis and hypertrophy following an 

8-week TAC exposure (Xiang et al., 2017). β-catenin deletion additionally yielded a protective 
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effect on cardiac function, with Ctnnb1 KO animals exhibiting significant improvements in 

contractility as measured by ejection fraction and fractional shortening (Xiang et al., 2017). 

Together, these data highlight the major importance of TGFβ1 and its associated signaling axes 

in CF activation and the development of cardiac fibrosis in vivo. 

Angiotensin II/Gaq Signaling 

Another critical regulator of fibroblast activation is the renin-angiotensin-aldosterone-

system (RAAS) peptide angiotensin II (AngII) (Forrester et al., 2018). AngII is well known as a 

major contributor to cardiac remodeling in terms of both hypertrophy and fibrosis, and 

circulating levels of AngII are increased in response to myocardial infarction and other CVDs 

inducing pressure or volume overload (De Mello & Danser, 2000). Signaling of this peptide is 

mediated through binding to the plasma membrane-localized angiotensin II receptor type I 

(AT1R), a G-protein coupled receptor (GPCR) that primarily couples to G-alpha q (Gaq) 

(Forrester et al., 2018). Upon binding of AngII to AT1R, Gaq dissociates from the receptor and 

initiates its signaling primarily through the activation of phospholipase C (PLC) (Kamato et al., 

2015). PLC activation mediates the conversion of membrane-bound phosphatidylinositol 4,5-

bisphosphate (PIP2) into the second messenger’s inositol trisphosphate (IP3) and diacylglycerol 

(DAG) (Bill & Vines, 2020; Putney & Tomita, 2012). IP3 can then localize to the endoplasmic 

reticulum, bind to IP3 receptors, and initiate Ca2+ release that initiates a host of effects, notably 

calmodulin-calcineurin-mediated increases in activity of the pro-fibrotic transcription factor 

nuclear factor of activated T cells (NFAT) (Bill & Vines, 2020; Lighthouse & Small, 2016; Park 

et al., 2020). DAG can also lead to downstream intracellular Ca2+ increases, as well as activate 

protein kinase C (PKC) (Black & Black, 2012). PKC contributes to the activation of a wide 

spectrum of downstream effectors implicated in fibroblast signaling including MAPKs, Rho 
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GTPases, MMPs, and the transcription factors NFAT and NFκB (Lim et al., 2015; Trappanese et 

al., 2016). Activation of AT1R by AngII can also increase pro-fibrotic intracellular oxidative 

stress and reactive oxygen species (ROS) through activation of nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases like Nox4, and mRNA levels of this enzyme serve as 

a marker for activated CFs (Chaffin et al., 2022; Cucoranu et al., 2005; Hecker et al., 2009; Wen 

et al., 2012). 

The effects of AngII on CFs are well characterized both in vitro and in vivo, and 

stimulation of these cells with AngII induces an upregulation in proliferation, migration, 

adhesion, ECM synthesis, and cytokine release (Chen et al., 2004; Kawano et al., 2000; Schnee 

& Hsueh, 2000). CFs treated with AngII exhibited a dose-dependent increase in collagen type I 

protein levels, a marked increase in intracellular ROS, and mRNA level increases of Col1a1, 

Col3a1, and Acta2 (Chen et al., 2004; Francisco et al., 2020). In other works, treatment of CFs 

with AngII in vitro resulted in a significantly heightened expression of αSMA and the 

incorporation of αSMA into the cytoskeleton  (Bai et al., 2013; Cao et al., 2018; Wu et al., 2021). 

In vivo, infusion of AngII is one of the most common models of cardiac injury due to its 

effectiveness in inducing ROS generation, inflammation, elevated pro-fibrotic gene mRNA 

levels, and cardiac fibrosis in mice (Cao et al., 2018; García-Martín et al., 2021; Lyu et al., 2021; 

Z.-G. Ma et al., 2023; Matsumoto et al., 2013; Pan et al., 2012). As such, AngII plays an essential 

role in regulating CF activation, and its upregulation is a major contributor to the progression of 

myocardial fibrosis (Murphy et al., 2015). 

Mechanical Stress/YAP/TAZ Signaling 

 Unlike other organs, the unique functions of the heart lead to the generation of physical 

forces that are constantly changing at baseline and throughout the process of cardiac remodeling 
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(Garoffolo & Pesce, 2019). The mechanical properties of the heart, such as stiffness, mechanical 

tension, stretch, and pressure, are subject to substantial changes as a result of injury, and CFs 

continuously sense the cardiac microenvironment in order to respond appropriately in their 

regulation of ECM deposition and turnover (X. Li et al., 2022; Pesce et al., 2023; Tian & Ren, 

2023).  

While ligand/receptor interactions play a major role in these responses, the heart 

possesses specialized mechanisms to specifically sense changes to these forces and modify their 

cellular responses accordingly (Pesce et al., 2023; Tian & Ren, 2023). CFs utilize 

mechanosensitive machinery, including integrins, cadherins, and focal adhesions, to convert 

mechanical stimuli outside of the cell into changes in intracellular signaling cascades that 

regulate their responses (Pesce et al., 2023; Tian & Ren, 2023). Further, certain receptor 

subtypes, including AT1R as previously described, have also been shown to be activated by 

mechanical stretch and contribute to these signaling pathways (Yatabe et al., 2009). Using these 

mechanisms, CFs possess the ability to sense changes in mechanical parameters that can occur as 

a result of CVD in order to modify their responses and regulate the ECM (Pesce et al., 2023; 

Tian & Ren, 2023). 

One of the most important signaling pathways that orchestrates the intracellular 

transduction of mechanosensitive signaling processes involved in CF activation is the 

Hippo/YAP/TAZ pathway (Del Re, 2022; Landry & Dixon, 2020; Mia et al., 2022; Mia & Singh, 

2022). Yes associated protein (YAP) and transcriptional coactivator with PDZ-binding motif 

(TAZ) are transcriptional coactivators who primarily signal through their activation of TEA 

domain transcription factors (TEADs) in the nucleus (Guo & Zhao, 2013; Lin et al., 2017). The 

role of TEADs in other cell types is well characterized, and these proteins are known to 



15 

coordinate the transcription of target genes associated with tumorigenesis, invasion, adhesion, 

proliferation, and migration (Wang et al., 2022; Zhou et al., 2016). The YAP/TAZ interaction 

with TEADs is actively downregulated through the activation of kinases composing the Hippo 

signaling pathway (Rausch & Hansen, 2020; Werneburg et al., 2020). In the “Hippo-on” state, 

the cytosolic kinases large tumor suppressor kinase 1 and 2 (LATS1/2) maintain the 

phosphorylation of YAP/TAZ, a post-translational modification that prevents its nuclear 

localization (Rausch & Hansen, 2020; Werneburg et al., 2020). However, extracellular changes, 

including those involving ECM stiffness and stretch detected by integrins and focal adhesions, 

can inactivate this inhibition of YAP/TAZ nuclear localization in what is known as the “Hippo-

off” state (Rausch & Hansen, 2020; Werneburg et al., 2020)., In the Hippo-off state, decreases in 

kinase activity upstream of LATS1/2 result in its de-phosphorylation, and as the phosphorylation 

state of LATS1/2 gives rise to its enzymatic ability, this process results in increased 

dephosphorylation of YAP/TAZ thus increasing YAP/TAZ nuclear localization and 

transcriptional changes (Rausch & Hansen, 2020; Werneburg et al., 2020).  

The consequences of interrupting LATS1/2 and YAP/TAZ signaling on CF activation are 

well established, and this pathway has now been demonstrated as a crucial regulator of fibroblast 

responses at baseline and in response to injury (Del Re, 2022; Mia & Singh, 2022). In vitro, 

overexpression of YAP in neonatal rat CFs significantly increased αSMA expression and mRNA 

levels of Col1a1, Col3a1, and Tgfb1, as well as induced a significantly increased contraction of 

collagen gels (Francisco et al., 2020). Adeno-associated virus-mediated overexpression of YAP 

in CFs in vivo has been shown to significantly upregulate fibrosis and mRNA levels of Col1a1, 

Col3a1, and Tgfb1(Francisco et al., 2021). In a fibroblast-specific Lats1/2 KO mouse model, 

Lats1/2 KO mice developed a spontaneous fibrotic phenotype in the heart and reduced cardiac 
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output in the absence of injury (Xiao et al., 2019). Further, Lats1/2 KO mice subject to MI 

exhibited extremely high levels of fibrosis compared to controls, an effect that was partially 

rescued by the concurrent knockdown of YAP/TAZ (Xiao et al., 2019). Investigations into the 

consequences of YAP deletion in fibroblasts discovered that fibroblast-specific Yap KO mice 

subject to MI exhibited a significantly lower population of activated fibroblasts, which 

corresponded with less pro-fibrotic gene expression, fibrosis, and improved contractility 

(Francisco et al., 2020). Overall, these data highlight that YAP/TAZ signaling contributes 

significantly to the development of CF activation and cardiac fibrosis. 

 Another intriguing facet of CF mechanosensation is its involvement in CF activation in 

cell culture, as commonly occurs with in vitro experimentation. The sensitivity of CFs to 

mechanical stiffness has contributed to challenges in their study in vitro, as the physical 

properties of traditional cell culture vary greatly from that of their endogenous environment 

(Felisbino et al., 2024; Gałdyszyńska et al., 2021; Hall et al., 2023; Landry et al., 2019). Stiffness 

is measured through a rating system known as Young’s modulus in units of Pascals, and the 

Young’s modulus of the adult heart is estimated to be between 5-40 kPa (Emig et al., 2021; 

Wells, 2013). Traditional two-dimensional (2D) cell culture plastic and glass, however, yield 

ratings of ~1 GPa to 70 GPa, respectively, which are orders of magnitude greater than the 

endogenous environment in the heart (Acevedo-Acevedo & Crone, 2015). Consequently, 

spontaneous activation of isolated quiescent fibroblast in culture occurs almost immediately, 

which can pose difficulties in experimental procedures that rely on baseline inactivation (Landry 

et al., 2019). To navigate this, a number of groups have pioneered the use of modified substrates 

with Young’s moduli approximating that of the endogenous environment in attempts to increase 

the physiological relevance of in vitro studies with these cells (Childers et al., 2021; Felisbino et 
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al., 2024; Landry et al., 2019, 2021). CFs plated on substrates from 4-8 kPa exhibit a marked 

reduction in spontaneous activation, allowing for prolonged quiescence in culture and increased 

ability to induce meaningful activation with agonists/treatments as part of experimentation 

(Childers et al., 2021; Felisbino et al., 2024; Landry et al., 2019, 2021). These models provide a 

useful tool for future work related to in vitro analyses of cardiac fibroblast activation. 

IL6/JAK/STAT Signaling 

In addition to TGFβ1, the pro-inflammatory cytokine IL6 has also been shown to regulate 

CF activation and fibrosis in part through its activation and involvement with the Janus 

kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway (Y. Li et 

al., 2022). IL6 commonly serves as a regulator of inflammation and is secreted from a wide 

variety of cells in the heart, including monocytes, macrophages, and cardiomyocytes, and recent 

work provides evidence that fibroblasts themselves are the major contributor of IL6 production 

and secretion in response to myocardial infarction (Alter et al., 2023; Y. Li et al., 2022). Release 

of IL6 triggers cellular transformation, wound repair, autophagy, and apoptosis (Y. Li et al., 

2022). IL6-mediated signaling is predominantly through the JAK/STAT pathway, which has been 

implicated in a variety of diseases related to inflammation, including fibrosis, irritable bowel 

disease, and many types of cancers (Hu et al., 2018; Hu et al., 2023). Initiation of this signaling 

pathway involves IL6 binding to the interleukin-6 receptor (IL6R), a membrane-bound cytokine 

receptor (Wolf et al., 2014). IL6R at the plasma membrane associates with non-receptor tyrosine 

kinases such as Janus kinase 1 (JAK1) and Janus kinase 2 (JAK2), and phosphorylation mediated 

by JAK1 and JAK2 induce the activation of the main IL6R effector, STAT3, in its monomeric 

form (Harrison, 2012). Upon phosphorylation, phosphorylated-STAT3 homodimers are formed 
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in the cytosol and then translocate to the nucleus to mediate transcriptional changes in the 

inflammatory response (Harrison, 2012; Hu et al., 2023). 

As part of works to investigate the influence of IL6 on CF activation, it was found that 

the treatment of cultured murine CFs with IL6 induced significant increases in pro-fibrotic 

marker gene expression (Zhang et al., 2016). Mice experiencing diabetic cardiomyopathy 

exhibited consistent upregulation of protein levels of collagen I and III in the heart, and notably, 

these effects were significantly abrogated in whole-body Il6 KO mice, suggesting a role for IL6 

in their expression in vivo (Zhang et al., 2016). At the tissue level, a reduction in collagen in 

histological sections of the heart was also observed in Il6 KO mice (Zhang et al., 2016). Further, 

IL6 treatment of rat CFs resulted in a significant increase in αSMA expression, as well as 

stimulated increased collagen gel contraction relative to controls (Meléndez et al., 2010). In 

fibroblast-like hepatic stellate cells, IL6 treatment elicited a dose-dependent increase in Acta2 

mRNA levels and significant increases in both phosphorylated STAT3 and p38 (Kagan et al., 

2017). Finally, chronic infusion of IL-6 in adult rats induced a 3-fold increase in interstitial 

fibrosis, as well as a significant increase in ventricular concentric hypertrophy (Meléndez et al., 

2010). Thus, it is clear that IL6 is notably involved in the regulation of CF activation, and its 

signaling significantly contributes to the development of myocardial fibrosis. 

The signaling pathways that underlie CF activation and scar formation are complicated, 

and their responses are determined by the influence of a wide variety of inflammatory molecules, 

signaling ligands, and mechanical stimuli (Bertaud et al., 2023; Umbarkar et al., 2021). There is 

significant evidence detailing major intra- and intercellular crosstalk in these signaling pathways, 

including between fibroblasts and other cell types in the heart, where one pathway further 

contributes to activation of additional pathways in a feed-forward mechanism (Alter et al., 2023; 



19 

Kapur, 2011; J. C. Li et al., 2023; Ma et al., 2012; Nicin et al., 2022; Uscategui Calderon et al., 

2023; Van Linthout et al., 2014). The complex interplay of these activation mechanisms 

ultimately regulates the dynamic responses observed in CFs in the heart (Zeigler et al., 2016). As 

such, further work is required to characterize the relative contributions of these signaling 

pathways towards the homeostatic maintenance of the ECM and scar formation in response to 

injury (Kong et al., 2014; Zeigler et al., 2016). One area of future investigation into the 

regulation of these pathways is the contribution of the post-translational modifications in fine-

tuning these cellular responses at the protein level. 

The Role of Palmitoylation in Signaling and Disease 

Palmitoylation, a Reversible Lipid Modification 

 While great strides have been made in uncovering major signaling axes involved in CF 

activation, there is still much to be done toward elucidating how the relevant signaling molecules 

in these pathways are fine-tuned to produce the dynamic and context-dependent responses of 

these cells. One area of continual investigation seeks to determine how post-translational 

modifications (PTMs) direct signaling pathways, influence downstream receptor responses, 

orchestrate gene expression changes, and ultimately alter cellular responses in the context of 

disease (Kitamura & Galligan, 2023; Zhong et al., 2023). Of the many currently under 

investigation, one PTM of particular interest is palmitoylation, which describes a type of 

reversible lipid modification that can exert key changes in protein signaling and trafficking 

(Chamberlain & Shipston, 2015; Jiang et al., 2018; Linder & Deschenes, 2007; Tabaczar et al., 

2017). Estimates of the size of the palmitoyl-proteome reveal that approximately 10% of all 

proteins undergo this PTM (Blanc et al., 2019), suggesting that there is still much to discover 

about how palmitoylation plays a role in protein biology.  
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To elaborate, palmitoylation is a type of reversible lipid PTM that involves the 

attachment of a fatty acid chain to a substrate protein (Jiang et al., 2018; Linder & Deschenes, 

2007; Tabaczar et al., 2017). This PTM is mediated by a family of enzymes known as S-

acyltransferases that are canonically referred to as “zDHHCs” in reference to their conserved 

aspartic acid-histidine-histidine-cysteine catalytic domain (Anwar & van der Goot, 2023; Stix et 

al., 2020). There are 23 known S-acyltransferases expressed in mammals, and these membrane-

bound enzymes are typically localized to the Golgi apparatus, endoplasmic reticulum, and 

plasma membrane (Anwar & van der Goot, 2023; Chamberlain & Shipston, 2015). To mediate 

this PTM, S-acyltransferases must first “auto-palmitoylate” by acquiring a palmitate group from 

palmitoyl-CoA and attaching it to the cysteine residue of its catalytic domain via a thioester bond 

(Dietrich & Ungermann, 2004; Guan & Fierke, 2011). Following this auto-palmitoylation 

process, an S-acyltransferase can then catalytically transfer the palmitate group to the cysteine 

residue of an interacting substrate protein that has localized to its respective cellular domain 

(Chen et al., 2021; Main & Fuller, 2022; Tabaczar et al., 2017). Once the palmitate group has 

been transferred, the S-acyltransferase must then undergo an additional interaction with 

palmitoyl-CoA prior to mediating further enzymatic activity.  

 In recent past, the consequences of protein palmitoylation on intracellular signaling have 

become increasingly characterized and have been shown to crucially regulate a wide variety of 

downstream signaling processes (Chamberlain & Shipston, 2015; Guan & Fierke, 2011). 

Primarily, palmitoylation is the attachment of a highly lipophilic side chain, and thus, this PTM 

increases the substrate’s affinity for membrane domains in the cell (Tabaczar et al., 2017). 

Palmitoylation commonly drives the association of substrate proteins to different membranes, 

such as the plasma and Golgi membranes, resulting in influencing further signaling that can 
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proceed from this domain of the cell (Aicart-Ramos et al., 2011; Dennis & Heather, 2023; Guan 

& Fierke, 2011). Interestingly, not only does palmitoylation drive membrane association in 

general, but it can also drive association with specific types of membrane domains, such as lipid 

rafts, increasing the specificity of their interactor profiles and downstream signaling 

(Chamberlain & Shipston, 2015; Guan & Fierke, 2011; Levental et al., 2010; Navarro-Lérida et 

al., 2012; Sun et al., 2020). Aside from localization, there is additional evidence that S-

acyltransferase-mediated palmitoylation can critically regulate substrate stability (Chamberlain 

& Shipston, 2015; Linder & Deschenes, 2007; Maeda et al., 2010), protein-protein interactions 

(Charollais & Van Der Goot, 2009), and protein trafficking (Aicart-Ramos et al., 2011; 

Chamberlain et al., 2013). Thus, protein palmitoylation plays a variety of essential roles in 

directing intracellular signaling. 

Notably, unlike other lipid modifications, palmitoylation is reversible, yielding unique 

ways of modifying protein signaling and localization (Linder & Deschenes, 2003). Another 

family of enzymes, the acyl-protein thioesterases (APTs), are capable of hydrolyzing the 

thioester bond between palmitate and protein substrates, rendering them “de-palmitoylated” 

(Chen et al., 2021; Zeidman et al., 2009). Upon removing the lipophilic group, plasma 

membrane-docked proteins are often then released from the membrane and either continue to 

signal or are otherwise de-activated from their contributions to interactors at the membrane 

(Chamberlain & Shipston, 2015; M. Zhang et al., 2020). This palmitoylation/depalmitoylation 

“cycling” can be critical in advancing proteins through their signaling pathways (Baekkeskov & 

Kanaani, 2009; M. Zhang et al., 2020). Given that the reversible nature of this PTM can lead to 

unique signaling outcomes through both activating and inhibiting substrate activity, its role in the 
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protein regulation underlying disease has become of particular interest, and many groups have 

since discovered key roles for palmitoylation in a host of pathologies. 

Recent Contributions to Disease Regulation through Palmitoylation 

 In the past decade, a variety of novel investigations into the contributions of 

palmitoylation in disease signaling have established this PTM as having an emerging role in 

human health conditions such as cancer, immunity, neurological disorders, and CVD (Cai et al., 

2023; Essandoh et al., 2020; M. Li et al., 2023; Liao et al., 2023). Here, a number of recent 

advances highlighting the key roles of palmitoylation signaling in disease, as well as their 

clinical value for therapeutic targeting, are presented. 

Cancer/Immune Disorders 

 One of the major disease areas being uncovered in relation to palmitoylation-driven 

signaling pathways is the involvement of this lipid modification in the mechanisms and treatment 

of cancer and tumorigenesis (Kong et al., 2023; M. Li et al., 2023; Zhou et al., 2023). A number 

of recent works have elucidated novel roles for S-acyltransferases in the pathophysiology and 

treatment of hepatocellular carcinoma (HCC), such as zDHHC16 contributing to resistance to 

sorafenib, an FDA-approved tyrosine kinase inhibitor that serves as the first line treatment for 

HCC (Sun et al., 2022). Mechanistically, palmitoylation of cysteine 600 of proprotein convertase 

subtilisin/kexin type 9 (PCSK9) by zDHHC16 increases its affinity with tumor-suppressing 

protein phosphatase and tensin homolog (PTEN). PTEN plays a critical role in reducing Akt 

signaling, which has previously been demonstrated to majorly contribute to the resistance of 

sorafenib (Zhai et al., 2014). As the binding of PSCK9 to PTEN drives its lysosomal 

degradation, the cell experiences a reduction of PTEN signaling and, correspondingly, an 

increase in Akt signaling that inhibits the effectiveness of sorafenib. To disrupt this, targeted 
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peptides were used to inhibit PCSK9 palmitoylation, successfully reducing Akt activation and 

contributing to the restoration of sorafenib’s anti-tumor effects. There are additional examples of 

palmitoylation inducing tumorigenic signaling in HCC, such as the palmitoylation of plant 

homeodomain finger protein 2 (PHF2) by zDHHC23. PHF2 is a nodal regulator of cell cycle 

progression, with previously described roles in migration and tumor suppression (Fu et al., 2019; 

Lee et al., 2015). As a new facet of PHF2 regulation, it was recently discovered that 

palmitoylation of PHF2 at cysteine 23 promotes its ubiquitin-mediated degradation (Jeong et al., 

2023) and resultingly reduces its anti-tumor effects in HCC. In both of these pathways, S-

acyltransferase-mediated palmitoylation was found to contribute to the pathogenesis of HCC 

through the downregulation of tumor-suppressing signaling proteins. 

Another S-acyltransferase, zDHHC9, has been shown to play an important role in cancer 

progression. It was recently found that the localization of glucose transporter 1 (GLUT1) to the 

plasma membrane is dependent on palmitoylation by zDHHC9 in glioblastoma cells (Z. Zhang et 

al., 2021). Given the dependence of all cells on the uptake of glucose as a source of cellular 

energy, glucose transporters such as GLUT1 are critical for cellular survival and proper function 

(Pragallapati & Manyam, 2019). To this end, cancer cells have been shown to upregulate GLUT1 

expression to upregulate glucose intake, increasing their survival (Zambrano et al., 2019). 

Additionally, highlighting how palmitoylation inhibition can be effective in reducing cancer cell 

survival, the authors showed that both Zdhhc9 KO and palmitoylation-deficient GLUT1-mutant 

cells exhibited reduced GLUT1 at the plasma membrane, reducing glucose intake and inhibiting 

glioblastoma tumorigenesis (Z. Zhang et al., 2021). Additional involvement of this enzyme in 

cancer is demonstrated through works showing zDHHC9 activity can modulate cyclic GMP-

AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway, a pro-inflammatory 
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cascade that can elicit anti-tumor effects (Decout et al., 2021; Fan et al., 2023). It was shown that 

cGAS dimer formation, a process crucial for its downstream immune response signaling, was 

dependent on palmitoylation at cysteines 405/405 by zDHHC9 (Fan et al., 2023). Further, it was 

found that dimer formation of cGAS was majorly decreased through the activity of the 

depalmitoylating enzyme lysophospholipase-like 1 (LYPLA1). In trials with Lyplal1 KO mice, it 

was determined that the resultant reduction in depalmitoylation of cGAS promoted its plasma 

membrane localization and thus its anti-tumor activity, with Lyplal1 KO mice exhibiting 

significantly increased survival and elevated immune responses in a herpes simplex virus 1 

(HSV-1) injury model. This mechanism provides evidence that in certain signaling pathways, 

maintaining palmitoylation levels of endogenous anti-tumor proteins can sustain their activity 

and contribute to improved outcomes in vivo. Alternatively, pro-inflammatory cGAS-STING 

signaling can lead to the development of auto-immune conditions such as systemic lupus 

erythematosus (SLE) (Kato et al., 2018), rheumatoid arthritis (Wang et al., 2019), Aicardi-

Goutières syndrome (AGS) (Giordano et al., 2022), and STING-associated vasculopathy with 

onset in infancy (SAVI) (Frémond & Crow, 2021; Liu & Pu, 2023). To this end, small molecule 

cGAS inhibitors have been developed (Hall et al., 2017; Vincent et al., 2017), and the cGAS 

inhibitor compound RU.521 has been shown to improve inflammatory phenotypes in a mouse 

model of Aicardi-Goutières syndrome (Vincent et al., 2017) In the context of palmitoylation, it 

was found that palmitoylation of STING directly regulates its activation and contribution to 

interferon release (Mukai et al., 2016). To this end, others have inhibited this pathway by directly 

targeting the STING palmitoylation sites (cysteines 88 and 91) with cysteine alkylation using 

nitro-fatty acids, preventing STING signaling and reducing type I interferon release in mouse 

and human immune cells (Hansen et al., 2018; Hansen et al., 2019). The STING cysteine 
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alkylation lead compound CXA-10 progressed to Stage II clinical trials towards the treatment of 

both segmental glomerulosclerosis and pulmonary arterial hypertension, providing evidence that 

strategies for inhibiting substrate cysteine palmitoylation can be effective clinically (Hansen et 

al., 2019). 

zDHHC9 has also been demonstrated to play a role in leukemogenesis by regulating the 

oncogenic signaling protein N-Ras. N-Ras serves as a major contributor to cancer progression 

through its activation of oncogenic signaling pathways from the plasma membrane (Kwong et 

al., 2012; Prior & Hancock, 2001), a process now known to be promoted through N-Ras 

palmitoylation at cysteine 181 (C181) (Cuiffo & Ren, 2010). N-Ras palmitoylation mutant 

NIH3T3 cells exhibit reduced proliferation, as well as reduced phosphorylation levels of Akt and 

Erk1/2 (Cuiffo & Ren, 2010). The dependence of N-Ras signaling on palmitoylation has been 

further investigated in vivo using an oncogenic Nras G12D mutation mouse model (Zambetti et 

al., 2020). Nras G12D mice develop the fatal condition myeloproliferative neoplasm, though 

mice with an additional C181S N-Ras palmitoylation mutation in hematopoietic stem cells 

exhibited a complete rescue in survival compared to wildtype palmitoylation animals (Zambetti 

et al., 2020). Further, they found that N-Ras C181S were protected from Nras G12D-induced 

changes to myeloid transformation and that this was due in part mechanistically through 

increased cytosolic localization of N-Ras C181S (Zambetti et al., 2020). The S-acyltransferase 

responsible for this regulation of N-Ras was previously determined to be zDHHC9 (Swarthout et 

al., 2005). Notably, Nras G12D mice with whole-body Zdhhc9 knockout exhibited decreased N-

Ras palmitoylation, reduced oncogenic cellular transformation, and increased survival (Liu et al., 

2016). 
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Glioblastoma risk has also been linked with activity of the S-acyltransferase zDHHC17 

and an interaction with octamer-binding transcription factor A (Oct4A) (Chen et al., 2023). 

Oct4A is an oncogenic protein implicated in glioblastoma pluripotency and tumorigenesis (G. 

Wang et al., 2018; Wang et al., 2013; Q. Zhang et al., 2020). Oct4A levels are controlled through 

lysosomal degradation, and it has now been determined that palmitoylation of Oct4A by 

zDHHC17 stabilizes the protein and reduces its proteolysis (Chen et al., 2023). Further 

experiments demonstrated that a newly developed Oct4A palmitoylation inhibitor was effective 

in reducing tumorigenicity in mouse models of cancer, a result that highlights the translational 

value of targeting these pathways (Chen et al., 2023). The S-acyltransferase zDHHC15 was also 

recently implicated in the signaling of glioblastoma and was found to be significantly 

upregulated in glioma tissues (Z. Y. Liu et al., 2023). Characterization of this enzyme in vitro 

showed that siRNA-mediated knockdown of zDHHC15 reduced human glioma cell proliferation 

and migration, suggesting an important role for this enzyme in the activity of these cells (Z. Y. 

Liu et al., 2023). This effect was complemented by additional results showing that in vitro 

overexpression of zDHHC15 in these cells yielded increased migration compared to controls (Z. 

Y. Liu et al., 2023). While the full mechanism for this effect is still being uncovered, preliminary 

probes revealed that zDHHC15 knockdown significantly reduced STAT3 phosphorylation, 

suggesting that the regulation of STAT3, a protein with established roles in cancer signaling 

(Tolomeo & Cascio, 2021; Zou et al., 2020), may be influenced by palmitoylation in glioma 

cells.  

In addition to its role in cancer, palmitoylation has concurrently been implicated in a 

number of immune-related signaling pathways, exhibiting regulatory roles in inflammation, auto-

immunity, and irritable bowel syndrome (IBS) (Cai et al., 2023; Lin, 2021; Y. Zhang et al., 
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2021). Notably, palmitoylation cycling has been shown to critically regulate the signaling of the 

previously described STAT3 protein, with major consequences on the development of IBS (M. 

Zhang et al., 2020). It was discovered that the Golgi-localized S-acyltransferase zDHHC7 

palmitoylates STAT3 at cysteine 108, driving its localization to the plasma membrane (M. Zhang 

et al., 2020). Palmitoylated STAT3 then becomes phosphorylated by JAK2 at the PM, an 

additional PTM that is essential for its activity in the nucleus (Hu et al., 2023). Interestingly, 

prior to nuclear localization following STAT3 phosphorylation, STAT3 must first be 

depalmitoylated by APT2 to release it from the membrane and allow for STAT3 dimer formation 

and downstream changes to transcription (M. Zhang et al., 2020). Consequently, interfering with 

STAT3 palmitoylation either by Zdhhc7 KO or APT2-inhibition can interrupt STAT3 signaling 

either by prohibiting its phosphorylation or preventing its dissociation from the plasma 

membrane, respectively (M. Zhang et al., 2020). Using a dextran-sulfate-sodium injury model of 

colitis in mice, administering the APT2-inhibitor ML349 significantly improved weight loss, 

reduced colon shortening, and increased overall survival along the experimental time course (M. 

Zhang et al., 2020). Thus, palmitoylation plays an assortment of roles in regulating cancer and 

tumorigenic signaling, and attempts to disrupt these pathways have been successful through 

targeting APTs, cysteine alkylation, and enzyme/substrate interactions. 

Neurological disorders 

Palmitoylation has additionally been implicated in a wide variety of signaling 

mechanisms in the brain, as well as the transduction pathways underlying common neurological 

disorders (Buszka et al., 2023; Ramzan et al., 2023). Recently, an exome sequencing study of 

familial Alzheimer’s disease patients revealed a rare gain-of-function heterozygous genetic 

mutation (p.T209S) in ZDHHC21 (W. Li et al., 2023). Further work to characterize the 
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consequences of this mutation determined that as a result of increased enzymatic activity, 

zDHHC21-mediated palmitoylation increased plasma membrane localization of the proteins 

proto-oncogene tyrosine-protein kinase Fyn (FYN) and amyloid beta precursor protein (APP), 

the cellular location from which they exert pathogenic signaling that induces excitotoxicity and 

amyloid-β plaque formation (W. Li et al., 2023). Using a homozygous knock-in mouse model of 

the ZDHHC21 p.T209S gene variant, researchers found that mice with this mutation exhibited 

reduced cognitive function as measured by Morris water maze performance (W. Li et al., 2023). 

Thus, these works provide evidence that genetic mutations inducing changes to S-acyltransferase 

activity can contribute to the development of neurological disorders such as Alzheimer's disease 

through increased pathogenic plaque formation. 

Palmitoylation has also been shown to regulate pathogenic signaling underlying 

Parkinson’s disease (PD) (Calabresi et al., 2023). While the mechanistic basis for Parkinson’s is 

not entirely understood, it has been determined that monomeric α-synuclein (αS) aggregation 

within dopaminergic neurons can disturb neurotransmitter release and contribute to symptom 

development (Calabresi et al., 2023). It was recently found that an interaction of αS at the plasma 

membrane with synaptotagmin-11 (Syt11), a vesicular trafficking protein also linked with 

Parkinsons pathogenesis (C. Wang et al., 2018), dysregulates physiologic αS and promotes 

pathogenic monomer formation (Ho et al., 2023). Critically, Syt11 palmitoylation at cysteine 

39/40 promoted localization to the membrane domains from which this interaction occurs, 

significantly decreasing physiologic αS tetramer formation in patient-derived iPSC neurons (Ho 

et al., 2023). Thus, palmitoylation can contribute to the dysregulation of αS by inhibiting its 

physiologic state through a promoted interaction with Syt11. Related in vivo experiments 

showed that chronic administration of the small molecule APT1 inhibitor ML348 in male and 
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female mice overexpressing αS resulted in improved cognitive performance and reduced the 

monomer form of αS in the hippocampus and cortex (Moors et al., 2023). 

 Analyzing the contribution of palmitoylation in regulating neuron activity has yielded 

additional roles for zDHHC7 in its interaction with the neuronal regulatory protein family known 

as septins (H. Liu et al., 2023). Septins are a family of GTP-binding proteins with high 

expression in the brain, of which many have been linked with synaptic function and 

neurodegenerative disease (Marttinen et al., 2015). Sept8-204 is a recently discovered brain-

specific variant of Sept8, whose contribution to regulating filopodia outgrowth and neurite 

arborization was determined to be dependent on palmitoylation of cysteines 470/472 by 

zDHHC7 (H. Liu et al., 2023). Analyses of hippocampal neurons from Sept8 KO mice 

demonstrated that loss of Sept8 resulted in neurite outgrowth inhibition. Critically, re-expression 

of a Sept8-204 with functional palmitoylation sites partially rescued neurite outgrowth, an effect 

that was not observed in cells where Sept8 was re-expressed with critical cysteine to alanine 

mutations (C469A/C470A/C472A) that prevent palmitoylation (H. Liu et al., 2023). This result 

highlights that palmitoylation can contribute to the signaling underlying homeostatic regulation 

of neural systems. 

Collectively, the results from these studies illustrate essential roles of palmitoylation in 

the pathophysiology of human diseases. Contributing both to disease pathogenesis and 

suppression, palmitoylation can contextually regulate protein signaling by influencing stability, 

inducing degradation, modifying localization, and controlling complex formation (Calabresi et 

al., 2023; W. Li et al., 2023; Wang et al., 2013; M. Zhang et al., 2020). Further, these data 

critically highlight the growing translational importance of this PTM, in the sense that 

manipulating palmitoylation cycling with APT inhibitors can yield improvements to in vivo 
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symptom profiles associated with a variety of disease models (Moors et al., 2023; M. Zhang et 

al., 2020).  

Palmitoylation in Cardiac Signaling and Disease 

 There is a clear case that palmitoylation can prove to be an essential regulator of protein 

signaling and that manipulating palmitoylation machinery can result in major changes to the 

development of disease. As such, the elucidation of how palmitoylation may additionally 

regulate signaling in the heart is of great interest. Though at present, little is known about the role 

of palmitoylation in the heart, prompting further work to establish how this critical signaling 

regulator may be modifying cardiac remodeling pathways. In recent years, the first works have 

emerged that provide evidence for palmitoylation playing key roles in cardiac signaling and 

disease.  

Of the many areas in cardiac signaling, there is a growing body of evidence illuminating 

the role of palmitoylation in the context of ion channel physiology (Essandoh et al., 2020). 

Precise ion channel electrophysiological mechanisms underlie the coordinated beating of 

cardiomyocytes, and the dynamic flow of Na+, Ca2+, and K+ ions is regulated by corresponding 

ion channels and pumps that maintain concentration gradients and facilitate myofilament 

contraction (Essandoh et al., 2020; Huang & Lei, 2023; Varró et al., 2021). Alterations in the 

homeostatic function of these ion channels can contribute to fatal arrhythmogenesis and other 

CVDs, necessitating tight regulation (Kingma et al., 2023; Schwartz et al., 2020). Amongst the 

initial insights into the role of palmitoylation in cardiac electrophysiology, it was determined that 

the primary inward sodium channel (Nav1.5) that predominantly controls cardiac action potential 

is palmitoylated (Pei et al., 2016). Further, it was found that a Nav1.5 palmitoylation mutant 

reduced Nav1.5 channel availability and excitability, yielding potential implications in the 
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context of arrhythmogenesis (Pei et al., 2016). Another major area of investigation is how 

palmitoylation regulates the sodium-calcium exchanger (NCX1) in the heart (Gök et al., 2022; 

Reilly et al., 2015). NCX1 is the major mediator of calcium efflux in the heart and thus holds an 

important role in cardiac contractility (Ottolia et al., 2013). Increased NCX1 activity can lead to 

delayed arrhythmogenic afterdepolarizations (Reilly et al., 2015; Venetucci et al., 2007). Here, it 

was found that NCX1 is palmitoylated at cysteine 179 (Reilly et al., 2015). Surprisingly, NCX1 

membrane localization was not found to be altered by palmitoylation, but rather, it was 

discovered that palmitoylation-deficient NCX1 exhibits the inability to inactivate due to changes 

in the interaction of its large intracellular loop with membrane proteins (Reilly et al., 2015). In 

recent works further exploring the regulation of NCX1, it was found that zDHHC5 is the critical 

S-acyltransferase for NCX1 palmitoylation and that zDHHC5 activity is driven by insulin 

circulation-induced increases in free fatty acids (Gök et al., 2022). These works provide evidence 

that insulin-induced changes to S-acyltransferase activity can impart downstream effects on 

cardiac ion channel structure and function (Gök et al., 2022).  

Other studies provide evidence that the cardiac ion channel hyperpolarization-activated 

cyclic nucleotide-gated potassium channel 4 (HCN4) is palmitoylated (Congreve et al., 2023). 

Interestingly, it was found that depalmitoylated HCN4 in cardiomyocytes displayed reductions in 

the magnitude of its current, an effect that was hypothesized to be due to conformational changes 

to the protein's amino terminus influenced by the PTM (Congreve et al., 2023). Other 

investigations on the role of palmitoylation in cardiomyocyte electrophysiology are centered 

around Ca(v)1.2, where it was determined that palmitoylation of the alpha-1 subunit of this 

voltage-dependent calcium channel influences voltage sensitivity (Kuo et al., 2023). From a 

translational perspective, this is of interest given the contribution of Ca(v)1.2 activity with 
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induction of early-after depolarizations, a process that can subsequently trigger arrhythmias such 

as ventricular fibrillation and ventricular tachycardia (Kuo et al., 2023). This finding raises the 

possibility of inhibiting Ca(v)1.2 palmitoylation to reduce the likelihood of such fatal events. 

 Outside of ion channel function, recent works additionally highlight the importance of S-

acyltransferases in other areas of cardiac biology. Of note, work from our lab has uncovered a 

novel role for zDHHC9 in the regulation of the GTPase Rab3a (Essandoh et al., 2023). The 

activity of Rab3a has been explored previously in other cell types, notably its importance in 

mediating neuronal exocytosis (Huang et al., 2011), but how Rab3a functions in the heart has not 

been extensively explored (Essandoh et al., 2023). Like other GTPases, Rab3a activation is 

regulated through interactions with guanine nucleotide exchange factors (GEFs) and GTPase-

activating proteins (GAPs) that cycle the GDP/GTP-loading of the enzyme (Stenmark, 2009). 

Here, it was shown that the Golgi-localized S-acyltransferase zDHHC9 palmitoylates Rab3gap1, 

a GAP responsible for the hydrolysis of GTP-bound Rab3a (Essandoh et al., 2023). Interestingly, 

although this PTM commonly drives plasma membrane association (Chamberlain & Shipston, 

2015), palmitoylation of Rab3gap1 was found to retain its localization to the Golgi and increase 

the amount of GTP-loaded Rab3a (Essandoh et al., 2023). Critically, the exocytotic mechanism 

underlying final membrane fusion and release of vesicular cargo is preceded by Rab3a 

dissociation from the membrane, achieved through GAP action to catalyze the GTP to GDP 

transfer of Rab3a (Huang et al., 2011). As this palmitoylation-mediated increase in GTP-bound 

Rab3a would likely have consequences on cardiomyocyte secretion, further characterization of 

this effect uncovered that zDHHC9 over-expression in cardiomyocytes inhibited secretion of 

atrial natriuretic peptide (ANP), a cardioprotective peptide released by these cells in response to 

injury in the heart (Essandoh et al., 2023; Song et al., 2015). Consistent with these results, 
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siRNA-mediated zDHHC9 knockdown resulted in an increase in phenylephrine-induced ANP 

secretion in cardiomyocytes compared to controls (Essandoh et al., 2023). These data provide the 

first evidence for S-acyltransferase-mediated regulation of Rab3Gap1, Rab3a, and ANP secretion 

in the heart and represent a promising future avenue of exploration into how palmitoylation 

influences the secretory activity of cardiomyocytes. 

 In another CVD area, the S-acyltransferases zDHHC3 and zDHHC7 have recently been 

demonstrated as having key roles in hypertrophic cardiac remodeling (Baldwin et al., 2023). 

Overexpression of Zdhhc3 and Zdhhc7 in mouse cardiomyocytes was shown to dramatically 

increase ventricular hypertrophy and induce a significant decrease in contractility as measured by 

fractional shortening (Baldwin et al., 2023). Subsequent unbiased palmitoyl-proteomic screens to 

determine critical substrates potentially responsible for these observed effects yielded Rac1 as a 

top hit for substrates of zDHHC3 (Baldwin et al., 2023). Rac1, a small Rho-family GTPase, is a 

nodal regulator of cytoskeletal organization and pro-hypertrophic signaling (Bosco et al., 2009; 

Higuchi et al., 2003). Further, cardiomyocyte-specific deletion of Rac1 has been shown to 

decrease AngII-induced cardiac hypertrophy, NADPH oxidase activity, and NFκB signaling 

(Satoh et al., 2006). Follow-up studies exploring this interaction showed that the overexpression 

of Zdhhc3 in the heart increased Rac1 palmitoylation, as well as increased activation of not only 

Rac1 but also RhoA, Cdc42, and RhoGDI, suggesting the zDHHC3-mediated palmitoylation 

plays a role in the activation of all Rho-family GTPases in cardiomyocytes in vivo (Baldwin et 

al., 2023). Notably, cardiomyocyte-specific deletion of Zdhhc3 and Zdhhc7 resulted in a reduced 

initial phase of hypertrophic remodeling in response to TAC, although this deletion was not 

sufficient to ameliorate cardiac remodeling at later time points, possibly due to compensation by 

other Golgi-localized S-acyltransferases (Baldwin et al., 2023). 
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 Together, these studies suggest that palmitoylation mechanistically contributes to cardiac 

signaling involved in the development of arrhythmias (Reilly et al., 2015), exocytosis (Essandoh 

et al., 2020), and hypertrophy (Baldwin et al., 2023). Considering the appearance of strategies to 

target disease signaling regulated by palmitoylation through APT inhibition, substrate cysteine 

alkylation, and preventing enzyme/substrate interactions (Chen et al., 2023; Hansen et al., 2019; 

Moors et al., 2023; M. Zhang et al., 2020), the continual advancement of our understanding of 

palmitoylation in the context of cardiac biology is critical in establishing targets for novel 

treatments to CVD. 

Emerging Role of Palmitoylation in Fibrotic Signaling 

Notably, a number of proteins previously described as regulating pro-fibrotic signaling in 

CFs have been linked with palmitoylation-mediated regulation in non-cardiac cell types (Figure 

1.2). As previously mentioned, zDHHC7-mediated palmitoylation has been established as 

crucially regulating the signaling of STAT3 in a manner that was shown to majorly contribute to 

the development of IBS (M. Zhang et al., 2020). In the context of fibroblast biology, STAT3 is 

known to play a key role in activating pro-fibrotic transcriptional pathways in response to the 

pro-fibrotic ligands TGFβ1, IL6, AngII, and platelet-derived growth factors (PDGFs) (J. Liu et 

al., 2023; Tang et al., 2017; Xu et al., 2019). Notably, knockdown of STAT3 in dermal fibroblasts 

has been shown to inhibit TGFβ1-induced transition from quiescent fibroblasts into their 

activated state (Chakraborty et al., 2017). Further, in vivo inhibition of STAT3 results in 

significant reductions in the development of cardiac fibrosis in βIV-spectrin deficient mouse 

models (Patel et al., 2019). Small molecule STAT3 inhibitors preventing STAT3 phosphorylation 

or dimerization have also proven to be effective in reducing stress-induced fibrosis in the heart 

(Chen et al., 2017; Dong et al., 2019). From previous works highlighting major deficits in STAT3 
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signaling due to targeted manipulations into palmitoylation machinery (M. Zhang et al., 2020), it 

remains a possibility that similar mechanisms of STAT3 palmitoylation deficiency could reduce 

pro-fibrotic activation if STAT3 activity was similarly regulated by this PTM in fibroblasts. 

Another major area of interest for establishing the role of palmitoylation-mediated 

signaling in disease is how G-proteins are regulated by this PTM. Activation of G-protein 

coupled receptors (GPCRs) and the signaling associated with downstream G-proteins has been 

extensively characterized as being pivotal for a host of pathophysiologies throughout nearly 

every major organ system in the body (Kaur et al., 2023; Weis & Kobilka, 2018; Wong et al., 

2023). At present, GPCRs have become one of the most successful classes of drug targets of all 

time as a result of their major contribution to the transduction of extracellular signals into 

intracellular signaling responses (Alhosaini et al., 2021; Yang et al., 2021). Previous 

investigations into how GPCR signaling is regulated by palmitoylation found that Gaq is 

palmitoylated by zDHHC3 and zDHHC7, which drives its plasma membrane localization 

(Tsutsumi et al., 2009). Gaq is well documented in directing signaling relevant to cardiac 

remodeling such as AngII-mediated fibrosis (Schnee & Hsueh, 2000) and has recently been 

shown to be essential for myofibroblast differentiation in response to AngII in CFs in vitro 

(Parichatikanond et al., 2023). Further, recent works have also demonstrated that IL6 production 

in the heart is predominantly mediated by CFs through activation of adenosine A2B receptor 

(A2BR) expressed on their plasma membrane in a Gaq-dependent manner (Alter et al., 2023). 

Despite the growing body of literature implicating the role of Gaq in fibroblast activation, at 

present, little is known about how palmitoylation regulates G-protein signaling in CFs, 

necessitating future work in this area. 

 zDHHC3 activity has also been linked with the pathogenic signaling of non-alcoholic 
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steatohepatitis (NASH) (Xu et al., 2023), a condition characterized by fat accumulation in the 

liver that, upon disease progression, can result in the development of hepatic fibrosis (Schwabe 

et al., 2020). Mechanistically, inactive rhomboid protein 2 (IRHOM2) promotes mitogen-

activated protein kinase kinase kinase 7 (MAP3K7)-mediated inflammatory signaling from the 

plasma membrane (Xu et al., 2023). Palmitoylation of IRHOM2 by zDHHC3 was found to 

promote its plasma membrane localization, and hepatocyte-specific deletion of Zdhhc3 in mice 

resulted in significantly reduced hepatic inflammation and pro-fibrotic gene expression in mouse 

models of NASH (Xu et al., 2023). 

Another interesting candidate for establishing key roles for palmitoylation in CF biology 

is the previously described Rho-family GTPase Rac1 (Bosco et al., 2009). In addition to its 

involvement with hypertrophic signaling, Rac1 displays regulatory roles in a variety of fibroblast 

processes, including activation and migration in vitro and the development of remodeling and 

wound closure in vivo (Kunschmann et al., 2019; Lavall et al., 2017; Liu et al., 2009; Lyu et al., 

2021; N. Ma et al., 2023). Critically, previous work on Rac1 signaling provides evidence that 

Rac1 is palmitoylated at cysteine 178 (C178) and that the consequences of this PTM influence its 

intracellular localization and GTP-loading in COS7 cells (Navarro-Lérida et al., 2012). Further, 

COS7 cells with over-expressed palmitoylation-deficient Rac1 exhibited migrational deficits, 

suggesting a potential role for palmitoylation in the regulation of Rac1 in migration (Navarro-

Lérida et al., 2012). While these experiments did not provide insights into which S-

acyltransferase is responsible for Rac1 palmitoylation at C178, as previously described, our lab 

recently established that Rac1 is palmitoylated at this site by zDHHC3 by performing an 

unbiased palmitoyl-proteomic screen in a fibroblast cell line (Baldwin et al., 2023). Due to the 

combination of both the critical role of Rac1 in fibroblast activation and migration (Kunschmann 
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et al., 2019; Lavall et al., 2017; Lyu et al., 2021; N. Ma et al., 2023), as well as its regulation of 

signaling activity by palmitoylation in other cell types (Navarro-Lérida et al., 2012), there is 

substantial need for future investigations probing for the regulation of Rac1 by palmitoylation in 

CFs. 

 In recent work, other groups have begun to investigate the role of S-acyltransferases in 

fibrosis occurring in other major organ systems, providing additional insights into how 

palmitoylation regulates fibrotic activity. Interestingly, preliminary works exploring 

palmitoylation-mediated signaling in the kidneys suggest novel protective roles for zDHHC9 in 

renal fibrosis through its influence on Wnt/β-catenin (Gu et al., 2023). Wnt/β-catenin signaling 

has established roles in renal fibrosis and is known to promote both the expression of pro-fibrotic 

genes such as Snail1, MMP-7, and the activation of effectors through RAAS (Tan et al., 2014). In 

terms of its regulation by zDHHC9, palmitoylation of β-catenin leads to an increase in its 

ubiquitination and subsequent degradation in murine kidney cells, reducing its ability to induce 

fibrotic responses (Gu et al., 2023). Further highlighting the importance of the reversible nature 

of palmitoylation and the activity of APT1, inhibition of the depalmitoylating enzyme APT1 in 

kidney cells promoted β-catenin degradation and resulted in significant reductions in kidney 

fibrosis in an ischemia/reperfusion injury (IRI) model (Gu et al., 2023). These data provide 

additional insight into how palmitoylation can result in anti-fibrotic signaling outcomes, stressing 

the need to determine if comparable mechanisms are at play in CF signaling. 

Thus, we sought to contribute to this area through preliminary investigations into the role 

of palmitoylation in CF activation and cardiac fibrosis with the intention of identifying novel 

targets for more effective and clinically relevant therapies. 
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Aims in Exploring the Role of Palmitoylation in Cardiac Fibroblast Biology 

Toward determining future therapeutic avenues that can be explored in relation to 

modulating CF activity, we considered that the unique regulation of signaling pathways by S-

acyltransferase activity could play a crucial role in the protein pathways beginning to be 

characterized in CFs. Here, we sought to explore the role of palmitoylation in CF biology to 

establish a relationship between the dynamic signaling that underlies CF activation and the fine-

tuning of substrate regulation by S-acyltransferase enzymes (Figure 1.2). To this end, we aimed 

to measure changes in CF activation in response to pro-fibrotic stimuli in wild-type CFs to 

compare responses to those from cells with knockouts of key S-acyltransferase enzymes. Given 

the role of zDHHC3 and zDHHC7 in regulating STAT3 signaling (M. Zhang et al., 2020), Gaq 

signaling (Tsutsumi et al., 2009), Rac1 activation (Baldwin et al., 2023), and the development of 

cardiac hypertrophy (Baldwin et al., 2023), we hypothesized that these enzymes may play critical 

roles in regulating CF activation. Primarily, we hypothesized that the deletion of the S-

acyltransferases zDHHC3 and zDHHC7 in CFs would elicit dysregulation in pro-fibrotic 

signaling pathways. As a result, we anticipated that gene-targeted cell and mouse models lacking 

these enzymes in CFs would exhibit a blunted activation response and a reduced development of 

remodeling and fibrosis in the heart, respectively. 

Our initial investigations into the role of zDHHCs in the heart centered around in vitro 

activation assays, where fibroblast activation was assessed in response to the pro-fibrotic agonist 

TGFβ1 to compare effects in the absence of Zdhhc3 and Zdhhc7. However, this type of assay 

requires a quiescent population of fibroblasts so as to be reactive to exogenous stimuli like 

TGFβ1. However, given the aforementioned sensitivity of CFs to traditional cell culture 

conditions, isolated quiescent primary adult CFs to be used for these experiments quickly 
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became activated. As a result, baseline activation was too high to effectively see changes when 

TGFβ1 was introduced. To overcome this problem, others have explored the use of 

commercially-available modified substrates that provide a more physiologically-relevant 

stiffness made from synthetic hydrogels and the biologically compatible polymer 

polydimethylsiloxane (PDMS) (Herum et al., 2017; Landry et al., 2019; Wang et al., 2021). To 

eliminate this baseline activation, we performed an extensive optimization process to determine 

assay conditions that would reduce baseline activation utilizing in-house generated 8kPa PDMS 

substrates that allow for successful induction of the myofibroblast transition with TGFβ1. 

Chapter II provides a detailed description of the development of the assay conditions required to 

reliably measure changes to CF activation in vitro. 

In Chapter III, I performed the first investigations into the role of S-acyltransferases in 

CF biology. We hypothesized that the deletion of Zdhhc3 in CFs would lead to reductions in 

activation as measured by αSMA positivity and fibrotic gene expression in vitro and the 

development of fibrosis in vivo. I first examined the expression of the S-acyltransferase 

zDHHC3 in CFs, as well as examined its cellular localization. Proceeding from the confirmation 

that zDHHC3 is expressed in CFs, I utilized LoxP-targeted Zdhhc3 fl/fl mice to investigate 

changes to CF activation and migration in the absence of zDHHC3 in vitro. I performed in vitro 

assessments of CF activation, including fibrotic gene expression and αSMA staining experiments 

to compare responses between control and Zdhhc3 KO cells. Migration ability was also tested in 

cells with Zdhhc3 KO using the scratch assay. Further, I generated a tamoxifen-inducible mouse 

model that allows for the deletion of Zdhhc3 in activated CFs by crossing Zdhhc3 fl/fl mice with 

the Postn-MCM +/- line. To test the requirement of Zdhhc3 towards the development of fibrosis 

in vivo, control and activated CF-specific Zdhhc3 KO mice were subject to an 8-week pressure-
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overload injury model using TAC. Common metrics of cardiac remodeling, including 

hypertrophy, fibrosis, and mRNA levels of pro-fibrotic genes, were compared between control 

and Zdhhc3 KO mice. Echocardiographic parameters were also measured to evaluate changes to 

cardiac contractile function.  

In Chapter IV, I continue with additional explorations into the role of palmitoylation in 

CF activation and fibrosis. Preceding these experiments and in relation to results from the 

previous chapter, I hypothesized that changes to CF pro-fibrotic signaling may not be fully 

elicited when a single S-acyltransferase is knocked out, potentially as a result of compensation 

from other zDHHCs. Considering that zDHHC7 is known to share common substrates with 

zDHHC3, I thought it might be possible that a dual deletion of both Zdhhc3 and Zdhhc7 may be 

required to observe the hypothesized reductions in CF activation (Tsutsumi et al., 2009; M. 

Zhang et al., 2020). I performed in vitro analyses to assess how the deletion of Zdhhc7 alone, as 

well as a combined deletion of Zdhhc3 and Zdhhc7, may elicit reductions in CF activation. I 

tested for changes in fibrotic gene expression, migration, and pro-fibrotic transcription factor 

activity in vitro in the absence of these enzymes. Additionally, I explored the requirement of 

zDHHC3 and zDHHC7 for the development of fibrosis and other previously described measures 

of cardiac remodeling in vivo. Combining both enzyme level and substrate level analyses, I also 

characterized the role of Rac1 palmitoylation in CF activation and migration in vitro using our 

newly generated Cre-inducible conditional Rac1 palmitoylation-mutant mouse model (Rac1 

ConKI). I compared activation responses to TGFβ1 in control and Rac1 ConKI cells in measures 

of αSMA positivity, pro-fibrotic gene expression, and pro-fibrotic transcription factor activity 

assays. Finally, given Rac1’s established role in cellular movement, scratch assays were also 
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performed to determine whether Rac1 palmitoylation was essential for the migratory ability of 

cardiac fibroblasts. 

Here, I present in the following chapters a collection of data describing our probes into 

the hypotheses that palmitoylation modulates CF activation. Chapter II provides a 

comprehensive protocol for the in-house generation of 8kPa PDMS and the corresponding cell 

culture conditions to assess CF activation at physiological stiffness. The data presented in 

Chapter 3 provides insights into the consequences of Zdhhc3 knockout in TGFβ1-induced CF 

activation, in vitro migration, and pressure overload-induced remodeling in vivo. Chapter IV 

details a continuation of these investigations detailing the results of testing where Zdhhc7 and 

Zdhhc3/7 were knocked out in CFs to determine how these enzymes contribute to cardiac 

remodeling in terms of fibroblast fibrotic gene expression, migration, transcription factor 

activity, and the development of hypertrophy and fibrosis in vivo in response to pro-fibrotic 

drugs. Further, the in vitro analyses performed here utilizing our Rac1 ConKI CFs represent the 

foremost examinations into how the palmitoylation status of Rac1 influences its role in fibroblast 

activation in response to TGFβ1, as well as the requirement for Rac1 palmitoylation in 

migration. Together, these studies represent the first probes into the role of palmitoylation and S-

acyltransferases in CF biology and serve as a basis for future investigations into how these 

enzymes modulate signaling pathways involved in the activation processes of fibroblasts in the 

heart. 
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Chapter I Figures 

Figure 1.1. Cardiac Fibroblast Activation in the Injured Heart Leads to Cardiac Fibrosis 
and Worsened Heart Function 

 

 

 

 

 

Figure 1.1: Cardiac Fibroblast Activation in the Injured Heart Leads to Cardiac Fibrosis and Worsened Heart Function. 
Diagram depicting the injury-induced ECM remodeling within the heart tissue as part of CVD. Quiescent cardiac fibroblasts are 
stimulated by both chemical and mechanical signals to transition into their activated state, increasing the ECM component 
synthesis and secretion that leads to scar formation. Continued activation of these cells can lead to cardiac fibrosis, a 
maladaptive state that can reduce heart function and precipitate heart failure. Created with Biorender.com. 
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Figure 1.2. Diagram of Fibrotic Signaling Regulated by zDHHC3 in Non-CF Cell Types 

 

 

 

 

Figure 1.2: Diagram of Fibrotic Signaling Regulated by zDHHC3 in Non-CF cell types. Hypothesized role of zDHHC3 in 
regulating the signaling underlying the transition of quiescent to activated fibroblast. A number of proteins involved in pro-
fibrotic responses have been shown to be regulated by palmitoylation in other cell types. Signal transducer and activator of 
transcription 3 (Stat3), a transcription factor whose nuclear activity leads to fibroblast activation, is activated downstream of the 
cytokines interleukin-6’s (IL6) agonism of the interleukin 6 receptor (IL6R) as part of the hearts inflammatory signaling. 
zDHHC3-mediated palmitoylation of Stat3 directs its plasma membrane localization where it can be phosphorylated by Janus 
kinase, a process required for its ability to mediate transcriptional changes in the nucleus. The pro-fibrotic ligand angiotensin II 
(AngII) mediates its remodeling influence on the heart through binding to angiotensin II receptor type 1 (AT1R), a G-protein 
coupled receptor that signals through Gaq. The Gaq subunit is palmitoylated by zDHHC3, directing its plasma membrane 
localization, though the role of how this PTM regulates its signaling ability in CFs remains unknown. The small Rho-family 
GTPase Ras-related C3 botulinum toxin substrate 1 or Rac1 is a known regulator of cardiac fibroblast activation, and is 
activated directly downstream of Gaq signaling and indirectly downstream of the major pro-fibrotic cytokine transforming 
growth factor beta 1 (TGFβ1) binding to transforming growth factor beta receptor II (TGFβRII). Rac1 is palmitoylated by 
zDHHC3 at cysteine 178, and this PTM influences its plasma membrane localization and GTP loaded state. Despite the evidence 
that palmitoylation critically regulates pro-fibrotic signaling molecules like Stat3, Gaq, and Rac1, it has not been directly tested 
how this influences the activity of pro-fibrotic transcription factors such as nuclear factor kappa-light-chain-enhancer of 
activated B cells (NFκB), serum response factor (SRF), and nuclear factor of activated T cells (NFAT) and cardiac fibroblast 
activation. Created with Biorender.com. 
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Chapter II: In Vitro Assessment of Cardiac Fibroblast 
Activation at Physiologic Stiffness 

 

Abstract 

Cardiac fibroblasts (CF) are an essential cell type in cardiac physiology, playing a diverse role in 

maintaining structural integrity, extracellular matrix (ECM) synthesis, and tissue repair. Under 

normal conditions, these cells reside in the interstitium in a quiescent state poised to sense and 

respond to injury by synthesizing and secreting collagen, vimentin, hyaluronan, and other ECM 

components. In response to mechanical and chemical stimuli, these “resident” fibroblasts can 

undergo a transformation through a continuum of activation states into the commonly known 

“myofibroblast”, a process critical for injury response. Despite progress in understanding the 

contribution of fibroblasts to cardiac health and disease, much remains unknown about the 

signaling mediating this activation, in part owed to technical challenges in evaluating CF 

function and activation status in vitro. Given their role in monitoring the ECM, CFs are acutely 

sensitive to stiffness/pressure. High basal activation of isolated CFs is common due to the super-

physiologic stiffness of traditional cell culture substrates, making assays dependent on quiescent 

cells challenging. To overcome this, cell culture parameters must be tightly controlled, and 

utilization of dishes coated with biocompatible reduced-stiffness substrates, such as 8 kPa 

polydimethylsiloxane (PDMS), have shown promise in reducing basal activation of fibroblasts. 

Here, we describe a cell culture protocol to maintain CF quiescence in vitro to enable a dynamic 

range for assessment of activation status in response to fibrogenic stimuli using PDMS-coated 

coverslips. Our protocol provides a cost-effective tool to study fibroblast signaling and activity, 
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allowing researchers to better understand the underlying mechanisms involved in cardiac 

fibrosis. 

Introduction 

Cardiac fibroblasts have gained recognition as crucial cellular regulators that contribute 

to both normal cardiac function and disease progression (Fu et al., 2018; Ivey & Tallquist, 2016; 

Kanisicak et al., 2016; Tallquist & Molkentin, 2017). Traditionally considered support cells 

involved in the maintenance of the extracellular matrix (ECM), it is now well-established that 

cardiac fibroblasts play multifaceted roles in the heart (Tallquist, 2020). From regulating ECM 

homeostasis and providing structural integrity, CFs also actively participate in tissue repair, 

remodeling, and the inflammatory response (Tallquist, 2020). However, the complex interactions 

and signaling cascades responsible for modulating these cellular responses remain incompletely 

understood.  

Recently, significant efforts have been made to elucidate the molecular mechanisms that 

underlie the different phenotypic states of cardiac fibroblasts (Fu et al., 2020; Kanisicak et al., 

2016; Umbarkar et al., 2021). While normally in a quiescent state, CFs undergo a transformation 

known as activation during pathological conditions, such as in response to myocardial injury or 

chronic pressure overload (Bretherton et al., 2020). Cardiac fibroblast activation is a complex 

process that involves the transition from a quiescent state to the canonical “myofibroblast” 

phenotype, characterized by increased proliferation, migration, release of inflammatory 

cytokines, and synthesis of ECM proteins such as collagens (Alter et al., 2023; Gibb et al., 2020; 

Khalil et al., 2019). This phenotypic and morphological transformation is triggered by a variety 

of stimuli, including pro-inflammatory cytokines and peptide hormones released from 

surrounding cells, as well as physical stimuli such as mechanical stress (Bertaud et al., 2023; 
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Herum, Lunde, et al., 2017). The dysregulated activation of myofibroblasts underlies the 

development and progression of maladaptive scar formation in the heart called cardiac fibrosis,  

a hallmark feature of ischemic heart disease as well as many inherited and acquired 

cardiomyopathies, and heart failure (Kanisicak et al., 2016; Teuber et al., 2022). Elucidating the 

intricate signaling networks involved in cardiac fibroblast activation could potentially reveal 

novel therapeutic targets for preventing or reversing cardiac fibrosis. Therefore, there is an 

urgent need for comprehensive investigations aimed at unraveling mechanisms that drive cardiac 

fibroblast activation. 

In vitro assays are indispensable tools for studying cardiac fibroblast activation under 

controlled conditions, however, cardiac fibroblast researchers have encountered a number of 

technical challenges associated with traditional cell culture. Due to their role in sensing and 

modifying the properties of the cardiac microenvironment, cardiac fibroblasts are highly 

responsive to the stiffness of surrounding tissue (Childers et al., 2021; Meagher et al., 2021). The 

use of common 2-D cell culture methods utilizing glass or plastic substrates thus poses 

limitations arising from their non-physiologic stiffness that can trigger a spontaneous increase in 

fibroblast activation (Herum, Choppe, et al., 2017). As a result, the relative magnitude of 

induction of fibroblast activation observed when using pro-fibrotic agonists like transforming 

growth factor β1 (TGFβ1) becomes less significant, as the activation relative to the 

“unstimulated” control condition is blunted. This confounding factor compromises the ability to 

study the specific mechanisms underlying the transition from quiescent to activated cardiac 

fibroblasts, as well as their responsiveness to external stimuli. 

To overcome these challenges, researchers have begun to optimize 2-D cell culture 

conditions for maintaining quiescent populations of cardiac fibroblasts. Previous work in the 
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field has established highly variable fibroblast responses as a result of differences in the 

composition of media and serum, time in culture, and plate stiffness (Landry et al., 2019; 

Santiago et al., 2010). However, even with consistent cell density and culture conditions, high 

plate stiffness will still likely result in a highly activated fibroblast population in vitro, even 

when all other variables are tightly controlled. Efforts to address this have focused on generating 

substrates with physiologic stiffness ratings to be used as an alternative to traditional cell culture 

plastic. Polydimethylsiloxane (PDMS) substrates have become widely utilized for cell culture 

due to their tunable mechanical properties and compatibility with a wide range of assays 

(Palchesko et al., 2012; Yeh et al., 2017). By adjusting the formulation and curing process of 

PDMS, researchers can tailor the substrate stiffness to better mimic the mechanical properties of 

native tissue, including more appropriately mimicking the physiologic stiffness of the 

myocardium. This enables the creation of a more physiologically relevant microenvironment for 

studying cardiac fibroblast activation.  

The use of soft substrates has become increasingly common in fibroblast in vitro 

experimentation due to attenuation of the mechanosensitive activation observed with traditional 

cell culture, allowing for a better representation of the physiological responses of these cells 

(Cheng et al., 2021; Landry et al., 2019; Morningstar et al., 2021; Shiraishi et al., 2023; Wang et 

al., 2021). Further, the utilization of “soft” substrates has been demonstrated to reduce cardiac 

fibroblast activation and promote a more quiescent phenotype (Landry et al., 2019).  

Consequently, the use of soft substrates at physiological stiffness provides researchers with a 

valuable tool for studying the underlying mechanisms of cardiac fibroblast activation and their 

responses to various stimuli. However, commercially available options for cell culture plates 
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with physiological stiffness ratings can be prohibitively expensive, stressing the need for a more 

cost-effective alternative. 

Here, we developed a cost-effective protocol for culturing cardiac fibroblasts at 

physiologic stiffness on PDMS-coated coverslips to address the limitations associated with 

traditional cardiac fibroblast activation assays. These PDMS-coated coverslips generated in-

house provide an affordable and accessible alternative that yield a comparable level of baseline 

cardiac fibroblast quiescence compared to commercially available cell culture soft substrates 

(Landry et al., 2019). Additionally, we present a comprehensive cell culture experimental 

timeline for assessing cardiac fibroblast activation from quiescent cells cultured on PDMS-

coated coverslips. This protocol will enable investigation of the cellular and molecular 

mechanisms governing cardiac fibroblast activation using an in vitro system that more accurately 

models the physiologic stiffness of the myocardium. 

Basic Protocol 1: Generation of 8 kPa Polydimethylsiloxane (PDMS)/ Gelatin-coated 

Coverslips for Cardiac Fibroblast Cell Culture 

This protocol describes a detailed procedure for the generation of 8 kPa PDMS (Palchesko et al., 

2012), and the steps for coating this PDMS solution on cell culture coverslips for use in in vitro 

fibroblast assays. First, commercially available PDMS solutions of various stiffness ratings are 

mixed to generate an 8 kPa polymer that more closely replicates the endogenous pressure of the 

cardiac fibroblast environment. A thin layer of this polymer is then applied to coverslips and 

cured. After sterilizing, the PDMS coated coverslips can then be additionally coated with gelatin 

to increase cell adherence prior to use in downstream applications. 

Materials 

24-well plates (Fisherbrand, FB012929) 
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12 mm glass coverslips (Electron Microscopy Sciences, #72230-01) 

Plastic Dixie cups (Krayden Dow, #NC9285739) 

Sylgard 184 and curing agent (Krayden Dow, #NC9285739) 

Disposable Plastic Cell Scrapers (Santa Cruz, #sc-395251) 

Sylgard 527 A and B (Krayden Dow, #NC1208196) 

5 mL serological pipettes (Falcon, #357543) 

10 mL serological pipettes (Falcon, 357551) 

50 mL conical tubes (Fisherbrand, #05-539-7) and tube holder 

P10 pipette tips (TipOne, #1110-3700) 

P200 pipette tips (TipOne, #1111-1706) 

P20 filter pipette tips (SureOne, #02-707-432) 

1 mL syringe (Becton Dickinson, #309659) 

PrecisionGlide 1.5 in, 21 gauge needle (Becton Dickinson, #305167) 

Porcine skin gelatin aliquots (See Reagents and Solutions) 

Phosphate buffered saline (Corning, #21-040-CV) 

1 mL serological pipettes (Falcon, #357506) 

Equipment 

Fine tip straight forceps (WPI, #14099) or equivalent 

Precision balance  

Serological pipette controller 

Vacuum desiccator  

P10, P20 & P200 pipettes 

Vortex mixer 
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Tabletop centrifuge 

50°C oven 

Class II biological safety cabinet 

Vacuum aspirator 

37°C water bath 

37°C 5% CO2 incubator 

Note: PDMS is difficult to remove from surfaces with normal solvents. Cover any workspaces 

during the creation of the PDMS mixture to ensure ease of clean-up in the event of a spill. 

PDMS Creation/Coverslip Coating 

For this protocol, 10 g of 8 kPa PDMS solution will be made by mixing two different 

Sylgard solutions together at the appropriate ratio. 

1. Carefully place one 12 mm coverslip into each well of a 24-well plate with forceps. 

This protocol generates between 6-8 full 24-well plates of coverslips but can be 

scaled up or down accordingly. 

2. Separately, form two different Sylgard mixtures. 

a. Sylgard 184: Place an empty disposable plastic cup onto a precision balance. 

To it, add exactly 10 g of Sylgard 184 base with a 10 mL serological pipette 

(tip can be cut off to improve pipetting efficiency), followed by exactly 1 g of 

Sylgard 184 curing agent with a 5 mL serological pipette. Remove the cup 

from the balance, and using a plastic cell scraper, mix vigorously for 5 

minutes. Place the cup with mixed components into the vacuum desiccator to 

remove bubbles. 

Due to the fact that PDMS is highly viscous and does not readily dissolve in 
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common solvents, disposable containers such as the cups described in this 

protocol are recommended for ease of handling/cleaning. 

b. Sylgard 527: Again, place an empty disposable plastic cup onto a precision 

balance. With a 10 mL serological pipette, add exactly 6 g Sylgard 527 Part A 

to the disposable cup. Then, with a new 10 mL serological pipette, add exactly 

6 g Sylgard 527 Part B to the cup for a total mass of 12 g. Mix vigorously in 

the cup with a plastic cell scraper for 5 minutes. Bubbles will likely not be 

present in this solution (does not require vacuum desiccation).  

3. Combine the Sylgard 184 and 527 at the precise ratio (0.102:9.90) to obtain an 8 kPa 

PDMS solution.  

a. Place an empty 50 mL conical tube into a small tube holder that fits on the 

precision balance. Place tube/holder onto the balance and tare the balance. 

Using a P10 pipette tip, without depressing the pipette, dip the P10 tip into the 

Sylgard 184 mixture. Once the solution has adhered to the tip, move the tip 

over to the 50 mL conical tube on the balance and allow it to drip off without 

depressing the pipette. Repeat until exactly 102 mg has been added to the 

conical tube. Be careful to achieve this mass as closely as possible. When 102 

mg is reached, tare the balance. 

b. Using a 5 mL serological pipette, add 9.90 g of Sylgard 527 to the tube 

containing the 102 mg of Sylgard 184. It is recommended to use the 

serological pipette for the majority of the mass being added, and then use a 

P200 tip to add the Sylgard 527 drop wise in a similar fashion to Step 3a at the 

end to reach exactly 9.90 g. 
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4. Mix the two PDMS solutions very thoroughly.  

a. Secure the lid on the conical tube and vortex the tube on high for ~10 seconds, 

before orbitally tilting the tube and rolling the Sylgard mixture around the 

interior surface for another ~10 seconds. Repeat vortexing/mixing 5 times to 

ensure an extremely well-mixed, homogenous solution. 

b. Centrifuge the mixture at room temperature at 3,200 x g for 3 min to get the 

PDMS to the bottom of the conical tube. 

c. Vortex again for several seconds, while tilting the tube in different directions. 

5. Pipette the PDMS solution onto coverslips.  

a. Load a P20 pipette with a 20 µL filter tip, then cut off the tip of the pipette 

(approximately 2-3 mm). Set the volume on the pipette to 14 µL and pipette 

the thoroughly mixed PDMS solution up and down into the tip slowly 3 times 

to coat the inside of the pipette and reduce the formation of bubbles. 

The repeated pipetting is only necessary upon first introduction of the solution 

to the tip, prior to first coverslip loading.  

b. Eject all of the 14 µL of mixed PDMS onto the direct center of each coverslip 

within each well of the 24-well plate. To achieve consistent volumes, after 

pulling the PDMS into the pipette, drag the tip along the inside of the tube to 

‘brush off’ extra PDMS that coats the outside of the pipette tip (it is highly 

viscous) before pipetting onto the coverslip. 

 

Once the PDMS has been applied, it will slowly begin to spread out to the 

edges of the coverslip. It is normal for the PDMS to not be completely spread 
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out prior to curing in the oven, and will likely be uniformly distributed 

following the overnight incubation in the 50°C oven.  

 

Any unused PDMS solution remaining following coverslip coating should be 

discarded, as it will solidify. A fresh PDMS solution should be prepared for 

each subsequent batch of coverslips at later dates. 

 

6. Place the lids on the 24-well plates and place plates with coated coverslips into the 

vacuum desiccator for 30-45 min. 

7. Transfer the plates to the 50°C oven and cure PDMS overnight. 

8. Remove plastic plates containing the cured coverslips from the oven. Coverslips can 

be stored at room temperature indefinitely in the plastic plates that they were cured in 

until ready for experiments. Only proceed to gelatin coating (Step 9-13) when ready 

to perform experiments, as once gelatin coated is performed, it is recommended that 

the coverslips be used immediately. 

The PDMS in most cases will diffuse across the coverslip evenly. Some coverslips 

may have small sections at the periphery that are not covered, these coverslips are 

still usable for most applications as long as the majority of the surface area is 

covered. Some coverslips (<10%) may become attached to the 24-well dish used in 

coverslip preparation due to the PDMS leaking over the side of the coverslip and 

bonding with the plastic. When ready for experimentation, only the unattached 

coverslips should be moved to a new 24-well plate to be used. 



88 

Preparation, Sterilization and Gelatin Coating of Coverslips 

9. Load new 24-well experimental plates with unattached PDMS-coated coverslips from 

the plastic plates in which they were cured. 

a. Using the forceps and bent needle/syringe lifting tool (see Figure 2.1), lift the 

unattached, freely moving PDMS-coated coverslips from the preparation 

plate, and transfer the desired number to a new experimental 24-well plate.  

When transferring coverslips, use the forceps pointed down towards the 

bottom of the well to push each coverslip sideways gently against the plastic 

well with one hand and gingerly lift up, just enough to break the surface 

tension between the coverslip and the plastic. Simultaneously with the other 

hand, using the bent needle lifting tool, position the needle under the coverslip 

that is being barely lifted with the forceps. Once the needle is under the 

coverslip, the forceps can be released. While elevating the coverslip with the 

bent needle lifting tool, grip the edge of the coverslip with the forceps as 

minimally as possible so as not to disturb the PDMS coating, and lift, then 

transfer the coverslip to the desired location. When releasing the coverslip 

from the forceps, the PDMS-coated side may stick to the forceps. When this 

happens, the bent needle tool can be used to gently scrape the attachment 

point of the forceps to the PDMS to release it. 

 

For the remainder of the protocol, steps will take place in a Class II biological safety 

cabinet (BSC). Coverslip PDMS coating takes place in a non-sterile environment, 

whereas experimental plates must be properly sterilized to prevent contamination. It 
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is assumed that all steps in the BSC and the transfer of materials into and out of the 

BSC will be done with the proper aseptic techniques. 

 

Preparation, Sterilization and Gelatin Coating of Coverslips steps 10-13 adapted 

from (Landry et al., 2021). 

 

The process to coat the PDMS coverslips with gelatin requires an overnight 

incubation. While PDMS coated coverslips can be stored indefinitely, it is 

recommended that once the gelatin coating is performed that the coverslips be used 

for experimentation immediately. Thus, Steps 10 through 12 should be performed the 

day prior to planned cardiac fibroblast isolation to ensure that they are ready for 

plating. 

 

10. Place the plate in the BSC, remove the lid and flip it so that the outer surface of the 

lid rests on the cabinet surface. Liberally spray the PDMS-coated coverslips and rest 

of the plastic plate, including the overturned lid, with 70% ethanol, effectively 

soaking them. Ethanol should cover the coverslip entirely. Close the cabinet sash, turn 

on the UV light and allow coverslips to sit in ethanol/UV for 20-30 minutes. Place a 

bottle of sterile PBS and an aliquot of porcine skin gelatin stock (See Reagents and 

Solutions) in a 37°C water bath in the meantime. 

11. Thoroughly aspirate the ethanol covering each coverslip by pointing the 1 mL 

serological pipette towards the sides of the well to avoid direct contact with the 

coverslips. Additionally, aspirate the lid of the plastic dish. Once the majority of the 
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ethanol has been removed, allow the remainder to air dry in the cabinet for ~20-30 

min until dry. Coverslips are now ready for downstream applications. 

Do not try to directly aspirate small droplets of ethanol from the coverslips, as this 

may damage the coating. Any remaining ethanol of the coverslips after aspiration will 

be removed from the air-drying process. 

12. Dilute porcine skin gelatin stock in sterile, warm PBS to make a sufficient volume of 

porcine skin gelatin working solution (10-100 µg/mL, concentration can be adjusted 

depending on cell adherence) (Landry et al., 2021). Each coverslip requires 500 µL of 

working solution. To make enough 100 µg/mL solution to coat one 24-well dish (12 

mL), use a serological pipette to add 15 mL pre-warmed PBS into a 50 mL conical 

tube. Then add 150 µL porcine skin gelatin stock solution from the pre-warmed 

aliquot to the PBS. Mix by pipetting up and down with the serological pipette. Pipette 

500 µL of the porcine skin gelatin working solution onto each PDMS-coated 

coverslip, ensuring that each coverslip is completely submerged in the solution. 

Cover the plate with the lid and place the plate in the 37°C 5% CO2 incubator 

overnight. 

13. The next day when ready for cell plating, move the plates from the 37°C 5% CO2 

incubator back into the BSC. Remove plate lids as before, aspirate using a 1 mL 

serological pipette to remove the gelatin solution from each well and allow the 

coverslips to air dry in the BSC for ~10 min. Coverslips are now ready for cell plating 

(see Step 35). 

Basic Protocol 2: Adult Cardiac Fibroblast Isolation and Plating onto PDMS-Coated 

Coverslips 
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This protocol describes the isolation of primary murine adult cardiac fibroblasts for use in in 

vitro fibroblast assays adapted from (Kanisicak et al., 2016), in addition to their direct plating 

onto PDMS-coated coverslips. First, mouse hearts are enzymatically digested to separate 

myocardial tissue into its cellular components. The cell suspension is then plated onto 

PDMS/gelatin-coated coverslips to allow for preferential adherence of fibroblasts. This process 

maintains the fibroblasts on a physiologically relevant substrate for the duration of the 

experiment and removes any alterations to the fibroblasts associated with passaging primary 

cardiac fibroblasts prior to experimental assays. 

Note: All experiments involving animals should abide by institutional protocols governing 

animal use and care (IACUC) and governmental agency guidelines, and protocols should be 

reviewed and approved prior to conducting any experimental procedures. 

Note: ACFs are most commonly isolated and cultured from 8-12 weeks old mice of the C57/Bl6 

strain but can be isolated from adult mice of any strain or genetic background.  

 

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM, Corning, #10-013-CV) 

FBS aliquot (See Reagents and Solutions) 

Pen/Strep (P/S, Corning, #30-002-CV) 

Dispase buffer (See Reagents and Solutions) 

Enzymatic digestion buffer (See Reagents and Solutions) 

15 mL conical tubes (Basix, #14-955-237) 

50 mL conical tubes (Fisherbrand, #05-539-12) 

10 cm culture dishes (Fisherbrand, #FB012924) 
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10 mL serological pipettes (Falcon, 357551) 

C57BL/6 mice, aged 8-12 weeks 

Razor blades 

40 µm mesh strainer (Fisherbrand, #22-363-547) 

P1000 pipette tips (TipOne, #1112-1720) 

10% FBS 1% P/S DMEM (See Reagents and Solutions) 

1 mL serological pipettes (Falcon, #357506) 

PDMS/gelatin coated coverslips (See Basic Protocol 1) 

Equipment 

37°C water bath 

Ice bucket 

Gyromini Nutator (Labnet, #S0500) or equivalent 

Class II Biosafety Cabinet 

37°C 5% CO2 incubator 

Serological pipette controller 

Fine tip straight forceps (WPI, #14099) or equivalent (2) 

Surgical scissors 

P1000 pipette 

Tabletop centrifuge 

Vacuum aspirator 

Inverted bright-field tissue culture microscope 
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Cardiac Fibroblast Isolation 

Note: This section of the protocol explains the procedure for isolating primary adult mouse 
cardiac fibroblasts. For an alternative isolation protocol, see Isolation of Adult Mouse Cardiac 
Fibroblasts (Almazloum & Khalil, 2023). 

 

14. Before beginning, place DMEM, and one (or more depending on number of hearts 

being isolated) FBS aliquot (refer to Reagents and Solutions) into the 37°C water 

bath. Warm P/S and Dispase buffer (See Reagents and Solutions) to room 

temperature, prepare an ice bucket, and place nutator in the 37°C 5% CO2 incubator. 

15. Determine the number of hearts to be isolated and prepare enzymatic digestion buffer 

(See Reagents and Solutions) accordingly. Store in water bath at 37°C until ready to 

use. 

As one mouse heart will be digested with 6 mL enzymatic digestion buffer, the 

protocol details the proportional volumes of each buffer component to generate 6 mL 

total. If additional hearts are to be isolated, the total volume of enzymatic digestion 

buffer needed will increase accordingly to achieve 6 mL per heart. In this protocol, 

there are 3 rounds of digestion/sedimentation. Each round, 2 mL of enzymatic 

digestion buffer is used, for a total of 6 mL used to digest each heart. 

16. Pre-label three conical tubes per sample.  

For each sample condition (i.e. different genotypes/biological replicates, etc.), there 

will be 3 tubes: 1. A 15 mL conical tube with 5-10 mL serum-free DMEM that will 

receive whole hearts upon isolation for transfer back to the biosafety cabinet, 2. an 

empty 15 mL or 50 mL conical tube (depending on how many hearts are being 

digested) to receive the minced heart tissue to be digested, and 3. an empty 50 mL 

conical tube to collect digested cell suspension supernatant and placed on ice. For 
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tube no.2, use a 15 mL conical tube when isolating up to 5 pooled hearts, and a 50 

mL conical tube when digesting from 6 to 20 pooled hearts. 

17. When DMEM is warm and enzymatic digestion buffer is ready, pipette 5-10 mL of 

serum-free DMEM into 1st set of pre-labeled 15 mL conical tubes with a 10 mL 

serological pipette. Then, pipette 10 mL of serum-free DMEM into 1 or multiple 10 

cm culture dishes with a 10 mL serological pipette, one for each sample condition. 

Bring the 10 cm dish(es) and 15 mL conical(s) with media to location of animal 

sacrifice/heart isolation. Prepare the benchtop ahead of time to contain relevant 

euthanasia and sterile surgical tools (forceps, scissors) necessary to remove and 

dissect the heart after sacrifice. 

18. Isolate heart(s). Following sacrifice of animal in accordance with respective approved 

animal protocols, use surgical scissors to open the thoracic cavity and expose the 

heart. Using two sets of forceps, with one grip the aorta and extracardiac tissue 

superior to the ventricles and with the other forceps gently grip and pull the ventricles 

away from chest cavity to isolate the heart. 

19. Place the isolated heart into the 10 cm dish containing pre-warmed DMEM and 

squeeze the heart repeatedly with forceps in pre-warmed DMEM to remove 

remaining blood cells. Move each heart with the forceps to the respective pre-labeled 

15 mL conical tube containing 5-10 mL serum-free DMEM and bring the tubes 

containing the heart(s) to the BSC. 

For the remainder of the protocol, steps will take place in a Class II BSC and a 37°C 

5% CO2 incubator.  
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20. Using the P1000 pipette with filter tips, pipette 2 mL per heart of fresh enzymatic 

digestion buffer into a pre-labeled empty 15 or 50 mL conical tube (See Step 16 note). 

Return 50 mL conical containing enzymatic digestion buffer to the 37°C water bath 

during each incubation period to ensure it stays warm through the three stages of the 

isolation. 

21. Remove the lid from a sterile 10 cm dish, then place the internal side of the lid facing 

up. Pour out the 15 mL conical containing the media/isolated hearts into the 10 cm 

dish base, then transfer (using forceps or lifting up with razor blades) each heart from 

the media in the 10 cm dish to the dry lid that was set facing up. Pinch the heart with 

the forceps, and use a razor blade to make a transverse cut of roughly the “top” 1mm 

of the heart to remove atria/vasculature above the ventricles, while maintaining as 

much of the ventricles as possible (see Figure 2.2). Then, mince ventricles using a 

razor blade and or surgical scissors, forming approximately 1-2 mm3 pieces (~8-10 

pieces per heart) and transfer minced ventricular tissue from one or more pooled 

heart(s) into the 15 or 50 mL conical tube containing the enzymatic digestion buffer 

for that sample. 

22. When all samples are in their corresponding tubes, cap tubes and then transfer and 

secure the tubes in a nutator inside the 37°C 5% CO2 incubator to provide gentle 

agitation. Incubate tissues in a 37°C 5% CO2 incubator for 20 min. 

23. Remove the tubes from the nutator, transfer the tubes back to the BSC and for each 

tube perform manual trituration 12-15 times with a 5 mL serological pipette until all 

tissue pieces are able to travel through the pipette without resistance. 
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24. Settle the tissue by sedimentation (~30 sec-1 min), and carefully collect the 

supernatant using a P1000 filter pipette tip without disturbing the tissue at the bottom 

of the tube. 

25. Using the P1000 pipette, pass the supernatant through a 40 μm mesh strainer into its 

corresponding pre-labeled 50 mL conical and store immediately on ice. 

Following the filter step, filters can be placed in a separate 50 mL conical to be 

reused for the following two filter steps, however, this only applies during smaller 

preps (1-3 hearts). In larger preps, due to the volume of enzymatic digestion buffer 

flowing through the filter from multiple hearts, the filters may become clogged and 

will not filter properly during the 2nd and 3rd filter steps. If running bulk preps with 5-

10 pooled hearts per condition, a new filter can be used at each filtration step. Ensure 

that re-used filters are always placed in the proper collection 50 mL conical so that 

samples are not inadvertently contaminated. 

26. Using the P1000, add 2 mL fresh enzymatic digestion buffer per heart to the 

previously sedimented ventricular tissue (not the digested supernatant on ice) in its 

existing tube and place back on the nutator in the 37°C 5% CO2 incubator for 20 min. 

27. Remove the tubes from the nutator, transfer the tubes back to the BSC and for each 

tube perform manual trituration 12-15 times with a P1000 pipette tip until there is not 

resistance. 

28. Settle the tissue by sedimentation (~30 sec-1 min), and carefully collect the 

supernatant using a P1000 without disturbing the tissue at the bottom of the tube. 

29. Using the P1000, pipette the supernatant through a 40 μm mesh strainer (either reused 

from the same sample or a new filter if doing bulk preps and the previous filter is 
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clogged) into the same corresponding 50 mL collection tube that was on ice and 

return the tube(s) to the ice bucket. 

30. Using the P1000, add the final 2 mL fresh enzymatic digestion buffer per heart to the 

previously sedimented tissue in its existing tube and place on the nutator in the 37°C 

5% CO2 incubator for the final 20 min digestion. Add pre-made 10% FBS 1% P/S 

DMEM (See Reagents and Solutions) to the 37°C water bath, and pre-cool the 

tabletop centrifuge to 4°C. 

31. Remove the tubes from the 37°C 5% CO2 incubator, transfer to the BSC and perform 

manual trituration 12-15 times through a P1000 pipette tip.  

32. Settle the tissue by sedimentation (~30 sec-1 min), and carefully collect the 

supernatant using a P1000 pipette tip without disturbing the tissue at the bottom of the 

tube. 

33. Using the P1000, pipette the supernatant through a 40 μm mesh strainer (either reused 

from the same sample or a new filter if doing bulk preps and the previous filter is 

clogged) into the corresponding 50 mL collection tube. 

34. Centrifuge the pooled sample supernatant from the 3 digestions (6 mL total per heart 

per tube) in the 50 mL collection tube(s) at 350 x g for 20 min at 4°C using a fixed 

angle rotor.  

Swinging bucket rotors may result in lower yield as the cell pellet will be more 

dispersed along the side of the conical tube and more likely to be disturbed when 

removing supernatant. 

35. During the spin, remove PDMS/gelatin-coated coverslips from the 37°C 5% CO2 

incubator, and aspirate gelatin solution to prepare for cell plating (See Step 13). 
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36. Carefully remove tube(s) from centrifuge to not disturb the pelleted cells. Gently pour 

off supernatant from each tube and discard, with the pellet facing “up” in such a way 

that the supernatant is not flowing over the cell pellet as it leaves the tube.  

37. Resuspend the cell pellet in 6.5 mL per heart of fresh pre-warmed 10% FBS 1% P/S 

DMEM (See Reagents and Solutions) using a 10 mL serological pipette. 

For this protocol, one mouse heart should generate enough fibroblasts to optimally 

grow on ~12 PDMS-coated coverslips. This is considering the growth rate of adult 

cardiac fibroblasts over the course of a 5-day experimental time course that ideally 

should not become over-confluent at the end of the experimental assay, while still 

achieving sufficient density for healthy cells at the time of plating. Dilution ratio can 

be modified as needed to account for differences in isolation efficiency of viable 

fibroblasts and achieve the desired plating density for the experimental conditions.  

38. Pipette 500 µL of the cell suspension/media onto each PDMS/gelatin coated- 

coverslip, so that the coverslip is submerged in the solution. Place lid on 24-well 

plate. Transfer the plates to the 37°C 5% CO2 incubator to allow the fibroblasts to 

adhere to the coverslips for 2 hours (See Figure 2.3). 

Given the hydrophobic properties of PDMS, the solution may not completely cover 

the coverslip upon initially dispensing into the well. The plate can be gently manually 

rocked back and forth to allow cells and media to completely cover the surface of the 

coverslip, or the cell suspension can be re-pipetted directly onto the coverslip until 

the coverslip is uniformly submerged in cell suspension media for plating. 

39. Warm an FBS aliquot and P/S to room temp, and warm SF DMEM in the 37°C water 

bath. Following 2 hr incubation, transfer the plates to the BSC and gently wash the 
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cell solution (read non-fibroblast cells, fibroblasts have attached to coverslips) from 

the coverslips. Aspirate media/cell suspension from the plate ~4 wells at a time using 

a 1 mL serological pipette. Then, using the P1000, immediately cover each coverslip 

again in fresh media by gently pipetting 500 µL warm serum free (SF) DMEM onto 

the side of each well to avoid disturbing attached cells. Repeat until all wells in the 

dish have been washed once, and then repeat the washing process until the majority 

of the free floating/dead cells have been removed (~3 washes per coverslip total). 

If aspiration with the serological pipette is resulting in loss of cells, wash steps can 

also be performed using P1000 for introduction and removal of media.  

Attached fibroblasts will initially appear as small dark circles under the inverted 

bright-field tissue culture microscope, and should be able to be seen after about two 

washes. Canonical spindle morphology will appear ~2 days following plating. 

40. Following the final wash, the incubation medium composition/volume will depend on 

downstream assay requirements. If no transduction is required, use a P1000 to replace 

wash media with 500 µL of freshly made 1% FBS 1% P/S DMEM using the pre-

warmed components from Step 39. Incubate for 48-hours before proceeding to Basic 

Protocol 3, Step 43. If transduction is required, immediately following the isolation 

washing step, use the P1000 to pipette 250 µL 1% FBS DMEM (no P/S) into each 

well and proceed to Basic Protocol 3, Step 41. 

Given the hydrophobic properties of PDMS, the DMEM may not completely cover the 

coverslip upon initial administration, especially at such a low volume (250 µL) if 

performing a transduction. The plate can be gently manually rocked back and forth to 

allow cells and media to completely cover the surface of the coverslip, or the cell 
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suspension can be re-pipetted directly onto the coverslip until the coverslip is 

uniformly submerged in cell suspension media for plating. Note that these steps 

should be performed with caution as excess force can free attached fibroblasts from 

the PDMS substrate. 

Basic Protocol 3: Assessment of Cardiac Fibroblast Activation by αSMA (alpha Smooth 

Muscle Actin) Immunocytochemistry  

This protocol describes the process of performing an immunocytochemical assay using primary 

adult cardiac fibroblasts to assess their transformation into activated myofibroblasts. Parameters 

have been optimized for reduced background activation, efficient transduction in vitro (if 

applicable), and successful induction of activation using a profibrotic agonist. Following cell 

culture, fibroblasts on PDMS-coated coverslips are then fixed and prepared for downstream 

immunocytochemistry for α-smooth muscle actin (αSMA). 

Materials 

Adenovirus (if applicable) 

P10 filter tips (SureOne, #02-707-001) 

P20 filter pipette tips (SureOne, #02-707-432) 

P1000 filter tips (VWR, #76322-156) 

Dulbecco’s Modified Eagle’s Medium (Corning, #10-013-CV) 

Fetal Bovine Serum (FBS, Corning, #35-010-CV) 

Pen/Strep (P/S, Corning, #30-002-CV) 

TGF-β1 Aliquots (See Reagents and Solutions) 

Phosphate buffered saline (PBS, Corning, #21-040-CV) 

Methanol (Sigma, #179337) 
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Parafilm (Fisher Scientific, #S37440) 

15 cm plastic dishes (Fisherbrand, #FB012925) 

Blocking solution (See Reagents and Solutions) 

anti-αSMA primary antibody (Sigma, #A5228) 

P200 pipette tips (TipOne, #1111-1706) 

Paper towels (Scott, #01510) 

Goat Anti-mouse AlexaFlour 488 secondary antibody (Invitrogen, #A-11029) 

Prolong Gold with DAPI Mounting Solution (Cell Signaling, #8961) 

35 mm Glass-bottom dishes (Cellvis, D35-28-1.5-N) 

Equipment 

Class II biosafety cabinet (BSC) 

P10, P20, P200, P1000 pipettes 

37°C water bath 

37°C 5% CO2 incubator 

Gyromini Nutator (Labnet, #S0500) or equivalent 

Fine tip straight forceps (WPI, #14099) or equivalent  

Bent needle lifting tool (See Figure 2.1) 

Vacuum aspirator 

4°C refrigerator 

Confocal or epifluorescence microscope compatible with imaging of 35 mm dishes 

41. If the assay requires a transduction step, thaw adenovirus and using a P10 with filter 

tips, pipette respective volume of virus into each experimental well of the 24-well 

plate in a BSC (See Figure 2.3). Incubate overnight. 
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Cardiac fibroblasts can be highly resistant to transduction. The amount of virus 

necessary for transduction can vary, and volume to load will depend on individual 

viral titers. An excess of 100+ multiplicity of infection (MOI) may be required for 

efficient transduction of murine adult cardiac fibroblasts. 

42. Following overnight incubation, gently aspirate virus-containing media from the 

coverslips. Remove media from the plate ~4 wells at a time using a P1000 with filter 

tips, and immediately cover each coverslip again in fresh media using the P1000 to 

gently pipette 500 µL warm SF DMEM into each well. Repeat until all the wells have 

been washed once, and then repeat twice more, adding warm 500 µL freshly made 

1% FBS 1% P/S DMEM following the final wash. Incubate for 24 hours. 

Pipetting gently on the side of the well is recommended for all media changes/wash 

steps to prevent displacing cells from the coverslip. 

43. Following the post-isolation 48 hour incubation with or without virus, prepare 

treatment solutions (See Figure 2.3). Calculate for 500 µL per well to determine 

appropriate volumes of media  and saline/TGFβ1 treatments. Briefly thaw frozen 

TGFβ1 (transforming growth factor β1) aliquot(s) (see Reagents and Solutions) at 

room temperature. Prepare pre-warmed 1% FBS 1% P/S DMEM media, and in 

separate 15 mL conical tubes, pipette 1 µL of TGFβ1 or saline per mL of media for a 

1:1000 dilution (to achieve a final concentration of 10 ng/mL TGFβ1). Mix the 

solutions by placing them on the nutator inside the 37°C 5% CO2 incubator for 5 

minutes. 

44. To begin treatments, remove media from the wells ~4 wells at a time using P1000 

with filter tips, then immediately cover each coverslip again in fresh media by gently 
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pipetting 500 µL of treatment solutions of 1% FBS 1% P/S DMEM with saline or 10 

ng/mL TGFβ1. Incubate inside the 37°C 5% CO2 incubator for 72 hours. 

45. Remove media from the wells ~4 wells at a time using P1000 with filter tips, then 

using the P1000 gently pipette 500 µL PBS onto each coverslip. Repeat so that all 

coverslips have been PBS-washed twice.  

Continue to perform all washes gently to reduce loss of cells. 

46. Following the second wash, remove PBS with P1000 filter tips.  Then, with the 

P1000 pipette, add 500 µL ice cold methanol onto each coverslip. Incubate for 15 min 

at 4ºC. 

47. Remove methanol from each coverslip with P1000 filter tips, and gently wash twice 

with PBS with P1000 filter tips. 

For the remainder of the protocol, a sterile environment is not necessary and can be 

performed at a conventional lab bench. 

48. Immunocytochemistry is performed as described (Brody et al., 2012; Essandoh et al., 

2023) and adapted for detection and imaging of αSMA stress fibers in adult cardiac 

fibroblasts cultured on PDMS-coated coverslips. Coat a 15 cm non-sterile petri dish 

with one layer of parafilm to create an incubation chamber for immunostaining. 

Using the forceps and bent needle lifting tool (see Figure 2.1), remove each coverslip 

from its well and place onto the parafilm layer with the cells facing up. Immediately 

cover each coverslip with ~70 µL PBS using the P200. PBS should form a meniscus 

on the coverslip. 

Additional PBS volume is okay for the washing steps if 70 µL is not sufficient to fully 

cover the surface the coverslip. 
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49. When all coverslips have been placed on the parafilm, aspirate PBS with 1 mL 

serological pipette, and use a P200 pipette to add ~70 µL blocking solution (see 

Reagents and Solutions) to each coverslip, enough to sufficiently cover the whole 

surface. Incubate for 1 hr at room temp. 

Due to the hydrophobicity of the PDMS, solutions will not as easily spread across the 

surface of the coverslips. If there are sections where the coverslip is not covered by 

solution, the bent needle tool (Figure 2.1) or a pipette tip can be used to gently drag 

the solution across the surface of the coverslip without directly touching the 

coverslip/adhered fibroblasts to ensure all cells on the coverslip are covered and 

incubated in blocking solution.  

50. Following blocking, incubate the coverslips with anti-αSMA primary antibody diluted 

1:1000 in blocking buffer. Prepare primary antibody dilution (e.g. 1 µL of primary 

antibody in 1 mL blocking buffer). Aspirate the blocking buffer from each coverslip 

using a 1 mL serological pipette, and using P200 pipette, add ~70 µL of the primary 

antibody diluted in blocking buffer onto each coverslip. 

αSMA protein expression and incorporation into stress fibers is a hallmark of 

fibroblast activation. 

51. Wet small pieces of paper towels, fold, and place on the sides of the 15 cm dish away 

from the coverslips to create a humidity chamber, then place the lid on to prevent 

coverslips from drying out. Move to a cold room or refrigerator to incubate overnight 

at 4°C. 
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52. The following day, wash each coverslip three times with PBS. Following the washes, 

incubate at room temperature for 1 hr in blocking buffer containing goat anti-mouse 

AlexaFlour 488 secondary antibody diluted 1:1000 in PBS. 

53. Wash each coverslip three times with PBS in a similar fashion as previous washing 

steps. Coverslips are now ready for mounting.  

54. Mount coverslips onto 35 mm glass-bottom dishes for imaging. 3 coverslips can be 

mounted on each 35 mm dish. Label 35 mm dishes to appropriately identify 

coverslips before mounting. Using a P20 filter tip, apply three small drops of Prolong 

Gold with DAPI mounting solution to each glass-bottom dish in a triangular pattern 

(See Figure 2.4). 

Conventional mounting procedures are not recommended as the PDMS coating 

increases the distance between the bottom edge of the coverslip and the focal plane of 

the cells. This can make resolving the cells difficult with normal mounting procedures. 

To overcome this, the coverslips should instead be mounted on an image compatible 

surface (35 mm glass bottom dishes), allowing for images to be taken without the 

PDMS distorting the light or decreasing the resolution. Each glass bottom dish will fit 

three coverslips in a triangular arrangement. 

55. Lift each coverslip from the parafilm and flip it with the forceps so that the cell-side 

makes contact with the drop of mounting solution and gently lay it over the drop of 

mounting solution on the 35 mm glass bottom dish (See Figure 2.4). Coverslips can 

be left to dry at room temperature and are ready for imaging. 

The mounting solution will not cover the PDMS coated coverslips as quickly as an 

uncoated glass coverslip. If it appears to be mounting slowly, do NOT manually push 



106 

the coverslip down onto the glass bottom dish to even out the seal, as this will 

potentially damage the cells. 

56. Coverslips can now be imaged using fluorescence microscopy (see Figure 2.5). 

Images can be taken with lower magnification (10X) to achieve fields-of-view (FOV) 

with an ample number of cells (50+ ACFs per FOV) to be representative during 

quantification steps. 

57. Differences in αSMA response can be quantified using ImageJ. 

Differences in αSMA signal in response to pro-fibrotic agonists are most commonly 

reported as the percent of cells positive for αSMA divided by the total number of cells 

(Davis et al., 2015). In some situations, αSMA signal can also be reported as 

differences in whole FOV signal intensity between treatment groups.  

Immunofluorescence data can be complemented by western blotting for αSMA protein 

levels. Due to the high baseline αSMA protein levels often seen in fibroblast culture, 

the % αSMA positivity method of quantification is often more sensitive. 

Reagents and Solutions 

Dispase Buffer 

For 300 mL Stock Solution: 

1. On a precision balance, weigh: 

a. 3.57 g HEPES (Fisher BioReagents, #BP310) 

b. 2.63 g NaCl (Fisher BioReagents, #BP358) 

Add weighed solids into a 500 mL glass beaker with approximately 280 mL ddH20.  

2. Calibrate pH meter. Stir solution. Add KOH dropwise until the solution reaches pH 7.4. 
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3. Transfer solution to a graduated cylinder and bring solution to final volume of 300 mL with 

ddH2O. Sterilize solution with 0.2 µm filter flasks (Fisherbrand, #FB12566500) and create 

six 50 mL conical aliquots to store at 4°C until use. Aliquots should be used within 6 months. 

Porcine Skin Gelatin Aliquots 

1% w/v porcine skin gelatin aliquots for coating the coverslips can be made as previously 

described (Landry et al., 2021). 

1. In a glass autoclave bottle, add 100 mL ddH20, cap the bottle, and incubate in 37°C water 

bath. 

2. When warm, add 1 g Porcine Gelatin Type A (Sigma-Aldrich, #G1980). Allow solution to 

dissolve. 

3. Following dissolution, autoclave the solution at 121 °C, 15 psi, for 30 min to ensure 

sterility. 

4. Carefully remove the solution from the autoclave, and aliquot in the BSC while the 

solution is still warm (~50 °C). Aliquots can then be stored indefinitely at 4 °C. 

FBS Aliquots 

1. Thaw frozen FBS (Corning, #35-010-CV), pipette up and down with serological pipette 

until solution is mixed. 

2. Aliquot small volumes of FBS into 1.5 mL microfuge tubes, in amounts sufficient for 

isolating cells from a few hearts with some extra. Example: For an aliquot for a 5-heart 

isolation, 5 x 120 µL FBS per heart is 600 µL, plus 20 µL extra for a total of 620 µL per 

aliquot. 
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3. Store at -20°C until ready for use. Always use a fresh aliquot for each isolation, do not 

use FBS that has been freeze/thawed. 

Enzymatic Digestion Buffer 

The steps listed here will yield 6 mL enzymatic digestion buffer, enough for one heart. 

All listed amounts need only be multiplied by the number of hearts being isolated to 

generate larger amounts of enzymatic digestion buffer. 

1. Pre-warm serum-free DMEM in the 37°C water bath. Incubate dispase buffer (see 

Reagents and Solutions), an FBS aliquot (See Reagents and Solutions), and P/S at room 

temperature. 

2. Using the precision balance weigh out 14 mg of Dispase II (Sigma, #D4693) and 11 mg 

of Collagenase IV (Worthington, #LS004188). Bring weighed solids to the biosafety 

cabinet. 

3. Using a serological pipette, add 1.5 mL room temperature Dispase Buffer to a 50 mL 

conical tube. Carefully pour in the 14 mg Dispase II. Invert the tube manually and gently 

swirl to dissolve the solid. 

4. Using a serological pipette, add 4.1 mL of serum-free warm DMEM to the 50 mL conical 

tube.  

5. Using a pipette, add 300 µL P/S and 120 µL FBS to the tube. 

6. Carefully pour in the 11 mg collagenase IV to the tube, cap and again manually invert the 

tube to ensure a mixed solution. Place the tube in the 37°C water bath until ready to use. 
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10% FBS 1% P/S DMEM 

1. Open a fresh 500 mL bottle of DMEM. Using a serological pipette, remove 55 mL of 

media and discard. 

2. Using a new serological pipette, add 50 mL FBS (Corning, #35-010-CV). 

3. Using a new serological pipette, add 5 mL P/S (Corning, #30-002-CV). 

4. Cap bottle and store at 4°C. Use within ~2 months. 

TGFβ1 Aliquots 

1. Reconstitute lyophilized TGFβ1 (Peprotech, #100-21) according to manufacturer’s 

instructions. For Peprotech recombinant Human TGFβ1, reconstitute in sterile filtered 10 

mM citric acid (Sigma, #251275) (in ddH2O), pH 3.0, at a concentration of 20 µg/mL. 

Incubate at 4ºC for 10 minutes. 

2. Further dilute 1:1 by adding an equal volume of 0.2% bovine serum albumin (BSA, 

Sigma Aldrich, #A9647) (in PBS) solution to the TGFβ1/citric acid solution to achieve a 

final stock concentration of 10 µg/mL TGFβ1, 0.1% BSA. 

3. Aliquot the final TGFβ1 solution into 0.2 mL PCR tubes (VWR, #93001-118) by 

pipetting 10 µL into each tube. Aliquots can be stored at -20ºC for up to 1 year. 

Blocking Solution 

1. Generate 1 L of 10X phosphate buffered saline solution 

NaCl                  80g             (Fisher BioReagents, #BP358) 

KCl                      2g              (Sigma, #P9541) 

Na2HPO4           14.4g           (Sigma, #S9763) 
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KH2PO4               2.4g          (Sigma, #P5655) 

                          pH to 7.4 

2. Dilute 10X PBS 1:10 in ddH20 to generate 1X PBS. 

3. Generate blocking solution with 1X PBS. 

1X Phosphate Buffered Saline 

5% Goat serum (Sigma Aldrich, #G6767) 

1% BSA (Sigma Aldrich, #A9647) 

1% Glycine (Thermo Scientific, #AAA138160E) 

0.2% Triton X-100 (Fisher BioReagents, #BP151-500) 

Commentary 

Background Information 

Recent exploration into the mechanisms underlying cardiac fibroblast activity and 

phenotypic transformation to elicit ECM remodeling and cardiac fibrosis in many forms of heart 

disease is an exciting frontier for cardiac biology. Given the sensitivity of cardiac fibroblasts to 

their environment, 2D cell culture experimentation can represent a significant technical 

challenge. Towards solving this problem, researchers have adopted new strategies including the 

use of substrates like polydimethylsiloxane (PDMS), a silicon-based organic polymer that is 

widely used in the fields of cell biology and bioengineering for this application due to its unique 

biocompatibility, transparency, and tunable elasticity (Palchesko et al., 2012). Coverslips coated 

with PDMS provide a simple yet robust method to model a variety of in vivo environments in 

vitro with a range of practical applications spanning cell and tissue culture, biomechanical 

studies, and high-resolution imaging applications. In the context of fibroblast research, it has 

been demonstrated that fibroblasts plated and maintained on 8 kPa soft substrate-coated plates 
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exhibit reduced baseline activation compared to standard plastic plates used for in vitro studies 

(Landry et al., 2019). Here we provide a straightforward and cost-effective protocol for 

assessment of cardiac fibroblast activation. 

Critical Parameters 

Cardiac fibroblasts are particularly sensitive to a variety of cell culture conditions that 

can influence experimental results, and attention to small details throughout the course of 

preparation, from coverslip generation to the activation treatments, is necessary for these assays. 

Carefully mixing the PDMS reagents at the proper ratios when generating batches of coverslips 

is critical for consistent results between experiments. Coverslips must be cured at the same 

temperature and length of time in order to achieve the proper stiffness rating; curing for too long 

or too short may result in variation in the performance of the substrate. The gelatin coating step 

is additionally important to ensure that the fibroblasts properly attach to the PDMS substrate 

during the cell plating step. Ensure that the filtered supernatants are kept on ice for the duration 

of the isolation process, including pre-cooling the centrifuge. After spinning the cells down, the 

cell pellet should appear red at the center of the pellet (red blood cells), with the larger white/pale 

portion of the cell pellet containing the fibroblasts. When pouring off the media to resuspend the 

pellet, hold the tube in such a way that the media does not travel over the pellet as it is being 

poured to reduce loss of fibroblasts in this step. During plating, achieving the proper confluency 

of fibroblasts is critical for the success of the 5-day activation experiment and may need to be 

adjusted to accommodate different experimental time courses. Overly confluent (>~40-50%) 

cells on the coverslips in the beginning of the experiment will lead to high baseline activation, as 

after 5 days of growth the monolayer will be overly confluent. Conversely, fibroblast populations 

that are under confluent (<~15%) at the beginning of the experiment will not grow properly and 
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there will not be enough cells to analyze at the conclusion of the assay. Ideally, the confluency 

should be kept between 20-80% confluent throughout the 5-day time course. In all washing steps 

following plating, the amount of time that the cells are not covered in media should be reduced 

as much as possible. The hydrophobicity of the PDMS can lead to the cells drying out much 

faster than on standard coverslips, and thus it is critical to swiftly re-introduce fresh media. When 

pipetting media into the dishes, it should be pipetted gently into the side of the well in order to 

reduce cells being washed away. Fibroblasts generally attach well to their plates, however, on the 

PDMS they are more easily dislodged. If using a virus in the experiment, the transduction 

process will need to take place as early as possible so as to reduce the total amount of time in 

culture for the experimental time course. Generally, 48 hours after transduction provides 

sufficient time for robust expression of the desired constructs before beginning the activation 

assay. Additionally, the amount of virus needed to successfully transduce cardiac fibroblasts will 

likely be far greater than that needed for other cell types. Since fibroblasts exhibit increased 

activation with higher concentrations of FBS (10-20%), the TGFβ induction of activation will be 

less effective at these FBS concentrations. Thus, 1% FBS DMEM should be used for all culture 

steps aside from the initial isolation and plating steps. For additional troubleshooting, see Table 

1. 

Understanding Results 

Carrying out this protocol will allow for the maintenance of a quiescent population of primary 

murine cardiac fibroblasts for a 5-day time-course. One of the most common ways in which 

cardiac fibroblasts are classified as activated is through their expression of αSMA. Successful 

completion of this protocol is simply interpreted through evaluation of immunocytochemical 

detection of αSMA expression in the cytoskeleton of the fibroblasts. Quiescent cells will 
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predominantly be absent of this activated fibroblast marker (~20% positive for αSMA), as seen 

in Figure 2.5 in the left panel. Induction of activation with TGFβ1 treatment leads to a significant 

upregulation of αSMA expression, seen in the right panel of Figure 2.5 (~50-60% positive for 

αSMA). Due to the extreme sensitivity of these cells to substrate stiffness, false negatives of 

αSMA expression are not to be expected, thus a population of cells that is predominantly absent 

of αSMA for 3-5 days in culture would be considered quiescent. 

Time Considerations 

Coverslip Preparation: PDMS-coating 

Making the PDMS-coated coverslips will take ~ 2 hours of work followed by an overnight 

incubation. This step can produce between 150-200 coverslips at a time which can be used 

discretionarily over the course of many experiments. PDMS-coated coverslips (without gelatin 

coating) can be stored at room temperature indefinitely. 

Coverslip Preparation: Gelatin-coating 

Coating the coverslips with gelatin (beginning the day prior to fibroblast isolation) takes about 

15 min of work followed by an overnight incubation. Once the gelatin coating is performed on 

the PDMS-coated coverslips, it is recommended that they be used immediately. 

Cardiac Fibroblast Isolation 

The cardiac fibroblast isolation takes about 2 hours of work, followed by a 2-hour incubation 

period while the fibroblasts attach to the coverslip, then a ~15 min washing process. The process 

in its entirety will span ~4.5 hours, though there is only about 2.5 hours of this process that 

involve active work. 
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Cell Culture/Activation Assay 

The activation assay takes 5 full days, beginning at the washing step following fibroblast 

isolation and plating. The first 24-48 hours are used for desired experimental genetic 

manipulations (viral transduction and expression of engineered constructs). 72-hours is needed 

for TGFβ1 treatment to induce sufficient activation in the fibroblasts. 
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Chapter II Figures 

Figure 2.1. Depiction of Bent-needle Tool 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Depiction of Bent-needle Tool. Coverslip lifting tool for coverslip transfer. Image of coverslip lifting tool generated by 
bending the tip (~ 3 mm) of a 1.5 inch, 21-gauge needle. Forceps are used in tandem with the bent-needle tool to transfer coverslips 
between dishes. 
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Figure 2.2. Cardiac Fibroblast Isolation Atria Removal Diagram 

 

Figure 2.2. Cardiac Fibroblast Isolation Atria Removal Diagram. Schematic of murine heart dissection for fibroblast isolation. 
Diagram illustrating use of razor blade to remove atria/vessels from dissected heart, allowing for digestion of ventricular tissue 
for fibroblast isolation. Created with BioRender.com 
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Figure 2.3. Cardiac Fibroblast αSMA Assay Steps and Mounting 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Cardiac Fibroblast αSMA Assay Steps and Mounting. Adult cardiac fibroblast (ACF) activation assay protocol 
experimental workflow. Following fibroblast isolation, plating, and washing steps, fibroblasts can be immediately transduced for 
genetic manipulation if desired. ACFs can then be treated with a pro-fibrotic agonist (TGFβ1) to induce αSMA stress fiber 
formation. 72-hours later, cells are methanol-fixed and immunocytochemistry steps are performed prior to mounting and 
imaging. Created with BioRender.com. 
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Figure 2.4. PDMS-coverslip Mounting Arrangement Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: PDMS-coverslip Mounting Arrangement Diagram. Mounting configuration of PDMS-coated coverslips onto 35-mm 
glass bottom dishes. Three dots of mounting solution can be applied to each 35-mm glass bottom dish (bottom left) and PDMS-
coated coverslips mounted face down onto the 35-mm dish such that the cells are mounted against the glass bottom dish (bottom 
right), allowing for imaging of the cells on an inverted microscope without negative effects associated with imaging through the 
PDMS layer. 
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Figure 2.5. αSMA Immunocytochemical Detection, Quiescence and Successful Induction 
with TGFβ1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: αSMA Immunocytochemical Detection, Quiescence and Successful Induction with TGFβ1. Adult cardiac fibroblast 
(ACF) activation assay on PDMS-coated coverslips. Immunocytochemistry for α-smooth muscle actin (αSMA, green) in ACFs 
cultured on PDMS-coated coverslips treated with saline or TGFβ1 (10 ng/mL) for three days as outlined in Fig 3. Under these 
conditions, a quiescent population of fibroblasts can be achieved (left), allowing for greater relative induction of myofibroblast 
transformation in response to profibrotic stimuli such as TGFβ1 (right). Nuclei were stained blue with DAPI. 
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Chapter II Tables 

Table 2.1. Troubleshooting Guidelines for PDMS-coating, Fibroblast Isolation and Culture 

 

 

Table 2.1: Troubleshooting Guidelines for PDMS-coating, Fibroblast Isolation and Culture. Problems, possible causes, and 
solutions for an assortment of trouble areas in the generation of 8kPa PDMS coated coverslips, cardiac fibroblast isolation, and 
maintaining a quiescent population of cells over a 5-day time course. 



121 

References 

Almazloum, A., & Khalil, H. (2023, Jul). Isolation of Adult Mouse Cardiac Fibroblasts. Curr 
Protoc, 3(7), e840. https://doi.org/10.1002/cpz1.840  

 

Alter, C., Henseler, A. S., Owenier, C., Hesse, J., Ding, Z., Lautwein, T., Bahr, J., Hayat, S., 
Kramann, R., Kostenis, E., Scheller, J., & Schrader, J. (2023, Jun 1). IL-6 in the infarcted 
heart is preferentially formed by fibroblasts and modulated by purinergic signaling. J Clin 
Invest, 133(11). https://doi.org/10.1172/JCI163799  

 

Bertaud, A., Joshkon, A., Heim, X., Bachelier, R., Bardin, N., Leroyer, A. S., & Blot-Chabaud, 
M. (2023, Jan 16). Signaling Pathways and Potential Therapeutic Strategies in Cardiac 
Fibrosis. Int J Mol Sci, 24(2). https://doi.org/10.3390/ijms24021756  

 

Bretherton, R., Bugg, D., Olszewski, E., & Davis, J. (2020, Sep). Regulators of cardiac fibroblast 
cell state. Matrix Biol, 91-92, 117-135. https://doi.org/10.1016/j.matbio.2020.04.002  

 

Brody, M. J., Hacker, T. A., Patel, J. R., Feng, L., Sadoshima, J., Tevosian, S. G., Balijepalli, R. 
C., Moss, R. L., & Lee, Y. (2012). Ablation of the cardiac-specific gene leucine-rich 
repeat containing 10 (Lrrc10) results in dilated cardiomyopathy. PLoS One, 7(12), 
e51621. https://doi.org/10.1371/journal.pone.0051621  

 

Cheng, X., Wang, L., Wen, X., Gao, L., Li, G., Chang, G., Qin, S., & Zhang, D. (2021, May). 
TNAP is a novel regulator of cardiac fibrosis after myocardial infarction by mediating 
TGF-β/Smads and ERK1/2 signaling pathways. EBioMedicine, 67, 103370. 
https://doi.org/10.1016/j.ebiom.2021.103370  

 

Childers, R. C., Lucchesi, P. A., & Gooch, K. J. (2021, Jun 9). Decreased Substrate Stiffness 
Promotes a Hypofibrotic Phenotype in Cardiac Fibroblasts. Int J Mol Sci, 22(12). 
https://doi.org/10.3390/ijms22126231  

 

Davis, J., Salomonis, N., Ghearing, N., Lin, S. C., Kwong, J. Q., Mohan, A., Swanson, M. S., & 
Molkentin, J. D. (2015, Dec 16). MBNL1-mediated regulation of differentiation RNAs 
promotes myofibroblast transformation and the fibrotic response. Nat Commun, 6, 10084. 
https://doi.org/10.1038/ncomms10084  

 

https://doi.org/10.1172/JCI163799
https://doi.org/10.3390/ijms24021756
https://doi.org/10.1016/j.matbio.2020.04.002
https://doi.org/10.1371/journal.pone.0051621
https://doi.org/10.1016/j.ebiom.2021.103370
https://doi.org/10.3390/ijms22126231
https://doi.org/10.1038/ncomms10084


122 

Essandoh, K., Subramani, A., Ferro, O. A., Teuber, J. P., Koripella, S., & Brody, M. J. (2023, 
May). zDHHC9 Regulates Cardiomyocyte Rab3a Activity and Atrial Natriuretic Peptide 
Secretion Through Palmitoylation of Rab3gap1. JACC Basic Transl Sci, 8(5), 518-542. 
https://doi.org/10.1016/j.jacbts.2022.11.003  

 

Fu, X., Khalil, H., Kanisicak, O., Boyer, J. G., Vagnozzi, R. J., Maliken, B. D., Sargent, M. A., 
Prasad, V., Valiente-Alandi, I., Blaxall, B. C., & Molkentin, J. D. (2018, May 1). 
Specialized fibroblast differentiated states underlie scar formation in the infarcted mouse 
heart. J Clin Invest, 128(5), 2127-2143. https://doi.org/10.1172/jci98215  

 

Fu, X., Liu, Q., Li, C., Li, Y., & Wang, L. (2020). Cardiac Fibrosis and Cardiac Fibroblast 
Lineage-Tracing: Recent Advances. Front Physiol, 11, 416. 
https://doi.org/10.3389/fphys.2020.00416  

 

Gibb, A. A., Lazaropoulos, M. P., & Elrod, J. W. (2020, Jul 17). Myofibroblasts and Fibrosis: 
Mitochondrial and Metabolic Control of Cellular Differentiation. Circ Res, 127(3), 427-
447. https://doi.org/10.1161/circresaha.120.316958  

 

Herum, K. M., Choppe, J., Kumar, A., Engler, A. J., & McCulloch, A. D. (2017, Jul 7). 
Mechanical regulation of cardiac fibroblast profibrotic phenotypes. Mol Biol Cell, 
28(14), 1871-1882. https://doi.org/10.1091/mbc.E17-01-0014  

 

Herum, K. M., Lunde, I. G., McCulloch, A. D., & Christensen, G. (2017, May 19). The Soft- and 
Hard-Heartedness of Cardiac Fibroblasts: Mechanotransduction Signaling Pathways in 
Fibrosis of the Heart. J Clin Med, 6(5). https://doi.org/10.3390/jcm6050053  

 

Ivey, M. J., & Tallquist, M. D. (2016, Oct 25). Defining the Cardiac Fibroblast. Circ J, 80(11), 
2269-2276. https://doi.org/10.1253/circj.CJ-16-1003  

 

Kanisicak, O., Khalil, H., Ivey, M. J., Karch, J., Maliken, B. D., Correll, R. N., Brody, M. J., SC, 
J. L., Aronow, B. J., Tallquist, M. D., & Molkentin, J. D. (2016, Jul 22). Genetic lineage 
tracing defines myofibroblast origin and function in the injured heart. Nat Commun, 7, 
12260. https://doi.org/10.1038/ncomms12260  

 

Khalil, H., Kanisicak, O., Vagnozzi, R. J., Johansen, A. K., Maliken, B. D., Prasad, V., Boyer, J. 
G., Brody, M. J., Schips, T., Kilian, K. K., Correll, R. N., Kawasaki, K., Nagata, K., & 
Molkentin, J. D. (2019, Aug 8). Cell-specific ablation of Hsp47 defines the collagen-

https://doi.org/10.1016/j.jacbts.2022.11.003
https://doi.org/10.1172/jci98215
https://doi.org/10.3389/fphys.2020.00416
https://doi.org/10.1161/circresaha.120.316958
https://doi.org/10.1091/mbc.E17-01-0014
https://doi.org/10.3390/jcm6050053
https://doi.org/10.1253/circj.CJ-16-1003
https://doi.org/10.1038/ncomms12260


123 

producing cells in the injured heart. JCI Insight, 4(15), e128722. 
https://doi.org/10.1172/jci.insight.128722  

 

Landry, N. M., Rattan, S. G., & Dixon, I. M. C. (2019, Sep 9). An Improved Method of 
Maintaining Primary Murine Cardiac Fibroblasts in Two-Dimensional Cell Culture. Sci 
Rep, 9(1), 12889. https://doi.org/10.1038/s41598-019-49285-9  

 

Landry, N. M., Rattan, S. G., & Dixon, I. M. C. (2021). Soft Substrate Culture to Mechanically 
Control Cardiac Myofibroblast Activation. Methods Mol Biol, 2299, 171-179. 
https://doi.org/10.1007/978-1-0716-1382-5_13  

 

Meagher, P. B., Lee, X. A., Lee, J., Visram, A., Friedberg, M. K., & Connelly, K. A. (2021, Mar 
31). Cardiac Fibrosis: Key Role of Integrins in Cardiac Homeostasis and Remodeling. 
Cells, 10(4). https://doi.org/10.3390/cells10040770  

 

Morningstar, J. E., Gensemer, C., Moore, R., Fulmer, D., Beck, T. C., Wang, C., Moore, K., 
Guo, L., Sieg, F., Nagata, Y., Bertrand, P., Spampinato, R. A., Glover, J., Poelzing, S., 
Gourdie, R. G., Watts, K., Richardson, W. J., Levine, R. A., Borger, M. A., & Norris, R. 
A. (2021, Dec 21). Mitral Valve Prolapse Induces Regionalized Myocardial Fibrosis. J 
Am Heart Assoc, 10(24), e022332. https://doi.org/10.1161/jaha.121.022332  

 

Palchesko, R. N., Zhang, L., Sun, Y., & Feinberg, A. W. (2012). Development of 
polydimethylsiloxane substrates with tunable elastic modulus to study cell 
mechanobiology in muscle and nerve. PLoS One, 7(12), e51499. 
https://doi.org/10.1371/journal.pone.0051499  

 

Santiago, J. J., Dangerfield, A. L., Rattan, S. G., Bathe, K. L., Cunnington, R. H., Raizman, J. E., 
Bedosky, K. M., Freed, D. H., Kardami, E., & Dixon, I. M. (2010, Jun). Cardiac 
fibroblast to myofibroblast differentiation in vivo and in vitro: expression of focal 
adhesion components in neonatal and adult rat ventricular myofibroblasts. Dev Dyn, 
239(6), 1573-1584. https://doi.org/10.1002/dvdy.22280  

 

Shiraishi, M., Suzuki, K., & Yamaguchi, A. (2023, Apr). Effect of mechanical tension on 
fibroblast transcriptome profile and regulatory mechanisms of myocardial collagen 
turnover. Faseb j, 37(4), e22841. https://doi.org/10.1096/fj.202201899R  

 

https://doi.org/10.1172/jci.insight.128722
https://doi.org/10.1038/s41598-019-49285-9
https://doi.org/10.1007/978-1-0716-1382-5_13
https://doi.org/10.3390/cells10040770
https://doi.org/10.1161/jaha.121.022332
https://doi.org/10.1371/journal.pone.0051499
https://doi.org/10.1002/dvdy.22280
https://doi.org/10.1096/fj.202201899R


124 

Tallquist, M. D. (2020, Feb 10). Cardiac Fibroblast Diversity. Annu Rev Physiol, 82, 63-78. 
https://doi.org/10.1146/annurev-physiol-021119-034527  

 

Tallquist, M. D., & Molkentin, J. D. (2017, Aug). Redefining the identity of cardiac fibroblasts. 
Nat Rev Cardiol, 14(8), 484-491. https://doi.org/10.1038/nrcardio.2017.57  

 

Teuber, J. P., Essandoh, K., Hummel, S. L., Madamanchi, N. R., & Brody, M. J. (2022, Sep 16). 
NADPH Oxidases in Diastolic Dysfunction and Heart Failure with Preserved Ejection 
Fraction. Antioxidants (Basel), 11(9). https://doi.org/10.3390/antiox11091822  

 

Umbarkar, P., Ejantkar, S., Tousif, S., & Lal, H. (2021, Sep 14). Mechanisms of Fibroblast 
Activation and Myocardial Fibrosis: Lessons Learned from FB-Specific Conditional 
Mouse Models. Cells, 10(9). https://doi.org/10.3390/cells10092412  

 

Wang, A., Cao, S., Stowe, J. C., & Valdez-Jasso, D. (2021, Apr 23). Substrate Stiffness and 
Stretch Regulate Profibrotic Mechanosignaling in Pulmonary Arterial Adventitial 
Fibroblasts. Cells, 10(5). https://doi.org/10.3390/cells10051000  

 

Yeh, Y. C., Corbin, E. A., Caliari, S. R., Ouyang, L., Vega, S. L., Truitt, R., Han, L., Margulies, 
K. B., & Burdick, J. A. (2017, Nov). Mechanically dynamic PDMS substrates to 
investigate changing cell environments. Biomaterials, 145, 23-32. 
https://doi.org/10.1016/j.biomaterials.2017.08.033  

 

https://doi.org/10.1146/annurev-physiol-021119-034527
https://doi.org/10.1038/nrcardio.2017.57
https://doi.org/10.3390/antiox11091822
https://doi.org/10.3390/cells10092412
https://doi.org/10.3390/cells10051000
https://doi.org/10.1016/j.biomaterials.2017.08.033


125 

Chapter III: zDHHC3-mediated Palmitoylation is 

Dispensable for Cardiac Fibroblast Activation 

Abstract 

Cardiac fibroblasts (CFs) have become an increasingly recognized cell type in the heart 

due to their role in sensing the cardiac microenvironment and maintaining the extracellular 

matrix (ECM). Initiated both by chemical and mechanical signaling, CFs undergo a transition 

from their usual quiescence into their canonical “myofibroblast” phenotype to regulate collagen 

production and secretion, release cytokines, and respond to injury. The signaling pathways that 

underlie this activation have begun to be explored, but there is still a great deal unknown 

surrounding the regulation of CF activation in both physiologic and pathologic processes. 

Palmitoylation, a reversible fatty acid post-translational modification mediated by the S-

acyltransferase family of enzymes, has been implicated in dynamically regulating signaling 

protein substrates in terms of localization, trafficking, and stability. One of these enzymes, 

zDHHC3, has been shown to regulate a variety of signaling molecules by palmitoylation in other 

cell types, including many canonically involved in pro-fibrotic signaling, though the role that 

zDHHC3 plays in CFs remains unexplored. Given the importance of protein palmitoylation in 

signal transduction, we aimed to elucidate the role of zDHHC3 in CF activation and fibrosis in 

vitro and in vivo. Here, we show that zDHHC3-mediated palmitoylation is not required for 

transforming growth factor β 1 (TGFβ1)-induced myofibroblast differentiation in vitro, and 

myofibroblast-specific Zdhhc3 knockout (KO) mice exhibit similar cardiac remodeling, 

hypertrophy, and cardiac dysfunction in response to pressure overload in vivo compared to 
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controls. These studies provide evidence that despite the known regulation of key fibrotic 

signaling proteins by this enzyme in other cell types, zDHHC3 activity does not appear to play 

an indispensable role in CF biology, though further work is required to determine whether 

compensatory effects of additional S-acyltransferases are present.  

Introduction 

Cardiac fibroblasts (CFs) play a number of crucial roles in the heart, primarily maintaining 

the extracellular matrix (ECM), releasing cytokines to communicate with other cardiac cell 

types, and remodeling the heart in the event of injury (Fu et al., 2018; Ivey & Tallquist, 2016; 

Kanisicak et al., 2016; Tallquist & Molkentin, 2017). While normally in a quiescent state, 

resident CFs are sensitive to both chemical and mechanical stimuli that direct their transition 

from inactive cells into canonical “myofibroblasts” (Bretherton et al., 2020; Umbarkar et al., 

2021). In their activated state, myofibroblasts exhibit increased proliferative capacity, elevated 

paracrine signaling, and upregulation in the synthesis, trafficking, and secretion of collagen and 

other ECM proteins as a response to cardiac injury (Bretherton et al., 2020; Reichardt et al., 

2021). As such, significant attention has been placed on understanding the signaling that 

facilitates this activation process due to their role in the maladaptive phenotypes associated with 

the development of cardiac fibrosis (Fu et al., 2020; Kanisicak et al., 2016; Umbarkar et al., 

2021). 

Progress has been made in identifying a number of major ligands, cell surface receptors and 

their associated downstream signaling cascades from efforts to understand the transition from 

quiescence to activated fibroblast (Frangogiannis, 2021; Landry & Dixon, 2020; Umbarkar et al., 

2021). Notable pathways that have been demonstrated to be involved in CF activation include 

transforming growth factor β 1 (TGFβ1) activating SMAD2/3 through transforming growth 
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factor β receptor II (TGFβRII), angiotensin II (AngII) activating G-alpha q (Gαq ) signaling 

through angiotensin II receptor type I (AT1R), and interleukin-6 (IL6) initiating Janus 

kinase/signal transducer and activator of transcription JAK/STAT signaling through binding to 

the interleukin-6 receptor (IL6R) (Bertaud et al., 2023; Landry & Dixon, 2020; Umbarkar et al., 

2021). Despite significant headway in understanding the major proteins involved in these 

pathways, there is still much unknown about how the protein signals downstream of these 

receptors are fine-tuned to produce the dynamic responses seen in CF biology. 

While it is currently understood that the activation of CFs and their ability to respond to 

injury is regulated by a complex interplay of these signaling pathways, one area of continued 

investigation is the importance of protein post-translational modifications (PTMs) as key 

modulators of these cellular responses. Palmitoylation, a reversible PTM involving the addition 

of a saturated fatty acid to cysteine residues of protein substrates, is one such critical modulator 

(Chamberlain & Shipston, 2015; De & Sadhukhan, 2018; Jiang et al., 2018; Tabaczar et al., 

2017). Palmitoylation is mediated by a family of enzymes called S-acyltransferases that play a 

crucial role in the intracellular fate of a variety of signaling proteins and can influence stability, 

protein-protein association, and, most predominantly, localization to a variety of lipophilic 

cellular compartments from which additional signaling can occur (Chamberlain & Shipston, 

2015; De & Sadhukhan, 2018; Jiang et al., 2018; Tabaczar et al., 2017). Notably, S-

acyltransferase enzymes have been established to play key roles in cardiomyocytes, from the 

regulation of a variety of ion channels (Essandoh et al., 2020), GTPase activation and 

hypertrophy (Baldwin et al., 2023), and  cardiomyocyte exocytosis (Essandoh et al., 2023). 

However, at present, the role of palmitoylation in fine-tuning the signal transduction processes of 

CFs remains unexplored. 
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Recent work has demonstrated that these enzymes, or “zDHHCs” in reference to their 

conserved aspartic acid-histidine-histidine cysteine catalytic domain, play a significant role in 

signaling underlying a variety of diseases, including cancer, irritable bowel disease (IBS), and 

neurological disorders (Cho & Park, 2016; Main & Fuller, 2022; Zhang et al., 2021). 

Interestingly, exploration into these enzymes in a variety of cell types has shown that a number 

of pathways associated with CF signaling are modified by palmitoylation, in particular by one of 

the Golgi-localized enzymes, zDHHC3. One nodal regulator of CF activation, STAT3, has been 

shown to be palmitoylated by zDHHC3 in the Golgi, driving its phosphorylation at the plasma 

membrane, an additional PTM critical for its activity in the nucleus (Zhang et al., 2020). Gαq, a 

major signaling protein for the pro-fibrotic agonist AngII, has also been shown to be 

palmitoylated by zDHHC3 (Tsutsumi et al., 2009), though the consequences of the PTM in this 

context are unknown. Rac1, a small Rho-GTPase known to be important for fibroblast 

activation/wound healing (Kunschmann et al., 2019; Liu et al., 2009; Martínez-López et al., 

2021; Xu et al., 2009), has been shown to be regulated by palmitoylation, influencing the cellular 

localization and its GTP-loaded status of Rac1 (Navarro-Lérida et al., 2012). Notably, Rac1 was 

recently shown to be palmitoylated by zDHHC3 in the heart, and further, Rac1 expression levels 

and GTP-loading were upregulated in cardiomyocytes upon overexpression of zDHHC3 

(Baldwin et al., 2023). While all of these signaling pathways are known to play a role in 

fibroblast activation, how zDHHC3 activity influences CF signaling and activation remains 

entirely unexplored, necessitating future work in this area. 

Given the established importance of the aforementioned signaling pathways in CF activation, 

in addition to the established role of palmitoylation in regulating these pathways in other cell 

types, we sought to establish whether zDHHC3 is similarly expressed in CFs, and how zDHHC3 
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activity may be influencing CF activation. The present study was conducted to explore the 

hypothesis that S-acyltransferase-mediated palmitoylation is critical to the activation and 

migration of CFs. We hypothesized that the deletion of Zdhhc3 would result in a blunted 

fibroblast activation in response to the pro-fibrotic agonist TGFβ1 in vitro, as well as a reduced 

fibrotic response to pressure overload in vivo. 

Methods 

Animal models 

 Zdhhc3 fl/fl mice (Baldwin et al., 2023) were acquired as previously described 

(Cincinnati Children’s Hospital). Zdhhc3 fl/fl mice were crossed with Postn-MCM +/- mice 

(Kanisicak et al., 2016) (Strain #:029645) to generate myofibroblast-specific Zdhhc3 knockout 

(Zdhhc3 fKO) animals for in vivo assays. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Michigan (IACUC protocol 

#PRO00009098) and were in accordance with the Guide for the Care and Use of Laboratory 

Animals (National Institutes of Health).  

Cardiac fibroblast isolation 

 Neonatal rat cardiomyocytes (NRCMs) were isolated according to the manufacturer’s 

protocol (Worthington, CAS: 9035-81-1). Neonatal rat CF (NRCF) isolation was adapted from 

the Neonatal Cardiomyocyte Isolation System (Worthington, CAS: 9035-81-1). Hearts were 

digested according to the manufacturer’s instructions, and digested cell suspension was plated on 

uncoated 10 cm dishes for 90-120 min for fibroblasts to attach to the dish. Following attachment, 

dishes were washed twice with warm serum-free Dulbecco’s Modified Eagle Medium (DMEM) 

media and incubated in 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) 

DMEM media. Adult cardiac fibroblast (ACF) isolation protocol was adapted from (Kanisicak et 
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al., 2016). In brief, hearts were removed and minced into 8-10 pieces before being placed in a 

microfuge tube containing enzymatic digestion buffer made with 1.2 U/mL Dispase II (Sigma, 

#D4693) and 2 mg/mL Collagenase IV (Worthington, #LS004188) in DMEM media (Corning, 

#10-013-CV), with 2% FBS (Corning, #35-010-CV) and 5% P/S (Corning, #30-002-CV). The 

tissue was then nutated in an incubator at 37°C for 20 min. Cells were then triturated with a 

serological pipette, allowed to settle by sedimentation, and the supernatant was passed through a 

40 µm filter into a fresh sterile collection tube. The collection tube was placed on ice, and fresh 

digestion buffer was added to the heart pieces to repeat the process for two additional digestions. 

Following the third digestion, cooled samples were centrifuged at 4°C for 20 min at 350 x g to 

pellet cells. The supernatant was poured off from the tubes, and fibroblasts were resuspended in 

37°C 10% FBS 1% P/S DMEM media. Cells were then plated and stored in a 37°C 5% CO2 

incubator for 2 hours while fibroblasts became attached to the dish. Media was then carefully 

aspirated and washed with warm serum-free DMEM media twice. Following the final wash step, 

cells were incubated in 1% FBS 1% P/S DMEM media in the 37°C 5% CO2 incubator.  

PDMS coverslip creation 

 PDMS-coated coverslip generation was performed as previously described (Goldsmith et 

al., 2024). In brief, 10 g Sylgard 184 (Krayden Dow, #NC9285739) base was mixed with 1 g 

Sylgard 184 curing agent in a plastic cup, stirring vigorously for 5 minutes with a plastic scraper. 

The mixture was then placed in a vacuum desiccator for 10 minutes. Meanwhile, 6 g each of 

Sylgard 527 (Krayden Dow, #NC1208196) A and B were mixed in a separate plastic cup, again 

stirring vigorously for 5 min with a plastic scraper. Sylgard 184 and 527 solutions were then 

mixed by adding 102 mg Sylgard 184 to a 50 mL conical, then adding 9.9 g Sylgard 527. The 50 

mL conical containing both solutions was then thoroughly mixed by 5 sets of 10 sec vortexing 
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followed by orbitally tilting the tube and rolling the Sylgard mixture around the interior of the 

tube for 10 sec. The solution was centrifuged for 3 min at 3200 x g and vortexed again briefly, 

tilting the tube in different directions. 14 µL of the solution was then pipetted onto 12 mm glass 

coverslips (Electron Microscopy Sciences, #72230-01), degassed in a vacuum desiccator for 30 

min, then cured at 50°C overnight. 

Cell culture/transductions 

 Wild type and Zdhhc3 KO mouse embryonic fibroblasts (MEFs) immortalized with SV40 

lentivirus were obtained as gifts from Jeff Molkentin (Cincinnati Childrens Hospital). MEFs 

were plated in 10% FBS 1% P/S DMEM media and incubated in the 37°C 5% CO2 incubator 

until ~80% confluency was achieved, and then harvested or split into new dishes. Primary 

Zdhhc3 fl/fl ACFs were plated at ~30% confluency in 1% FBS DMEM media, and immediately 

transduced overnight with either pLpA empty vector control adenovirus (Ad-pLpA) (University 

of Michigan Vector Core) for control (Ctrl) conditions or with Cre adenovirus (Ad-Cre) 

(University of Michigan Vector Core) to achieve Zdhhc3 KO. Following transductions, P0 ACFs 

were washed three times with warm serum-free DMEM and were cultured in 1% FBS DMEM 

media with 1% P/S for all other treatment conditions. For fibrotic gene expression and αSMA 

expression experiments, cells were incubated for an additional 24 hours following the Ad-Cre 

wash before beginning a 72-hour treatment time course of either saline or 10 ng/mL TGFβ1 

(Peprotech, #100-21). 

mRNA isolation and real-time PCR 

 For gene expression experiments, whole RNA samples were extracted from cardiac 

samples using the corresponding RNeasy kit (Qiagen), depending on the sample type. ACF 

samples intended for RNA extraction were aspirated to remove media, then washed twice with 



132 

room temperature nuclease-free water. RNeasy Micro Kit (Qiagen, #74004) lysis buffer was 

added directly to experimental wells, and RNA was extracted according to the manufacturer’s 

protocol. For cardiac ventricle samples, heart tissue was placed in a nuclease-free tube before 

adding the appropriate volume of RNeasy Mini Kit (Qiagen, #74104) lysis buffer to the tube. 

Metal beads of equal volume to the sample were added to the tube, and samples were run at full 

power in a bead homogenizer for 5 min. RNA was then extracted from homogenized samples 

according to the manufacturer’s protocol. Samples were then quantified and assessed for quality 

with a Nanodrop. Prior to cDNA synthesis, samples were treated with DNase (Promega, 

#M6101) for 30 min to remove any remaining genomic DNA present in the sample. cDNA 

synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, #4368814). mRNA levels were then quantified via RTqPCR using Power SYBR 

Green (Applied Biosystems, #4367659) reagent and gene-specific primers (total reaction volume 

15 µl). RTqPCR was performed using a QuantStudio 7 Flex (Applied Biosystems). Primer 

sequences for all genes used in these experiments: Zdhhc3 For 5’-

TGCCCAAAGGAAATGCCAC-3’, Rev 5’-CGAATGCACCGCTTACAAAC-3’; Postn For 5’-

CTGCTTCAGGGAGACACACC-3’, Rev 5’-TCTGGCCTCTGGGTTTTCACTCF21; Col1a1 

For 5’- CGATGGATTCCCGTTCGAGT-3’, Rev 5’- GAGGCCTCGGTGGACATTAG-3’; Nox4 

For 5’- CCAAATGTTGGGCGATTGTGT-3’, Rev 5’- CAGGACTGTCCGGCACATAG-3’; 

Thbs4 For 5’- TGTGCGCTGTGTGAATTTGG-3’, Rev 5’-CAACATCAGTGCACACCTGC-3’; 

Tcf21 For 5’- CCAACTGTACTTACCGATTCT-3’, Rev 5’- 

ACACATTGATAGGCTCTTCTTAT-3’. 
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Scratch assay 

 Primary ACFs plated in 24-well dishes were transduced as described previously and 

cultured in 1% FBS 1% P/S DMEM media until confluent, changing media every 2 days. Upon 

confluency, a P20 pipette tip was used to manually scratch across the center of each well. Images 

of the scratch were taken on a Celigo Image Cytometer (Model 200-BFFL-5C) immediately after 

the scratch, then 24-hours post-scratch. Surface area of the scratch was quantified via ImageJ 

(NIH). 

Immunocytochemistry and immunohistochemistry 

Following experimental treatments, samples to be immunostained were washed twice 

with PBS and fixed for 20 min with 100% ice-cold methanol in a 4°C ambient environment. 

Following fixation, samples were blocked with ICC buffer (phosphate buffered saline (PBS), 5% 

goat serum, 1% bovine serum albumin (BSA), 1% glycine, 0.2% triton X-100) for 1 hour at 

room temperature. Blocking solution was removed, and respective primary antibody solutions 

diluted in blocking solution were applied to the samples to incubate at 4°C overnight. Following 

primary incubation, samples were washed with PBS three times for 5 min. Alexa Flour 

Secondary antibody solutions (Invitrogen) diluted in ICC buffer (1:1000) were then applied to 

the samples to incubate at room temperature for 1 hour. Samples were then washed again with 

PBS three times for 5 minutes. Stained coverslips were then mounted with ProLong Gold with 

DAPI (Invitrogen, #P36931). Images were taken using a Zeiss LSM 880 confocal microscope 

with 10x, 20x, and 40X objectives. Quantification was performed with ImageJ (NIH). Primary 

antibodies used in these experiments: anti-zDHHC3 (Abcam, # ab31837) (1:500), anti-GM130 

(BD Transduction, #610822) (1:1000), anti-αSMA (Sigma-Aldrich, #A5228) (1:1000).  
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Picrosirius Red staining of histological sections was performed by personnel at the 

University of Michigan School of Dentistry Histology Core. Fibrotic area was quantified via 

ImageJ (NIH). Polarized light images were taken with Nikon Ti2 Widefield microscope with a 

linearly polarized light filter at the University of Michigan Microscopy Core. Fibrotic area was 

quantified using Nikon Elements software. 

Western blotting 

 To assess zDHHC3 protein levels, cell pellets were lysed on ice in a urea lysis buffer (50 

mM Tris•HCl pH 7.6, 10 mM Na4PO2O7•10H2O, 6 M urea, 10% glycerol, and 2% SDS) master 

mix containing protease inhibitors and nuclease. Chemically lysed samples were then sonicated 

and spun down for 8 minutes at 10,000 x g at 4°C, and supernatants were transferred to a new 

tube. Bradford assay was performed to quantify protein concentrations (BIORAD, #5000116). 80 

µg of each sample was then loaded onto SDS-PAGE and subjected to electrophoresis at 90 mV 

for ~three hours until sufficiently run through the gel. Gels were then transferred to PVDF 

membranes for 4 hours at 70 mV at 4°C. Following transfer, membranes were blocked at room 

temperature for 1 hour in 5% dry milk dissolved in TBST (blocking solution). Once finished 

blocking, primary antibody solutions diluted in blocking solution were added to membranes 

housed in plastic sleeves and incubated 18-24 hours at 4°C. Membranes were then washed 3 

times with TBST for 5 minutes on an orbital shaker, prior to adding secondary antibody (IRDye, 

LI-COR Biosciences) solutions diluted in blocking solution (1:5,000) for 1 hour at room 

temperature. At the conclusion of the secondary treatment, membranes were washed three times 

with TBST, and imaged on an Odyssey CLx imager (LI-COR Biosciences). Primary antibodies 

used in these experiments: anti-zDHHC3 (Abcam, # ab31837) (1:500), anti-GAPDH (Fitzgerald, 

#10R-G109A) (1:15,000). 
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In vivo cardiac injury model 

 Adult male and female Postn-MCM +/- and Postn-MCM +/-; Zdhhc3 fl/fl mice aged 2-4 

months were subjected to transverse aortic constriction (TAC) surgeries to induce cardiac 

pressure overload (Baldwin et al., 2023). Control mice received sham surgeries. All mice 

received 75 mg/kg tamoxifen injection (IP) the night prior to surgery, and were fed tamoxifen 

chow (Envigo, #TD.130860) for the duration of the experimental timeline. Animals were 

sacrificed after a total of 8-weeks TAC. All surgeries and echocardiography were performed by 

personnel at the University of Michigan Physiology Phenotyping Core. 

Statistical analysis 

 All statistical analyses were performed using the statistical software package GraphPad 

Prism (Version 10.0.3). Independent samples t-tests were conducted to compare the means of two 

groups. A two-way ANOVA was conducted to explore the combinatorial effects of multiple 

groups, and Tukey's multiple comparisons test was conducted to further investigate significant 

main effects or interactions. Results were considered statistically significant if p < 0.05. 

Results 

zDHHC3 is expressed in cardiac fibroblasts and localized to the Golgi 

 In order to measure zDHHC3 expression in CFs, we first performed western blotting on 

protein lysates generated from NRCMs and NRCFs. Protein levels were comparable between 

both cell types (Figure 3.1A). Using an immortalized Zdhhc3 KO MEF cell line (Baldwin et al., 

2023), we were able to validate that we were indeed detecting zDHHC3 (Figure 3.1A). 

Immunocytochemical detection of zDHHC3 was then performed to confirm the expression of 

zDHHC3 in ACFs (Figure 3.1B). Having established the expression of zDHHC3 in CFs, we 

confirmed that Cre-induced recombination was occurring in our Ad-Cre treated Zdhhc3 fl/fl 
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ACFs by measuring mRNA levels of Zdhhc3. ACFs were isolated from Zdhhc3 fl/fl mice and 

transduced with either Ad-pLpA or Ad-Cre, and mRNA levels were quantified using RTqPCR 

(Figure 3.1C). Adenovirally-mediated Cre expression in Zdhhc3 fl/fl ACFs successfully reduced 

Zdhhc3 mRNA levels. We further confirmed Zdhhc3 KO at the protein level. Westerns were 

performed using ACF samples from Zdhhc3 fl/fl mice transduced with either Ad-pLpA or Ad-

Cre. Zdhhc3 KO was successful, as determined by the absence of a band immunoreactive for 

anti-zDHHC3 (Figure 3.1D). 

Having established that Zdhhc3 is expressed in both NRCFs and ACFs, we wanted to 

determine where in the cells it was localized. As zDHHC3 is canonically localized to the Golgi 

(Lu et al., 2012), we tested zDHHC3 localization in NRCFs by co-immunostaining for zDHHC3 

and the Golgi-marker GM130 (Figure 3.1E). Signals for zDHHC3 and GM130 were 

superimposable, confirming that zDHHC3 is localized to the Golgi in NRCFs, as demonstrated 

by previous literature (Solis et al., 2022). 

zDHHC3 is not required for ACF migration or TGFβ1-induced activation 

 To determine the necessity of zDHHC3 in fibroblast activation, we tested measures of 

activation at both the protein and transcript levels in Ctrl ACFs and those with Zdhhc3 KO, 

treated with either saline or the pro-fibrotic agonist TGFβ1. We hypothesized that deletion of 

Zdhhc3 would lead to a reduction in CF activation elicited by TGFβ1 compared to controls. 

Following the transduction period, Ctrl and Zdhhc3 KO ACFs were subject to 72 hours of 10 

ng/mL TGFβ1 treatment to induce myofibroblast transition. To assess activation, ACFs were 

fixed and immunostained for α-smooth muscle actin (αSMA), a commonly used marker of 

activated fibroblasts. Activation was quantified as the percentage of cells positive for αSMA 

(Figure 3.2A/B). TGFβ1 treatment successfully induced an increase in myofibroblasts at 72 
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hours in Ctrl ACFs, and Zdhhc3 KO ACFs displayed comparable levels of activation both under 

saline and TGFβ1 conditions after the 72-hour treatment time course (Figure 3.2A/B). 

 To investigate CF activation at the transcript level, we performed the same TGFβ1 

treatment time-course as described in the αSMA experiments in both Ctrl and Zdhhc3 KO 

groups, and here isolated RNA to perform RT-qPCR and analyze the expression levels of genes 

associated with myofibroblast differentiation (Figure 3.2C-F). Consistent with αSMA data, 

TGFβ1 induced an increase in mRNA levels of Postn, Col1a1, and Nox4 in Ctrl ACFs, as well as 

a significant decrease in the quiescent fibroblast marker Tcf21 (Figure 3.2C-F). At baseline, 

Zdhhc3 KO ACFs exhibited comparable levels of Postn, Col1a1, Nox4, and Tcf21 mRNA levels 

compared to Ctrls. In response to TGFβ1, Zdhhc3 KO ACFs responded comparably to Ctrls in 

terms of activation, with Postn levels significantly upregulated (Figure 3.2C). Tcf21 was also 

observed to decrease upon TGFβ1 treatment in both Ctrl and Zdhhc3 KO ACFs (Figure 3.2D). 

Zdhhc3 KO ACFs did not exhibit statistically significant increases in Col1a1 or Nox4 levels, 

though no statistically significant differences were observed between genotypes in response to 

TGFβ1 (Figure 3.2E-F). Given that the migratory ability of fibroblasts is an important 

component in ACFs response to injury (Souders et al., 2009; Tschumperlin, 2013), we sought to 

determine the consequences of Zdhhc3 KO on this metric. To assess this, scratch assays were 

performed on monolayers of Ctrl and Zdhhc3 KO ACFs (Figure 3.2G-H). Under control 

conditions, ACFs without stimulation closed ~50% of the scratch by 24 hours. No differences 

were seen in the Zdhhc3 KO ACFs in migratory ability, as at the same time point, the scratch had 

closed at comparable levels (Figure 3.2G-H). 
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Zdhhc3 fKO mice exhibit normal responses to TAC-induced cardiac hypertrophy and 

fibrosis 

 To characterize the role of zDHHC3 more fully in CF biology, further studies were 

conducted to assess the consequences of the loss of zDHHC3 in a more physiologic context aside 

from in vitro systems that do not fully recapitulate the endogenous environment of the heart. To 

this end, we generated an in vivo system to delete Zdhhc3 in activated CFs by crossing Zdhhc3 

fl/fl mice with Postn MCM +/- mice (Figure 3.3A, top). Using this tamoxifen-inducible model, 

Zdhhc3 KO can be achieved specifically in activated CFs (Zdhhc3 fKO), allowing us to test how 

the absence of zDHHC3 in these cells influences cardiac fibrosis in a pressure overload injury 

model (Figure 3.3A, bottom). Postn-MCM +/- (Ctrl) and Zdhhc3 fKO mice were subjected to 

TAC or sham surgeries for the control group, and the resultant pressure overload was allowed to 

progress over an 8-week time course (Figure 3.3A). Here, we hypothesized that Zdhhc3 fKO 

mice would exhibit improvements in cardiac functional metrics, in addition to reductions in 

hypertrophy and fibrosis in the heart. 

 Following eight weeks of TAC, no differences in body weight were observed between 

mice in the sham and TAC groups or either genotype (Figure 3.3B). Heart weight-to-body-

weight ratios were comparably increased in both Ctrl and Zdhhc3 fKO animals in response to 

TAC (Figure 3.3C). Prior to animal sacrifice, animals were subject to echocardiography to assess 

cardiac function (Figure 3.3D-H). Further assessing hypertrophy, cardiac mass as estimated by 

echocardiography, and posterior wall thickness, measures were significantly increased in 

response to TAC in both genotypes compared to sham animals, with no differences seen between 

genotypes (Figure 3.3D/E). Left ventricular pump function as measured by ejection fraction was 

comparably reduced in response to TAC in both Ctrl and Zdhhc3 fKO groups, though no 
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statistically significant differences were observed between genotypes (Figure 3.3F). No changes 

to ventricular dilation were observed between any group in measures of left ventricular end 

diameter diastole (LVED diastole) (Bostan et al., 2014). Left ventricular end diameter systole 

(LVED systole) was increased in response to TAC in both genotypes, with no differences 

observed in dilation between genotypes. Ventricular fibrosis was assessed by quantifying 

Picrosirius Red Staining of collagen on histological cardiac sections in both brightfield and with 

polarized light (Figure 3.3I-K). In response to TAC, Ctrl mice did not exhibit a statistically 

significant increase in fibrosis (Figure 3.3I-K). Zdhhc3 fKO exhibited comparable levels of 

fibrosis in response to TAC compared to Ctrl (Figure 3.3J/K). Analysis of mRNA levels of pro-

fibrotic genes yielded consistent results, with no significant differences found between Ctrl and 

Zdhhc3 fKO animals despite upward trends in both TAC groups (Figure 3.3L-O). 

Discussion 

 The reversible PTM palmitoylation plays a vital role in regulating the function and 

localization of signaling proteins in different cell types (Chamberlain & Shipston, 2015; Jiang et 

al., 2018; Tabaczar et al., 2017). This PTM is mediated by a family of enzymes called S-

acyltransferases that reside in a number of intracellular membrane domains, including the plasma 

membrane, endoplasmic reticulum, and Golgi apparatus (Chamberlain & Shipston, 2015; Jiang 

et al., 2018; Tabaczar et al., 2017). zDHHC3, a Golgi-localized S-acyltransferase, has been 

previously linked to the palmitoylation of several proteins involved in pro-fibrotic signaling 

pathways (Navarro-Lérida et al., 2012; Tsutsumi et al., 2009; Zhang et al., 2020). Combined with 

recent work demonstrating that zDHHC3 palmitoylates Rac1 (Baldwin et al., 2023), a protein 

known to play an important role in fibroblast activation and migration, these findings have raised 

questions about whether zDHHC3-mediated palmitoylation might similarly govern pro-fibrotic 
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processes in CFs. At present, though, the role of palmitoylation in the regulation of CF signaling 

is poorly understood. These studies aimed to address this knowledge gap by investigating the 

specific role of zDHHC3 in CF activation and fibrosis using both in vitro and in vivo models. 

Upon the completion of these analyses, zDHHC3-mediated palmitoylation does not 

appear to be a crucial regulatory mechanism in the transition of quiescent CFs to myofibroblasts 

in response to TGFβ1. Despite its role in pro-fibrotic signaling pathways in other cell types, the 

Zdhhc3 gene-deleted CFs had no obvious effect on the expression of activated fibroblast markers 

such as αSMA in response to TGFβ1, or mRNA levels of common activated fibroblast marker 

genes. Migration of ACFs in vitro was similarly unaffected by the deletion of Zdhhc3. Further, 

Zdhhc3 fKO mice subjected to pressure overload did not exhibit the hypothesized reduction of 

hypertrophy or fibrotic remodeling compared to Ctrl.  

Given the lack of a phenotypic shift in CF activation or fibrosis with loss of Zdhhc3, it 

appears that palmitoylation mediated by zDHHC3 may not be essential for TGFβ1-induced CF 

activation and pressure overload-induced fibrosis. In attempting to explain these results, our 

primary hypothesis is that zDHHC3 is likely not the sole S-acyltransferase involved in regulating 

pro-fibrotic protein signaling. It has been demonstrated previously that S-acyltransferases can 

maintain overlapping substrate profiles (Chamberlain & Shipston, 2015; Roth et al., 2006), thus, 

it is possible that other zDHHCs may be compensating for the loss of zDHHC3 in CFs, leading 

to a sustained level of palmitoylation of pro-fibrotic signaling proteins even in the absence of 

zDHHC3. zDHHC7 has been demonstrated by multiple groups to palmitoylate common 

substrates with zDHHC3 (Abrami et al., 2021; Baldwin et al., 2023; Lievens et al., 2016; 

Tsutsumi et al., 2009; Zhang et al., 2020), and thus it is possible that zDHHC7 may be 
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compensating for the loss of zDHHC3 and contributing to the fibrotic response observed, 

necessitating future investigation. 

An alternative explanation is that the deletion of Zdhhc3 is indeed resulting in alterations 

in signal transduction within these cells, but simply due to the complex interplay amongst the 

many pro-fibrotic pathways being carried out by a number of key cell types, the changes to the 

palmitoylation state of certain zDHHC3 substrates in CFs is insufficient to abrogate the fibrotic 

response. In the context of the development of cardiac remodeling and fibrosis, CFs are only one 

of many key cell types; CFs interact with cardiomyocytes, immune cells, endothelial cells, etc. 

(Hara & Tallquist, 2023; Kumar et al., 2019; Major & McKinsey, 2019; Yang et al., 2023; Zhao 

et al., 2021), and these interactions may involve distinct regulatory pathways that are less reliant 

on zDHHC3-mediated palmitoylation. Additionally, while TGFβ1-induced activation does not 

appear to be majorly dependent on palmitoylation, it remains a possibility that other agonists 

involved in fibroblast activation may be more reliant on signaling regulated by zDHHC3, 

necessitating further research. 

Our study highlights the cell type-specific nature of zDHHC3 activity in regulating 

fibrotic signaling. While zDHHC3-mediated palmitoylation may be a key regulator of pro-

fibrotic signaling proteins in certain cell types, it appears to be dispensable for CF activation and 

fibrosis in vivo. These findings broaden our understanding of the cell type-specific regulation of 

fibrosis, but also raise several questions for further work. Future research aims to investigate 

other S-acyltransferase enzymes that may prove to be more essential for pro-fibrotic CF 

signaling. Further, additional efforts are necessary to identify protein substrates whose 

palmitoylation state changes during the transition from quiescent to activated fibroblast. 

Identifying these key enzymes will offer insights into how palmitoylation influences distinct 
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regulatory networks in CFs. Further exploration in this area has the potential to pave the way for 

more targeted and effective future strategies for the treatment of cardiac fibrosis. 
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Chapter III Figures 

Figure 3.1. zDHHC3 is expressed in cardiac fibroblasts and localized to the Golgi 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: zDHHC3 is expressed in cardiac fibroblasts and localized to the Golgi. (A) Confirmation of expression of zDHHC3 
in cardiac fibroblasts (neonatal rat) via western blot. Protein samples from neonatal rat cardiomyocytes (NRCMs), neonatal rat 
cardiac fibroblasts (NRCFs), and immortalized WT and Zdhhc3 KO MEFs were assessed for levels of zDHHC3. (B) 
Immunocytochemical confirmation of zDHHC3 expression in adult mouse cardiac fibroblasts. Scale bar represents 20 µm. (C) 
Confirmation of Zdhhc3 KO in Zdhhc3 fl/fl ACFs treated with Ad-Cre measured by RTqPCR. mRNA levels normalized to 
housekeeping genes 18S,GAPDH. Primary ACFs from Zdhhc3 fl/fl mice were transduced with either Ad-pLpA or Ad-Cre to 
induce recombination, n=11. Students T-test (p<.0001), (D) confirmation of Zdhhc3 KO in ACF’s via western blot. Zdhhc3 fl/fl 
ACFs transduced with either Ad-pLpA or Ad-Cre were assessed for protein levels of zDHHC3, (E) Immunocytochemical 
confirmation of DHHC3 localization to the Golgi apparatus in NRCFs. Scale bar represents 10 µm. 
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Figure 3.2. zDHHC3 is not required for ACF migration or TGFβ1-induced activation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: zDHHC3 is not required for ACF migration or TGFβ1-induced activation. (A) Representative images of α-smooth 
muscle actin positivity (αSMA+) assay in Zdhhc3 fl/fl ACFs treated with Ad-pLpA (Ctrl) or Ad-Cre (Zdhhc3 KO) and saline or 
TGFβ1 (10 ng/ml, 72 hours). Scale bar represents 100 µm. (B) quantification of αSMA+ cells via ImageJ, n=4-5. Two-way 
ANOVA with Tukey’s multiple comparisons test, Drug Treatment (p=.0003), Interaction (p=.79), (C-F) mRNA level quantification 
of various pro-fibrotic genes in Ctrl or Zdhhc3 KO ACFs treated with or without TGFβ (10 ng/ml, 72 hours), n=5-12. Two-way 
ANOVA with Tukey’s multiple comparisons test; Postn Drug Treatment (p=<.0001), Interaction (p=.48), Tcf21 Drug Treatment 
(p=<.0001), Interaction (p=.98), Col1a1 Drug Treatment (p=.021), Interaction (p=.130), Nox4 Drug Treatment (p= .0008), 
Interaction (p=.77). (G) Representative images of scratch assay at 0 and 24 hours in primary Ctrl or Zdhhc3 KO ACFs, (H) 
Quantification of scratch area via ImageJ, n=5. Students T-test (p=.85). Scale bar represents 500 µm. Error bars indicate the 
mean +/- standard deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***). 
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Figure 3.3. Zdhhc3 fKO mice exhibit normal responses to TAC-induced cardiac 
hypertrophy and fibrosis 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Zdhhc3 fKO mice exhibit normal responses to TAC-induced cardiac hypertrophy and fibrosis. (A) Schematic of 
experimental design, (B) final weights at 8-weeks post-TAC. Two-way ANOVA with Tukey’s multiple comparisons. Injury Model 
Condition (p=.765), Interaction (p=.78), (C) heart-weight to body-weight ratios (mg/g) of the indicated mice, n=5-13. Two-way 
ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.0004), Interaction (p=.71). Echocardiography was 
performed on Ctrl Sham (n=5), Ctrl TAC (n=10), Zdhhc3 fKO Sham (n=5), and Zdhhc3 fKO TAC mice (n=13) to measure changes in 
cardiac function 8-weeks post-surgery.  (D-H), echocardiographic measurement of (D) uncorrected cardiac mass (mg), Two-way 
ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=<.0001), Interaction (p=.87). (E) posterior wall thickness 
diastole (mm), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=<.0001), Interaction (p=.69). (F) 
ejection fraction (%), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.0009), Interaction 
(p=.73). (G) left ventricular end diameter diastole (mm), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model 
Condition (p=.023), Interaction (p=.76). (H) left ventricular end diameter systole (mm), Two-way ANOVA with Tukey’s multiple 
comparisons test. Injury Model Condition (p<.0001), Interaction (p=.59). (I,top) Representative brightfield images of histological 
sections stained with Picrosirius red and to assess fibrosis.(I,bottom) Representative polarized light images of histological sections 
stained with Picrosirius Red to assess fibrosis (J) Quantification of fibrosis from brightfield images of Picrosirius red stained sections 
(%) via ImageJ. Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.053), Interaction (p=.34). (K) 
Quantification of fibrosis from polarized light images of Picrosirius red stained sections (%) via Nikon NIS elements imaging software. 
Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.008), Interaction (p=.48). (L-O), fibrotic gene 
expression measurements (fold change) via RTqPCR. Two-way ANOVA with Tukey’s multiple comparisons test; Postn Injury Model 
Condition (p=.07), Interaction (p=.31), Col22a1 Injury Model Condition (p=.09), Interaction (.71), Thbs4 Injury Model Condition 
(p=.19), Interaction (p=.36), Nox4 Injury Model Condition (p=.008), Interaction (p=.69). Error bars indicate the mean +/- standard 
deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***). 
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Chapter IV: Enzyme and Substrate-level Analysis of the Role 

of Palmitoylation in Cardiac Fibroblasts and Fibrosis 

Abstract 

The dynamic regulation of signaling proteins involved in cardiac fibroblast (CF) 

activation remains a major area of investigation, though little is known of how palmitoylation, a 

reversible lipid modification, plays a role in this regulation. From previous investigations into the 

involvement of S-acyltransferases in pro-fibrotic signaling, we found that Zdhhc3 KO CFs 

responded in line with controls to transforming growth factor β 1 (TGFβ1) stimulation in terms 

of α-smooth muscle actin (αSMA) positivity and fibrotic gene mRNA levels. Further, mice with 

in vivo Zdhhc3 KO in activated CFs did not exhibit obvious differences in TAC-induced cardiac 

remodeling, prompting additional efforts to elucidate critical enzymes/substrates that might 

prove more essential for CF signaling. The S-acyltransferase zDHHC7 is known to have 

overlapping substrate profiles with zDHHC3 and is a key regulator of a number of proteins 

involved in known pro-fibrotic pathways, including G-alpha q (Gαq) and STAT3. We 

hypothesized that zDHHC7 may be a more critical regulator of CF activation or, further, that 

given the potential for compensatory effects, the simultaneous deletion of both enzymes is 

required to disrupt signaling pathways critical for CF activation. Taking a substrate-level 

approach, we also analyzed the role of palmitoylation in the signaling of Ras-related C3 

botulinum toxin substrate 1 (Rac1), a small Rho family GTPase with key involvement in 

fibroblast activity that has been shown to be regulated by palmitoylation in other cell types. To 

determine the direct impact of palmitoylation on cellular processes without the potential for 
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compensatory mechanisms, we generated a Cre-inducible palmitoylation-deficient mutant Rac1 

knock-in mouse model (Rac1 ConKI). Here, we sought to investigate the role of palmitoylation 

in CF activation using both the Zdhhc7 KO and Zdhhc3/7 KO models, as well as the Rac1 KI 

model. Zdhhc7 KO adult cardiac fibroblasts (ACFs) exhibited lower mRNA levels of the pro-

fibrotic gene Postn in response to TGFβ1, as well as deficits in wound closure compared to 

controls. In vivo, Zdhhc7 KO and Zdhhc3/7 KO mice treated with chronic infusion of 

angiotensin II/phenylephrine (AngII/PE) responded similarly to controls in their development of 

fibrosis and changes to pro-fibrotic gene expression and exhibited little to no difference in heart 

function or hypertrophy. Rac1 KI ACFs displayed a heightened NFAT and SRF transcription 

factor activity in response to stimulation in vitro, though no changes were seen in terms of 

migration, or activation at the protein or transcript levels compared to controls.  

Introduction 

 Cardiac fibroblasts (CFs), one of the most abundant cell types in the heart, have become 

increasingly of interest due to a growing understanding of their role in maintaining cardiac 

homeostasis (Fu et al., 2018; Kanisicak et al., 2016; Pesce et al., 2023; Tallquist, 2020; Tallquist 

& Molkentin, 2017). Canonically, CFs are most known for their ability to secrete and regulate 

collagen deposition/turnover, both in terms of homeostatic extracellular matrix maintenance to 

provide structure to the heart, as well as in response to cardiac injury towards the formation of 

protective scarring (Fan et al., 2012; Maruyama & Imanaka-Yoshida, 2022; Souders et al., 2009). 

Recently, though, advances in genetic lineage tracing have provided strategies for more targeted 

investigations into CF biology, yielding a more sophisticated understanding of their additional 

roles in areas such as regulating cardiac inflammation, paracrine signaling, and cardiomyocyte 

crosstalk (Bretherton et al., 2020; Fu et al., 2020; Kanisicak et al., 2016). Despite these advances, 
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the signaling pathways that underlie these responses and how they are dynamically regulated to 

respond in both physiological and pathological contexts remain poorly understood. Thus, 

additional work is required to elucidate how CF signaling pathways are fine-tuned to produce the 

complex responses observed in these cells in the heart. 

 Given the comorbidity of fibrosis with a variety of diseases including hypertension (Díez, 

2007; Kuwahara et al., 2004; Narayanan et al., 2023), diabetic cardiomyopathy (Cheng et al., 

2023; Russo & Frangogiannis, 2016; Tuleta & Frangogiannis, 2021), and myocardial infarction 

(Hinderer & Schenke-Layland, 2019; Liang et al., 2019; van den Borne et al., 2010), one of the 

most central efforts towards investigating these pathways remains increasing our understanding 

of the signaling responsible for the transition of CF quiescence into their continuum of activation 

states (Bertaud et al., 2023; Bretherton et al., 2020; Hall et al., 2021; Mazarura et al., 2022). In 

response to both chemical and mechanical signals related to cardiac injury, CFs transition into 

the myofibroblast state and upregulate their proliferation, migration, ECM secretion and 

deposition, and cytokine release (Tallquist, 2020). Most notable of these activation pathways is 

the signaling mediated by transforming growth factor β 1 (TGFβ1), which binds to transforming 

growth factor β receptor II (TGFβRII) and initiates the canonical SMAD2/3 signaling cascade 

directly linked with fibroblast activation and fibrosis (Khalil et al., 2017; Saadat et al., 2020). 

The well-characterized renin-angiotensin-aldosterone system (RAAS) also plays a major role in 

CF activation, primarily through angiotensin II (AngII) binding to angiotensin II receptor type 1 

(AT1R) (Bertaud et al., 2023; Forrester et al., 2018). AngII binding stimulates the activation, 

GTP-loading, and release of Gαq, resulting in downstream intracellular calcium increases, PKC 

activation, and pro-fibrotic transcription factor activation (Forrester et al., 2018). Inflammatory 

signaling also contributes to CF activation, as IL6 binding to the interleukin-6 receptor (IL6R) 
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activates STAT3, a transcription factor that mediates a pro-fibrotic transcriptional response upon 

nuclear localization (Meléndez et al., 2010; Mir et al., 2012; Patel et al., 2019). Pathways relying 

on mechanosensation have also been identified, such as the previously described 

Hippo/YAP/TAZ axis, as well as stretch-induced activation of AT1R that induces fibroblast 

activation in response to mechanical stress (Garoffolo et al., 2022; Herum, Choppe, et al., 2017; 

Herum, Lunde, et al., 2017; Mia et al., 2022; Yatabe et al., 2009). These responses can be critical 

in cases of myocardial infarction/wound healing; however, chronic activation of CFs can lead to 

maladaptive accumulation of ECM components and the development of cardiac fibrosis 

(Frangogiannis, 2021; Kong et al., 2014), stressing the need for additional investigations to better 

our understanding of the underlying signaling. 

One promising area in relation to the cellular regulation of CF signaling proteins is the 

role of post-translational modifications (PTMs). Palmitoylation, a reversible PTM mediated by a 

family of enzymes called S-acyltransferases, involves the attachment of a fatty acid chain to a 

cysteine residue of a substrate protein (Jiang et al., 2018; Tabaczar et al., 2017). Consequently, 

the attachment of this lipophilic group can influence protein stability, protein-protein 

interactions, and most commonly, targeted localization to different membrane domains within the 

cell (Jiang et al., 2018; Tabaczar et al., 2017). Notably, palmitoylation-mediated signaling has 

been demonstrated to play critical roles in a number of diseases (De & Sadhukhan, 2018; Main 

& Fuller, 2022), including cancer (Li et al., 2023; Zhou et al., 2023), neurological disorders (Cho 

& Park, 2016), and immunological disorders (Zhang et al., 2020; Zhang et al., 2021). 

Additionally, novel roles for palmitoylation in the heart have emerged in the regulation of 

cardiomyocyte ion channel physiology, hypertrophy, as well as Rab3a-mediated ANP release 

(Baldwin et al., 2023; Essandoh et al., 2020; Essandoh et al., 2023). Though, the role of 
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palmitoylation in regulating CF pro-fibrotic signaling remains unexplored, stressing the need for 

additional work in this area. 

 As part of efforts to explore the contribution of palmitoylation in CF signaling, previous 

work in our lab investigated the role of the Golgi-localized S-acyltransferase zDHHC3 in CF 

activation and fibrosis. Despite evidence for zDHHC3 regulating pro-fibrotic signaling pathways 

in other cell types, Zdhhc3 deletion had no obvious effect on murine adult CF activation in 

response to TGFβ1, unstimulated migration, or the development of pressure overload-induced 

fibrosis in vivo. These results indicate that zDHHC3 may be dispensable in the regulation of CF 

activation and migration or, alternatively, that the compensatory activity of other S-

acyltransferases may be enough to maintain the palmitoylation-mediated activity of affected 

substrates in the absence of zDHHC3. Though, further work is required to analyze more 

thoroughly the role of S-acyltransferases in CFs, and how palmitoylation may be regulating 

substrates critical for the fibrotic process. 

zDHHC7 represents a promising candidate for additional investigation, given its 

demonstrated importance in modifying fibrotic-related signaling in other cell types, as well as its 

overlapping substrate profile with zDHHC3. Notably, zDHHC7-mediated palmitoylation cycling 

was recently shown to play an essential role in regulating the transcription factor signal 

transducer and activator of transcription 3 (STAT3) (Zhang et al., 2020). zDHHC3-mediated 

palmitoylation of STAT3 directs its phosphorylation through targeted plasma membrane 

localization in HEK293T cells, a second PTM critical for its activity in the nucleus (Zhang et al., 

2020). STAT3 is well documented in the integration of a number of pro-fibrotic pathways in 

multiple cell types (Chakraborty et al., 2017; Kasembeli et al., 2018), though it is unknown how 

zDHHC7 may play a role in regulating STAT3 activity in CFs. Further, Gαq has also been shown 
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to be palmitoylated by zDHHC7 (Tsutsumi et al., 2009), and knockdown of Zdhhc3 or Zdhhc7 

results in decreased plasma membrane localization of Gαq. Gαq is known to mediate signaling 

cascades downstream of multiple receptors, including AT1R (Ohtsu et al., 2008), the adenosine 

A2B receptor (Alter et al., 2023), and α1 adrenergic receptors (Wang et al., 2016), many of 

which have been implicated in maladaptive cardiac remodeling, though how palmitoylation may 

be modulating these pathways underlying CF activation remains unknown. 

Finally, we assessed the effects of individual pro-fibrotic substrate palmitoylation 

deficiency on cardiac fibroblast activation, as compensatory effects present in enzyme deletion 

strategies are eliminated. To this end, previous literature has demonstrated palmitoylation at 

cysteine 178 (C178) to be essential for the activation and localization of the small-GTPase Ras-

related C3 botulinum toxin substrate 1 (Rac1) (Navarro-Lérida et al., 2012). Given the 

established role of Rac1 in fibroblast activation and migration (Kunschmann et al., 2019; Lavall 

et al., 2017; Liu et al., 2009; Lyu et al., 2021; Ma et al., 2023; Martínez-López et al., 2021), we 

have developed an inducible Rac1 conditional knock-in C178S palmitoylation-deficient mutant 

(Rac1 ConKI) mouse line, which provides an additional avenue to explore the role of 

palmitoylation in CFs. 

 Here, we sought to further characterize the role of palmitoylation in CF biology at both 

the enzyme and the substrate level in vitro and in vivo. Using a Zdhhc7 KO mouse model, the 

dependence of zDHHC7 towards CF activation and migration was assessed in vitro. In vivo, 

Zdhhc7 KO mice were also assessed for changes to cardiac remodeling in response to a chronic 

angiotensin II/phenylephrine (AngII/PE) infusion injury model. Concurrently, these experiments 

were performed with using our Zdhhc3/7 double KO model, providing an avenue to investigate 

compensatory activity from either of the respective enzymes. In vitro activation, migration, and 
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transcription factor activity experiments were similarly conducted using ACFs from Rac1 ConKI 

mice to investigate the role of palmitoylation in CF biology at the substrate level. Together, these 

experiments aimed to provide a greater understanding of how palmitoylation may be involved in 

the signaling pathways underlying CF activation and fibrosis. 

Methods 

Animal models 

 C57B/6J (WT) mice were obtained from Jackson Laboratory (Strain #:000664). Zdhhc3 

fl/fl mice (C57B/6J background) (Baldwin et al., 2023) were crossed with Postn-MCM +/- mice 

(C57B/6J background) (Kanisicak et al., 2016) (Jacksons Labs, Strain #:029645) to generate 

tamoxifen-inducible activated CF-specific Zdhhc3 KO animals. Whole body Zdhhc7 -/- 

(C57B/6J background) (Zdhhc7 KO) mice were also used (Hohoff et al., 2019) as previously 

described. Zdhhc3 fl/fl mice were crossed with Zdhhc7 KO mice to generate Zdhhc3 fl/fl; 

Zdhhc7 KO mice for use in in vitro experiments. Zdhhc3 fl/fl; Zdhhc7 KO were crossed with 

Postn-MCM +/- mice to generate a tamoxifen-inducible activated CF-specific Zdhhc3 KO; 

Zdhhc7 KO model (Zdhhc3/7 KO). Zdhhc17 fl/fl mice (FVB background) (Sanders et al., 2016) 

were obtained from Michael Hayden (Temple University). A Cre-inducible palmitoylation-

deficient cysteine 178 to serine (C178S) Rac1 mutant knock-in mouse model was developed 

(C57B/6J background) by gene targeting using a mini gene strategy (Ozgene). Upon Cre-

mediated excision, the wildtype Rac1 sequence is replaced with the C178S sequence, thus 

expressing Rac1 from the endogenous Rac1 locus. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Michigan (IACUC protocol 

#PRO00009098) and were in accordance with the Guide for the Care and Use of Laboratory 

Animals (National Institutes of Health).  
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Cardiac fibroblast isolation 

Adult CF isolation protocol was adapted from (Kanisicak et al., 2016). In brief, hearts 

were removed and minced into 8-10 pieces before being placed in a microfuge tube containing 

enzymatic digestion buffer made with 1.2 U/mL Dispase II (Sigma, #D4693) and 2 mg/mL 

Collagenase IV (Worthington, #LS004188) in Dulbecco’s Modified Eagle Medium (DMEM) 

media (Corning, #10-013-CV), with 2% fetal bovine serum (FBS) (Corning, #35-010-CV) and 

5% penicillin/streptomycin (P/S) (Corning, #30-002-CV). Tissue in the enzyme solution was 

then nutated in an incubator at 37°C for 20 min. Tissue solution/cell suspension were then 

triturated with a serological pipette, allowed to settle by sedimentation, and the supernatant was 

passed through a 40 µm filter into a fresh sterile collection tube. Collection tube was placed on 

ice, and fresh digestion buffer was added to heart pieces to repeat the process for two additional 

digestions. Following the third digestion, cooled samples were centrifuged at 4°C for 20 min at 

350 x g to pellet cells. Supernatant was poured off from the tubes, and fibroblasts were 

resuspended in 37°C 10% FBS 1% P/S DMEM media. Cells were then plated and stored in 37°C 

5% CO2 incubator for 2 hours while fibroblasts attached to the dish. Media was then carefully 

aspirated and washed with warm serum-free DMEM media twice. Following the final wash step, 

cells were incubated in 1% FBS, 1% P/S DMEM media in the 37°C 5% CO2 incubator. 

PDMS coverslip creation 

 PDMS-coated coverslip generation was performed as previously described (Goldsmith et 

al., 2024). In brief, 10 g Sylgard 184 (Krayden Dow, #NC9285739) base was mixed with 1 g 

Sylgard 184 curing agent in a plastic cup, stirring vigorously for 5 minutes with a plastic scraper. 

Mixture was then placed in a vacuum desiccator for 10 minutes. Meanwhile, 6 g each of Sylgard 

527 (Krayden Dow, #NC1208196) A and B were mixed in a separate plastic cup, again stirring 
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vigorously for 5 min with a plastic scraper. Sylgard 184 and 527 solutions were then mixed by 

adding 102 mg Sylgard 184 to a 50 mL conical, then adding 9.9 g Sylgard 527. The 50 mL 

conical containing both solutions was then thoroughly mixed by 5 sets of 10 sec vortexing 

followed by orbitally tilting the tube and rolling the Sylgard mixture around the interior of the 

tube for 10 sec. Solution was centrifuged for 3 min at 3200 x g, and vortexed again briefly, tilting 

the tube in different directions. 14 µL of the solution was then pipetted onto 12 mm glass 

coverslips (Electron Microscopy Sciences, #72230-01), degassed in vacuum desiccator for 30 

min, then cured at 50°C overnight. 

Cell culture/transductions 

Primary ACFs were plated at ~30% confluency in 1% FBS DMEM media, and 

immediately transduced overnight with either pLpA empty vector control adenovirus (Ad-pLpA) 

(University of Michigan Vector Core) or Cre adenovirus (Ad-Cre) (University of Michigan 

Vector Core) overnight. Following transductions, P0 ACFs were washed three times with warm 

serum-free DMEM and cultured in 1% FBS DMEM media with 1% P/S for all other treatment 

conditions. For fibrotic gene expression and αSMA expression experiments, cells were incubated 

for an additional 24 hours following the wash-off of Ad-Cre before beginning a 72-hour 

treatment time course of either saline or 10 ng/mL TGFβ1 (Peprotech, #100-21). For luciferase 

assays, immediately following the overnight transduction with Cre adenovirus, cells were 

washed three times with warm serum-free DMEM media, and then transduced again overnight in 

1% FBS DMEM media containing respective luciferase construct adenoviruses (Ad-Luc) (Ad-

NFAT-Luc, Ad-NFκB-Luc, Ad-SRE-Luc) as described previously (Liu et al., 2012; Smith et al., 

2017). Following both transduction steps, samples were stimulated with respective agonists 

(TGFβ1 or 20% FBS) in 1% FBS 1% P/S DMEM for 48 hours. After treatments, samples were 
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harvested according to the manufacturer’s protocol using the Promega Luciferase Assay System 

(#E4550), and luminescence was measured with a Varioskan LUX Multimode Microplate Reader 

(#VL0000D0). 

mRNA isolation and real-time PCR 

 For gene expression experiments, whole RNA samples were extracted from cardiac 

samples using the corresponding RNeasy kit (Qiagen), depending on the sample type. ACF 

samples intended for RNA extraction were aspirated to remove media, then washed twice with 

room temperature nuclease-free water. RNeasy Micro Kit (Qiagen, #74004) lysis buffer was 

added directly to experimental wells, and RNA was extracted according to manufacturer’s 

protocol. For cardiac ventricle samples, heart tissue was placed in a nuclease-free tube before 

adding the appropriate volume of RNeasy Mini Kit (Qiagen, #74104) lysis buffer to the tube. 

Metal beads of equal volume to the sample were added to the tube, and samples were run at full 

power in a bead homogenizer for 5 min. RNA was then extracted from homogenized samples 

according to manufacturer’s protocol. Samples were then quantified and assessed for quality with 

a Nanodrop. Prior to cDNA synthesis, samples were treated with DNase (Promega, #M6101) for 

30 min to remove any remaining genomic DNA present in the sample. cDNA synthesis was 

performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

#4368814). mRNA levels were then quantified via RTqPCR using Power SYBR Green (Applied 

Biosystems, #4367659) reagent and gene specific primers (total reaction volume 15 µl). 

RTqPCR was performed using QuantStudio 7 Flex (Applied Biosystems). Primer sequences for 

all genes used in these experiments: Postn For 5’-CTGCTTCAGGGAGACACACC-3’, Rev 5’-

TCTGGCCTCTGGGTTTTCACTCF21; Col1a1 For 5’- CGATGGATTCCCGTTCGAGT-3’, 

Rev 5’- GAGGCCTCGGTGGACATTAG-3’; Col1a2 For 5’-GATACTTGAAGAATATGAAC-
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3’, Rev 5’- AATGCTGAATCTAATGAA-3’; Nox4 For 5’- CCAAATGTTGGGCGATTGTGT-3’, 

Rev 5’- CAGGACTGTCCGGCACATAG-3’; Thbs4 For 5’- TGTGCGCTGTGTGAATTTGG-

3’, Rev 5’-CAACATCAGTGCACACCTGC-3’; Tcf21 For 5’- 

CCAACTGTACTTACCGATTCT-3’, Rev 5’- ACACATTGATAGGCTCTTCTTAT-3’. 

Scratch assay 

 Primary ACFs were transduced as described previously, and cultured in 24-well dishes in 

1% FBS 1% P/S DMEM media until confluent, changing media every 2 days. Upon confluency, 

a P20 pipette tip was used to manually scratch across the center of each well. Images of the 

scratch were taken on a Celigo Image Cytometer (Model 200-BFFL-5C) immediately after the 

scratch and then 24 hours post-scratch. The surface area of the scratch was quantified via ImageJ 

(NIH). 

Immunocytochemistry and immunohistochemistry 

Following experimental treatments, samples to be immunostained were washed twice 

with PBS, and fixed for 20 min with 100% ice-cold methanol in a 4°C ambient environment. 

Following fixation, samples were blocked with ICC buffer (blocking solution) (PBS, 5% goat 

serum, 1% BSA, 1% glycine, 0.2% triton X-100) for 1 hour at room temperature. Blocking 

solution was removed and anti-αSMA (Sigma-Aldrich, #A5228) primary antibody was applied to 

the samples diluted in blocking solution at a 1:1000 ratio, then incubated at 4°C overnight. 

Following primary incubation, samples were washed with PBS three times for 5 min. Alexa 

Flour secondary antibody solutions (Invitrogen) diluted in ICC buffer (1:1000) were then applied 

to the samples to incubate at room temperature for 1 hour. Samples were then washed again with 

PBS three times for 5 minutes. Stained coverslips were then mounted with ProLong Gold with 
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DAPI (Invitrogen, #P36931). Images were taken using a Zeiss LSM 880 confocal microscope 

with 10x objective. Quantification was performed with ImageJ (NIH).  

Picrosirius Red staining of paraffin-embedded histological sections was performed at the 

University of Michigan School of Dentistry Histology Core. Images of stained sections were 

acquired at the University of Michigan Digital Pathology Core. The fibrotic area was quantified 

via ImageJ (NIH). 

In vivo cardiac injury model 

 Adult male and female Postn-MCM +/- or WT (Ctrl), Zdhhc7 KO, and Postn-MCM +/-; 

Zdhhc3 fl/fl; Zdhhc7 KO (Zdhhc3/7 KO) mice aged 2-4 months were implanted with osmotic 

pumps (Alzet, #1002) containing AngII (1.5 mg/kg/day) (Sigma-Aldrich, #A9525)/PE (50 

mg/kg/day) (Sigma-Aldrich, #P6126) to induce fibrosis over a two-week time course. Control 

mice received saline pumps. To induce loxP-targeted recombination, all mice received 75 mg/kg 

tamoxifen injection (ip) (Sigma-Aldrich, #T5648) the night prior to surgery, and two additional 

tamoxifen injections of equivalent doses on days 2 and 4 post-surgery, respectively, for a total of 

three injections. After a 2-week AngII/PE infusion time course, animals were subjected to 

echocardiography and immediately sacrificed for sample collection. All surgeries and 

echocardiography were performed at the University of Michigan Physiology Phenotyping Core. 

Statistical analysis 

 All statistical analyses were performed using the statistical software package GraphPad 

Prism (Version 10.0.3). Independent samples t-tests were conducted to compare the means of two 

groups. One-way ANOVA was used to compare differences between groups three or more groups 

across one independent variable. A two-way ANOVA was conducted to test for significant 

differences between three or more groups across two dependent variables, as well as for 
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interaction effects. Tukey's multiple comparisons test was conducted to probe for differences 

between groups if ANOVA yielded significance. Results were considered statistically significant 

if p < 0.05. 

Results 

Effects of Zdhhc7 KO and Zdhhc3/7 KO on cardiac fibroblast fibrotic gene expression and 

migration 

 To determine the dependence of CF pro-fibrotic gene expression on Zdhhc7 and 

Zdhhc3/7, ACFs were isolated side-by-side from WT mice and Zdhhc3 fl/fl; Zdhhc7 KO mice. 

Cells were cultured and transduced with either control Ad-pLpA or Ad-Cre to compare responses 

between WT ACFs treated with Ad-pLpA (Ctrl), Zdhhc3 fl/fl; Zdhhc7 KO ACFs treated with Ad-

pLpA (Zdhhc7 KO), and Zdhhc3 fl/fl; Zdhhc7 KO treated with Ad-Cre (Zdhhc3/7 KO). 

Following the transduction period, all genotypes were subject to 72-hour saline or TGFβ1 (10 

ng/mL) treatment to induce myofibroblast transition. RNA was isolated to perform RT-qPCR and 

analyze the expression levels of genes associated with myofibroblast differentiation (Figure 4.1 

A-D). 

 Based upon the previous evidence for the role of zDHHC7 in the regulation of pro-

fibrotic effector proteins like STAT3 and Gαq, we hypothesized that the deletion of Zdhhc7 in 

CFs would result in a blunting of their responses to pro-fibrotic stimuli. Additionally, should the 

lack of zDHHC7 result in compensation by zDHHC3, we hypothesized that Zdhhc3/7 KO ACFs 

would exhibit reductions in activation in response to pro-fibrotic stimuli. In ACFs treated with 

TGFβ1, all three genotypes exhibited significantly increased expression of the myofibroblast 

marker Postn (Figure 4.1A). Both Zdhhc7 KO and Zdhhc3/7 KO ACFs had the same level of 

baseline Postn expression relative to Ctrl, and a significantly reduced Postn expression relative 
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to the increase seen in Ctrl ACFs when treated with TGFβ1. Tcf21 expression trended downward 

in Ctrl cells treated with TGFβ1, and no statistically significant differences were observed 

between genotypes (Figure 4.1B). Col1a1 displayed an upward trend in response to TGFβ1 

(Figure 4.1C) in Ctrl ACFs, though no significant differences were observed between genotypes 

in either saline or in response to TGFβ1. Col1a2 remained unchanged in response to TGFβ1 

treatment in Ctrl ACFs (Figure 4.1D), but additionally showed a slight downward trend at 

baseline and with stimulation in Zdhhc7 and Zdhhc3/7 KO ACFs. 

 To further analyze the role of zDHHC3 and zDHHC7 in CF biology, we sought to 

investigate whether there would be reductions in pro-fibrotic transcription factor activity in 

Zdhhc7 KO and Zdhhc3/7 KO ACFs. Nuclear factor of activated T cells (NFAT) is a key 

transcription factor in CFs that activates pro-fibrotic transcription in a calcium/calcineurin-

dependent manner (Davis et al., 2012; Herum et al., 2013). Similarly, nuclear factor κ B (NFκB) 

is well established in playing a role in cardiac inflammation and myofibroblast differentiation 

(Lu et al., 2021; Umbarkar et al., 2021). To this end, ACFs from each genotype were transduced 

with adenoviral NFAT and NFκB luciferase reporter genes to assess transcription factor activity 

in the absence of Zdhhc3 and Zdhhc7. Following transduction, ACFs were treated with TGFβ1 

for 48 hours, and transcription factor activity was assessed at the conclusion of the treatment 

period. TGFβ1 treatment induced upward trends in NFAT-Luc activity in all genotypes relative to 

saline, and no differences were observed between genotypes at baseline or in response to TGFβ1 

(Figure 4.1E). No statistically significant differences in NFκB-Luc activity were observed 

irrespective of treatment or genotype (Figure 4.1F). 

 To investigate the dependence of migration on Zdhhc7 and Zdhhc3/7 in ACFs, we 

performed scratch assays to see how the deletion of these enzymes may influence migratory 
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ability in fibroblasts. Scratches were made in monolayers of Ctrl, Zdhhc7 KO, and Zdhhc3/7 KO 

ACFs, and images of the scratch were taken immediately, in addition to the 24-hour post-scratch 

time point to quantify wound closure. Zdhhc7 KO ACFs exhibited a significantly reduced wound 

closure relative to Ctrls (Figure 4.1G/H). Zdhhc3/7 KO ACFs, however, did not exhibit a 

statistically significant reduced wound closure compared to controls, though there was an 

appreciable trend towards reduced migration. To further corroborate that this was an effect 

specific to zDHHC7, we repeated these experiments with an additional S-acyltransferase KO 

model using Zdhhc17 fl/fl ACFs treated with Ad-Cre. Zdhhc17 KO ACF migration was 

consistent with Ctrl ACFs. 

Effects of cardiac fibroblast Zdhhc7 KO and Zdhhc3/7 KO on AngII/PE-induced cardiac 

remodeling 

 Following the effects observed from Zdhhc7 KO in vitro, we hypothesized that the 

reduction in migratory ability and minor changes to fibroblast gene expression in the absence of 

zDHHC7 may yield consequences for the development of fibrosis in vivo. To further explore the 

role of these enzymes in CF biology, we developed an in vivo model where Zdhhc7 and Zdhhc3 

were both deleted in activated CFs. This was accomplished by crossing the previously described 

Postn-MCM +/-; Zdhhc3 fl/fl line with our Zdhhc7 KO line, to generate Postn-MCM +/-; Zdhhc3 

fl/fl; Zdhhc7 KO (Zdhhc3/7 KO) mice that exhibit a double deletion in CFs when treated with 

tamoxifen and in response to a cardiac injury that induces CF activation (Postn expression). 

Adult male and female Postn-MCM +/- or WT (Ctrl), Zdhhc7 KO, and Postn-MCM +/-; Zdhhc3 

fl/fl; Zdhhc7 KO (Zdhhc3/7 KO) mice were then subject to a two-week time course of the 

common pro-fibrotic injury model, infusion of AngII (1.5 mg/kg/day)/PE (50 mg/kg/day) (Fu et 

al., 2018; Ock et al., 2021), delivered via surgically implanted osmotic pump. Ctrl mice received 
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osmotic pumps containing a saline solution. Following the treatment time course, mice were 

subjected to echocardiography to assess cardiac function before being sacrificed to measure 

cardiac hypertrophy, fibrosis, and pro-fibrotic gene expression.  

 In response to chronic AngII/PE, all genotypes exhibited significantly increased 

hypertrophy compared to saline controls as measured by heart weight/body weight ratios (Figure 

4.2A). No difference was observed between genotypes in the development of hypertrophy. 

Consistent with the effects of AngII/PE infusion (Duangrat et al., 2022; Ock et al., 2021), no 

reductions in ejection fraction/fractional shortening were observed (Figure 4.2B/C) compared to 

saline Ctrls, nor were there any differences between genotypes under saline or AngII/PE 

conditions. Posterior wall thickness (PWd) was significantly increased across all three genotypes 

in response to AngII/PE (Figure 4.2D), with no differences among baseline readings. AngII/PE-

treated Zdhhc3/7 KO mice displayed a modest, statistically significant reduction in PWd 

compared to Ctrls (Figure 4.2D). Left ventricular end diameter systole (LVED systole) was 

significantly elevated in AngII/PE treated mice across all genotypes, with no differences 

observed between genotypes either at baseline or when treated with AngII/PE (Figure 4.2E). No 

differences in left ventricular end diameter diastole (LVED diastole) were observed between 

groups irrespective of treatment or genotype (Figure 4.2F). 

 To assess fibroblast activation in Zdhhc7 KO and Zdhhc3/7 KO mice, RTqPCR was 

performed from RNA extracted from whole heart tissue to measure mRNA levels of pro-fibrotic 

genes. Postn levels exhibited an upward trend in Ctrl and Zdhhc7 KO mice treated with 

AngII/PE compared to saline controls (Figure 4.2G), and a significant elevation was observed in 

Zdhhc3/7 KO mice treated with AngII/PE relative to saline controls. mRNA levels of Thbs4 were 

significantly upregulated in response to AngII/PE relative to saline controls in all three genotypes 
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(Figure 4.2H), with no significant differences seen between genotypes either at baseline or 

between drug treatments. Ctrl mice showed an upward trend in Nox4 expression in response to 

AngII/PE (Figure 4.2I), while Zdhhc7 KO and Zdhhc3/7 KO mice showed significantly 

increased Nox4 expression with AngII/PE treatment compared to saline controls. Zdhhc3/7 KO 

mice treated with AngII/PE exhibited a significantly elevated Nox4 expression compared to 

AngII/PE-treated Ctrl mice (Figure 4.2I). Col1a1 levels were significantly increased in response 

to AngII/PE in both Ctrl and Zdhhc3/7 KO animals (Figure 4.2J), with a comparable upward 

trend in Zdhhc7 KO mice. No significant differences were observed between genotypes at 

baseline or with drug treatment for Col1a1 expression levels (Figure 4.2J).  

Further assessing fibroblast activation at the tissue level, ventricular fibrosis was 

measured via quantification of Picrosirius Red Staining in histological cardiac sections. Ctrl mice 

treated with AngII/PE displayed a significant increase in fibrosis relative to saline controls 

(Figure 4.2K/L). Zdhhc7 KO mice exhibited a trend toward elevated fibrosis in saline conditions. 

Conversely, Zdhhc7 KO mice fibrosis trended lower in response to AngII/PE treatment, although 

the Zdhhc7 KO fibrotic response to AngII/PE was not significantly higher compared to saline 

mice within genotype. Zdhhc3/7 KO mice exhibited comparable responses to Ctrl mice both at 

baseline and in response to AngII/PE, though they also did not exhibit a statistically significant 

increase in fibrosis compared to saline controls. 

Rac1 palmitoylation is not required for ACF migration or TGFβ1-induced activation 

 Given that palmitoylation of Rac1 at C178 has already been demonstrated to play a role 

in its signaling ability (Navarro-Lérida et al., 2012), we hypothesized that ACFs with a C178S 

palmitoylation-deficient mutation would exhibit reduced activation in response to pro-fibrotic 

stimuli. To test this, we utilized our newly developed mouse model with a Cre-inducible knock-
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in of a C178S mutation, allowing us to test ACF activation in vitro with a Rac1 palmitoylation 

mutant expressed at endogenous expression levels. ACFs were isolated from Rac1 ConKI fl/fl 

mice and immediately transduced with either Ad-pLpA (Ctrl) or Ad-Cre (Rac1 KI) to induce 

recombination. 48 hours following recombination of the gene-targeted Rac1 locus with Ad-Cre, 

cells were subject to 72 hours of 10 ng/mL TGFβ1, and immunostained for αSMA to calculate 

the percentage of myofibroblasts (Figure 4.3A, B). Immunostaining for α-smooth muscle actin 

(αSMA) is a commonly used metric of myofibroblast formation as αSMA only begins to be 

expressed upon the transition of ACFs into their activated state (Shinde et al., 2017). TGFβ1 

treatment induced an increase in the percent of myofibroblasts at 72 hours in Ctrl ACFs, and 

Rac1 KI ACFs displayed comparable levels of activation both at baseline and with TGFβ1 after 

the 72-hour treatment time course (Figure 4.3A, B). 

 To analyze activation at the transcriptional level, we performed the same recombination 

of the gene-targeted Rac1 locus with adenoviral Cre and TGFβ1 treatment time-course as 

described in the αSMA experiments. Here, RNA was isolated to perform RT-qPCR on genes 

related to fibroblast activation (Figure 4.3C-G). Consistent with αSMA data, TGFβ1 induced an 

increase in mRNA levels of Postn, Col1a1, and Nox4 in Ctrl ACFs. Rac1 KI ACFs similarly 

exhibited significantly higher expression of Postn, and Col1a1, as well as a trend towards an 

increase in Nox4 levels (Figures 4.3C, E, and G). No differences were observed between Ctrl and 

Rac1 KI ACFs in these genes. An upward trend in Col1a2 and downward trend of Tcf21 

expression were elicited in response to TGFβ1, though no significant differences in Tcf21 or 

Col1a2 expression were seen between Ctrl and Rac1 KI ACFs at baseline or with agonist 

(Figures 4.3D, F). 
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 Notably, despite the lack of changes seen to these commonly used metrics of fibroblast 

activation, Rac1 KI ACFs exhibited significant differences in terms of pro-fibrotic transcription 

factor activity. Both Ctrl and Rac1 KI ACFs exhibited significantly increased NFAT activity in 

response to TGFβ1 as assessed by luciferase reporter gene assays, and no changes relative to 

saline controls when treated with angiotensin II (Figure 4.3H). Further, Rac1 KI ACFs exhibited 

higher NFAT-Luc activity in response to TGFβ1 compared to TGFβ1-treated Ctrl ACFs. No 

changes were observed in NFκB-Luc activity between drug treatment or genotype conditions 

(n=2, data not shown). Serum response factor is a transcription factor that binds to serum 

response element (SRE) DNA sequences, and transcriptional changes downstream of SRF 

activation have been shown to upregulate the transition of quiescent fibroblasts into their 

activated state (Small, 2012). We also tested for changes in serum response factor (SRF) activity 

following higher serum concentration treatments using Ad-SRE-Luc. In response to 20% FBS 

culture conditions used to induce SRF activity, both Ctrl and Rac1 ConKI ACFs displayed 

elevated SRE-Luc responses (Figure 4.3I) compared to 1% FBS control conditions. Rac1 ConKI 

ACFs yielded a significantly higher increase in SRE-Luc in response to 20% FBS treatment 

compared to control ACFs with the same treatment (Figure 4.3I). 

 In addition to activation, Rac1 activity has been shown to play a role in the migratory 

ability of various cell types, including fibroblasts (Ma et al., 2023; Navarro-Lérida et al., 2012), 

and we hypothesized that Rac1 palmitoylation may play more of a role in their migratory ability. 

Using a scratch assay, we tested wound closure ability in Ctrl ACFs or those with the Rac1 KI 

mutation (Figure 4.3J/K). No differences were seen in the Rac1 KI ACFs in terms of migration, 

with both groups closing the scratch at comparable levels at the 24-hour time point (Figure 

4.3J/K). 
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Discussion 

 The regulation of CF signaling proteins by palmitoylation remains an unexplored avenue 

of investigation, though one of great interest due to the increasingly established importance of 

this PTM in fine-tuning substrate activity (Cho & Park, 2016; Essandoh et al., 2020; Zhang et al., 

2021). At present, little is known at either the enzyme or substrate level whether palmitoylation 

plays a critical role in fibroblast activation and migration, prompting previous investigations 

from our lab that focused on exploring how the Golgi-localized S-acyltransferase, zDHHC3, may 

be playing such a role. However, these initial analyses indicated that zDHHC3 may not be 

essential for CF activation and fibrosis, necessitating additional work to determine if other 

enzymes or substrates may be more relevant in the context of CF biology. 

 Following the evidence that Zdhhc3 KO on its own did not result in obvious changes to 

CF activation and migration, we hypothesized that activity from other S-acyltransferases could 

be compensating for the loss of zDHHC3, and that enzymes with overlapping substrate profiles 

could be maintaining palmitoylation levels of substrates in the absence of zDHHC3. 

Alternatively, the removal of zDHHC3-mediated palmitoylation may simply not be enough to 

significantly alter the complex signaling initiated as part of CF activation. This possibility led us 

to hypothesize that other enzymes may prove to be more essential in CF activation and signaling. 

Previous work has demonstrated that zDHHC7 maintains a similar substrate profile to zDHHC3 

(Baldwin et al., 2023; Chen et al., 2016; Hernandez et al., 2023; Zhang et al., 2020), as well as 

that zDHHC7 can act as the dominant enzyme for a shared substrate such as STAT3 (Zhang et 

al., 2020). Thus, we sought to determine whether zDHHC7 deletion on its own would lead to 

deficits in CF activation, in addition to whether the simultaneous deletion of zDHHC3 and 

zDHHC7 would be required in order to abrogate CF activation. 
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 Collectively, the results of our in vitro and in vivo singular deletion of Zdhhc7 or the 

combined knockout of both Zdhhc3 and Zdhhc7 exhibited only minor differences in terms of 

changes to fibroblast activation and fibrosis. Consistent with our hypothesis, a slight reduction of 

Postn expression was elicited upon the deletion of Zdhhc7 alone in vitro, as well as with the 

double Zdhhc3/7 KO, though it was not a dramatic effect. This result may not prove to be 

physiologically relevant and could, in part, be due to the increased variability present in the assay 

due to our model, which necessitates making comparisons between populations of cells isolated 

from separate mouse hearts. Further, given that Postn levels from in vivo Zdhhc7 and Zdhhc3/7 

KO hearts were consistent with control mice in response to AngII/PE, there is not a clear case for 

the dependence of these enzymes when assessed in a more physiologically relevant model. 

Increases in other common fibrotic marker genes such as Thbs4 and Nox4 were not blunted as 

predicted, with Nox4 levels even being significantly higher in Zdhhc3/7 KO mice in response to 

AngII/PE compared to Ctrl mice. The results of our luciferase assays yielded no obvious 

differences in NFAT or NFκB activity either, and given the modest changes to fibrotic gene 

mRNA levels both in vitro and in vivo, it appears that despite the absence of these enzymes, ACF 

signaling pathways are sufficiently able to promote the myofibroblast transition. 

 In our assessment of the consequences of the loss of these enzymes on fibroblast 

migratory ability, a potentially unique role for Zdhhc7 appeared. In previous work, we found 

evidence that Zdhhc3 KO had no effect on unstimulated ACF migration, and here, that Zdhhc17 

KO ACFs also maintained migratory ability. Notably, Zdhhc7 KO ACFs exhibited significant 

migratory deficits, suggesting that zDHHC7 may possess a unique role in ACF migration. While 

Zdhhc3/7 KO ACFs did not exhibit a statistically significant reduction in migration as did 

Zdhhc7 KO ACFs, additional replicates would likely yield a significant reduction as well. While 
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the mechanism of these effects remains unexplored, previous literature in this area demonstrated 

that zDHHC7 palmitoylates the cell polarity regulator SCRIB (Chen et al., 2016), a Rac1 

interactor (Boczonadi et al., 2014) protein that has been implicated in various migratory 

signaling pathways in other cell types (Michaelis et al., 2013; Nola et al., 2008). It is possible 

zDHHC7 activity is regulating critical migratory signaling proteins such as SCRIB, though it is 

currently unknown whether these processes are operating in a similar fashion in CFs, and further 

work is required to elucidate the regulation of ACF migration by zDHHC7 and zDHHC3.  

 At the tissue level of the heart, we hypothesized that the slight in vitro effects in fibrotic 

gene expression in combination with migration deficits may elicit changes to remodeling in the 

injured heart. These results were not observed, though, with heart weight-to-body weight ratios 

being increased in all three genotypes in response to AngII/PE. In terms of fibrosis, responses of 

Zdhhc3/7 KO mice were consistent with Ctrl mice, but our results display a paradoxical response 

in Zdhhc7 KO mice, with a trend towards increased fibrosis at baseline, and a decreased response 

under AngII/PE conditions. While this could be a real effect, it is most likely attributed to high 

degrees of variability in this type of histological analysis. Not surprisingly, given the lack of 

changes in hypertrophy and fibrotic remodeling in the heart between control mice and Zdhhc7 or 

Zdhhc3/7 KO mice, cardiac function remained consistent between the genotypes. 

Overall, these results collectively point to Zdhhc3 and Zdhhc7 having relatively minor 

roles in CF activation and fibrosis. Despite evidence for the importance of these enzymes in 

regulating key signaling pathways related to fibrosis in other cell types, the simultaneous 

deletion of Zdhhc3 and Zdhhc7 had only minor or negligible consequences on measures of 

fibroblast activation in vitro and in vivo. These results are in line with recently published work 

analyzing the role of these enzymes in another cardiac cell type, where the simultaneous deletion 
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of Zdhhc3 and Zdhhc7 in cardiomyocytes elicited minimal changes to the development of 

cardiac remodeling (Baldwin et al., 2023). It remains a possibility that other S-acyltransferase 

enzymes expressed in CFs are maintaining levels of palmitoylation required for the pro-fibrotic 

pathways involved in TGFβ1 and AngII-induced signaling. Alternatively, these enzymes may 

prove to be essential for signaling pathways not explicitly analyzed in these studies, or for 

metrics of cardiac biology and remodeling not explicitly measured in these experiments such as 

inflammation or arrhythmia. Further work in necessary to continue to determine the role of these 

enzymes in CF signaling and biology. 

 In addition to our analyses of the consequences of manipulating palmitoylation through 

the modification of enzymatic activity, we similarly wanted to explore this area of fibroblast 

biology at the substrate level. When choosing a substrate, we decided upon Rac1 given its 

established role in CF biology (Lavall et al., 2017; Lyu et al., 2021), in addition to previous work 

demonstrating that Rac1 signaling ability is dependent on palmitoylation in other cell types 

(Navarro-Lérida et al., 2012). Rac1, a Rho-family GTPase (Bosco et al., 2009), has been 

demonstrated to play key roles in fibroblast activation and migration in multiple fibroblast cell 

types, including CFs (Lavall et al., 2017; Verma et al., 2011; Xu et al., 2009). Additionally, 

multiple groups have demonstrated that inhibiting Rac1 signaling can protect against AngII-

induced cardiac fibrosis (Lyu et al., 2021; Pan et al., 2023). Furthermore, it has been shown that 

the signaling activity of Rac1 is dependent on the palmitoylation of C178 and that this 

modification influences its ability to localize the plasma membrane, as well as its GTP-loaded 

state (Navarro-Lérida et al., 2012). For these reasons, we hypothesized that C178S 

palmitoylation-deficient fibroblasts may exhibit reduced ACF activation due to changes in Rac1 

activity, allowing us to assess the role of palmitoylation in a way that avoids the limitations 
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involved in our previous work where other S-acyltransferases could be compensating for the 

enzymes deleted in our models. 

Using the Rac1 ConKI model, CFs transduced with Ad-Cre express a Rac1 

palmitoylation mutant protein at endogenous levels, allowing us to explore how depalmitoylated 

Rac1 influences CF activation and migration in vitro. In measures of activation, Rac1 KI ACFs 

responded consistently with Ctrls both at baseline and in response to TGFβ1, with no reduced 

αSMA expression, or Postn or Col1a1 expression observed, contrary to our predictions. These 

results by themselves indicate that the cardiac fibroblast activation signaling pathways induced 

by TGFβ1 do not appear to be dependent on Rac1 palmitoylation. However, Rac1 KI ACFs 

exhibited significantly elevated activity of two pro-fibrotic transcription factors, NFAT and SRF, 

in response to TGFβ1 and high levels of serum (20% FBS), respectively. Based on these data, it 

appears that Rac1 palmitoylation in ACFs is important for the proper activation of NFAT and 

SRF downstream of TGFβ1, and that a heightened pro-fibrotic signaling outcome through NFAT 

and SRF is being elicited through the inability of Rac1 palmitoylation. At present, it is uncertain 

as to how this may function mechanistically, though palmitoylated Rac1 may be downregulating 

NFAT and SRF, or potentially, depalmitoylated Rac1 has an enhanced ability to induce NFAT and 

SRF signaling. Further, the loss of Rac1 pro-fibrotic signaling when Rac1 cannot be 

palmitoylated may lead to the compensatory upregulation of adjacent signaling pathways that 

lead to NFAT and SRF induction. However, the increase in NFAT activation in response to 

TGFβ1 was not sufficient in inducing elevated αSMA, Postn, or Col1a1 expression. These 

results collectively indicate that palmitoylation of Rac1 does appear to play a role in ACF 

signaling through at least the NFAT and SRF transcriptional pathways. Further work is necessary 
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to fully characterize how Rac1 palmitoylation influences ACF pro-fibrotic signaling and 

activation. 

In the context of migration, Rac1 has been demonstrated by many groups to be a key 

regulator of fibroblast migration (Lavall et al., 2017; Liang et al., 2021; Ma et al., 2023). Thus, 

we also hypothesized that palmitoylation-deficient Rac1 would exhibit migratory deficits seen in 

KO models. Though, Rac1 KI ACFs displayed no changes in their ability to migrate in a scratch 

assay model. Experiments in COS7 cells assessing the consequences of this mutation using an 

overexpression model of endogenous Rac1 vs the Rac1 C178S palmitoylation mutant found that 

cells with the Rac1-palmitoylation mutation exhibited deficits in migration as assessed by the 

scratch assay (Navarro-Lérida et al., 2012). The differences in these results may be due to cell-

specific differences in the requirement of Rac1 palmitoylation for migration, though the 

differences in the utilized models (overexpression vs endogenous Rac1 palmitoylation mutant) 

represent a confounding variable in the interpretation of these data. These data provide evidence 

that while Rac1 plays a role in migratory ability in fibroblasts, it appears that Rac1 

palmitoylation is not required for cardiac fibroblast migration at this time point in unstimulated 

conditions. Though, additional testing is required to fully characterize the outcomes of 

manipulating Rac1 palmitoylation in the context of ACF migration. 

Together, these results provide novel insights into the role of palmitoylation in CF 

activation and biology. Future studies are aimed at determining other S-acyltransferase enzymes 

that modify key signaling pathways involved in changes to fibroblast activation states and other 

responses like migration and contraction. Further, additional work will focus on a more 

comprehensive determination of substrates in ACFs that undergo palmitoylation to determine the 
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consequences of this PTM on their signaling ability and downstream changes to cellular 

responses. 
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Chapter IV Figures 

Figure 4.1. Effects of Zdhhc7 KO and Zdhhc3/7 KO on cardiac fibroblast fibrotic gene 
expression and migration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Effects of Zdhhc7 KO and Zdhhc3/7 KO on cardiac fibroblast fibrotic gene expression and migration. (A-D) 
mRNA level quantification of various pro-fibrotic genes in Ctrl, Zdhhc7 KO (z7 KO), or Zdhhc3/7 KO (z3/7 KO) ACFs treated 
with or without TGFβ1 (10ng/ml, 72 hours), n=4-5. Two-way ANOVA with Tukey’s multiple comparisons test; Postn Drug 
Treatment (p=<.0001), Interaction (p=.051), Tcf21 Drug Treatment (p=.22), Interaction (p=.79), Col1a1 Drug Treatment 
(p=.068), Interaction (p=.79), Col1a2 Drug Treatment (p=.39), Interaction (p=.95), (E/F) NFAT and NFκB-luciferase promoter 
activity quantification in Ctrl, z7 KO, or z3/7 KO treated with saline or TGFβ1 (10 ng/ml, 48 hours), n=3. Two-way ANOVA with 
Tukey’s multiple comparisons test; (NFAT-Luc) Drug Treatment (p=<.091), Interaction (p=.59), (NFκB-Luc) Drug Treatment 
(p=.33), Interaction (p=.92), (G) Quantification of scratch area via ImageJ in primary Ctrl, z7 KO, z3/7 KO, and z17 KO ACFs, 
n=3-14. One-way ANOVA with Tukey’s multiple comparisons test; (p=.0019), (H) Representative images of scratch assay at 0 
and 24 hours in primary Ctrl, z7 KO, z3/7 KO, and z17 KO ACFs. Scale bar represents 500 µm. Error bars indicate the mean +/- 
standard deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***), (p<.0001, ****). 
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Figure 4.2. Effects of cardiac fibroblast Zdhhc7 KO and Zdhhc3/7 KO on AngII/PE-
induced cardiac remodeling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Effects of cardiac fibroblast Zdhhc7 KO and Zdhhc3/7 KO on AngII/PE-induced cardiac remodeling. 
Echocardiography was performed on Ctrl saline (n=5), Ctrl AngII/PE (n=5), Zdhhc7 KO (z7 KO) saline (n=8), Zdhhc7 KO 
AngII/PE (n=7), Zdhhc3/7 KO (z Echocardiography was performed on Ctrl saline (n=5), Ctrl AngII/PE (n=5), Zdhhc7 KO (z7 KO) 
saline (n=8), Zdhhc7 KO AngII/PE (n=7), Zdhhc3/7 KO (z3/7) KO saline (n=7), and Zdhhc3/7 KO AngII/PE (n=7) to measure 
changes in cardiac function 2-weeks following implantation of osmotic pumps. (A) heart-weight to body-weight ratios, Two-way 
ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=<.0001), Interaction (p=.25). B-F, echocardiographic 
measurement of (B) ejection fraction (%), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.80), 
Interaction (p=.750), (C) fractional shortening (%), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model 
Condition (p=.59), Interaction (p=.72), (D) posterior wall thickness diastole, Two-way ANOVA with Tukey’s multiple comparisons 
test. Injury Model Condition (p=<.0001), Interaction (p=.0400). (E) left ventricular end diameter systole (mm), Two-way ANOVA 
with Tukey’s multiple comparisons test. Injury Model Condition (p<.0001), Interaction (p=.18). (F) left ventricular end diameter 
diastole (mm), Two-way ANOVA with Tukey’s multiple comparisons test. Injury Model Condition (p=.48), Interaction (p=.46), (G-J) 
fibrotic gene expression measurements via RTqPCR. Two-way ANOVA with Tukey’s multiple comparisons test; Postn Injury Model 
Condition (p=.0003), Interaction (p=.32), Thbs4 Injury Model Condition (p=.0001), Interaction (p=.32), Nox4 Injury Model 
Condition (p=.0014), Interaction (p=.23), Col1a1 Injury Model Condition (p=.0001), Interaction (p=.31), (K) Representative images 
of histological sections stained with Picrosirius Red to assess fibrosis. (L) Quantification of fibrosis via ImageJ. Two-way ANOVA 
with Tukey’s multiple comparisons test. Injury Model Condition (p=.040), Interaction (p=.064). Error bars indicate the mean +/- 
standard deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***), (p<.0001, ****). 
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Figure 4.3. Rac1 palmitoylation is not required for ACF migration or TGFβ1-induced 
activation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Rac1 palmitoylation is not required for ACF migration or TGFβ1-induced activation. (A) Quantification of αSMA+ 
cells via ImageJ, n=3. Two-way ANOVA with Tukey’s multiple comparisons test, Drug Treatment (p<.0001), Interaction 
(p=.970), (B) representative images of αSMA+ assay in Rac1 ConKI fl/fl ACFs treated with Ad-pLpA (Ctrl) or Ad-Cre (Rac1 KI) 
treated with saline or TGFβ1 (10 ng/ml, 72 hours). Scale bar represents 100 µm, (C-G) mRNA level quantification of various pro-
fibrotic genes in Ctrl or Rac1 ConKI ACFs treated with or without TGFβ1 (10 ng/ml, 72 hours), n=3. Two-way ANOVA with 
Tukey’s multiple comparisons test; Postn Drug Treatment (p=<.0001), Interaction (p=.24), Tcf21 Drug Treatment (p=.107), 
Interaction (p=.80), Col1a1 Drug Treatment (p=.0006), Interaction (p=.99), Col1a2 Drug Treatment (p=.013), Interaction 
(p=.44), Nox4 Drug Treatment (p= .0017), Interaction (p=.32), (H) NFAT luciferase promoter activity quantification in Ctrl or 
Rac1 KI ACFs treated with or without TGFβ1 (10 ng/ml, 48 hours), n=3. Two-way ANOVA with Tukey’s multiple comparisons 
test; NFAT-Luc Drug Treatment (p=<.001), Interaction (p=.045), (I) SRE luciferase promoter activity quantification in Ctrl or 
Rac1 KI ACFs treated with 1% or 20% FBS for 48 hours, n=3. Two-way ANOVA with Tukey’s multiple comparisons test, SRE-
Luc Drug Treatment (p=<.0001), Interaction (p=.017), (J) Quantification of scratch area via ImageJ, n=5. Students T-test 
(p=.716), (K) Representative images of scratch assay at 0 and 24 hours in primary Ctrl or Rac1 KI ACFs Scale bar represents 
500µm. Error bars indicate the mean +/- standard deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***), 
(p<.0001, ****). 
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Chapter V: General Discussion 
 

Conclusions 

 Extracellular matrix (ECM) dysregulation can accompany a wide variety of 

cardiovascular diseases (CVDs), leading to maladaptive collagen accumulation, scar formation, 

and the development of cardiac fibrosis (Bretherton et al., 2020; Frangogiannis, 2021; Jiang et 

al., 2021; Kong et al., 2014). Cardiac fibrosis can impair contractility, induce diastolic 

dysfunction, potentiate arrhythmias, and ultimately contribute to heart failure (Frangogiannis, 

2021; Kazbanov et al., 2016; Liu et al., 2022; Reed et al., 2011). Cardiac fibroblasts are the 

principal cellular mediators of this process, playing key roles in the generation and maintenance 

of the cardiac ECM at baseline, as well as scar formation in the injured heart (Fan et al., 2012; 

Tallquist, 2020; Tallquist & Molkentin, 2017). In response to injury, these cells are sensitive to a 

host of chemical and mechanical stimuli that originate in the diseased heart that regulate their 

activation and contribution to scar formation (Bretherton et al., 2020; Kanisicak et al., 2016; 

Tallquist & Molkentin, 2017). Given the increased understanding of the importance of these cells 

in heart physiology, substantial attention has been placed on elucidating the signaling pathways 

that mediate the cardiac fibroblast activation response (Bertaud et al., 2023; Bretherton et al., 

2020; Herum, Lunde, et al., 2017). While advances have been made toward understanding the 

signaling pathways critical to regulating cardiac fibroblast activation, there is still uncertainty in 

how these signaling pathways coordinate the disease-dependent responses seen in the fibrotic 

developments accompanying CVD (Kong et al., 2014; Zeigler et al., 2016). The post-

translational lipid modification palmitoylation has been increasingly implicated in the signaling 
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of cancer, immune disorders, neurological disorders, and recently, cardiomyocyte hypertrophy 

and exocytosis (Baldwin et al., 2023; Cai et al., 2023; Cho & Park, 2016; De & Sadhukhan, 

2018; Essandoh et al., 2020; Essandoh et al., 2023; Main & Fuller, 2022). While novel roles for 

palmitoylation in cardiac signaling regulation have emerged, as well as ways in which 

palmitoylation regulates fibrotic signaling in other cell types (Baldwin et al., 2023; Navarro-

Lérida et al., 2012; Tsutsumi et al., 2009; Xu et al., 2023; Zhang et al., 2020), there is an absence 

of existing literature detailing how cardiac fibroblast signaling pathways may be influenced by 

the PTM. To this end, we performed the foremost investigations into this area through the works 

presented in the previous chapters. 

Cardiac fibroblast researchers rely upon in vitro model systems to investigate signaling 

pathways that contribute to fibroblast activation (Landry et al., 2019). As a result of their role in 

sensing the cardiac microenvironment and modulating the ECM, cardiac fibroblasts are acutely 

sensitive to mechanical forces and the stiffness of the surrounding heart tissue (Gilles et al., 

2020; Landry & Dixon, 2020; Meagher et al., 2021). Mechanosensitive signaling mechanisms in 

these cells induce their activation in order to respond to injury, resulting in the myofibroblast 

phenotype and associated increases in proliferation, collagen synthesis and deposition, and 

cytokine secretion (Herum, Lunde, et al., 2017; Landry & Dixon, 2020; Landry et al., 2019; 

Meagher et al., 2021). Cardiac fibroblasts have gained notoriety for how their 

mechanosensitivity yields major difficulty in their study in vitro, as a quiescent population of 

primary cardiac fibroblasts quickly becomes highly activated in culture (Landry et al., 2019). 

High-baseline activation present in traditional cell culture plastic and glass dishes majorly 

reduces the dynamic range necessary for effective study of activation in these cells, as even 

treating with TGFβ1 cannot provide a meaningful induction relative to the control group even in 
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the absence of stimulation (Herum, Choppe, et al., 2017; Landry et al., 2019, 2021). As such, 

cardiac fibroblast researchers have developed ways to overcome this issue by conducting cell 

culture experiments in a more physiologic in vitro environment. To do this, researchers have 

turned to the use of “soft” substrate-coated dishes that can replicate the endogenous 5-10 kPa 

stiffness rating of the heart and allow for a longer fibroblast quiescence in culture (Cheng et al., 

2021; Landry et al., 2019, 2021; Morningstar et al., 2021; Shiraishi et al., 2023; Wang et al., 

2021). In the recent past, commercially available options have arisen that provide a way for 

researchers to maintain inactivated cells. However, they can be prohibitively expensive, reducing 

their accessibility.  

Our attempts at investigating cardiac fibroblast activation involved TGFβ1-induction on 

traditional glass coverslips prior to the development of this protocol. Using conventional 

methods, baseline activation of primary ACFs was consistently ~90-100% positive for αSMA, 

irrespective of saline or TGFβ1 treatment. Thus, the attempts at answering our experimental 

questions were largely in vain as the baseline activation was too high to effectively induce an 

activation difference with pro-fibrotic agonists. To this end, we developed the protocol described 

here for the in-house generation of 8 kPa polydimethylsiloxane (PDMS)-based soft substrates for 

use in cardiac fibroblast cell culture. This protocol controls for a number of variables that 

influence cardiac fibroblast activation in vitro, including stiffness, total plated time, media, 

serum conditions, transduction efficiency, confluency, and TGFβ1 treatment time course. 

Attaining quiescent fibroblasts from the development of these assay conditions was instrumental 

in beginning to answer our experimental questions surrounding the involvement of S-

acyltransferases and palmitoylation-mediated signaling in the heart. Additionally, the 

accessibility of lab-generated coverslips coated with 8kPa PDMS will likely be useful for other 
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cardiac fibroblast researchers who are similarly struggling with high baseline activation in their 

assays. 

Following the development and optimization of the in vitro assay conditions, we 

conducted the first probes into the role of S-acyltransferases in the realm of cardiac fibroblast 

biology. Outside of cardiac signaling, zDHHC3 is known to regulate a number of pro-fibrotic 

signaling pathways, including STAT3, Rac1, and Gαq (Baldwin et al., 2023; Navarro-Lérida et 

al., 2012; Tsutsumi et al., 2009; Zhang et al., 2020). Thus, we originally hypothesized that 

zDHHC3-mediated palmitoylation would be critically involved in pro-fibrotic signaling 

pathways in cardiac fibroblasts, and that the deletion of Zdhhc3 in vitro and in vivo would yield 

reductions in myofibroblast transformation and the development of fibrosis in response to injury, 

respectively. However, at the completion of our in vitro works investigating this hypothesis, it 

appears as though TGFβ1-induced signaling pathways were not reliant on zDHHC3 activity. 

αSMA positivity and pro-fibrotic gene expression in response to TGFβ1 were largely unaffected 

by the deletion of Zdhhc3 in vitro. Similarly, cardiac fibroblast migration was consistent with 

controls in Zdhhc3 KO cells.  

Following the lack of a cardiac fibroblast activity phenotype in response to TGFβ1, an in 

vivo myofibroblast Zdhhc3 KO model was generated in order to test for the dependence of 

cardiac fibroblast activation on this enzyme in contexts not adequately assessed as part of the in 

vitro experiments detailed here. Of course, it could be hypothesized that there would not be a 

reduction to in vivo fibrosis according to the Zdhhc3 KO αSMA data response and lack of 

changes to activated fibroblast marker genes. Alternatively, we considered that it is also possible 

that zDHHC3 is not required for TGFβ1-induced activation, but plays a more essential role in 

other pathways not specifically altered through the in vitro analyses. While TGFβ1-induced 
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signaling is at the forefront of key pathways involved in activation, we hypothesized that an in 

vivo system that contains the full physiologic complexity of coordinated activation pathways 

may be more sensitive to the absence of Zdhhc3. Additionally, in vitro assays involve only one 

cell type, and given the possibility that Zdhhc3 was required for a critical interaction between 

cardiac fibroblasts and other cells in the heart such as cardiomyocytes or immune cells, an in 

vivo system was necessary to explore these outcomes. However, in vivo myofibroblast-specific 

Zdhhc3 KO did not yield a cardiac phenotype compared to control animals, suggesting that 

cardiac hypertrophy and fibrosis are not dependent on zDHHC3 in cardiac fibroblasts.  

 To investigate the role of these enzymes in cardiac fibroblast biology, our major strategy 

involved the targeted deletion of an individual enzyme and evaluating common metrics of 

fibroblast activation. While in many cases this is sufficient in inducing phenotypic changes, the 

potential for compensatory responses by other S-acyltransferases remained a major confounding 

factor in the interpretation of these results. The lack of an anti-fibrotic phenotype in vitro and in 

vivo in our Zdhhc3 KO models led us to hypothesize that other enzymes may be compensating 

for the loss of zDHHC3. In consideration of which enzymes were most likely to provide this 

compensation, zDHHC7 has the greatest sequence homology with zDHHC3 of the S-

acyltransferases, and is known to maintain an overlapping substrate profile with zDHHC3 

(Baldwin et al., 2023; Tsutsumi et al., 2009; Zhang et al., 2020), and as such, the continuation of 

this line of research involved determining whether zDHHC7 was compensating for the loss of 

zDHHC3 in pro-fibrotic signaling through knocking out both enzymes simultaneously. 

Concurrently, we decided to investigate whether zDHHC7 signaling was required independently 

of zDHHC3 to further characterize the potential differences between the involvement of these 

enzymes in pro-fibrotic signaling. Surprisingly, besides a slightly decreased induction of 
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expression of the myofibroblast marker gene Postn, Zdhhc7, and Zdhhc3/7 KO cardiac 

fibroblasts responded similarly to controls in expression of pro-fibrotic genes in vitro and did not 

exhibit any differences in NFAT or NFκB transcription factor activity in response to TGFβ1. 

While Zdhhc7 KO ACFs exhibited a reduction in migratory ability in vitro, this result may not 

ultimately be physiologically relevant, as our in vivo studies indicate that mice with Zdhhc7 KO 

and Zdhhc3/7 KO in fibroblasts respond similarly to controls in response to AngII/PE-mediated 

cardiac injury. 

At the conclusion of these investigations, it appears that zDHHC3 and zDHHC7 in 

cardiac fibroblasts are not essential for TAC and AngII/PE-induced hypertrophy and cardiac 

fibrosis. Considering the previously reported involvement of palmitoylation in the regulation of 

pro-fibrotic signaling proteins by these enzymes (Baldwin et al., 2023; Navarro-Lérida et al., 

2012; Tsutsumi et al., 2009; Zhang et al., 2020), the lack of a phenotype was somewhat 

surprising. However, these results are consistent with the adjacent findings that deletion of 

Zdhhc3 and Zdhhc7 in cardiomyocytes did not result in major changes to injury-induced cardiac 

remodeling (Baldwin et al., 2023). While there was substantial evidence for zDHHC3 

involvement in Rac1 palmitoylation and activation of Rho family GTPases, as well as 

cardiomyocyte zDHHC3 activity majorly contributing to the development of cardiac remodeling, 

deletion of both Zdhhc3 and Zdhhc7 in cardiomyocytes did not result in protection from chronic 

hypertrophy in response to an 8-week TAC time-course and AngII infusion (Baldwin et al., 

2023). The combination of these results indicate that these enzymes are not explicitly required 

for the hypertrophic and fibrotic remodeling processes in the heart in either cardiomyocytes or 

cardiac fibroblasts. 
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Though, there are a number of important limitations to consider in the interpretation of 

these results. These experiments largely relied upon genetic strategies where either S-

acyltransferase whole-body knockout or LoxP-targeted mice were used to explore the 

dependence of fibroblast activation on individual zDHHCs. This is in large part due to the lack of 

individual zDHHC inhibitors, precluding us from using small molecule strategies to inhibit S-

acyltransferase activity and determine the consequences on cardiac fibroblast activation (Lan et 

al., 2021). While pan-zDHHC inhibitors such as 2-bromopalmitate (2-BP) and cyanomethyl-N-

myracrylamide (CMA) are capable of inhibiting palmitoylation at a global scale within the cell, 

it is difficult to draw meaningful conclusions from these results given how many signaling 

pathways rely upon palmitoylation to regulate their activity (Azizi et al., 2021; Davda et al., 

2013). Furthermore, as 2-BP and CMA are not appropriate for use in vivo, experimental 

conclusions can be drawn using these compounds only from cellular applications. Thus, it 

remains a possibility that further enzymatic activity mediated by additional S-acyltransferases 

outside of zDHHC3 and zDHHC7 could be compensating for the loss of these enzymes; other 

enzymes may be more essential for regulating pro-fibrotic signaling in CFs, or that zDHHC 

enzymes simply do not play an appreciable role in CF activity. The individual knockout 

strategies detailed here only included 2 of the 23- known S-acyltransferases expressed in 

mammals. Aside from Zdhhc3 and Zdhhc7, recent single-cell RNA sequencing data has 

determined that roughly half of the S-acyltransferases are expressed in cardiac fibroblasts, 

including Zdhhc1, Zdhhc2, Zdhhc5, Zdhhc6, Zdhhc13, Zdhhc14, Zdhhc15, Zdhhc17, Zdhhc20, 

and Zdhhc21 (Chaffin et al., 2022). 

Aside from the notion of enzymatic compensation, it is also relevant that these 

experiments only included murine models of heart disease and a limited assessment of the stress-
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inducible pathways at play in cardiac fibroblasts. Of course, mouse models of cardiac disease are 

well established (Jia et al., 2020), though one additional possibility is that due to differences in 

the physiology in the mouse heart, the loss of zDHHC3 and zDHHC7 is not eliciting a phenotype 

that would otherwise be present in the human heart. Repeating these experiments with an 

alternative animal model, such as rabbits, would likely be more indicative of the true importance 

of these enzymes in cardiac fibroblast biology, given that their hearts more closely approximate 

human cardiac physiology compared to mice (Hornyik et al., 2022). However, our reliance on 

genetic strategies is a major impetus for using mice in order to generate a technically feasible and 

cost-effective model. Furthermore, these analyses were not an exhaustive characterization of the 

role of these enzymes in every aspect of cardiac biology. Additional metrics of cardiac biology 

that were not measured, such as intercellular communication, arrythmias, and fibroblast-

mediated inflammation, could prove to be more reliant on zDHHC3 and zDHHC7 signaling. Our 

focus specifically on ventricular fibrosis is informed by commonly established cardiac injury 

models such as TAC and AngII/PE infusion, which show a direct link between pressure overload 

and ventricular remodeling, as well as AngII/PE-induced ventricular hypertrophy  (Mazzolai et 

al., 2000; Platt et al., 2018; Yasunari et al., 2005). However, changes to atrial fibroblast 

activation when zDHHC3 and zDHHC7 are absent are also a possibility. Atrial fibrosis is a major 

contributor to the generation of atrial fibrillation (Ma et al., 2021), and thus, changes to atrial 

fibrosis in Zdhhc3 and Zdhhc7 KO conditions could be contributing to the generation of 

arrhythmias in the heart that would be unnoticed given our focus specifically on ventricular 

remodeling and function. Even within the ventricles, our analyses did not include assessments of 

cardiac arrhythmias, which could potentially present due to changes in ECM remodeling. With 

that being said, due to the significant differences in heart rate and electrophysiology between 
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mouse and human hearts (Kaese & Verheule, 2012), experiments in mice would not necessarily 

elucidate phenotypes present in human physiology.  

An additional limitation is that the in vitro component of these analyses solely focused on 

myofibroblast transformation induced with TGFβ1 due to its major involvement in eliciting this 

phenotype (Frangogiannis, 2020). As discussed previously, a variety of pathways stimulated by 

other agonists such as AngII, IL6, and even mechanical stress are involved in cardiac fibroblast 

activation, and it is possible that S-acyltransferase activity may be more essential downstream of 

non-TGFβ1-induced pathways (Bertaud et al., 2023; Bretherton et al., 2020; Herum, Lunde, et 

al., 2017). In practice, the induction of murine cardiac fibroblast activation with agonists aside 

from TGFβ1 can be difficult to achieve, in part due to the technical limitations associated with 

mechanical stiffness of in vitro cell culture. Nonetheless, as a result of the sole use of TGFβ1 in 

our in vitro analyses, it cannot be concluded that zDHHC3 and zDHHC7 are not required for 

activation downstream of other pro-fibrotic ligands. 

Given the importance of collagen in cardiac scar formation, staining for collagen with 

picrosirius red (PSR) is a common strategy for quantifying ECM remodeling (Fu et al., 2018; 

Khalil et al., 2019; Vogel et al., 2015). However, the assessment of fibrosis using PSR staining of 

collagen in histologic sections of the heart can present technical challenges. The lack of 

sensitivity in this method in being able to detect subtle or even substantial changes to collagen 

accumulation is a significant limitation of the assessment of fibrosis with PSR, as highlighted by 

previous works assessing cardiac ECM remodeling via PSR as well as mass spectrometry 

(Travers et al., 2021). In these data, they found no observable differences in fibrosis as measured 

by PSR in response to their cardiac injury model, however, assessment of cardiac ECM-fraction 

proteins with mass spectrometry indicated that over 100 proteins were upregulated in the injured 



199 

mouse hearts relative to controls (Travers et al., 2021). Thus, the sensitivity of picrosirius red 

staining can be inadequate in detecting changes to collagen levels and ECM changes in cardiac 

sections, even when significant changes to ECM composition are present as assessed by more 

sensitive testing such as mass spectrometry (Travers et al., 2021). The interpretations of our data 

in terms of determining the reliance of fibrotic responses on S-acyltransferases in CFs are 

similarly limited due to the lack of sensitivity present in this assay. It is thus possible that 

utilizing alternative measurements of cardiac ECM composition may have resulted in the 

elucidation of more subtle differences between control and Zdhhc3/7 KO mice that were not 

obvious in PSR quantification. Further, collagen is only one of hundreds of proteins involved in 

the ECM, and thus, the conclusions drawn from our PSR staining data only represent potential 

changes to a single ECM protein, and any other changes to ECM remodeling in response to the 

loss of these enzymes would not be detected. Finally, the level of variability present between 

samples, even within the same injury model condition, can result in statistical variability and 

necessitate the use of increased sample sizes to achieve enough statistical power to properly 

compare groups.  

 In recognition of the possibility of enzymatic compensation, modulating palmitoylation 

involvement via the Rac1 C178S mutation provided an alternative analysis into how this PTM 

may be influencing a specific signaling protein involved in cardiac fibroblast activation. Due to 

the involvement of Rac1 in fibroblast activation and migration (Kunschmann et al., 2019; Lavall 

et al., 2017; Liu et al., 2009; Lyu et al., 2021; Ma et al., 2023; Martínez-López et al., 2021), as 

well as its known regulation by palmitoylation (Baldwin et al., 2023; Navarro-Lérida et al., 

2012), we originally hypothesized that ACFs with a Rac1 C178S mutation would exhibit blunted 

myofibroblast transformation when stimulated. Our in vitro analyses using the Rac1 KI ACFs 
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indicate that TGFβ1-mediated activation in terms of elevated αSMA expression and pro-fibrotic 

gene mRNA levels can occur in the absence of Rac1 palmitoylation. This result could, in part, be 

due to the fact that Rac1 is not directly downstream of TGFβ1-mediated signaling, and it may be 

more likely that induction from other agonists, including those signaling through Gαq, would be 

blunted by the Rac1 palmitoylation mutant. However, these results are further complicated by the 

result that Rac1 palmitoylation mutant cardiac fibroblasts contrastingly exhibited heightened 

NFAT and SRF transcription factor activity in response to TGFβ1. This result indicates that Rac1 

palmitoylation is required for the proper activation response of NFAT and SRF downstream of 

TGFβ1 in CFs and that the loss of Rac1 palmitoylation alters the proper signaling in such a way 

that increases NFAT/SRF activation. Changes to Rac1 localization and interaction with effector 

proteins could contribute to this effect, as depalmitoylated Rac1 could have an increased ability 

to promote signaling that increases NFAT and SRF activity. Compensatory pathways at play 

could induce NFAT and SRF activation in response to the loss of pro-fibrotic stimulation from 

Rac1 when its palmitoylation is prevented. Further investigations are required to determine how 

palmitoylation of Rac1 regulates NFAT and SRF activity in ACFs. While previous reports 

investigating Rac1 regulation by palmitoylation showed that overexpression of a Rac1 

palmitoylation deficient mutant induced migration deficits in COS7 cells (Navarro-Lérida et al., 

2012), in our model, primary ACFs with Rac1 palmitoylation deficiency at endogenous levels 

did not produce obvious defects in migratory ability at 24 hours. This result could be attributed 

to cell-specific differences, or potentially that the supraphysiological levels of palmitoylation 

deficient Rac1 in their overexpression system elicited a dominant negative effect (Navarro-

Lérida et al., 2012). Further, Rac1 palmitoylation may be more required for signaling in response 

to stress, and thus, stimulation may be required to elicit a migratory phenotype not seen at 
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baseline in the absence of treatments. Finally, Rac1-mediated regulation of cytoskeletal 

organization, such as lamellipodia formation, cell spreading, and adhesion not measured here, 

could be more dependent on Rac1 palmitoylation and represent potential areas of future research.  

Future Directions 

Explorations into the role of palmitoylation in cardiac fibroblast signaling are in their 

infancy, and many exciting avenues of study remain to discover how the signaling pathways 

underlying fibroblast activation are modulated by this PTM in cardiac fibroblasts. Our major 

strategy involved the targeted deletion of individual enzymes and evaluating common metrics of 

fibroblast activation. While, in many cases, this is sufficient in inducing phenotypic changes, the 

potential for compensatory responses by other S-acyltransferases remains a possibility. As 

mentioned previously, there are a number of other S-acyltransferases that are expressed in ACFs, 

which may prove essential for the activation process and the development of fibrosis (Chaffin et 

al., 2022). 

Further phenotyping could be considered to look into how other S-acyltransferases 

expressed in ACFs participate in the activation process. In future efforts to establish the 

importance of these enzymes in fibroblast biology, the utilization of individually deleted 

enzymes using KO mouse models may not be the optimal route. Alternatively, one strategy that 

could be undertaken would be to conduct a screen for S-acyltransferases expressed in cardiac 

fibroblasts using a quiescent population of human cardiac fibroblasts treated in the control 

condition and in response to a panel of pro-fibrotic ligands. To test for the dependence of these 

enzymes in αSMA expression, populations of quiescent fibroblasts could be treated with agonists 

such as TGFβ1, AngII, and IL6 following treatment with siRNAs targeting individual S-

acyltransferases known to be expressed in cardiac fibroblasts. Combinatorial treatments could 
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additionally be conducted by grouping siRNAs for related enzymes in terms of sequence 

homology or cellular location. While this strategy would not be able to provide in vivo results, 

they could inform the generation of future animal models with genetic deletion of an enzyme or 

enzymes that exhibits a phenotype using the in vitro screen.  

An additional area of future investigation is the global assessment of changes in 

palmitoylation levels of the cardiac fibroblast proteome between quiescent and activated cells. 

One of the foundational hypotheses for these works is that the signaling underlying 

myofibroblast transformation involves changes in the palmitoylation of proteins involved in 

these activation pathways. While single enzyme deletion approaches can be undertaken to 

investigate this, the literature on fibrotic signaling influencing palmitoylation remains quite 

limited at present, resulting in a limited data set from which to draw promising candidate 

proteins. One alternative strategy to navigate this is by performing a proteome-wide assessment 

of how protein palmitoylation levels of cardiac fibroblasts change in response to pro-fibrotic 

agonists. To test this, a quiescent population of cardiac fibroblasts could be activated with a pro-

fibrotic stimulus such as TGFβ1 or AngII, presumably resulting in changes to the palmitoylation 

levels of substrates involved in the activation process. Techniques such as acyl resin-assisted 

capture and acyl-biotin exchange yield the capability to affinity-purify palmitoylated proteins 

(Baldwin et al., 2023; Buffa et al., 2023; Essandoh et al., 2023), allowing for analysis via mass 

spectrometry to quantify differences in substrate palmitoylation at the proteome level between 

the activated fibroblasts and a quiescent control. These data can provide insights into which 

proteins exhibit the largest differences in palmitoylation levels as part of the myofibroblast 

induction process, and upon determining a selection of promising candidate proteins, follow-up 

experiments to verify changes in their palmitoylation levels could be performed. A sufficiently 
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powered and controlled study could provide a highly novel and informative dataset of changes to 

cardiac fibroblast protein palmitoylation in response to TGFβ1, providing direction for a 

subsequent in-depth characterization of candidate proteins that had significant up or down-

regulation of their palmitoylation levels. The opportunity for a comparison between other 

agonists is present as well, allowing for the uncovering of agonist-specific differences in 

directing the signaling responses underlying cardiac fibroblast activation. Overall, the generation 

of a data set of this type represents a favorable direction in terms of future inquiries in how 

substrate palmitoylation levels change in the ACF activation process. Future works that establish 

the importance of a particular pro-fibrotic substrate could potentially explore therapeutic 

strategies for inhibiting palmitoylation signaling, such as through APT inhibitors, compounds 

that inhibit enzyme/substrate interactions, or compounds that prevent substrate palmitoylation 

through cysteine alkylation (Chen et al., 2023; Hansen et al., 2018; Hansen et al., 2019; Moors et 

al., 2023; Zhang et al., 2020). 

 The result that Rac1 palmitoylation appears to be required for the proper induction of 

NFAT and SRF in response to TGFβ1 is intriguing, and further experiments could be conducted 

to characterize the consequences of this mutation in cardiac fibroblast signaling. A GTP-loading 

assay could provide evidence for how the loss of Rac1 palmitoylation influences its activation in 

CFs. Western blots for a panel of pro-fibrotic signaling proteins may also be illuminating as to 

whether there are changes to signaling protein activation levels in response to TGFβ1 in control 

ACFs and Rac1 palmitoylation mutant ACFs. To further explore the role of Rac1 palmitoylation 

in cardiac fibroblast activation, Rac1 ConKI mice could be crossed with a fibroblast specific Cre 

line such as PostnMCM, Tcf21MCM, or Pdgfra-CreERT2 to generate myofibroblast or cardiac 

fibroblast-specific knock-in mice (Chung et al., 2018; Kanisicak et al., 2016), which could be 
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used to assess in vivo the dependence of cardiac remodeling on Rac1 palmitoylation. Given the 

increased NFAT and SRF activity seen in vitro, this mutation may yield an in vivo phenotype due 

to alterations in transcription factor activity. 

 Aside from these general areas of inquiry intended to generate new leads for further 

enzyme or substrate characterization, one interesting area of future work in the context of cardiac 

fibroblast signaling involves directly evaluating how Gaq regulates cardiac fibroblast signaling 

and how palmitoylation contributes to its signaling ability. As discussed in previous sections, Gaq 

signaling is initiated downstream of many GPCRs known to be involved in fibroblast activation 

and the development of fibrosis, including angiotensin II type I receptor (AT1R), the adenosine 

A2B receptor, the α1 adrenergic receptor, and endothelin 1 (ET1) receptors A and B (Alter et al., 

2023; Bai et al., 2013; Duangrat et al., 2023; Duangrat et al., 2022; Wang et al., 2016). Recent in 

vitro studies highlight the importance of Gaq in cardiac fibroblast signaling, and showed that the 

inhibition of Gaq using the small molecule inhibitor FR900359 (Schlegel et al., 2021) 

significantly reduced AngII-mediated, as well as ET1-mediated human cardiac fibroblast 

activation (Duangrat et al., 2023; Parichatikanond et al., 2023). Despite this, direct investigations 

into the relative contribution of Gaq in mediating ACF activation are lacking, and little is known 

about how Gaq palmitoylation may be regulating the downstream signaling of the many pro-

fibrotic agonists that activate CFs. Preliminary investigations into this area from our lab provide 

evidence that Gaq inhibition with FR900359 significantly reduces TGFβ1-induced increases in 

NFAT and NFκB activity (Figure 5.1A, B). Further, induction of SRF activity with high serum 

concentrations was also significantly reduced with FR900359 treatment (Figure 5.1C). Future 

experiments aimed at determining the signaling protein changes that are contributing to these 

effects, as well as those involved downstream of Gaq-coupled receptors, would provide key 
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information toward unraveling the importance of Gaq in cardiac fibroblast signaling. While 

previous reports have determined that Gaq is palmitoylated by zDHHC3 and zDHHC7 (Tsutsumi 

et al., 2009), the consequences of this modification on Gaq signaling similarly remain quite 

limited. We hypothesize that regulation of Gaq by palmitoylation contributes to its plasma 

membrane localization, and that disrupting the palmitoylation of Gaq may abrogate the 

fibrogenic signaling pathways it is involved in and reduce myofibroblast formation in vitro and 

fibrosis in the heart in vivo. Potentially promising areas of future research include determining 

whether Gaq palmitoylation influences its localization, ability to associate with GPCRs, and 

whether activation of Gaq-coupled GPCRs can initiate PLC activation and intracellular calcium 

increases in the absence of Gaq palmitoylation. Further, if disruptions in signaling are observed, 

additional studies could focus on characterizing the influence of these changes on cardiac 

fibroblast activation in vitro and remodeling in the heart in vivo. These studies would provide 

crucial evidence for how palmitoylation modifies the activity of this crucial fibroblast regulatory 

protein and advance our understanding of GPCR-related signaling in general. 

 In conclusion, the field of cardiac fibroblast biology continues to expand, and there is an 

abundance of ongoing explorations into the intricacies of ACF signaling processes that facilitate 

cardiac fibroblast activation. The contributions of S-acyltransferases to cardiac fibroblast biology 

remain incompletely understood, prompting the need for continued research in exploring critical 

enzymes that may be regulating cardiac fibroblast activation pathways. Future investigations into 

this area may uncover additional roles for these enzymes in the facilitation of substrate signal 

transduction and determine the consequences of these modifications on downstream remodeling 

in the heart. Further characterization of these signaling pathways will likely contribute to the 
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identification of novel and clinically relevant targets and potentially lead to unique future 

strategies for the treatment of cardiac fibrosis.  
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Chapter V Figures 

Figure 5.1. Gαq Inhibition with FR900359 Reduces Pro-fibrotic Transcription Factor 
Activity in Adult Cardiac Fibroblasts 
 

 

 

 

 

 

 

 

 

Figure 5.1: Gαq Inhibition with FR900359 Reduces Pro-fibrotic Transcription Factor Activity in Adult Cardiac Fibroblasts. (A) 
NFAT luciferase promoter activity quantification in WT ACFs treated with either saline or TGFβ1 (10 ng/mL) +/- the Gαq inhibitor 
FR900359 (1 µM) (Cayman, #33666) for 48 hours, n=3-6. All FR900359-treated samples were pre-treated with FR900359 for 1 hour 
prior to experimental time course. One way ANOVA with Tukey’s multiple comparisons test, (p=.0001), (B) NFκB luciferase promoter 
activity quantification in WT ACFs treated with either saline or TGFβ1 (10 ng/mL) +/- FR900359 (1 µM) for 48 hours, n=3-6. All 
FR900359-treated samples were pre-treated with FR900359 for 1 hour prior to experimental time course. One way ANOVA with 
Tukey’s multiple comparisons test, (p=.0010), (C) SRE luciferase promoter activity quantification in WT ACFs treated with either 1% 
FBS or 20% FBS +/- FR900359 (1 µM) for 48 hours, n=4. All FR900359-treated samples were pre-treated with FR900359 for 1 hour 
prior to experimental time course. One way ANOVA with Tukey’s multiple comparisons test, (p<.0001). Error bars indicate the mean 
+/- standard deviation, significance denoted as (p<0.05, *), (p<0.01, **), (p<.001, ***), (p<.0001, ****). 
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