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ABSTRACT OF THE DISSERTATION 

 

The Potential Role of Pericytes and  

Genetic Regulation of Fibroblasts in Cardiac Fibrosis 

by 

Shuin Park 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2020 

Professor Reza Ardehali, Chair 

 

Cardiovascular disease (CVD) is the leading cause of mortality in the developed world 

and is exacerbated by the presence of cardiac fibrosis. Cardiac fibrosis is defined as the  

accumulation of extracellular matrix (ECM) proteins that form scar tissue. The presence of fibrosis 

in the heart can lead to arrhythmia and reduced contractility, increasing the risk for heart failure. 

There is currently a deficit of effective treatments to prevent or reverse the process of developing 

cardiac fibrosis in CVD. Studies are currently focused on understanding the complex myriad of 

cells that contribute to this process. This dissertation focuses on two different cell types in the 

heart and their contributions to fibrosis: pericytes and fibroblasts. Understanding these cells and 

their roles in cardiac fibrosis may unveil potential therapeutic targets for treating CVD. 

Cardiac pericytes are a heterogeneous mural cell population that interact closely with 

endothelial cells to maintain vascular stability. Pericytes in other organs have previously been 

reported to also play a functional role in ischemic injury response. Findings in spinal cord injury 

or kidney ischemia have identified pericytes to express ECM proteins and directly contribute to 

the formation of scar tissue. In order to determine whether pericytes in the heart play a similar 

role, we used NG2CreER/+ mice to lineage-trace NG2+ cardiac pericytes and determined that a 

subset of these cells proliferate and express ECM proteins after myocardial infarction (MI). 
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However, due to the heterogeneity of the pericyte population, we noted that NG2 may only label 

a subpopulation of pericytes in the heart. Therefore, we developed a protocol in which pericytes 

could be enriched for analysis at the single cell resolution without using any markers. By using 

this protocol on uninjured murine hearts and hearts that had undergone MI, we identified a 

subpopulation of pericytes that are potentially responsive to injury. These findings provide a 

foundation for future studies on cardiac pericytes and their functional role in cardiac fibrosis. 

Cardiac fibroblasts (CFbs) are known to be the major cellular source for ECM proteins in 

the heart. We sought to answer two questions regarding this cell type: 1) whether CFbs from 

various genetic backgrounds contribute to fibrosis uniquely and 2) whether CFbs express any 

circulating biomarkers that can be used for detecting fibrosis. CFbs from mice with varying 

susceptibility to isoproterenol-induced cardiac fibrosis were characterized based on their levels of 

proliferation and activation. While levels of activation correlated with extent of fibrosis, the levels 

of proliferation in these cells did not. We then looked at secreted proteins that were expressed by 

CFbs after injury and validated a significant decrease in circulating levels of the full-length CILP 

protein in heart failure patients compared to healthy volunteers. These findings support the 

growing body of research being done on CFbs and their role in developing cardiac fibrosis. 
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CARDIAC FIBROSIS 

Significance of Studying Cardiac Fibrosis 

Cardiovascular disease (CVD) is the leading cause of mortality in the world and is exacerbated 

by the presence of cardiac fibrosis, defined by the accumulation of non-contractile extracellular 

matrix (ECM) proteins1. Upon ischemic injury or pressure overload, the heart undergoes a 

dynamic remodeling process that results in the formation of scar tissue. As the heart lacks the 

regenerative capacity to replace fibrotic tissue with healthy myocardium, the presence of scar  

can have lasting effects on cardiac function. Buildup of ECM proteins can lead to reduced 

contractility of the heart (lower ejection fraction) and result in arrhythmias, increasing the risk of 

heart failure and death2,3. Despite the prevalence of CVD, there is a lack of therapies targeting 

the inhibition or reversal of cardiac fibrosis. It has been a challenge to develop novel therapies 

due to the overall complexity of the process in which cardiac fibrosis is developed. By 

understanding the various cell types that contribute to scar formation, and the molecular 

mechanisms that drive these cells, we may unveil promising therapeutic targets for the treatment 

of cardiac fibrosis. 

  

Types of Cardiac Fibrosis 

Cardiac fibrosis can be categorized into three general forms, depending on the etiology of injury4,5. 

First, there is reactive interstitial fibrosis which is fibrosis that develops without loss of healthy 

cardiomyocytes. The fibrotic tissue is generally more diffuse and is seen in more chronic forms of 

cardiac injury, such as pressure overload injury or aging. Second, there is infiltrative interstitial 

fibrosis, which is found in association with infiltrative diseases (such as amyloidosis) or other rare 

genetic disorders (such as lysosomal storage disease). Anderson-Fabry disease is an example 

of lysosomal storage disease in which glycoplipid deposits accumulate in different cell types6,7. 

Finally, there is replacement fibrosis, in which fibrotic tissue takes the place of what used to be 

healthy myocardium. In the event of an acute ischemic injury, such as myocardial infarction, many 
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cardiomyocytes undergo cell death. The formation of fibrotic tissue to replace this dead tissue is 

critical in preserving the integrity of the heart, thickening the ventricular wall, and preventing 

cardiac rupture8. Regardless of the type of fibrosis, the long-term presence of cardiac fibrosis can 

have detrimental effects on overall cardiac function. 

 

Murine Models of Cardiac Fibrosis 

Myocardial Infarction 

While there are a variety of CVD etiologies, myocardial infarction (MI) is one of the most common, 

with more than 3 million cases in the United States per year. In MI, a blocked coronary artery 

restricts blood flow to part of the heart, resulting in the death of cardiomyocytes9,10. As 

cardiomyocytes undergo necrosis and apoptosis, there is a need to clear the dead myocardium, 

while maintaining stable blood flow throughout the body. An initial inflammatory response 

becomes activated, driving the release of cytokines and chemokines within the 

microenvironment11. Leukocytes, such as neutrophils, infiltrate the damaged myocardium and 

phagocytose the dead cardiomyocytes12. Pro-inflammatory monocytes also invade the 

myocardium, release cytokines, differentiate into macrophages, and initiate the expansion of 

resident macrophages in the heart12,13. This inflammatory phase is then followed by a remodeling 

phase in which large amounts of ECM proteins are produced to replace the dead myocardium, 

forming fibrotic tissue.  

 

In mice, this process can be experimentally achieved by ligating the left anterior descending (LAD) 

artery with a suture and effectively blocking blood flow below the ligation14. For a permanent 

occlusion, this ligation is left in the heart, resulting in extensive amounts of cardiac fibrosis that 

can be seen within days of the injury15. By 7 days post-surgery, there is a definite scar replaces 

the left anterior wall and the left ventricle exhibits a dilated morphology. An alternative to 

permanent occlusion is to release the LAD ligation after a period of ischemia (typically 45 minutes) 
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and resume blood flow into the injured area16. This simulates ischemic-reperfusion (IR) injury and 

can be viewed as a more clinically relevant model of MI. However, IR injury does not develop as 

much fibrosis as permanent occlusion and the fibrotic tissue that forms may take several weeks 

to become prominent. 

 

β-Adrenergic Stimulation 

Long-term activation of the β-adrenergic signaling pathway in the heart has been attributed to the 

development of cardiac dysfunction, clinically referred to as tachycardiac-induced 

cardiomyopathy17. Various cells in the heart express β-receptors, but this signaling pathway has 

been mainly studied in cardiomyocytes. Cardiomyocytes express multiple β-receptors (β1, β2, and 

β3) and the expression of these receptors change under pathological conditions18. Downstream 

effects of altered β-adrenergic signaling include cardiac hypertrophy and fibrosis19. There are 

several β-adrenergic targets that may drive the development of these symptoms, including Ca2+ 

handling proteins (e.g. phospholamban and ryanodine receptors)17,20,21 and pro-apoptotic 

proteins18. In the clinic, β-adrenergic antagonists are considered standard treatment for the 

prevention of heart failure. Despite the established link, there are still questions as to how altered 

β-adrenergic signaling directly causes heart failure. 

 

In rodents, one of the most reproducible models of heart failure is treatment with isoproterenol, a 

β-adrenergic agonist22,23. Isoproterenol can be administered by multiple subcutaneous injections24 

or by osmotic pump25. Over time, continuous treatment of isoproterenol results in cardiac 

hypertrophy, increased blood pressure, and fibrosis. Unlike MI, isoproterenol-induced fibrosis 

mainly develops within the left ventricle endocardium and the walls do not become dilated24. 

 

Pressure Overload Injury 
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Pressure overload in the heart defines a state in which there is increased stress on the ventricular 

walls, resulting in cardiac remodeling26. Chronic pressure overload initially results in 

compensatory cardiac hypertrophy, which is then followed by dilation and, ultimately, heart failure. 

Various external factors can induce pressure overload in the heart such as aortic stenosis and 

hypertension27. While pressure overload injury is a form of chronic injury like β-adrenergic 

modulation, it is mainly driven by mechanical changes in the heart, resulting in a slightly different 

pathophysiology. 

 

In mice, pressure overload injury can be simulated by transverse aortic constriction (TAC), in 

which a suture is tied around the aorta to reduce the diameter28. This method reproducibly results 

in cardiac hypertrophy and a gradual progression through heart failure28. There is also prominent 

fibrosis that develops after TAC. Notably, presence of fibrosis can be found in both the interstitial 

space and the perivascular area26,29. Perivascular fibrosis may be a result of increased pressure 

in the larger coronary vessels, resulting in a need to stabilize the vessels with excess ECM.   

 

CARDIAC PERICYTES 

In the heart, there are a multitude of cells that are interacting with one another to form a cohesive, 

functioning organ. Cardiomyocytes, which make up 30-35% of the cardiac cell population, are 

well defined in their function to contract and pump blood through the heart in a synchronous 

manner30. However, the development of fibrosis has mainly been attributed to the non-myocyte 

population of the heart. This 65-70% of the heart is made up of fibroblasts, endothelial cells, 

immune cells, and mural cells (smooth muscle cells and pericytes)30,31. Of these cells, the role of 

pericytes in the development of cardiac fibrosis has been understudied.  

 

Cardiac Pericyte Function and Interactions with Endothelial Cells 
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Pericytes are a population of mural cells that surround microvessels in various organs, including 

the heart. In homeostasis, pericytes are normally found integrated within the endothelial basal 

membrane of capillaries and post-capillary venules32. Their finger-like projections wrap around 

the vessels, suggesting strong pericyte-endothelial cell interactions33. Through these interactions, 

pericytes serve as regulators of angiogenesis and mediators of vascular stability and contractility34. 

Reduction of pericyte coverage has been attributed to the endothelium degeneration, vessel 

leakage, and microaneurysms, which can result in various vascular pathologies35. There are 

several signaling pathways that have been implicated in the cross-talk between pericytes and 

endothelial cells that maintain their tight interactions32,36. During angiogenesis, platelet-derived 

growth factor-B (PDGF-B) signaling is crucial for recruiting pericytes to endothelial tip cells that 

express high levels of PDGF-B. Loss of PDGF-B reduces pericyte coverage on vessels, leading 

to vascular defects37. Transforming growth factor-β (TGFβ) and Notch signaling have also been 

implicated in vessel stabilization and maturation. Mutations in either pathway result in hemorrhage 

or vascular malformations, demonstrating their importance to maintaining vascular health38,39. 

Finally, the angiopoietin-1 (Ang1)/Tie-2 axis, in which Ang1 that is expressed by pericytes 

interacts with Tie-2 receptors on endothelial cells, further promotes endothelial barrier formation 

and vessel maturation34. Overall, these various signaling pathways outline the importance of 

pericytes in maintaining vascular health.  

 

Pericyte Heterogeneity 

Despite their well-defined role in homeostasis, pericytes have been a challenging cell population 

to study due to the lack of consensus on how to isolate and label these cells37. Most studies refer 

to this cell-type based on its morphological characteristics and anatomical location due to the lack 

of established markers for identifying these cells.  It is well established that there is heterogeneity 

between pericytes of different organs as well as heterogeneity within pericytes of the same organ, 

presenting an additional challenge to studying these cells. In previous studies, a variety of 
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markers have been used to label pericytes in a wide array of organs, including chondroitin sulfate 

proteoglycan 4 (NG2)40, platelet-derived growth factor receptor-β (PDGFRβ)41, CD14642, 

regulator of G-protein signaling 5 (RGS5)43, and Notch344. However, there are underlying 

questions as to whether these markers are capable of labeling the entire cardiac pericyte 

population or if they only label a subpopulation. Future studies on dissecting the heterogeneity of 

cardiac pericytes are imperative to the complete understanding of this cell type and its function in 

the heart. 

 

Pericytes in Ischemic Injury 

In various organs other than the heart, pericytes have been found to be key players in wound 

response and disease progression. Given their role in homeostasis, several studies have 

dissected the vital role of pericytes in regulating angiogenesis in pathological conditions32,45. Upon 

brain injury, pericytes have been found to play key roles in maintaining the blood-brain barrier and 

constituting a second layer of defense against inflammation36. In mouse kidney IR injury models, 

pericytes expressing TIMP3 were found to stabilize the microvasculature by mediating the activity 

of various metalloproteinases46. It has also been found that pericytes are integral to tumoral 

angiogenesis - blocking CD146 expression helps to reduce pericyte recruitment to tumor vessels, 

restricting tumor growth47–49. The role of pericytes in regulating angiogenesis makes these cells 

promising targets for promoting revascularization after ischemic injury. 

 

However, other findings have shown that pericytes may instead be playing a pro-fibrotic role in 

ischemic injury50,51. Pericytes have been reported to be a cellular source for ECM proteins and 

demonstrate increased collagen production in response to spinal cord injury and stroke50,52. 

Pericytes have also been reported to be progenitor cells that transdifferentiate into fibroblast-like 

cells and contribute to fibrosis in that manner53,54. Furthermore, pericytes have also demonstrated 

the ability to secrete pro-inflammatory factors that may drive fibrosis55. These contradictory results 



8 
 

from other groups suggest that the function of pericytes in ischemic injury may be organ-

dependent, thus supporting the need for proper characterization of the cardiac pericyte population. 

 

CARDIAC FIBROBLASTS 

Definition and Function of Cardiac Fibroblasts 

Cardiac fibroblasts (CFbs) are cells of mesenchymal origin that are commonly defined by their 

spindle-like shape and lack of a basement membrane56. Within the myocardium, they are found 

interspersed throughout the tissue and consist of a cell body with multiple projections extending 

outward56. There is debate as to how much of the heart consists of CFbs and this number appears 

to vary by species. The current understanding is that less than 20% of the non-myocyte population 

of the adult mouse heart are CFbs31. Like pericytes, one of the difficulties of studying these cells 

has been the lack of a common marker. Some of the commonly used markers to label these cells 

in the heart include CD90 (Thy1)57, Platelet-derived growth factor receptor alpha (PDGFRα)58, 

Discoidin domain receptor 2 (DDR2)56, and Fibroblast-specific protein (FSP1)59.  

 

Overall, studies have shown that CFbs play a crucial role in maintaining the structural integrity of 

the heart throughout development and into adulthood60. In development, CFbs contribute to the 

healthy formation of the chambers that make up the organ. Ablation of CFbs or CFb dysfunction 

during embryonic development results in hearts with hypoplastic ventricles and other 

deformities61–63. In adult hearts, CFbs mainly function to produce proteins that make up the ECM, 

such as collagens and fibronectins, as well as the matrix metalloproteinases (MMPs) that degrade 

the ECM56. The ECM itself provides a scaffold for the other cardiac cells and creates a network 

to distribute the mechanical forces of the contracting heart64. Under homeostatic conditions, CFbs 

are generally quiescent and there are low levels of ECM turnover. However, changes in cell-cell 

signaling or environmental cues (chemical or mechanical) result in a remodeling of the ECM to 

ensure that the heart continues to function properly56. After cardiac injury, the role of CFbs in 
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regulating the ECM becomes much more pronounced as they become the major contributing cell 

type to the development of scar tissue. 

 

Cardiac Fibroblasts in Cardiac Injury 

In CVD, resident CFbs are “activated” and become a cell type known as myofibroblasts. The 

transition of quiescent CFbs to myofibroblasts is not entirely understood, but studies suggest that 

it is mainly mediated by the transforming growth factor β (TGFβ) superfamily65,66. Canonical TGFβ 

signaling promotes the expression of genes associated with increased proliferation, contractile 

proteins (e.g. αSMA), and ECM components (collagens, fibronectin, etc.)2,67. As major players in 

the fibrotic process, myofibroblasts have been placed in the spotlight as potential therapeutic 

targets for reducing cardiac fibrosis. Inhibition of TGFβ signaling or ablation of myofibroblasts has 

been shown to reduce levels of fibrosis, supporting that myofibroblasts are a viable therapeutic 

target67,68. Understanding the mechanisms that drive the activation of CFbs after injury will provide 

a foundation for developing these novel therapies. 

 

THIS DISSERTATION 

This dissertation is divided into two separate sections (divided into four chapters) investigating 

the role of pericytes and fibroblasts in the heart after injury. The chapters are divided as such: 

 

Chapter 2: NG2+ Cardiac Pericytes Respond to Myocardial Infarction 

This chapter looks specifically at NG2+ cardiac pericytes and how they respond to MI. Transgenic 

mice were utilized to lineage-trace these NG2+ cardiac pericytes and single cell RNA-sequencing 

(scRNA-seq) was applied to determine transcriptomic changes across multiple time points after 

MI. The results show that, after injury, NG2+ pericytes proliferate and express ECM proteins, 

suggesting that these cells may play a role in the fibrotic process.  
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Chapter 3: Isolation of Cardiac Pericytes Without Any Previously Established Markers 

This chapter outlines a novel method for enriching for cardiac pericytes from the murine heart 

without using any specific markers. This technique, combined with scRNA-seq, allows for 

characterization of the entire heterogeneous pericyte cell population, without biasing the results 

towards a specific subpopulation. This method was applied to both uninjured and injured hearts, 

allowing for the detection of gene expression changes that occur within the entire pericyte 

population after injury. 

 

Chapter 4: Genetic Regulation of Fibroblast Activation and Proliferation in Cardiac Fibrosis 

This chapter observes how cardiac fibroblast (CFb) responses across three genetically different 

backgrounds of mice are unique in response to isoproterenol treatment. Despite receiving the 

same treatment, these mice develop differential levels of fibrosis. Our results showed that while 

CFbs proliferate to similar levels in all three strains of mice, their levels of activation (determined 

by their expression of αSMA and periostin) correlate with the levels of fibrosis. This data shows 

that consideration of mouse strain is crucial for future studies of CFbs. 

 

Chapter 5: Cardiac Fibrosis is Associated with Decreased Circulating Levels of Full-Length 

CILP in Heart Failure 

This chapter is dedicated to the identification of a potential circulating biomarker for cardiac 

fibrosis that is secreted by CFbs. By using bulk RNA-sequencing data of CFbs from hearts that 

had undergone sham or TAC, secreted proteins in response to injury were identified. The 

expression of these proteins was validated in vitro and in fibrotic mouse and human tissues. When 

testing the presence of these markers in the serum of human heart failure samples, expression 

of the full-length CILP protein was significantly decreased in patients compared to healthy 

samples.  
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Appendix I: Cardiac Fibrosis: Potential Therapeutic Targets 

This appendix includes a review of promising avenues for therapeutically targeting cardiac fibrosis. 

It covers approaches that are currently being used in the clinic, as well as novel approaches that 

have emerged in recent years. 
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NG2+ Cardiac Pericytes Respond to Myocardial Infarction 
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ABSTRACT 

Myocardial infarction (MI) is a form of acute ischemic injury to the heart in which a blocked 

coronary artery results in extensive cardiomyocyte death and large areas of fibrosis. There are 

many cell types that respond to MI, including immune cells and fibroblasts, that make this process 

extremely dynamic. Pericytes are an understudied cell population that may also potentially 

participate in this process. Pericytes are defined as mural cells present in a variety of organs that 

share a basement membrane with microvascular endothelial cells. This interaction is crucial in 

regulating vessel contractility and maintaining vessel integrity. Studies in the kidney and brain 

have shown that pericytes play a significant role after ischemic injury by transdifferentiating into 

myofibroblasts or producing extracellular matrix (ECM) proteins, respectively. Whether pericytes 

in the heart also play a similar role after MI has not been thoroughly examined. Based on the 

functional role of pericytes in other organs, we hypothesized that cardiac pericytes also participate 

in the fibrotic process after MI. In this study, we used Chondroitin sulfate proteoglycan 4 (NG2) 

as a marker for pericytes in the heart, as it has been used as a surrogate marker for pericytes in 

multiple organs. By using NG2CreER/+;Rosa26tdT/+ to lineage trace NG2-expressing pericytes, we 

show that at least a subset of this cell population preferentially accumulates in the injury area, 

proliferates, and upregulates ECM proteins in response to MI. This response was specifically 

localized to the infarcted areas in the hearts and appeared to peak at later time points after injury 

(day 7). Single cell RNA-sequencing (scRNA-seq) confirmed an increased enrichment of pro-

fibrotic genes at 7 days post-MI, which persisted through 14 days post-MI. Our data shows that 

pericytes participate in the post-fibrotic response after an acute injury such as MI and that their 

role may be most pronounce at later stages of remodeling. Future studies are warranted to 

investigate the spatiotemporal contribution of pericytes to the development of the mature scar. 
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INTRODUCTION 

Heart disease is the leading cause of mortality in western countries1. Pathological stress from 

injury leads to irreversible loss of cardiomyocytes with subsequent replacement of healthy 

myocardium with fibrous scar tissue2,3. The development of cardiac fibrosis is a dynamic process 

that involves an array of different cell types that interact with one another1,2. In response to an 

acute ischemic event, such as myocardial infarction (MI), cardiomyocytes undergo apoptosis and 

necrosis4. This event triggers an inflammatory response that recruits immune cells, such as 

neutrophils and macrophages, to the site of injury5. These immune cells function to remove dead 

and dying cardiac cells whilst secreting factors that initiate a remodeling phase in which cardiac 

fibroblasts produce various extracellular matrix (ECM) proteins that result in the formation of scar 

tissue2,6. Initially the formation of scar tissue is critical in preserving the integrity of the heart and 

preventing myocardial rupture7. However, the heart lacks the regenerative capacity to replace 

scar tissue with healthy myocardium, leading to long-term effects such as reduced ejection 

fraction, arrhythmias, and ultimately heart failure. Targeting cardiac fibroblasts as the main 

contributor to the fibrotic process has been a therapeutic goal for treating heart disease, but it is 

unknown whether other cell types, such as pericytes, may also play a role in the development of 

cardiac fibrosis. 

 

Cardiac pericytes are an understudied population of mural cells that have been garnering 

attention in recent years. Under homeostatic conditions, they remain tightly associated with 

endothelial cells of the microvasculature8 to maintain vascular integrity and regulate vessel 

contractility9,10. Loss of pericyte coverage results in reduced number of capillaries and increased 

vessel leakage11. Beyond this function, pericytes have also been reported to exhibit 

characteristics of mesenchymal stem cells, such as having the potential to differentiate into 

various cell types in vitro12. While the capabilities of pericytes to differentiate into other cell types 

in vivo has been questioned, some studies have suggested that pericytes may instead be capable 
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of demonstrating unique functions in response to specific stimuli. Indeed, studies in other organs 

have suggested that pericytes play crucial roles in responding to ischemic injury. In spinal cord 

injury, pericytes are the major cellular source of ECM proteins13 and in kidney ischemia, pericytes 

transdifferentiate into myofibroblasts14,15. These pro-fibrotic roles appear to be organ-specific, 

creating a need to determine the contribution of pericytes in the heart to cardiac fibrosis after 

ischemic injury16. 

 

In this study, we hypothesized that cardiac pericytes respond to MI and participate in the injury 

response. We utilized the NG2CreER/+ mouse strain to lineage-trace cells in the heart that express 

NG2 and demonstrated that pericytes contribute to cardiac fibrosis in a distinct spatiotemporal 

pattern17. During later timepoints after MI, NG2+ pericytes begin to proliferate and accumulate in 

the injury region, where they also begin to express ECM proteins. Single cell RNA-sequencing 

(scRNA-seq) also revealed an enrichment of ECM genes and pro-fibrotic pathways in NG2+ 

cardiac pericytes after MI, confirming their dynamic response to ischemic injury.  

 

RESULTS 

NG2 marks a population of cardiac pericytes  

We first validated that NG2 expression is largely restricted to pericytes in the heart. 

Immunofluorescence (IF) staining and flow analysis demonstrated that NG2 is expressed in the 

murine heart and is co-expressed with other pericyte markers such as CD146 and PDGFRβ 

(Supplementary Figure IA-D). To identify pericytes in the heart without the need for 

immunostaining, we used the Cspg4-DsRed.T1 transgenic mouse strain (hereby referred to as 

NG2DsRed/+), in which DsRed.T1 protein is expressed under the promoter of Cspg418. DsRed+ cells 

in isolated NG2DsRed/+ hearts did not express markers of endothelial cells, cardiomyocytes, 

fibroblasts, and leukocytes (Supplementary Figure IE), but co-expressed pericyte markers 

(Figure 1A). In addition, we observed that few NG2+ cells also expressed smooth muscle cell 
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markers such as α-smooth muscle actin (αSMA) and calponin 1 (CNN1) (Supplementary Figure 

IF). The gene expression profile of sorted DsRed+ cells confirmed that NG2DsRed/+ labels pericytes 

in the heart (Figure 1B). Detailed microscopic analysis of the myocardium revealed DsRed+ cells 

to be diffusely present in the myocardium and closely associated with microvasculature (Figure 

1C).  

 

NG2 marks cardiac pericytes that express collagen after MI 

To determine whether NG2+ cells express ECM components in response to MI, we generated a 

double transgenic mouse model by crossing NG2DsRed/+ mice with Col1a1GFP/+ mice, in which 

Collagen1a1 (Col1a1) expression would drive the expression of GFP (hereby referred to as 

NG2DsRed/+;Col1a1GFP/+)19 (Figure 1D). NG2DsRed/+;Col1a1GFP/+ mice were subjected to sham or MI 

injury and the hearts were analyzed 7 days later. Flow cytometry analysis showed that the 

percentage of cells expressing Col1a1 (GFP+) within the NG2+ population (DsRed+) significantly 

increased after injury (Figure 1E). These double-positive cells were more abundant in hearts that 

had undergone MI and could be seen mainly at the border zone and infarct areas (Figure 1F, 

Supplementary Figure IIA-B). Our data demonstrates that pericytes marked by NG2 begin to 

express collagen after injury and thus may participate in the fibrotic response. 

 

Lineage-traced NG2+ cells accumulate in the infarct zone after injury 

We next generated a double transgenic mouse model, NG2CreER/+;Rosa26tdT/+, to lineage trace 

pericytes that express NG2 and interrogate their fate, location and gene expression profiles at a 

single-cell resolution during homeostasis and in response to cardiac injury (Figure 2A). In these 

mice, tamoxifen administration induces Cre recombination in NG2+ cells, resulting in permanent 

labeling with tdTomato (tdT) fluorescent protein20. tdT+ cells in NG2CreER/+;Rosa26tdT/+ hearts 

expressed NG2 and other pericyte markers (Figure 2B). In order to lineage-trace NG2+ pericytes 

after injury, we injected NG2CreER/+;Rosa26tdT/+ mice with tamoxifen for 4 consecutive days, 
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allowed for a one week washout period, induced MI injury, and analyzed the hearts 2, 4, and 7 

days after injury (Figure 2C). We quantified the number of tdT+ cells present in the hearts and 

found that the number of tdT+ cells in the fibrotic area increased as more days passed after injury 

(Figure 2D-E). Whether this was the result of migration of NG2+ cells from the remote area or 

proliferation of NG2+ cells within and near the injury site could not be concluded from these 

experiments. At 7 days post-MI, the infarct area was mostly replaced with scar tissue with sparse 

live cells. However, tdT+ cells had a definite presence even within the mature scar at 7 days post-

MI (Figure 2F), suggesting that these cells play a role during this later timepoint after injury. These 

results suggest that NG2+ pericytes appear to be more abundant in fibrotic areas and their 

accumulation intensifies with time in the first 7 days after MI. 

 

NG2+ pericytes do not transdifferentiate into other cardiac cell types after MI 

Despite evidence demonstrating the in vitro capabilities of pericytes to differentiate into other cell 

types21, whether this ability is preserved in vivo has been questioned. Guimarães-Camboa, N. et 

al. demonstrated that pericytes in the heart do not transdifferentiate into other cell types after 

transverse aortic constriction (TAC), challenging the idea that pericytes may be progenitors for 

other cell types22. However, the model of TAC has a different pathophysiology that results in 

diffuse fibrosis, which differs from the larger replacement fibrosis seen in MI23. We sought to 

determine whether pericytes have inherent stem cell-like qualities in vivo that are triggered with 

an acute ischemic event by lineage tracing NG2+ pericytes using NG2CreER/+;Rosa26tdT/+ mice that 

had undergone MI. In this model, if lineage traced NG2+ pericytes transdifferentiated into another 

cardiac cell type, they would retain their tdT fluorescent label but express markers of other cell 

types. Hearts were analyzed 2, 4, and 7 days after MI to determine whether injury induces cardiac 

pericytes to transdifferentiate into other cardiac cell types at various time points. IF staining 

confirmed that NG2+ cardiac pericytes maintain their pericyte identity and do not express markers 

of fibroblasts, cardiomyocytes, hematopoietic cells, or endothelial cells (Figure 3). These results 
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confirm the previously published findings that endogenous pericytes are not multipotent tissue 

resident progenitors and their observed in vitro plasticity is not translatable to an in vivo injury 

setting. 

 

NG2+ cardiac pericytes proliferate after MI 

Our data showed that after injury, there appears to be a gradual increase in the percentage of 

tdT+ cells within the infarct area (Figure 2D-F). In order to determine whether this is due to NG2+ 

pericytes proliferating after injury, we treated the mice with 5-bromo-2’-deoxyuridine (BrdU) to 

label cells that are undergoing DNA replication24,25. NG2CreER/+;Rosa26tdT/+ mice were given a 

single injection of BrdU immediately after surgery and then provided water containing diluted BrdU 

until the day of analysis (Figure 4A). Flow cytometry analysis demonstrated that in uninjured 

hearts, the percentage of proliferating tdT+ cells was very low (Figure 4B). This low level of 

proliferation was maintained at 2 and 4 days after injury. However, there was a significant increase 

in the percentage of BrdU+ pericytes at 7 days post-MI, suggesting that pericytes begin to 

proliferate at later stages after injury (Figure 4B). We then used 5-ethynyl-2’-deoxyuridine (EdU) 

to localize where proliferating pericytes are in relation to the infarct region26,27. In uninjured hearts, 

there were very few proliferating cells and no visible proliferating pericytes (Figure 4C). We also 

observed no appreciable level of proliferating NG2+ pericytes in the remote areas of infarcted 

heart at different time points (Figure 4C). While low levels of proliferating pericytes were found in 

the infarct areas at days 2 and 4 post MI, we observed an abundance of EdU+NG2+ pericytes 7 

days after MI, suggesting a spike in proliferating pericytes at the later phases of injury (Figure 

3D). Proliferating pericytes could be found both at the border zone and within the infarct area of 

injured hearts, supporting that these cells are proliferating in response to the injury.  

 

NG2+ cells express Col1a1 after MI 
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Our results so far show that expression of collagen is induced in NG2+ pericytes after MI. 

However, the use of NG2DsRed/+;Col1a1GFP/+ transgenic mice could not define the identity of these 

cells. There remained the question of whether other cell types such as collagen-producing 

fibroblasts begin to upregulate NG2 expression after injury, thus contaminating our results. To 

address this question, we sought to determine whether NG2 lineage-traced cells (most of which 

don’t express collagen) can be induced by injury to express collagen. We generated triple 

transgenic NG2CreER/+;Rosa26tdT/+;Col1a1GFP/+ mice, in which lineage-derived pericytes can be 

examined after injury for their expression of collagen. These mice received tamoxifen injection for 

4 days a week prior to sham or MI surgery, and hearts were harvested after 7 days for analysis 

(Figure 5A, 2B). In sham hearts, we did not observe many double positive cells (NG2-derived 

pericytes expressing collagen) (Figure 4B). After injury, we could see significant double positive 

cells were diffusely dispersed within the border zone and infarct at 7 days post-surgery (Figure 

5C). The remote areas were similar to sham hearts in that there were few double positive cells 

(data not shown). We conducted flow cytometry analysis to quantify NG2+ cells that begin to 

express Col1a1 and found that the percentage of tdT+GFP+ cells significantly increased after 

injury (Figure 5D). These data strongly support that MI induces NG2+ pericytes to express Col1a1 

and this expression is specific to the fibrotic area. 

 

Single cell RNA-seq of NG2+ pericytes reveals enrichment of ECM genes/pathways 

In order to further elucidate the molecular mechanisms in which pericytes are responding to MI, 

we isolated tdT+ cells from NG2CreER/+;Rosa26tdT/+ mice that had undergone sham or MI for 4, 7, 

or 14 days and subjected them to scRNA-seq via the 10x Genomics platform. We chose to include 

the 14 day post-MI timepoint to capture changes that were occurring in pericytes in later stages 

after MI. We processed and analyzed a total of 5311 cells using the Seurat R package28. Although 

we sorted for tdT+ cells, our liberal gating approach to capture as many NG2+ cells resulted in 

slight contamination with other cell types (Supplementary Figure IIIA). Cluster analysis revealed 
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several distinct populations with a major pericyte population and other minor clusters 

corresponding to fibroblasts (Pdgfra+)29, endothelial cells (Pecam1+)30, Schwann cells (Plp1+)31, 

and smooth muscle cells (Acta2+)32 (Supplementary Figure IIIB-C). We subset only pericytes 

for further downstream analysis by identifying a cluster of cells that had high enrichment of 

pericyte markers Cspg4, Mcam, Pdgfrb, and Notch3 and but was also negative for the smooth 

muscle marker Acta2 (Figure 6A, Supplementary Figure IIIC-D). From the uniform manifold 

approximation and projection (UMAP) plot, we observed that pericytes from all conditions (sham 

and MI at different timepoints) still form a single cluster, but there was a noticeable shift in the 

transcriptomic profiles of pericytes from injured conditions when compared to sham (Figure 6A). 

However, there were no significant changes to expression of major known pericyte markers 

across the conditions, supporting our previous results that pericytes after injury maintain their 

pericyte profile (Supplementary Figure IIIE). Instead, we noted that the visible shift in the cells 

on the UMAP plot may be associated with transcriptomic changes that occur in response to injury. 

 

To determine biological processes that may be enriched at each timepoint, we identified 

upregulated and downregulated genes in cells from 4, 7, and 14 days after MI compared to cells 

from sham hearts and conducted gene ontology (GO) analysis (Figure 6B). Notably, at 7 days 

after MI, pathways associated with supramolecular fiber organization and extracellular structure 

were positively enriched while at 14 days after MI, there was significant enrichment of pathways 

related with ECM production (protein heterotrimerization and collagen fibril organization) (Figure 

6B). Furthermore, translation was the most significantly enriched biological process at both 7 and 

14 days after MI, which supports the finding that these cells are proliferating and secreting ECM 

proteins at these timepoints (Figure 6B). In order to confirm the in vivo responses that our data 

has shown, we looked at gene expression of specific genes that regulate proliferation and encode 

for ECM proteins. Expression in these categories peaked at 7 days post-MI, aligning with our in 

vivo characterization (Figure 6C). These genes continued to have increased expression through 
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14 days post-MI, further suggesting that pericytes may have a continued role in the later scar 

maturation phase.  

 

Finally, there have been many studies that demonstrate the importance of various signaling 

pathways in pericytes. Transforming growth factor-β (TGFβ) signaling and PDGFR signaling in 

pericytes have both been attributed to the activation of pericytes in fibrosis14,33. When we looked 

at the expression of downstream effectors of both TGFβ and PDGFR signaling, we saw that 

expression significantly increased after injury (Figure 6A-B).  

 

DISCUSSION 

The role of pericytes in cardiac ischemic injury has been an underexplored topic in understanding 

the importance of these cells. We hypothesized that pericytes respond to MI and participate in 

the fibrotic response. By lineage-tracing NG2+ pericytes, our results demonstrated that at later 

stages after MI (7 days post-injury), pericytes proliferate and express prominent levels of Col1a1. 

scRNA-seq confirms this response, even showing a continued upregulation of pro-fibrotic genes 

at 14 days post-MI. These results not only highlight that pericytes do have a significant response 

to ischemic cardiac injury, but also suggest that pericytes may play a role in the later scar 

maturation phase of cardiac fibrosis.  

 

Pericytes have been attributed to be the major cell type involved in the development of fibrosis in 

other organ systems. There is strong evidence suggesting that pericytes in the kidney are the 

major source of activated fibroblasts upon ischemia15,34 and that pericytes are the main cellular 

source of ECM proteins in spinal cord injury35. However, the cellular composition of the heart is 

different from other organs in that cardiac fibroblasts are already established to be the major cell 

type to contribute to fibrosis6. In mice, cardiac fibroblasts become activated within a couple of 

days of MI, secrete large amounts of ECM proteins 4-7 days post-injury, and then lose their 
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proliferative capacity by 7-10 days post-injury36. This behavior differs from the NG2+ pericytes in 

our studies, which appear to be proliferative and significantly express ECM proteins at 7 days 

post-injury. Our scRNA-seq data also suggests that NG2+ pericytes maintain this “activated” state 

through 14 days post-injury. These results demonstrate that pericytes may be playing a unique 

role from fibroblasts in the development of fibrosis. There require more studies to determine the 

significance of NG2+ cardiac pericytes in these later stages after MI. 

 

The findings of our study supplement the growing literature on pericyte function in cardiac 

ischemic injury. However, it is important to note the key differences between our findings and 

what others have reported. Initial studies conducted by Birbrair, A. et al. first suggested that 

pericytes in the heart do not produce collagen after injury16. While this study identified Col1a1 

expression by IF staining, we utilized the Col1a1GFP/+ mouse strain to reliably visualize Col1a1 

expression, which was further corroborated by our scRNA-seq data. Guimarães-Camboa, N. et 

al. also demonstrated minimal levels of Col1a1 expression in cardiac pericytes after injury22. 

However, their findings used a different pericyte marker to lineage-trace their cells and were in a 

pressure overload injury model, which differs greatly in pathophysiology to MI. These differences 

highlight that our findings may be specific to a subpopulation of NG2+ cardiac pericytes and within 

the context of MI. There is a need to further study this population of cells in other models of cardiac 

injury (e.g. pressure overload, aging, dilated cardiomyopathy) to determine their complete function 

in cardiac fibrosis. Furthermore, there is a possibility that other subpopulations of pericytes with 

varying functions in MI exist. As we did not explore the heterogeneity of cardiac pericytes in injury, 

this is a question that may need to be addressed in future studies. 

 

Overall, our findings demonstrate that cardiac pericytes exhibit a significant response in the event 

of MI and may play a role in later stages of injury response. This study brings to light the need to 

further study this population of cells to determine their therapeutic potential.  
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METHODS 

Mice 

NG2DsRed/+ mice (Stock No. 008241) and Rosa26tdT/+ mice were acquired from The Jackson Lab. 

Col1a1GFP/+ were a gift from the Evans lab at the University of California, San Diego. NG2CreER/+ 

were provided by the Carmichael lab at the University of California, Los Angeles (UCLA). For all 

experiments, adult (8-12 weeks) male and female mice were used. All procedures were carried 

out with the approval of the UCLA Animal Research Committee. 

 

Myocardial Infarction and Aftercare 

Mice were initially anesthetized by intraperitoneal injection of ketamine/Xylazine and then 

intubated for positive pressure ventilation with a mixture of oxygen and 2-3% isoflurane 

throughout the surgical procedure. The pericardium was opened after left thoracotomy between 

the fourth and fifth rib and an 8-0 suture was placed around the left anterior descending artery. 

The suture was tightened around the vessel to simulate myocardial infarction and the chest was 

closed in layers by using 5-0 Vicryl suture. Ventilation was maintained until sufficient spontaneous 

breathing occurs and post-operative analgesia (0.1mg/kg buprenorphine and 5mg/kg carprofen) 

was provided immediately after the procedure. Mice were left to recover in a temperature-

controlled chamber until they resumed full mobility. 

 

Section Preparation and Immunofluorescence Staining 

Mice were injected with heparin and euthanized 20 minutes afterwards. The hearts were perfused 

with 30 mL of PBS and then fixed in 4% PFA for 2 hours at 4°C. After a quick wash in PBS, the 

hearts were stored in 30% sucrose overnight at 4°C. The hearts were then embedded in Optimal 

cutting temperature compound (OCT) and stored at -80°C. The blocks were sectioned using a 

Leica cryostat at a thickness of 8μm or 100μm and the sections were mounted on Colorfrost Plus 

microscope slides (Fisher) and stored at -20°C until imaging. 
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For immunofluorescence staining, slides with 8μm sections were left at room temperature for 10 

minutes, washed 3 times with PBS, and permeabilized with 0.25% Triton X-100 (prepared in PBS) 

for 10 minutes. The slides were then blocked with blocking buffer (10% NGS, PBS-0.1%Tween 

20) for 1 hour at room temperature, followed by incubation with primary antibodies (diluted in 

blocking buffer) overnight at 4°C in the dark. Slides were subsequently washed 3 times with PBS-

0.1%Tween 20 and incubated with secondary antibodies (Thermo Fisher Scientific) diluted in 

blocking buffer for 1 hour at room temperature. Antibodies and dilutions are shown in 

Supplementary Table 1. After another 3 washes with PBS-0.1%Tween 20, coverslips were 

mounted on the slides using mounting medium containing DAPI (Vector). The slides were imaged 

by a Zeiss confocal microscope (LSM880) and image processing was done through the ZEN 2 

(blue edition) software.  

 

Flow Cytometry/Fluorescence-Activated Cell Sorting (FACS) 

Mice were injected with heparin and euthanized 20 minutes afterwards. Hearts were dissected 

and cannulated for perfusion with 30mL of phosphate-buffered saline (PBS). The hearts were 

then perfused with 5mL of digestion enzyme (recipe in table below) and chopped into small pieces. 

The pieces were collected and incubated in 10mL of digestion enzyme on a rotator at 37°C for 

one hour with periodic pipetting to ensure complete digestion. The digested cells were passed 

through a 40μm filter and centrifuged (350xg, 10 minutes) to collect all cells. Debris were removed 

using a Debris Removal Kit (Miltenyi) and cells were resuspended in FACS buffer. If antibody 

staining was necessary, resuspended cells were incubated with antibodies for 30 minutes on ice. 

For staining with biotinylated antibodies, streptavidin-APC-eFluor780 conjugate was added for an 

additional 30 minute incubation on ice after washing with FACS buffer. Antibodies and dilutions 

are shown in Supplementary Table 2. Cells were analyzed or sorted using a BD FACSAria™ II 

cell sorter. All data was analyzed using FlowJo software. 
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RNA Extraction and Reverse Transcription qPCR (RT-qPCR) 

If collecting RNA from sorted cells, cells were sorted directly into TRIzol™ LS Reagent (Thermo 

Fisher Scientific). RNA was extracted from sorted cells or whole heart samples using TRIzol™ LS 

Reagent and following the manufacturer’s protocol. Extracted RNA was quantified by NanoDrop™ 

(Thermo Fisher Scientific) and then converted into complementary DNA (cDNA) by using the 

iScript™ cDNA Synthesis Kit (Bio-Rad) and following the manufacturer’s instructions. RT-qPCR 

reactions were prepared with SYBR Green Master Mix (Bio-Rad) and specific primers designed 

for each target gene (sequences shown in Supplementary Table 3). The reactions were run on 

a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and analysis was done using the 

double ΔCT method. 

 

Cell Counting 

Tilescan images were taken of 3-5 slides per heart. The fibrotic area was determined by either 

lack of live tissue or Col1a1 (GFP) expression. The number of tdT+ cells and the number of pixels 

per region were counted and calculated respectively using ImageJ. 

 

Proliferation – BrdU and EdU 

To label proliferating cells in the heart, mice were injected with 100μg of BrdU immediately after 

sham or MI surgery. The mice were then given water containing BrdU (1mg/mL) to continuously 

label proliferating cells. This water was changed every other day. BrdU labeling was then 

analyzed by flow cytometry by using the APC BrdU Flow Kit (BD Pharmingen™). For EdU 

experiments, we intraperitoneally injected 1 mg of EdU (prepared in DMSO and diluted in saline) 

and sacrificed the mice after 4 hours. Hearts were processed as described above and the Click-

it (Plus) EdU Imaging Assay (Thermo Fisher Scientific) was used to fluorescently mark EdU 

labeling as per the manufacturer’s instructions. 
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Single Cell RNA-sequencing and Analysis 

Cells were sorted from NG2CreER/+;Rosa26tdT/+ hearts that had undergone sham or MI (4, 7, and 

14 days post-injury) (2 hearts per sample) as described above into Dulbecco's Modified Eagle 

Medium without calcium (Gibco) and 10%FBS. Afterwards, the cell suspension was centrifuged 

and all media except for roughly 40μl was removed. The number of cells was counted using a 

hemocytometer. Cells were then prepared for scRNA-seq by using the 10x Genomics Chromium 

Controller and the Chromium Single Cell 3’ GEM, Library & Gel Bead Kit, v3. Libraries were 

sequenced on a NovaSeq Sequencer (Illumina) and with an average of 150,000,000 million reads 

sequenced per sample. Data was processed using the 10x Cell Ranger pipeline and further 

analyzed using Seurat28. Gene Ontology analysis was done through the Metascape web portal37 

(http://metascape.org). 

 

Statistical Analysis 

All quantification data are presented as mean ± standard error of the mean (SEM) and significance 

was determined by using Student's t-test or Two-way ANOVA. A p-value < 0.05 was considered 

statistically significant and data were analyzed using GraphPad Prism 8. 

 

 

 

 

 

 

 

 

 

http://metascape.org/
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Figure 1 
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Figure 1: NG2 labels cardiac pericytes that express Col1a1 after MI 

(A) DsRed+ cells (red) in NG2DsRed/+ hearts express pericyte markers CD146, PDGFRβ, and 

Notch3 (green). (B) Sorted DsRed+ cells had higher expression of pericyte genes compared to 

unsorted whole heart (WH) samples. (C) High magnification images demonstrate that DsRed+ 

cells are closely associated with isolectin-labeled vessels. (D) Breeding schematic to develop 

NG2DsRed/+;Col1a1GFP/+ double transgenic mice. (E) Flow cytometry analysis of 

NG2DsRed/+;Col1a1GFP/+ hearts 7 days after sham or myocardial infarction (7D MI) surgery. After 

injury, the percentage of GFP+ cells that are present within the DsRed+ population significantly 

increases. (F) In NG2DsRed/+;Col1a1GFP/+ hearts, DsRed+GFP+ double positive cells are present 

mainly by the border zone and infarct area. Arrowheads indicate DsRed+ cells with low GFP 

expression and arrows show high expression of both DsRed and GFP. DAPI is used to label 

nuclei (blue) in all stainings. Scale bar: 20μm. *p-value < 0.05. 
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Figure 2 
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Figure 2: NG2 lineage-traced pericytes accumulate in the infarct area after MI 

(A) Breeding schematic to generate NG2CreER/+;Rosa26tdT/+ double transgenic mice. (B) NG2 

lineage-traced tdTomato+ (tdT+) cells (red) express NG2 and other pericyte markers. DAPI is 

used to label nuclei (blue). Scale bar: 20μm. (C) Schematic for tamoxifen injection in relation to 

myocardial infarction (MI) surgery. Hearts were analyzed 2, 4, and 7 days after injury (2DMI, 4DMI, 

and 7DMI). (D) Sections of NG2CreER/+;Rosa26tdT/+ hearts were imaged and the total number of 

tdT+ cells per section was counted. The percentage of tdT+ cells per section in the remote area 

and the fibrotic areas were quantified. (E) The number of tdT+ cells/pixel of tissue was quantified 

for the remote and fibrotic areas. The ratio of these values was plotted. (F) Representative images 

of the left ventricular free wall of NG2CreER/+;Rosa26tdT/+ hearts 2, 4, and 7 days after MI. The 

autofluorescence of the healthy tissue is in green and tdT+ cells can be seen throughout the heart. 

At 2DMI and 4DMI, there are not as many tdT+ cells in the fibrotic area compared to 7DMI. Scale 

bar: 250μm. *p-value < 0.05. 
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Figure 3 
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Figure 3: NG2+ cells do not transdifferentiate into other cell types after injury 

NG2CreER/+;Rosa26tdT/+ hearts 2, 4, and 7 days after MI were stained for cardiomyocyte (α-

sarcomeric actinin, αSarc), fibroblast (PDGFRα), myofibroblast (periostin, POSTN), 

hematopoietic cells (CD45), and endothelial cells (CD31). Double positive cells could not be found 

at any time point. DAPI is used to label nuclei (blue). Scale bar: 20μm.  
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Figure 4 

 

 

 

 

 

 

 

 

 

 



40 
 

Figure 4: NG2+ cardiac pericytes proliferate in the infarcted area 

(A) Schematic of BrdU treatment. After surgery, NG2CreER/+;Rosa26tdT/+ mice receive a single 

injection of BrdU and then are given water containing BrdU until analysis. (B) Flow cytometry 

analysis of percentage of BrdU+tdT+ cells in NG2CreER/+;Rosa26tdT/+ that have undergone sham or 

myocardial infarction (MI) surgery. There is a sudden increase in proliferating tdt+ cells at 7DMI. 

(C) NG2CreER/+;Rosa26tdT/+ mice were injected with EdU prior to euthanasia. SHAM hearts and 

remote areas of injured hearts had low levels of proliferating tdT+ cells. (D) After MI, proliferating 

tdT+ cells could be found mainly within the border zone and infarct area (arrows). Scale bar: 50μm. 
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Figure 5 

 

 

Figure 5: NG2 lineage-traced cardiac pericytes express Col1a1 after MI 

(A) Breeding schematic to generate NG2CreER/+;Rosa26tdT/+;Col1a1GFP/+ mice. (B) In sham hearts, 

there were little to no tdT+GFP+ cells. (C) 7 days after MI, there are a significant number of 

tdT+GFP+ cells at the border zone and infarct area. (D) Flow cytometry analysis confirms the 

increase in tdT+GFP+ cells after injury. DAPI is used to label nuclei (blue). Scale bar: 20μm. 
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Figure 6 
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Figure 6: Single cell RNA-sequencing of NG2-lineage traced cardiac pericytes 

(A) UMAP plot of pericytes that have subset from the single cell RNA-sequencing (scRNA-seq) 

of NG2CreER/+;Rosa26tdT/+ hearts that had undergone sham or MI for 4, 7, and 14 days. (B) Gene 

Ontology analysis on genes that were upregulated and downregulated at each time point after 

injury compared to sham cells.  (C) Genes associated with proliferation and extracellular matrix 

(ECM) proteins were upregulated at later stages after injury. Genes associated with the TGFβ (D) 

and the PDGFR signaling pathway (E) are upregulated after injury, suggestive of their role in 

injury response. 
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Supplementary Figure I 
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Supplementary Figure I: NG2DsRed/+ mouse strain labels cardiac pericytes 

(A) Co-staining of NG2 with pericyte markers CD146 and PDGFRβ confirms that NG2 marks 

cardiac pericytes. (B-D) Flow cytometry shows that the majority of DsRed+ cells in NG2DsRed/+ 

hearts express both CD146 and PDGFRβ. (E) NG2DsRed/+ hearts do not label endothelial cells, 

cardiomyocytes, fibroblasts or hematopoietic cells (markers in green). (F) Smooth muscle cells 

around larger vessels are labeled with NG2DsRed/+ but can be clearly differentiated from NG2+ 

pericytes, which reside in single cells (arrowheads). DAPI is used to label nuclei (blue). Scale bar: 

20μm. 
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Supplementary Figure II 

 

 

Supplementary Figure II: Col1a1 expression in NG2+ cells is localized to the infarct area 

(A) Representative flow cytometry plots of hearts 7 days after sham or MI surgery. The left 

ventricle (LV) was separated from the rest of the heart and analyzed separately. Increase in the 

percentage of DsRed+GFP+ cells was specific to the LV in MI samples. (B) Quantification of 

DsRed+GFP+ cells. 
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Supplementary Figure III 
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Supplementary Figure III: Single cell RNA-sequencing of NG2-lineage traced cardiac 

pericytes 

(A) Representative FACS plots for sorting viable tdT+ cells from NG2CreER/+;Rosa26tdT/+ hearts that 

had undergone sham or MI for single cell RNA-sequencing (scRNA-seq). (B) UMAP plot of all 

cells collected for single cell RNA-seq (scRNA-seq). (C) Other cardiac cell types that were 

sequenced were identified by expression of specific markers. (D) Expression of pericyte markers 

across the UMAP dictates a major cluster to be enriched for pericytes. (E) Expression of pericyte 

markers after MI does not change significantly, confirming that these cells maintain their pericyte 

identity after injury. 
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Supplementary Table 1 

IF Staining Antibodies 

Target Protein Manufacturer (catalog no.) Dilution 

NG2 Millipore Sigma (AB5320) 1:50 

CD146 Abcam (ab75769) 1:100 

PDGFRβ Abcam (ab32570) 1:100 

PDGFRβ eBioscience (14-1402-82) 1:50 

Notch3 ABClonal (A3115) 1:50 

CD31 Abcam (ab28364) 1:100 

CD31 eBioscience (14-0311-82) 1:50 

αSarc Sigma-Aldrich (A7811) 1:400 

PDGFRα R&D Systems (AF1062) 1:100 

CD45 eBioscience (14-0451-82) 1:50 

αSMA Sigma-Aldrich (A2547) 1:100 

CNN1 Atlas Antibodies (HPA014263) 1:100 

POSTN R&D Systems (AF2955) 1:100 

 

 

Supplementary Table 2 

Flow Cytometry/FACS Antibodies 

Target Protein – Conjugate Manufacturer (catalog no.) Dilution 

CD146 – APC Biolegend (134712) 1:100 

PDGFRβ – Biotin Miltenyi Biotec (130-109-866 1:10 

Streptavidin, APC-eFluor 780 eBioscience (47-4317-82) 1:200 

 

 

Supplementary Table 3 

RT-qPCR Primers 

Gene Sequence 

Gapdh 
F: 5’- AGGTCGGTGTGAACGGATTTG 

R: 5’- TGTAGACCATGTAGTTGAGGTCA 

Cspg4 
F: 5’- GCTGTCTGTTGACGGAGTGTT 

R: 5’- CGGCTGATTCCCTTCAGGTAAG 

Mcam 
F: 5’- CCCAAACTGGTGTGCGTCTT 

R: 5’- GGAAAATCAGTATCTGCCTCTCC 

Pdgfrb 
F: 5’- TTCCAGGAGTGATACCAGCTT 

R: 5’- AGGGGGCGTGATGACTAGG 

Notch3 
F: 5’- AGTGCCGATCTGGTACAACTT 

R: 5’- CACTACGGGGTTCTCACACA 
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Isolation of Cardiac Pericytes Without Any Previously Established Markers 
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ABSTRACT 

The vascular system is critical for the delivery of oxygen and nutrients to all organs of the body. 

Within the vessels that make up this circulatory network, pericytes are a subset of mural cells that 

function to maintain vessel integrity and regulate contraction in the microvasculature. Despite their 

importance to vascular health, there have been challenges to studying this cell type in a collective 

manner. For one, there appears to be heterogeneity between pericytes of different organs as well 

as in pericytes within the same organ. Therefore, using previously established markers may not 

accurately label the entire pericyte population. This has made it difficult to view previously 

published data regarding the function and the role of pericytes in a holistic manner. To circumvent 

this, we sought to identify a method to enrich for the entire pericyte population in the murine heart 

for future downstream analysis. To do this, we developed a protocol using cell filtration, transgenic 

mice, and FACS to exclude other cardiac cell types. We then took advantage of recent 

developments in single cell transcriptomics to observe the heterogeneity of the enriched cells, 

which were majority cardiac pericytes. As we expected, the expression of commonly used 

markers did not encompass all of the pericytes in our data, supporting that this population is quite 

heterogeneous. This protocol was also applied to mice that had undergone myocardial infarction, 

demonstrating the utility of our protocol to study cardiac pericytes in injury. We believe that our 

results can provide a foundation for identification of novel markers and other future studies on this 

cell population. 
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INTRODUCTION 

The vascular system is composed of blood vessels that play a crucial role in the delivery of oxygen 

and nutrients to various organs1. The walls of blood vessels are made up of two cell types: 1) 

endothelial cells that line the vessel walls and 2) mural cells – smooth muscle cells or pericytes – 

that directly associate with endothelial cells. While both smooth muscle cells and pericytes have 

similar functions in regulating blood flow and maintaining vessel integrity, these cells are still 

distinct from one another2. Smooth muscle cells typically reside in the tunica media of larger 

vessels and form multiple layers that wrap around the endothelial cells, but pericytes have small 

cell bodies with cellular projections that are embedded within the basement membrane of the 

microvasculture1,3. In recent years, pericytes have begun to garner attention due to their functions 

in regulating angiogenesis and potentially responding to ischemic injury4,5. Loss of pericyte-

endothelial cell interactions or aberrant pericyte behavior has been associated with a variety of 

diseases, including diabetic retinopathy and tumor angiogenesis4,6,7. However, it has been a 

challenge to study this cell type as they are mainly defined by their morphological characteristics 

and anatomical location. To-date, there lacks a marker that can be used to specifically identify 

and isolate this cell type for further studies due to the high level of heterogeneity within the 

population. This has prevented in-depth studies on pericyte function in injury and whether they 

can be therapeutically targeted. 

 

There have been several markers used to target these cells in various studies. Some of the most 

common markers to singly label pericytes include chondroitin sulfate proteoglycan 4 (NG2)8, 

platelet-derived growth factor receptor-β (PDGFRβ)9, CD14610, regulator of G-protein signaling 5 

(RGS5)11, and Notch312. NG2 is a transmembrane proteoglycan that has been shown to be 

necessary for pericyte recruitment to endothelial cells during angiogenesis13–15. CD146 is a 

junctional protein that has also been shown to be expressed on endothelial cells and may 

participate in promoting pathological angiogenesis via the VEGF/VEGFR2 pathway16. PDGFRβ 
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is a tyrosine kinase receptor that mitigates platelet-derived growth factor signaling which, 

depending on the external stimuli, can participate in a multitude of cellular functions such as 

survival, proliferation, and cellular differentiation17. Loss of RGS5 has been reported to lead to 

vascular leakage, suggesting that this G protein-coupled receptor modulator plays a role in 

pericyte-endothelial interactions18. Notch3 plays an important role in pericyte development and 

Notch deficiency results in loss of vessel stability19. Despite the number of studies using these 

markers, their specificity appears to depend on the organ of interest6. Additionally, the use of a 

single marker may only label a subpopulation of pericytes that have a distinct role in homeostasis 

and disease. Therefore, several studies use panels of markers to exclude other cell types and 

purify for the pericyte population10,20. This process can involve using more than one of the markers 

listed above or including negative selection markers to exclude other cell types. However, the use 

of different marker panels makes it difficult to review the previous studies regarding pericytes in 

a collective manner and apply the findings from one organ to another. There is a need to properly 

characterize this heterogeneous population of cells in an organ-specific manner to develop a 

common foundation for future studies. 

 

With the advent of technologies to examine a population of cells at a single cell resolution, studies 

on heterogeneous cell types have become recently possible. Notably, single cell RNA-sequencing 

(scRNA-seq) has become an accessible technique to analyze the transcriptomic profiles of 

thousands of cells21,22. We sought to harness this technology to dissect the heterogeneity of 

pericytes in the murine heart. However, when we observed a publicly available dataset of scRNA-

seq of the whole murine heart, the enrichment of pericytes was very low. We thus aimed to 

develop a protocol to enrich for pericytes prior to downstream analysis via scRNA-seq. While this 

could be done using any of the markers discussed, there was concern that utilizing any 

combination of markers could result in capturing only a subpopulation of cardiac pericytes. 

Therefore, we developed a protocol that could enrich for pericytes in the murine heart without 
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using any specific markers. This protocol could be applied to healthy and injured hearts, thus 

developing a foundation for future studies on the heterogeneity of this cell population and their 

functional roles under different conditions. 

 

RESULTS 

Single cell RNA-sequencing of the whole heart results in low enrichment of pericytes 

With the plethora of scRNA-seq data that has been published, we first sought to identify publicly 

available databases that would include cardiac pericytes. The Tabula Muris is a collection of 

single cell transcriptomic data spanning multiple organs from mice23. When we looked at 

expression of pericyte markers in the hearts collected by this consortium, we saw that there was 

very low enrichment of pericytes in these data (cluster 6) (Figure 1A-B). This data demonstrated 

that conducting scRNA-seq on the whole heart would yield a low percentage of pericytes. 

Therefore, there was a need to develop a way to enrich for pericytes to capture more of these 

cells for further downstream analysis. 

 

Exclusion of other cardiac cells can enrich for cardiac pericytes 

While there are several pericyte markers being used in other studies, the heterogeneity of the cell 

population questions whether the findings of these studies may only be applicable to a 

subpopulation of pericytes. We aimed to address this issue by enriching for cardiac pericytes prior 

to scRNA-seq without using any known markers. We optimized a protocol that consisted of 

excluding other major cardiac cell types, included cardiomyocytes, fibroblasts, endothelial cells, 

immune cells, vascular smooth muscle cells, and cardiac neurons. We generated a double 

transgenic mouse by crossing Myh6GFP/+ mice with Col1a1GFP/+ to label the majority of 

cardiomyocytes and fibroblasts with GFP24,25 (Figure 2A). After digesting the hearts from 

Myh6GFP/+;Col1a1GFP/+ adult mice into single cells, the cell suspension was passed through a 70μm 

filter to exclude larger cells such smooth muscle and neurons. The cells were treated with calcein-
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AM26 for viability and stained with antibodies targeting endothelial cells (CD31)27 , erythrocytes 

(Ter119)28, leukocytes (CD11b)29 and other hematopoietic cells (CD45)30. Cells that were positive 

for calcein-AM, but negative for all other markers (i.e. GFP, CD31, CD45, Ter119, and CD11b) 

were sorted (Figure 2B-C). RT-qPCR confirmed that this population had high expression of 

pericyte markers and minimal expression of other cell type markers (Figure 2D). The cells were 

also cytospun and stained, confirming protein expression of pericyte markers (Figure 2E). Using 

this protocol, we were able to enrich for cardiac pericytes in a manner that can be used for 

downstream scRNA-seq. 

 

Single cell RNA-sequencing of enriched pericyte population 

Cells were collected in the protocol described above and subjected to scRNA-seq through the 

10x Genomics capture platform22. We sequenced a total of 5972 cells that formed unique clusters 

on the uniform manifold approximation and projection (UMAP) plot31 (Figure 3B). By looking at 

the expression of various cell type markers, we could identify clusters of cells that corresponded 

to fibroblasts (Pdgfra+)32, cardiomyocytes (Tnnt2+)33, and Schwann cells (Plp1+)34 (Figure 3C). 

There were very few endothelial cells or macrophages, suggesting that antibody-based exclusion 

is more reliable than fluorescent labeling by transgenic mice (Figure 3C). Also, unlike the 

previously published scRNA-seq data on whole heart samples, the largest cluster in our data was 

enriched for pericyte markers Cspg4, Mcam, Pdgfrb, Rgs5, and Notch3 (Figure 3D). We subset 

the 2818 cells from this pericyte cluster and observed the distribution of pericyte marker 

expression. Of 2818 total cells, only 110 expressed all five markers, and the rest expressed 

varying combinations of these markers (Figure 3D). These results further support that cardiac 

pericytes are a heterogeneous population and that individual markers may only be marking 

specific subpopulations of pericytes. 

 

Single cell RNA-sequencing of enriched pericytes after myocardial infarction 
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Myocardial infarction (MI) is an acute ischemic injury to the heart that results in cardiomyocyte 

death and the development of fibrotic tissue35. As pericytes have been associated with 

participating in the ischemic injury response in other organs5,36, we wondered if our enrichment 

protocol could be applied to hearts that had undergone MI. Myh6GFP/+;Col1a1GFP/+ adult mice 

underwent MI by permanent ligation of the left anterior descending artery and the hearts were 

collected 7 days later. Pericytes were collected from these hearts using the enrichment protocol 

and subjected to scRNA-seq. The two sets of cells were merged together for analysis (Figure 

4A). The largest cluster of cells was enriched in pericyte markers and was subset out for further 

analysis (Figure 4B-C).  As the pericytes formed 3 unique clusters (Figure 4C), we were curious 

as to whether any of the clusters were representative of “pro-fibrotic” pericytes. We first looked at 

the percentage of cells from uninjured and injured hearts that make up each cluster. After injury, 

there was significant expansion of cells in cluster 3 (Figure 4D) and the majority of cells that made 

up cluster 3 were derived from the injured hearts (Figure 4E). Pericytes in cluster 3 had high 

enrichment of genes associated with wound healing, extracellular matrix (ECM) proteins and 

response to ischemia (Figure 4F, Supplementary Table 1). These results strongly suggest that 

pericytes found in cluster 3 may be pericytes that are responsive to MI. 

 

When looking at highly expressed genes in cluster 3, we identified the gene Vtn, which encodes 

for vitronectin (VTN). VTN is a glycoprotein that binds to components within the ECM, such as 

collagens37. The expression of Vtn was specific to cluster 3 of pericytes (Figure 5A), suggesting 

that its expression is associated with the injury response by pericytes. Immunofluorescence 

staining for VTN in hearts 7 days post-MI confirmed that expression was specific to the fibrotic 

area (data not shown) and was co-expressed with the pericyte marker PDGFRβ (Figure 5B). 

These results suggest that VTN may be a promising target for observing pro-fibrotic pericytes. 

 

DISCUSSION 
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Cardiac pericytes are an understudied cell population that have been difficult to characterize in-

depth, due to the lack of specific markers for identifying and isolating these cells. Markers used 

in other organ systems either label other cell types or only label a subpopulation of pericytes in 

the heart. In order to conduct analysis on the heterogeneity of cardiac pericytes while including 

the entire population, we sought to develop a protocol that could enrich for pericytes for scRNA-

seq. By excluding other major cell types using a combination of transgenic mice, cell filtration, 

and FACS, we optimized a protocol in which pericytes could be highly enriched. We took this 

enriched population, conducted scRNA-seq and was able to capture a high number of pericytes 

in our data. When we looked at expression of commonly used pericyte markers and could see 

that the expression of each marker varied within this population, supporting that this is a 

heterogeneous cell type. This protocol could also be applied to hearts that had undergone MI, 

allowing for studies on pericyte subpopulations and their roles in cardiac injury. By using scRNA-

seq, we identify a cluster of pericytes that express genes associated with wound healing., ECM 

proteins, and response to ischemia. This cluster was highly specific in its expression of VTN and 

the expression of VTN was found to be specific to the fibrotic areas of the heart. Overall, our data 

provides a foundation for future studies on cardiac pericyte markers and function in injury. 

 

Though the protocol we have developed can be useful in future studies of cardiac pericytes, there 

are several limitations to its widespread use. One, our protocol uses transgenic mice to label 

cardiomyocytes and fibroblasts, limiting the use of this protocol with other transgenic mouse 

models. In order to apply this protocol to other strains of mice, one would have to modify the 

protocol to somehow exclude these two major cell types. Two, as seen from the scRNA-seq data, 

the purity of pericytes collected using our protocol is not very high. There is still a significant 

number of other cell types that could be seen in the UMAP plot. Because we utilized a technique 

to look at single cells, we were able to exclude extraneous cells and focus on the pericytes. 

However, using this protocol for other types of bulk analysis would have to be considered carefully, 
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as other cell types may contaminate downstream analysis. Though there are limitations to our 

developed protocol, the data that we receive can still be utilized in other studies, particularly in 

the identification of novel markers. 

 

METHODS 

Public Databases 

Single cell RNA-sequencing data of whole murine heart was downloaded from the Tabula Muris 

compendium23 (https://tabula-muris.ds.czbiohub.org/) and processed using Seurat38. 

 

Mice and Myocardial Infarction 

Myh6GFP/+ mice were purchased from Jackson Laboratory and Col1a1GFP/+ mice were provided 

from the Sylvia Evans lab. Adult (2-3 months old) male and female mice were used in all 

experiments. There were no sex-related differences in our data.  

 

To induce myocardial infarction, mice were first anesthetized by injection of ketamine/Xylazine. 

Throughout the surgery, the mice were intubated for positive pressure ventilation with a mixture 

of oxygen and 2-3% isoflurane. Left thoracotomy between the fourth and fifth rib was conducted, 

and the pericardium was opened. An 8-0 suture was placed around the left anterior descending 

artery and tightened to simulate myocardial infarction. The chest was then closed by using 5-0 

Vicryl suture and ventilation was maintained until sufficient spontaneous breathing. 0.1mg/kg 

buprenorphine and 5mg/kg carprofen was provided immediately after the surgery and the mice 

were left to recover in a temperature-controlled chamber until they were fully mobile. All 

procedures were carried out with the approval of the University of California, Los Angeles Animal 

Research Committee. 

 

Fluorescence-Activated Cell Sorting (FACS) 

https://tabula-muris.ds.czbiohub.org/
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Mice were injected with heparin 20 minutes prior to euthanasia by isoflurane. The hearts were 

dissected out, cannulated, and perfused with 20mL of Phosphate-buffered saline (PBS) followed 

by 5 mL of warmed digestion enzyme (PBS with Collagenase II, Dispase I, and DNase). The 

hearts were then chopped into small pieces and incubated in digestion enzyme at 37°C for an 

hour with periodic pipetting to ensure complete digestion. The digested cells were then filtered 

through a 70μm filter, centrifuged, and resuspended in cold PBS for debris removal. The Debris 

Removal Kit (Miltenyi) was used as per manufacturer’s instructions. Afterwards, the cells were 

treated with calcein-AM (Thermo Fisher Scientific) and then stained with anti-CD31-PE-Cy7, anti-

CD11b-PE-Cy7, anti-Ter119-PE-Cy7, and anti-CD45-PE-Cy7 antibodies diluted in FACS buffer 

for 30 minutes at room temperature. Cells were then washed and resuspended in FACS buffer 

for sorting on an BD FACSAria sorter. For downstream RT-qPCR, cells were collected in TRIzol™ 

LS Reagent (Thermo Fisher Scientific) and for downstream scRNA-seq, cells were collected in 

DMEM media + 10%FBS without calcium. 

 

RNA Extraction and Real-Time qPCR (RT-qPCR) 

Cells in TRIzol™ LS Reagent (Thermo Fisher Scientific) after sorting were stored in -80°C. After 

thawing, RNA was extracted by a series of chloroform additions and isopropanol precipitation. 

RNA quality and quantity were measured by NanoDrop™ (Thermo Fisher Scientific). RNA was 

then reverse transcribed into cDNA by using an iScript™ cDNA Synthesis Kit (Bio-Rad) and 

following the manufacturer’s instructions. RT-qPCR reactions were prepared with SYBR Green 

Master Mix (Bio-Rad) and primers designed for each target gene (Suppelementary Table 2). 

The reactions were run on a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and 

analysis was done via the double ΔCT method. 

 

Cytospinning 
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Cells were sorted as described above into PBS containing EDTA and centrifuged in a Cytospin™ 

4 Cytocentrifuge (Thermo Fisher Scientific) at 800rpm for 4 minutes. Cells were spun onto 

Colorfrost Plus microscope slides (Fisher) and fixed with 4% paraformaldehyde (PFA). 

 

Immunofluorescence staining 

Murine hearts were dissected after injection with heparin and proper euthanasia. The hearts were 

perfused with PBS, fixed with 4% PFA overnight, and incubated in 30% sucrose for another day. 

The tissues were embedded in Optimal cutting temperature compound and sectioned into 8μm 

thick sections using a Leica cryostat. Sections were mounted on Colorfrost Plus microscope slides 

(Fisher) and stored at -20°C until stained. 

 

For staining, slides were washed with PBS and incubated with 0.25%TritonX-100 to permeabilize. 

Cytospun cells were not permeabilized. Slides were then incubated in blocking buffer (10% goat 

serum in PBS-0.1%Tween) for 1 hour at room temperature. Slides were then incubated with 

primary antibodies (overnight at 4°C), washed, and then incubated with secondary antibodies (1 

hour at room temperature). Antibodies and dilutions are presented in Supplementary Table 3. 

Coverslips were mounted with mounting medium containing DAPI (Vector). Slides were images 

using a Leica LEICACTR6500 microscope or a Zeiss LSM880 confocal microscope. 

 

Single Cell RNA-sequencing Analysis 

Enriched cardiac pericytes were sorted into DMEM media + 10%FBS without calcium and 

prepared for single cell RNA-sequencing using the 10x Genomics Chromium Controller.  Libraries 

were prepared using the Chromium Single Cell 3’ GEM, Library & Gel Bead Kit, v2 and sequenced 

on Nextseq 500 sequencer (Illumina). Data was processed through the Cell Ranger pipeline (10x) 

and analyzed using Seurat38. 
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Figure 1 

 

Figure 1: Single cell RNA-sequencing of the whole heart results in low enrichment of 

cardiac pericytes 

(A) T-distributed Stochastic Neighbor Embedding (tSNE) plot of sorted murine heart cells 

downloaded from the Tabula Muris compendium. (B) Expression of pericyte markers is limited to 

cluster 6, which is a very small percentage of total cells. 
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Figure 2 
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Figure 2: Exclusion-based approach to enrich for cardiac pericytes 

(A) Breeding schematic for generating Myh6GFP/+;Col1a1GFP/+ mice. (B) Schematic describing the 

methods of excluding all of the different cardiac cell types to enrich for cardiac pericytes. (C) 

Representative FACS plots depicting the sort protocol. Calcein-AM+ cells were gated on and 

within the viable cells, the population that was negative for all markers was sorted for analysis 

(red box). (D) Gene expression profile of the cells collected after pericyte enrichment have high 

levels of expression of pericyte markers and have low levels of expression of other cell type 

markers. (E) After sorting, the cells were cytospun and stained for pericyte markers, confirming 

that collected cells are pericytes. DAPI was used to stain nuclei (blue). Scale bar: 20μm. 
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Figure 3 
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Figure 3: Single cell RNA-sequencing of enriched cardiac pericyte population confirms 

cellular heterogeneity 

(A) UMAP plot of enriched cardiac pericyte population shows multiple clusters of cells that were 

sequenced. (B) Other cell type markers can be used to identify cardiomyocytes, fibroblasts, glial 

cells, endothelial cells, and hematopoietic cells that made it through out enrichment protocol. (C) 

The largest cluster of cells express pericyte markers. (D) Venn diagram showing the 

heterogeneity of expression of the 5 pericyte markers. This suggests that studies that singly label 

pericytes may only be observing a subpopulation of the pericyte population. 
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Figure 4 
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Figure 4: Identification of a pro-fibrotic subpopulation of cardiac pericytes 

(A) UMAP of cells from uninjured hearts and hearts 7 days post-myocardial infarction (7DMI). (B) 

Pericyte marker expression across all cells that were sequenced. (C) Largest cluster that was 

enriched for pericyte markers were subset and re-analyzed, creating a new UMAP plot. The cells 

formed three unique clusters. (D) Of all the pericytes collected from uninjured and 7DMI, the 

distribution of these cells into each of the three clusters is shown. Between uninjured and 7DMI 

samples, there was an increase in the number of cells that fall into cluster 3 (blue). (E) Within the 

cells that make up each cluster, the percentage of cells that came from uninjured and 7DMI hearts 

are shown. Unlike cluster 1 and 2, cluster 3 is made up of mostly cells from 7DMI hearts. (F) 

Heatmap showing average expression of genes associated with wound healing, extracellular 

matrix (ECM) proteins, and response to ischemia in each cluster. Cluster 3 shows the highest 

enrichment of genes in all three categories, suggesting that this population may be responsive to 

injury.  
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Figure 5 

 

 

Figure 5: Vitronectin is upregulated in a pro-fibrotic subpopulation of cardiac pericytes 

(A) Vtn expression across the pericyte cluster shows specific expression in cluster 3. (B) Staining 

for vitronectin (VTN) (red) and PDGFRβ (green) in the fibrotic area of hearts 7 days post-MI. DAPI 

was used to stain nuclei (blue). Scale bar: 50μm. 
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Supplementary Table 1 

Heatmap Genes 

Regulation of Wound Healing ECM Response to Ischemia 

Abat Foxc2 Serpinb2 Col12a1 Aifm1 Ppib 

Adamts10 Gja1 Serpinc1 Col15a1 Bcl2 Ppic 

Adamts12 Gja6 Serpine1 Col16a1 Camk2a Rnls 

Adamts6 Gsn Serpine2 Col1a1 Camk2d Uchl1 

Adra2a Hbegf Serping1 Col1a2 Camk2g  

Adrb2 Hmgb1 Smad2 Col27a1 Camk2b  

Alox12 Hmgcr Smad3 Col3a1 Cav1  

Alox15 Hopx Sox12 Col4a1 Cib1  

Ano3 Hpse Sox8 Col4a2 Cpeb4  

Ano6 Hras Sox9 Col4a3 Cpeb2  

Anxa1 Kank1 Srsf4 Col4a4 Cpeb3  

Anxa2 Krt1 Srsf6 Col4a5 Eef2  

Anxa5 Lbh Stab1 Col5a1 Eftud2  

Apoe Lyn Stx2 Col5a2 Eef2k  

Arfgef1 Mylk Stxbp5 Col5a3 Eif4ebp1  

Arfgef2 Nfe2l2 Tc2n Col6a1 Eif4ebp2  

Avil Nos3 Tec Col6a2 Fn1  

C1qtnf1 Pdgfa Tgfbr2 Col6a3 Hk2  

C1qtnf6 Pdgfb Thbd Col8a1 Hk1  

Capn1 Pdgfra Thbs1 Fbn1 Hyou1  

Capn11 Pdgfrb Thbs3 Fbn2 Map2k6  

Capn2 Phldb2 Thbs4 Fn1 Map2k3  

Capn3 Plat Tlr4 Tnc Nek1  

Cask Plau Tnfaip3  Map3k5  

Cav1 Plaur Tnfrsf12a  Map3k15  

Cd109 Plek Txk  Map3k6  

Cd34 Ppard Ubash3b  Mlycd  

Cd36 Prkca Usf1  Nol3  

Clasp1 Prkcd Vav1  Panx1  

Clasp2 Prkce Vav2  Per2  

Comp Prkcg Vav3  Per1  

Dpp4 Prkch Vegfb  Ppargc1a  

Edn1 Prkg1 Vil1  Ppif  

Enpp4 Prkg2 Vill  Ppih  

F2r Pros1 Vps33b  Ppid  

F3 Ptger3 Vtn  Ppie  

Fap Ptger4 Wfdc1  Ppig  

Fcer1g Reg3g Wnt4  Gm5160  

Fgf2 Rreb1   Nktr  

Foxc1 Scara5   Ppia  
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Supplementary Table 2 

RT-qPCR Primers 

Gene Sequence 

Myh6 
F: 5’- ACATGAAGGAGGAGTTTGGG 

R: 5’- GCACTTGGAGCTGTAGGTCA 

Vwf 
F: 5’- GCTCCAGCAAGTTGAAGACC 

R: 5’- GCAAGTCACTGTGTGGCACT 

Neun 
F: 5’- ATCGTAGAGGGACGGAAAATTGA 

R: 5’- GTTCCCAGGCTTCTTATTGGTC 

Tuj1 
F: 5’- TAGACCCCAGCGGCAACTAT 

R: 5’- GTTCCAGGTTCCAAGTCCACC 

Tubb3 
F: 5’- TAGACCCCAGCGGCAACTAT 

R: 5’- GTTCCAGGTTCCAAGTCCACC 

Col1a1 
F: 5’- GCCAAGAAGACATCCCTGAAG 

R: 5’- TGTGGCAGATACAGATCAAGC 

Myh11 
F: 5’- CGGCAATGCGAAAACCGTC 

R: 5’- AGTGACATCGAAGTTGATGCG 

Mcam 
F: 5’- CCCAAACTGGTGTGCGTCTT 

R: 5’- GGAAAATCAGTATCTGCCTCTCC 

Cspg4 
F: 5’- GCTGTCTGTTGACGGAGTGTT 

R: 5’- CGGCTGATTCCCTTCAGGTAAG 

Pdgfrb 
F: 5’- TTCCAGGAGTGATACCAGCTT 

R: 5’- AGGGGGCGTGATGACTAGG 

Gapdh 
F: 5’- AGGTCGGTGTGAACGGATTTG 

R: 5’- TGTAGACCATGTAGTTGAGGTCA 

 

 

Supplementary Table 3 

Immunofluorescence Staining Antibodies 

Target Protein Manufacturer (catalog no.) Dilution 

NG2 Millipore Sigma (AB5320) 1:50 

CD146 Abcam (ab75769) 1:100 

PDGFRβ Abcam (ab32570) 1:100 

PDGFRβ eBioscience (14-1402-82) 1:50 

VTN ABClonal (A1667) 1:50 
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ABSTRACT 

Background: Genetic diversity and the heterogeneous nature of cardiac fibroblasts (CFbs) have 

hindered characterization of the molecular mechanisms that regulate cardiac fibrosis. The Hybrid 

Mouse Diversity Panel (HMDP) offers a valuable tool to examine genetically diverse cardiac 

fibroblasts and their role in fibrosis.  

 

Methods: Three strains of mice (C57BL/6J, C3H/HeJ, and KK/HlJ) were selected from the HMDP 

and treated with either isoproterenol (ISO) or saline by an intraperitoneally implanted osmotic 

pump. After 21 days, cardiac function and levels of fibrosis were measured by echocardiography 

and trichrome staining, respectively. Activation and proliferation of CFbs were measured by in 

vitro and in vivo assays under normal and injury conditions. RNA-sequencing was done on 

isolated CFbs from each strain and results were analyzed by Ingenuity Pathway Analysis (IPA) 

and validated by reverse transcription-qPCR, immunohistochemistry, and ELISA. 

 

Results:  ISO treatment in C57BL/6J, C3H/HeJ, and KK/HlJ mice resulted in minimal, moderate, 

and extensive levels of fibrosis, respectively (n = 7-8 hearts/condition). Isolated CFbs treated with 

ISO exhibited strain-specific increases in the levels of activation but showed comparable levels 

of proliferation. Similar results were found in vivo, with fibroblast activation, and not proliferation, 

correlating with the differential levels of cardiac fibrosis after ISO treatment. RNA-sequencing 

revealed that CFbs from each strain exhibit unique gene expression changes in response to ISO. 

We identified Ltbp2 as a commonly upregulated gene after ISO treatment. Expression of LTBP2 

was elevated and specifically localized in the fibrotic regions of the myocardium after injury in 

mice and in human heart failure patients. 

 

Conclusions: This study highlights the importance of genetic variation in cardiac fibrosis by using 

multiple inbred mouse strains to characterize CFbs and their response to ISO treatment. Our data 
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suggest that, while fibroblast activation is a response that parallels the extent of scar formation, 

proliferation may not necessarily correlate with levels of fibrosis. Additionally, by comparing CFbs 

from multiple strains, we identified pathways as potential therapeutic targets and LTBP2 as a 

marker for fibrosis, with relevance to patients with underlying myocardial fibrosis.  
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INTRODUCTION 

Acute myocardial injury or elevated pressure in the heart results in a multitude of cardiac 

pathologies, particularly cardiac fibrosis. It has been reported that such injury leads to activation 

and proliferation of cardiac fibroblasts (CFbs), some of which deposit excessive extracellular 

matrix (ECM) components that compromise myocardial structure and function1, 2. Despite the 

significant role that CFbs play in injury response, characterization of this cell type has been 

challenging due to their heterogeneous nature and lack of fibroblast-specific markers2, 3. 

Furthermore, detailed knowledge of the molecular mechanisms that regulate their specific 

contributions to scar development is lacking.  

 

The Hybrid Mouse Diversity Panel (HMDP) is a collection of over 100 genotyped inbred strains of 

mice that allow for identification of genetic factors that contribute to various common disease 

traits4. In a comprehensive study by Rau et al., mice within the HMDP were phenotypically 

characterized following chronic treatment with isoproterenol (ISO), a β-adrenergic agonist 5. 

Excessive stimulation of β-adrenergic receptors in the heart has been linked to increased CFb 

proliferation and collagen synthesis5. Chronic treatment of the HMDP with ISO resulted in a wide 

range of severity in cardiac hypertrophy and associated fibrosis across the different strains. These 

findings support the hypothesis that genetic variation influences the development and progression 

of cardiac dysfunction and pathological fibrosis. However, these studies evaluated changes at the 

cardiac tissue level and did not delineate the roles of specific cell types to each strain’s respective 

phenotype.  

 

In the present study, we utilized three HMDP strains with varying responses to ISO treatment to 

investigate the mechanisms by which their respective CFbs may regulate the process of cardiac 

fibrosis. We demonstrated that CFbs respond to ISO in a strain-specific manner both in vitro 

and in vivo. Notably, CFbs from all three strains exhibited significant differences in levels of 
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activation in response to ISO but had similar rates of proliferation. Additionally, we performed 

RNA-sequencing and identified various molecular pathways that were differentially enriched 

across the three strains in response to ISO. RNA-sequencing further unveiled genes that were 

commonly upregulated in CFbs from all three strains.  Within these genes, we validated Ltbp2 

as a potential marker of fibrosis that can be applied to a genetically diverse population. Overall, 

our findings contribute to the understanding of cardiac fibroblast function in the context of ISO-

induced cardiac fibrosis and further highlight the importance of genetic variation in complex 

diseases and cellular functions. 

 

RESULTS 

Pathological analysis of ISO-induced cardiac function and fibrosis in selected mouse 

strains 

The entire HMDP was characterized at baseline and in response to ISO treatment to determine 

the extent of cardiac fibrosis (Figure 1A). The survey revealed significant variations in cardiac 

pathophysiology and fibrosis under baseline conditions and in response to ISO administration5, 6. 

Based on this considerable variability, we selected three representative strains that exhibited 

distinct pathological phenotypes: C57BL/6J, C3H/HeJ, and KK/HIJ, showing minimal, moderate, 

and substantial myocardial fibrosis after ISO injury, respectively. Adult female mice (8-10 weeks, 

20-28 grams) from each strain were intraperitoneally implanted with an Alzet micro-osmotic pump 

containing saline or ISO. Mice from all strains were of similar size (Supplementary Figure IA) 

and body weight (data not shown). Throughout the course of treatment, the mice did not display 

adverse physical symptoms in response to ISO. After 21 days of treatment, animals were 

sacrificed and hearts were harvested for analysis. Masson’s trichrome staining demonstrated 

minimal to no visible fibrotic areas in all mice treated with saline (Figure 1B). After ISO treatment, 

both C3H/HeJ and KK/HlJ hearts exhibited clear fibrotic areas (blue), while C57BL/6J hearts had 

minimal amounts of fibrosis. Consistent with the histological observations, quantitative analysis 
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of the fibrotic areas showed significant differences across the selected strains, with KK/HIJ hearts 

consistently exhibiting the greatest area of fibrosis in response to ISO (C57BL/6J: Saline=0.1±0.1% 

ISO=1.2±0.1%, C3H/HeJ: Saline=0.3±0.1% ISO=2.4±0.4%, KK/HlJ: Saline=0.3±0.1% 

ISO=6.4±0.7%) (Figure 1C).  Additionally, ISO treatment caused observable increases in heart 

size (Supplementary Figure IB) and heart weight/tibia length ratios (Supplementary Figure IC) 

in both KK/HIJ and C3H/HeJ strains, while C57BL/6J mice showed minimal signs of cardiac 

hypertrophy. 

 

Functional echocardiography analysis demonstrated increased left ventricle end-diastolic 

dimension (EDD) and end-systolic dimension (ESD) in the C3H/HeJ and KK/HIJ strains 21 days 

after ISO treatment (Supplementary Figure ID). Furthermore, these strains exhibited significant 

decreases in ejection fraction (C57BL/6J: Saline=+1.2±2.3% ISO=+0.15±3.13%, C3H/HeJ: 

Saline=+2.0±5.0% ISO=-15.9±5.2%, KK/HlJ: Saline=+2.2±3.2% ISO=-17.9±6.6%) (Figure 1D) 

and fractional shortening (Supplementary Figure IE) after ISO treatment. In contrast, C57BL/6J 

mice had preserved cardiac function in ISO-treated compared to saline-treated hearts (Figure 1D 

and Supplementary Figure IE). 

 

These results confirm that chronic β-adrenergic stimulation in different mouse strains leads to 

varying severity of cardiac fibrosis. These phenotypical differences were used to further 

characterize the contributions of CFbs to ISO-induced fibrosis. 

 

In vitro characterization of strain-specific cardiac fibroblasts in response to ISO 

Based on the varying levels of fibrosis exhibited by the three selected strains, we focused on 

characterizing strain-specific CFbs and their potential role in generating the observed patterns of 

cardiac fibrosis. Initially, CFbs from each strain were isolated and cultured as described in the 

Methods2. While our isolation protocol does not purify the entire CFb population, it ensures that 
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the same population of cells will be compared across the three strains. Phase contrast images 

and immunocytochemistry (ICC) confirmed that CFbs from all strains exhibit similar mesenchymal 

morphology (Supplementary Figure IIA) and express fibroblast markers collagen 1 (Col1) and 

PDGFRα (Supplementary Figure IIB and IIC). We then sought to determine whether these 

fibroblasts exhibited similar patterns of activation and proliferation in culture. CFbs were stained 

for the expression of α-smooth muscle actin (αSMA), a marker associated with activated 

fibroblasts7, and Phospho-Histone H3 (pHH3)8, for proliferation analysis.  We observed very low 

expression of αSMA within Col1+ CFbs from all strains (Supplementary Figure IID and IIE), 

indicating that these cells do not become activated without stimuli, and have similar rates of 

proliferation (%pHH3+ nuclei) at the basal level (Supplementary Figure IIF and IIG).  

 

We next examined whether strain-specific CFbs may have differential responses to ISO in vitro. 

CFbs from each strain were isolated, expanded, and passaged prior to being treated with culture 

media containing ISO (Figure 2A). Cells were then fixed and characterized by phase contrast 

microscopy (Figure 2B) and ICC. A significant percentage of CFbs from C3H/HeJ and KK/HlJ 

began to co-express αSMA and Col1, while CFbs from C57BL/6J exhibited minimal SMA 

expression in the presence of ISO (C57BL/6J: No ISO=0.8±0.5% ISO=1.9±1.8%, C3H/HeJ: No 

ISO=1.0±0.5% ISO=12.3±1.7%, KK/HlJ: No ISO=1.1±0.5% ISO=7.5±1.6%) (Figure 2C and 2D). 

Immunostaining for pHH3 revealed that the rate of proliferation was significantly increased across 

all three strains to similar levels when compared to their respective untreated control groups 

(C57BL/6J: No ISO=5.6±1.2% ISO=20.9±3.5%, C3H/HeJ: No ISO=4.9±1.4% ISO=16.9±4.8%, 

KK/HlJ: No ISO=3.4±1.4% ISO=20.0±2.9%) (Figure 2E and 2F). CFbs isolated from mice pre-

treated with implanted ISO osmotic pumps (Supplementary Figure IIIA) did not exhibit significant 

changes in activation or proliferation in response to additional in vitro ISO treatment 

(Supplementary Figure IIIB and IIIC). This may be attributed to an already stimulated state of 

cells before culture, resulting in minimal response to ISO in vitro9.  
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We additionally treated CFbs in vitro with TGFβ, a pro-fibrotic cytokine, for 72 hours 

(Supplementary Figure IVA)10. The morphology of the cells appeared grossly similar across all 

three strains (Supplementary Figure IVB). CFbs from all three strains exhibited significant 

increases in the level of activation from baseline, although the levels in KK/HlJ were significantly 

higher than in C57BL/6J (Supplementary Figure IVC and IVD). The proliferation rates of CFbs 

from all strains increased similarly in response to TGFβ (Supplementary Figure IVE). 

 

Together, these data suggest that cultured CFbs respond to ISO in a strain-specific manner. While 

ISO treatment resulted in differing levels of activation in cultured CFbs, their levels of proliferation 

were similar.  

 

Cardiac fibroblasts demonstrate strain-specific responses to ISO treatment in vivo 

While other studies have viewed fibroblast activation and proliferation to be interdependent 

responses to stimulation, our in vitro results suggest otherwise. To determine whether a similar 

behavior is observed in vivo, we investigated CFb activation and proliferation after ISO stimulation 

in the three selected strains.   

 

First, we observed the presence of activated fibroblasts in C57BL/6J, C3H/HeJ, and KK/HlJ mice 

in response to ISO treatment. Immunohistochemistry (IHC) was used to observe co-localization 

of Col1 with αSMA or periostin for the identification of activated CFbs11, 12. In all saline-treated 

groups, Col1 staining was mainly present around larger vessels and co-localization with αSMA 

was exceedingly rare (Figure 3A).  However, after ISO treatment, there was an increase in Col1 

staining, particularly in C3H/HeJ and KK/HlJ hearts (Supplementary Figure VA). Many Col1+ 

cells co-expressed SMA in both perivascular and interstitial regions of the myocardium in 

C3H/HeJ and KK/HlJ hearts, indicating the presence of activated CFbs (Figure 3A). This increase 
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was quantified as the area of Col1+αSMA+ staining normalized to the total area of each heart 

section (C57BL/6J: Saline=0.5±0.2 ISO=5.2±1.0, C3H/HeJ: Saline=2.2±0.6 ISO=12.4±2.2, 

KK/HlJ: Saline=4.8±1.5 ISO=42.0±4.7) (Figure 3B). IHC for periostin also confirmed the 

differential levels of activated CFbs observed across the three strains (Supplementary Figure 

VB). Consistent with our in vitro results, the levels of CFb activation corresponded with the amount 

of fibrosis seen within each strain. 

 

Next, we sought to assess the proliferative behavior of CFbs in vivo after ISO injury. Mice were 

injected with Bromodeoxyuridine (BrdU) at the time of micro-osmotic pump implantation for 

saline/ISO and exposed to BrdU diluted in drinking water throughout the 21 days of treatment 

(Figure 3C). IHC of the control hearts demonstrated low levels of BrdU+ proliferating CFbs 

throughout the myocardium. However, with ISO treatment, we observed a significantly higher 

number of BrdU+ cells throughout the perivascular and interstitial Col1+ regions in all three strains 

(Figure 3D). Flow cytometry demonstrated similar percentages of BrdU+ CFbs in the control 

groups for all three strains. The proportion of BrdU+ CFbs significantly increased to a similar 

amount after ISO treatment in all three strains (C57BL/6J: Saline=5.8±1.5% ISO=20.9±0.6%, 

C3H/HeJ: Saline=7.1±0.8% ISO=32.7±5.3%, KK/HlJ: Saline=6.2±0.8% ISO=23.4±1.4%) (Figure 

3E and Supplementary Figure VC).  

 

These results demonstrate that while a similar pattern of CFb proliferation was observed in all 

three strains after ISO treatment, the extent of cardiac fibrosis directly correlated with the number 

of activated CFbs.  

 

Inhibition of cardiac fibroblast proliferation in vitro does not affect their activation levels 

Our results suggest that CFb proliferation and activation may be distinct responses to ISO 

treatment with different phenotypic presentation depending on genetic background. To confirm 
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this, we sought to inhibit CFb proliferation in vitro and determine whether it would affect the 

activation of these cells.  

 

CFbs from each strain were isolated, cultured, and subjected to one of three conditions: (i) culture 

in normal media, (ii) treatment with mitomycin-C (mito-C) for 2 hours, or (iii) irradiation (IR) for 2 

minutes. We chose treatment with mito-C or irradiation as two independent methods to inhibit 

CFb proliferation13. We then exposed the cells to ISO and conducted ICC for pHH3 and αSMA 

(Figure 4A). In all three strains, the percentages of pHH3+ nuclei were significantly reduced 

following mito-C and IR treatment (C57BL/6J: Control=17.38±6.1% Mito-C=0.5±0.3% 

IR=3.5±1.3%, C3H/HeJ: Control=11.69±1.5% Mito-C=2.2±0.9% IR=3.7±1.6%, KK/HlJ: 

Control=14.8±0.5% Mito-C=0.3±0.3% IR=2.7±1.8%) (Figure 4B). However, we did not observe 

significant differences in the percentage of CFbs that expressed markers for CFb activation such 

as αSMA (C57BL/6J: Control=0.2±0.1% Mito-C=0.1±0.1% IR=1.5±0.7%, C3H/HeJ: 

Control=5.0±0.7% Mito-C=4.1±1.6% IR=2.5±0.8%, KK/HlJ: Control=18.5±8.5% Mito-

C=13.11±2.06%, IR=8.1±0.7%) (Figure 4C). These results confirm that CFb proliferation and 

activation do not necessarily correlate with each other and may contribute to fibrosis in unique 

manners. 

 

Strain-specific cardiac fibroblasts have unique transcriptional profiles in response to in 

vivo ISO treatment 

The use of multiple genetic strains for transcriptome analysis allows for a comprehensive 

approach to determine potential genetic contributors of specific phenotypes. To further 

characterize CFbs within the three selected strains, we performed RNA-sequencing on isolated 

CFbs from C57BL/6J, C3H/HeJ, and KK/HlJ mice that underwent saline or ISO treatment for 21 

days. The effects of ISO on each strain’s transcriptome was unique, as seen by the global 

heatmap of differential gene expression of all three strains, further justifying the need to study 
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strain-specific phenotypes (Figure 5A). Based on the in vitro and in vivo results, we focused on 

genes mainly associated with fibrosis and proliferation. We observed that genes related to 

fibroblast activation and fibrosis were highly upregulated in KK/HIJ CFbs in response to ISO 

compared to C3H/HeJ and C57BL/6J CFbs (Figure 5B). In contrast, we observed comparable 

expression levels of select cell cycle and proliferation genes across the three strains (Figure 5C).  

Furthermore, we used Ingenuity Pathway Analysis (IPA) to identify enriched pathways which may 

be involved in regulating such differences within each strain (Supplementary Figure VIA). 

Overall, C3H/HeJ and KK/HlJ CFbs exhibited higher activation scores for several pro-fibrotic 

pathways when compared to C57BL/6J, such as the TGFβ signaling14, β-adrenergic signaling5, 

and Endothelin-1 signaling pathways15 (Supplementary Figure VIB). The GP6 signaling pathway 

was of particular interest as it showed the highest activation scores in KK/HlJ CFbs and was one 

of the more significantly enriched pathways identified by IPA (Supplementary Figure VIA and 

VIB).  

 

To identify changes that occurred throughout the course of injury, we additionally isolated CFbs 

from ISO-treated mice 14 days after pump implantation for RNA-sequencing. Compared to saline-

treated groups, CFbs from all strains exhibited an extensive number of differentially expressed 

genes (Supplementary Figure VIIA) and enriched pathways (Supplementary Figure VIIB) 

between days 14 and 21 of injury, suggesting that changes continue to occur at the transcriptome 

level in CFbs up until the final week of treatment. Between days 14 and 21, C57BL/6J CFbs 

exhibited negative activation scores of various pro-fibrotic pathways (Supplementary Figure 

VIIC). On the other hand, C3H/HeJ CFbs exhibited higher levels of activation of several pro-

fibrotic pathways, suggesting that CFbs are continuing to respond to ISO treatment 

(Supplementary Figure VIIC). Finally, KK/HlJ CFbs did not exhibit significant changes in 

pathway activation between 14 and 21 days of treatment. (Supplementary Figure VIIC).  

According to our IPA analysis, each strain demonstrated distinct differences in pathway activation 
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at different time points of ISO treatment. Further exploration of these pathways is required to 

delineate the mechanisms by which they alter ISO-induced cardiac fibrosis. 

 

Ltbp2 is upregulated in response to cardiac fibrosis 

Like genome-wide association studies (GWAS), the HMDP facilitates identification of unique 

genes that may be associated with complex phenotypic traits. To account for diversity seen in 

heart failure pathologies, we sought to identify genes that can be associated with fibrosis 

regardless of genetic background. From the RNA-sequencing data, we focused on genes that 

were upregulated within each strain in response to ISO. Several of these genes overlapped 

across two strains, but the majority of the genes were unique to each strain (Figure 6A). We 

focused on genes that were upregulated in all three strains in response to ISO and identified 

Ltbp2 to be of interest (Figure 6B and Supplementary Figure VIIIA). Reverse transcription-

qPCR (RT-qPCR) for Ltbp2 within CFbs confirmed the trends seen within the RNA-sequencing 

data (C57BL/6J: 2.0±0.5, C3H/HeJ: 3.6±0.7, KK/HlJ: 3.2±0.8) (Figure 6C and Supplementary 

Table II).  

 

To confirm the presence of LTBP2 protein in fibrosis, we conducted IHC on cardiac sections from 

all three strains after ISO treatment. In saline-treated hearts, there was minimal expression of 

LTBP2 throughout the myocardium (Figure 6D). However, in response to ISO, LTBP2 co-

localized with DDR2, a marker for fibroblasts, and αSMA (Figure 6D). The expression of LTBP2 

was specifically localized to the fibrotic regions, even in C57BL/6J hearts, where there was 

minimal fibrosis (Figure 6D). As it is a secreted protein, we additionally sought to determine 

whether ISO treatment elevates LTBP2 levels in circulation. We found that LTBP2 levels were 

significantly increased in plasma of KK/HlJ mice, with upward trents in C57BL/6J and C3H/HeJ 

mice, after ISO treatment (Supplementary Figure VIIIB and Supplementary Table III).  
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To determine whether LTBP2 expression is also present in other models of fibrosis, we performed 

transverse aortic constriction (TAC) surgery on the three mouse strains16. We observed cardiac 

hypertrophy and the presence of myocardial fibrosis in the three strains after TAC (data not 

shown). In C57BL/6J mice, RNA-sequencing and RT-qPCR demonstrated significant increases 

in Ltbp2 expression in CFbs 7 days after TAC surgery compared to sham (Supplementary Figure 

VIIIC and VIIID). Additionally, IHC showed that LTBP2 was preferentially localized in the fibrotic 

areas within the myocardium of mice that underwent TAC (Figure 6D).  

 

Finally, we investigated whether LTBP2 is upregulated in human plasma with underlying heart 

failure. We found that average LTBP2 levels were mildly increased in patients with heart failure 

with reduced ejection fraction (HFrEF) when compared to healthy individuals. (Supplementary 

Figure IXA and Supplementary Table IV). Furthermore, IHC staining of human myocardial 

tissue from heart failure patients revealed LTBP2 expression to be significantly increased 

compared to expression in the healthy human myocardium (Supplementary Figure IXB). 

 

Taken together, our results suggest that the expression of LTBP2 may be indicative of the 

development of cardiac fibrosis, but its specific role in fibrosis requires further exploration. 

 

DISCUSSION 

Despite the functional significance of CFbs in cardiovascular disease, the specific contributions 

of these cells to cardiac fibrosis are not completely understood. Previous studies revealed a wide 

spectrum of cardiac pathology across various inbred strains of mice when subjected to chronic β-

adrenergic stimulation by ISO5, 6. We hypothesized that characterizing fibroblasts of multiple 

strains with different severities of ISO-induced cardiac fibrosis would allow us to dissect the 

contributions of these cells to scar development.  Our results show that fibroblast activation, not 

proliferation, correlates with the striking differences in fibrosis among the divergent strains. 
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Moreover, comparisons of gene expression profiles across the strains revealed differences in 

underlying mechanistic pathways and led to the identification of a potential marker of fibrosis. 

 

While recent research has focused on how CFbs become activated and proliferate in response to 

injury17, the mechanisms by which these processes dictate scar development have yet to be 

elucidated. Prior to this study, CFb activation and proliferation were generally considered to be 

interconnected responses that contribute to fibrosis17, 18. Here, by comparing CFbs from three 

selected strains of the HMDP – C57BL/6J, C3H/HeJ, and KK/HlJ – we discovered that there is a 

direct correlation of CFb activation with the severity of fibrosis, while CFbs from all strains 

exhibited similar proliferative capacity in response to ISO. These results suggest that CFb 

proliferation may be an independent response from CFb activation and that levels of proliferation 

do not necessarily correlate with the extent of scar formation. It is possible that CFb proliferation 

is an indicator of CFb stimulation, but the functional roles of this phenomenon require further 

studies.  

 

Myocardial injury evokes multiple signaling pathways in cardiac fibroblasts that ultimately lead to 

the activation of genes that regulate cardiac fibrosis19. To delineate gene expression differences 

between CFbs from each select strain, we conducted RNA-sequencing on sorted CFbs after 

saline and ISO treatment. After ISO treatment, CFbs from each strain responded with distinct 

changes in their gene expression profiles. Our results revealed many genes with small fold 

changes and the analysis was conducted to be inclusive of these changes. We observed 

enrichment of fibroblast activation genes that paralleled the extent of fibrosis observed in each 

strain, while the upregulation of proliferation genes was comparable across all strains. IPA 

analysis identified the GP6 signaling pathway as exhibiting activation scores that corresponded 

with the levels of fibrosis seen across the three selected strains. GP6 is a collagen receptor 

abundantly expressed on platelets that activates a downstream signaling cascade promoting 
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platelet aggregation and thrombus formation20. The role of this signaling pathway in fibroblasts 

has yet to be explored, but our results suggest that modulation of this signaling cascade may 

regulate the formation of fibrosis. Our RNA-sequencing data also revealed that genetic 

differences may influence the timely progression of scar formation. In C57BL/6J mice, CFbs were 

not immune to ISO treatment, but rather exhibited a downregulation of pro-fibrotic pathways 

between day 14 and day 21 of treatment. On the contrary, C3H/HeJ mice appeared to display a 

slow progression towards the formation of fibrosis, evidenced by the continuing changes in gene 

expression profiles between day 14 and day 21. Finally, KK/HlJ mice, as the most sensitive strain, 

exhibited surprisingly few changes in canonical pathway activation between day 14 and day 21 

of treatment, suggesting that CFbs may have already undergone transcriptional changes in 

response to ISO prior to the time of analysis. Ultimately, these findings raise questions regarding 

whether phenotypic and/or transcriptomic changes observed after cardiac injury within a single 

mouse strain can be applicable to other strains. It is important to interrogate these pathways to 

gain insight into mechanisms of CFb activation, explore how cardiac fibrosis is regulated, and 

perhaps design novel anti-fibrotic therapies. 

 

Heart failure resulting from prolonged interstitial fibrosis is a highly heterogeneous disorder 

influenced by many environmental and genetic factors. GWAS allows for the identification of 

genetic variations on complex traits such as heart failure21. However, multiple large-scale GWAS 

studies have provided limited success in identifying genetic signals driving heart failure22. This is 

partly due to the paucity of quantitative phenotypic data as well as diverse environmental factors. 

Therefore, there have been challenges in developing treatments for heart failure and cardiac 

fibrosis that are applicable to a diverse population. The HMDP is a unique tool to mimic in mice 

the genetic variance and substantial diversity of heart failure development seen in humans. While 

previous studies have sought to identify genetic markers uniquely associated with heart failure in 

a specific genetic background, we sought to investigate common markers that are associated with 
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cardiac fibrosis in a panel of genetically diverse mouse strains. Our results revealed Ltbp2 to be 

upregulated in CFbs from all three strains and that the expression of LTBP2 was primarily 

localized in the fibrotic regions. LTBP2 is part of the Latent TGFβ1-Binding Protein family, which 

have been shown to participate in the regulation of TGFβ signaling and display high affinity 

binding sites for extracellular matrix proteins. However, while the functions of LTBP123, LTBP324, 

and LTBP425 in disease have been extensively characterized, the role of LTBP2 in cardiac injury 

is still unclear. Whether LTBP2 is merely a surrogate for cardiac fibrosis or is involved in its 

pathogenesis is not entirely known. Furthermore, the specificity of LTBP2 to cardiac fibrosis, and 

its potential role in the manifestation of other types of organ fibrosis cannot be disregarded. 

However, our results in both mice and human heart failure patients support the possibility of 

LTBP2 being used as a marker for fibrosis that can be used across a genetically diverse 

population. 

 

Our data demonstrates the importance of considering genetic backgrounds when conducting 

studies on CFbs that reflect changes in cardiac phenotype in response to injury. The comparisons 

conducted across multiple strains allowed for a unique approach in associating CFbs with a 

spectrum of ISO-induced fibrosis, rather than just the presence of fibrosis itself. This form of 

analysis allowed us to determine significant factors that directly correlate with the development of 

scar tissue, which may have not been recognized if the study was done within a single strain. This 

multiple-strain approach, when combined with molecular and cell-based characterizations, serves 

as an important tool for future work delineating the functions not only of CFbs, but also of a variety 

of cardiac cell types. 

 

METHODS 

The data, analytic methods, and study materials will be made available to other researchers for 

purposes of reproducing the results or replicating the procedure. The authors declare that all 
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supporting data are available within the article and its online supplementary files. The 

transcriptomics data is available under the GEO accession ID GSE109376. 

 

Mice 

Adult female C57BL/6J, C3H/HeJ, and KK/HlJ mice (8-10 weeks) were obtained from Jackson 

Laboratory. All procedures were carried out with the approval of the University of California, Los 

Angeles (UCLA) Animal Research Committee or the Institutional Animal Care. Two operators 

blinded to the experimental designs performed all animal surgeries and in vivo analyses. 

 

Isoproterenol treatment 

Isoproterenol (ISO) treatment was performed by implantation of Alzet osmotic pumps (Cupertino, 

CA) in C57B/6J, C3H/HeJ, and KK/HlJ mice (n=20). Pumps were filled with ISO (Sigma, CA) 

(30mg/kg body weight/per day) and implanted in the abdominal cavity under anesthesia with 

isoflurane. Mice were treated pre- and post-operatively with Sulfamethoxazole and Trimethoprim 

oral suspension (Hi-Tech Pharmacal, NY). Mice in control groups were implanted with pumps 

filled with saline. Mice were sacrificed and hearts were harvested 14 or 21 days post-implantation 

for further analysis (n=52). 

 

Echocardiography  

Transthoracic echocardiography was performed on both saline and ISO treated mice before 

treatment and 21 days after pump implantation. Echocardiography was performed by a single 

operator who was blinded to the mouse strains and treatment groups using the Vevo 770 high-

resolution ECHO system equipped with a 35 MHz transducer. First, chest fur was removed using 

a depilatory lotion (Nair). Mice were lightly anesthetized with vaporized isoflurane (2.5% for 

induction, 1.0% for maintenance) in oxygen and lightly restrained in a supine position on a heated 

pad to maintain body temperature at 37° C. Continuous EKG monitoring was done throughout the 
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imaging studies and heart rates were maintained between 500 and 600 beats per minute. The 

probe was placed along the short axis of the left ventricle with the papillary muscles providing a 

guide for the proper depth. 2D images were captured to measure internal wall dimensions during 

both systole and diastole, as well as providing another measure of the heart rate. Saved images 

were analyzed by a single operator who was blinded to the experimental design using the Vevo 

2100 software. The LV chamber dimensions and posterior wall thickness (PWT) were obtained 

from M-mode images; LV systolic function was also assessed from these measurements by 

calculating ejection fraction (EF) and fractional shortening (FS).  

 

Heart weight, body weight, and tibia length collection 

After 21 days of saline or isoproterenol treatment, mice from each strain (n=20 per strain) were 

sacrificed and their body weights were recorded. The heart was removed and, after PBS 

perfusion, weighed. Additionally, the right tibia of each mouse was removed and measured with 

a caliper.  

 

Histological analyses (Trichrome staining, scar size measurement, immunohistochemistry) 

Freshly isolated tissues were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in 

PBS (Fisher Scientific) overnight in 4°C. Afterwards, the tissues were washed with PBS and 

immersed in a 30% sucrose solution (Sigma) in PBS in 4°C overnight. The hearts were then 

embedded in Tissue- Tek OCT Compound (Sakura) and transferred to a bath of 2-Methylbutane 

(Fisher Scientific) on dry ice. Frozen tissues were sectioned at 7 μm thickness using a cryostat 

(Leica) and stored at -80°C.  

Masson’s trichrome staining (Sigma) was performed according to the manufacturer’s instructions 

and images were taken of the entire cross-section of the heart using bright-field microscopy 

(Leica). To assess the degree of cardiac fibrosis, NIH ImageJ software was used by comparing 
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the area of tissue stained blue (collagen) to the total tissue area (10-12 randomly chosen sections 

per heart, n=7-8 hearts per strains).  

For immunohistochemistry, slides were dried at room temperature for 20 minutes, washed 3 times 

for 10 minutes each in PBS, permeabilized in PBS containing 0.25% Triton X-100 (Fisher 

Scientific) for 10 minutes at room temperature followed by washing in PBS-T (PBS containing 

0.05% Tween-20 (Fisher)) twice for 5 minutes. The tissue slides were incubated with blocking 

buffer (10% normal goat serum (Sigma) in PBS-T) for 30 minutes at room temperature. The tissue 

slides were then incubated with primary antibodies (Supplementary Table I) diluted in blocking 

buffer overnight at 4 °C followed by 1 hour at room temperature. After washing three times for 10 

minutes with PBS-T, the tissue slides were incubated with the secondary antibody 

(Supplementary Table I) for 1 hour at room temperature, washed three times for 10 minutes with 

PBS-T, and then mounted with DAPI-containing mounting media (Vector). The immunostained 

slides were observed and analyzed using a fluorescent microscope (LEICACTR6500, Leica) and 

a confocal microscope (LSM880, Zeiss).  

 

Isolation of cardiac fibroblasts from murine hearts 

Mice were injected with heparin (SAGENT Pharmaceuticals) prior to being euthanized. After 

euthanasia, the hearts were dissected and perfused with Hanks’ Balanced Salt Solution (HBSS). 

They were cut into small pieces and digested with Liberase Blendzyme TH and TM (Roche) in 

Medium 199 with DNAse I (Invitrogen) and polaxamer in 37°C for 1h. Cells were passed through 

a 70µm cell strainer (BD Falcon) and centrifuged. The cell pellet was re-suspended in staining 

buffer (3% FBS in HBSS) containing antibodies targeting an established panel of surface markers: 

exclusion of hematopoietic (CD45-[1:200], Ter119- [1:400]), macrophage (CD11b- [1:400]), and 

endothelial (CD31- [1:400]) lineages, followed by the inclusion of Thy1+ (1:200) cells (hereafter 

referred to as Thy1+HE-) (Supplementary Table I). The cells were incubated in the dark for 30 

minutes at room temperature. The cells were then sorted by a BD FACSAria II flow cytometer. 
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Primary cardiac fibroblast culture and characterization 

Cardiac fibroblast isolation was prepared as described in the Supplementary Methods 

(Supplementary Table I). After sorting (BD FACSAria II), Thy1+/CD45-/Ter119-/CD11b-/CD31- 

cardiac fibroblasts (hereafter referred to as Thy1+HE- CFbs) were cultured on 0.1% gelatin-coated 

12-well plates in DMEM supplemented with 15% FBS and antibiotics (5x104 cells/well). Media 

was changed 24 hours after the primary culture, followed by changes every 48 hours. Cells were 

passaged upon 80% confluency. After the first passage, cells were washed and cultured in serum-

free culture medium supplemented with 0.5 mg/mL insulin and 0.5 mg/mL transferrin. At 

confluence, cells were treated with 100µm/L ISO (Sigma) or 50ng/mL TGFβ (Cell Signaling). After 

72 hours, cells were washed, fixed in 4% paraformaldehyde, and stained for analysis. Cell counts 

were performed on ImageJ using the ‘Cell Counter’ plug-in by two people blind to the conditions. 

 

Inhibition of in vitro cell proliferation 

Cells were isolated, expanded, and passaged upon 80% confluency with serum-free culture 

media (2.5x104 cells/well). Prior to treatment with ISO, cells were treated with mitomycin-C 

(10μg/mL) (Acros Organics) for 2 hours or irradiated for 2 minutes at 3 Gy. 

 

BrdU detection by flow cytometry and immunohistochemistry 

BrdU (1mg) was injected intraperitoneally on the day of pump implantation. Mice were supplied 

BrdU in their drinking water (1 mg/mL) for 21 days. The water was changed every two days. 

Intracellular staining for BrdU was performed in accordance to the instructions of the BD 

Pharmingen™ BrdU Flow Kit. In short, cells were fixed and permeabilized in Cytofix/Cytoperm 

Buffer (BD), followed by incubation in Cytoperm Permeabilization Buffer plus (BD) and DNase 

treatment (BD). The cells were then exposed to fluorescent anti-BrdU antibody, washed, 

resuspended in staining buffer, and analyzed using a BD FACSAria II flow cytometer. For 
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immunohistochemistry, slides were dried at room temperature for 20 minutes, washed 3 times for 

10 minutes each in PBS, permeabilized in PBS containing 0.5% Triton X-100 (Fisher Scientific) 

for 10 minutes at room temperature, and pre-treated with 2M HCl for 30 minutes at 37°C. After 

brief washing with PBS, the slides were incubated with blocking buffer (10% normal goat serum 

(Sigma) in PBS) for 30 minutes at room temperature. The slides were then incubated with anti-

BrdU antibody (Abcam) and primary antibodies to mark fibroblasts and activated fibroblasts 

(Supplementary Table I) in 4°C overnight, followed by 15 minutes in 37°C. After washing three 

times for 10 minutes with PBS-T, the tissue slides were incubated with the secondary antibody 

(Supplementary Table I) for 1 hour at room temperature, washed three times for 10 minutes with 

PBS-T, and then mounted with mounting media (Vector). The slides were then imaged by an 

LSM880 confocal microscope (Zeiss). 

 

RNA-sequencing 

Thy1+HE- CFbs were isolated from saline and ISO-treated hearts 14 or 21 days after pump 

implantation (n=2 per strain/condition), and then sorted directly into TRIzol® LS Reagent 

(Ambion). Total RNA was extracted using the RNeasy miniElute Cleanup Kit (Qiagen), according 

to manufacturer’s instructions. Complementary DNA (cDNA) libraries were generated using 

reagents provided in the KAPA mRNA Hyperprep kit. The amplified cDNA library was sequenced 

on an Illumina HiSeq 3000 according to manufacturer’s instructions. Libraries were sequenced 

using 50 single-end read protocol, which yielded approximately 20 million raw reads per sample. 

Read quality was assessed using FastQC and reads were subsequently trimmed 5bp from the 

start of the reads up and 2 bp from the end of the reads. Alignment to the mm10 mouse genome 

were performed using STAR v2.5.3a with –twopassMode Basic option. Gene counts were 

generated using --quantMode GeneCounts option. Raw gene counts were transformed to counts 

per million (CPM) and log2-counts per million (log2-CPM) data matrix and further normalized by 

trimmed mean of M-values (TMM) method in the edgeR Bioconductor package. Genes with 
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CPM<1 across all samples were excluded from further analysis. To determine differentially 

expressed genes, the voom method of limma was applied, accommodating the mean-variance in 

the linear model using precision weight, and significant gene set was selected with nominal p-

value<0.05 threshold. Global functional analyses, network analyses, and canonical pathway 

analyses were performed using Ingenuity Pathway Analysis (Ingenuity® Systems, 

www.ingenuity.com).  

 

Quantitative RT-qPCR 

Total RNA from Thy1+HE- cells from control and ISO-treated hearts were extracted using TRIzol® 

LS Reagent (Ambion) and RNeasy MinElute Cleanup Kit (Qiagen) according to the manufacturers’ 

instructions. The concentration and quality of extracted RNA were measured using a NanoDrop 

ND-1000 Spectrophotometer (Thermo Scientific). cDNA was synthesized using an iScript™ cDNA 

Synthesis Kit (Bio-Rad). For quantitative RT-qPCR, we used an iTaq™ Universal SYBR® Green 

supermix (Bio-RAD), amplified cDNA and gene-specific primers (Supplementary Table IV) on a 

CFX96 real-time PCR detection system (Bio-Rad). PCR conditions included initial denaturation 

at 95°C for 2 minutes and 10 seconds, 39 cycles of denaturation at 95°C for 15 seconds, 

annealing at 60°C for 30 seconds, extension at 72 °C for 30 seconds, followed by a final extension 

at 72°C for 10 minutes. The mean cycle threshold (Ct) values from triplicate measurements were 

used to calculate relative gene expressions, with normalizations to GAPDH as an internal control. 

We used the ∆∆CT method to analyze relative gene expression in treated samples compared to 

non-treated samples. Technical replicates (n=3) and biological replicates (n=7-9) were performed 

for each strain and condition. 

 

Transverse Aortic Constriction (TAC)  

Adult mice weighing 25±5 g were randomly divided into sham and TAC groups (n=4-6 per group) 

Animals were anesthetized by an intraperitoneal injection of ketamine/xylazine (100 mg/10 

http://www.ingenuity.com/
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mg/kg). Endotracheal intubation was performed using a blunt 20-gauge needle that was then 

connected to a volume-cycled rodent ventilator (SAR-830/P; CWE, Inc.) with a tidal volume of 0.2 

ml and a respiratory rate of 120/min. The chest was entered in the second intercostal space at 

the top left aortic arch, the transverse aorta was isolated, and aortic constriction was performed 

by tying a 7-0 nylon suture ligature against a 27-gauge blunt needle. The needle was then 

removed to yield a constriction 0.4 mm in diameter. In sham-operated control mice, the entire 

procedure was identical except that aortic constriction was not performed. The chest tube was 

used to evacuate the pneumothorax, and it was removed once negative pressure was re-

established. The chest was closed in layers using 5-0 Vicryl sutures. Ventilation was maintained 

until sufficient spontaneous breathing occurred, followed by extubation and removal of the chest 

tube. The whole surgical procedure was performed under aseptic conditions.  

 

Plasma collection and Enzyme-linked immunosorbent assay (ELISA) 

Blood was collected from euthanized mice after saline and ISO treatment into Lithium Heparin 

Blood Collection Tubes (BD). Plasma was separated from blood using Ficoll-Paque PLUS (GE 

Healthcare), following the manufacturer’s instructions. ELISAs were conducted following the 

manufacturer’s instructions. All samples were measured in duplicate and the calculated 

concentrations were multiplied by the dilution factor to determine the final concentration. The 

study was approved by an IRB (12-001164) and participants gave written informed consent. 

 

Statistical analysis 

Statistical testing was performed with GraphPad Prism 6.  Results are presented as mean ± SEM 

and were analyzed using one-way ANOVA, two-way ANOVA or Student t-test (significance was 

assigned for P<0.05). Multiple comparisons were considered by Tukey’s multiple comparison test, 

the Sidak method, or the Holm-Sidak method. 
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Figure 1 
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Figure 1: Severity of fibrosis varies across different mouse strains (C57BL/6J, C3H/HeJ, 

KK/HIJ) in response to ISO treatment 

(A) Wide variation in percentage of fibrosis was observed between the strains of the hybrid mouse 

diversity panel (HMDP) after ISO treatment. (B) Masson’s Trichrome stained sections of hearts 

from the three selected strains after 21 days of saline/ISO treatment (n=7-8 mice per condition). 

(C) Quantification of fibrotic area as a percentage of total section area (n=10-12 sections per 

heart). (D) Left ventricular ejection fractions (EF) were measured by echocardiography in both 

saline- and ISO-treated groups across the different strains at day 0 and day 21 of treatment. 

Changes in ejection fraction between these two timepoints were determined as the ∆EF for each 

mouse (n=20 mice per strain). Data presented as mean ± SEM. Two-way ANOVA, *P < 0.05. 

Scale bar: 1mm 
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Figure 2 
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Figure 2: In vitro ISO treatment affects CFb activation and proliferation in a strain-specific 

manner 

(A) Schematic diagram outlining the in vitro experiments. Cells were isolated by FACS, expanded, 

and passaged prior to exposure to ISO for 72 hours. (B) Phase contrast images of CFbs after 

ISO treatment. (C) Activated fibroblasts were identified by co-expression of Col1 (red) and αSMA 

(green) after ISO treatment. (D) Quantification of activated CFbs (Col1+αSMA+ cells) is shown as 

a percentage of double-positive cells relative to all fibroblasts (Col1+ cells) (n=5 

wells/strain/condition). (E) Staining for mitotic marker phospho-Histone H3 (pHH3) was used to 

identify proliferating CFs in response to ISO. (F) Proliferation of CFbs after ISO treatment was 

measured by comparing the number of pHH3+ nuclei relative to total nuclei (n=5 

wells/strain/condition). DAPI was used to stain nuclei. Data presented as mean ± SEM. Student 

t-test, *P < 0.05. Scale bar: 200µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

Figure 3 
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Figure 3: CFbs display a distinct pattern of activation and proliferation that is strain-

specific after in vivo ISO treatment 

(A) Heart sections from different strains after treatment with saline or ISO stained for αSMA (red) 

and Col1 (green) show presence of activated fibroblasts in perivascular and interstitial fibrotic 

areas. (B) Quantification of Col1+αSMA+ co-localized areas as a percentage of total heart section 

area (n=3-4 hearts per strain/condition). (C) Schematic of in vivo bromodeoxyuridine (BrdU) 

administration. (D) IHC of heart sections from different strains after treatment with saline or ISO 

shows BrdU+ cells within Col1+ perivascular and interstitial fibrotic regions. (E) The extent of CFb 

proliferation is depicted as the percentage of BrdU+ CFbs within the entire Thy+HE- population in 

each strain after saline or ISO treatment (n=12/strain/condition). DAPI was used to stain nuclei. 

Data presented as mean ± SEM. Two-way ANOVA, *P< 0.05. Scale bar: 50μm 
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Figure 4 
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Figure 4: Inhibiting CFb proliferation does not affect CFb activation levels in vitro  

(A) Schematic diagram outlining the experimental design. Cells were cultured in control media, 

media with mitomycin-C (mito-C), or irradiated (IR) prior to ISO treatment. (B) Proliferation of 

CFbs after ISO treatment was measured by comparing the number of pHH3+ nuclei relative to 

total nuclei (n=4 wells/strain/condition). (C) Activated Col1+αSMA+ cells are shown as a 

percentage of double-positive cells relative to all Col1+ cells (n=4 wells/strain/condition). Data 

presented as mean ± SEM. One-way ANOVA, *P < 0.05. 
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Figure 5 
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Figure 5: ISO treatment induces unique gene expression patterns in CFbs of different 

strains after 21 days 

(A) Heat map showing log2 fold change of differentially expressed genes in CFbs of all strains 

after 21 days of ISO treatment. (B) Heat map representing the log2 fold change value of select 

differentially expressed genes involved in fibroblast activation and fibrosis. (C) Heat map 

comparing expression changes of select genes involved in cell cycle and proliferation across the 

three strains.  
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Figure 6 
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Figure 6: Ltbp2 is upregulated in CFbs of all strains after injury.  

(A) Venn diagram depicting the number of overlapping upregulated genes across all three strains 

after ISO treatment. (B) Average FPKM values for Ltbp2 in all three strains after 21 days of ISO 

treatment. (C) RT-qPCR analysis of Ltbp2 after ISO treatment (n=7-9/strain/condition). (D) IHC of 

heart sections stained for LTBP2 (red) and DDR2 (green) or αSMA (green) after ISO treatment 

and TAC injury. DAPI was used to stain nuclei. FPKM: fragments per kilobase of transcript per 

million mapped reads. TAC: transverse aortic constriction. Data presented as mean ± SEM. 

Student t-test, *P < 0.05. Scale bar: 50μm 
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Supplementary Figure I 
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Supplementary Figure I: Severity of cardiac hypertrophy and cardiac dysfunction varies 

among select strains in response to ISO treatment 

(A) Representative images of adult, female mice (8-12 weeks) from all three strains: C57BL/6J, 

C3H/HeJ, and KK/HIJ. (B) Whole heart images of the different strains after 21 days of saline or 

ISO treatment (n=6 mice/condition). (C) Heart weight/tibia length (HW/TL) ratios after saline or 

ISO treatment (n=20 hearts/strain). (D) Representative M-mode echocardiographic images of 

hearts from animals following 21 days of saline or ISO treatment (n=20 mice/strain). (E) Fractional 

shortening (FS) was measured by echocardiography in both saline and ISO groups across the 

different strains (n=20 mice/strain). ESD: end-systolic dimension. EDD: end-diastolic dimension. 

Data presented as mean ± SEM. Two-way ANOVA, *P < 0.05. Scale bar: 2mm. 
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Supplementary Figure II 
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Supplementary Figure II: Strain-specific CFbs exhibit similar characteristics in culture  

(A) Phase contrast images of Thy1+HE- cells from the hearts of the three strains that were isolated 

by FACS and expanded in culture. Cultured Thy1+HE- cells expressed fibroblast associated 

markers Collagen1 (Col1) (red) (B) and PDGFRα (green) (C). Activated CFbs were marked by 

co-expression of αSMA (green) and Col1 (red) (D). Rare, activated CFbs were observed in the 

absence of any stimuli. The bar graph demonstrates the percentage of Col1+αSMA+ cells relative 

to all Col1+ cells (n=5 wells/strain/condition) (E). Proliferating CFbs were identified by nuclear 

staining for phospho-Histone H3 (pHH3) (red) (F). The percentage of pHH3+ nuclei was measured 

relative to total nuclei (green) (n=5 wells/strain/condition) (G). DAPI was used to stain nuclei. Data 

presented as mean ± SEM. Student t-test. Scale bar: 200µm. 
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Supplementary Figure III 

 

 

Supplementary Figure III: In vitro culture of CFbs isolated from ISO-treated mice exhibit 

minimal responses 

(A) Schematic outlining culture of CFbs from mice that have been treated with ISO prior to CFb 

isolation. In vitro ISO treatment had no significant effect on the percentage of αSMA+ (B) and 

pHH3+ (C) cardiac fibroblasts isolated from ISO-treated mice. Data presented as mean ± SEM. 

Two-way ANOVA. 
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Supplementary Figure IV 
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Supplementary Figure IV: Treatment of CFbs from different strains with TGFβ induces 

differential responses 

(A) Schematic of in vitro TGFβ treatment. (B) Phase contrast images of CFbs from different 

strains after TGFβ treatment. (C) Immunocytochemistry for Col1 (red) and αSMA (green) was 

used to identify activated fibroblasts. (D) CFb activation was quantified as a percentage of 

Col1+αSMA+ cells relative to all Col1+ cells. (E) Quantification of CFb proliferation is presented as 

a percentage of pHH3+ nuclei of total nuclei. DAPI was used to stain nuclei.  Scale bar: 200μm. 

Data presented as mean ± SEM. Two-way ANOVA, *P<0.05 
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Supplementary Figure V 
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Supplementary Figure V: Levels of CFb activation after ISO treatment correlate with extent 

of collagen deposition, while CFb proliferation does not 

(A) Heart sections after ISO treatment were stained for Col1 (red) to visualize extracellular matrix 

deposition. (B) Immunohistochemistry of ISO-treated heart sections stained for periostin (green) 

and αSMA (red), which both mark activated fibroblasts. (C) Fold change of proliferation rates in 

response to ISO were compared across the different strains. Each ISO-treated group was 

normalized to their respective control groups within each strain (n=12/strain/condition). DAPI was 

used to stain nuclei. Data presented as mean ± SEM. One-way ANOVA. Scale bar: 50µm. 
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Supplementary Figure VI 

 

 

Supplementary Figure VI: CFbs from select strains are enriched for various canonical 

pathways after 21 days of ISO treatment 

(A) Significantly enriched pathways from Ingenuity Pathway Analysis (IPA) in each strain after 21 

days of ISO treatment. (B) IPA was used to generate a list of activated canonical pathways in 

CFbs treated with ISO compared to saline. Pathways were selected based on the trends that 

correlated with the extent of fibrosis seen in vivo. 
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Supplementary Figure VII 

Supplementary Figure VII:  CFbs from all strains display unique gene expression changes 

between 14 and 21 days of ISO treatment 

(A) Venn diagrams showing number of differentially expressed genes in CFbs from mice that had 

been treated with ISO for 14 or 21 days compared to CFbs from saline-treated mice. IPA was 

also used to determine activation scores (B) and canonical pathways that were significantly 

enriched for (C) within each strain between 14 and 21 days of ISO treatment. 
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Supplementary Figure VIII 

 

 

Supplementary Figure VIII: LTBP2 is upregulated in multiple injury models in mice 

(A) Volcano plots derived from RNA-sequencing data from all three strains depicting differentially 

expressed genes 21 days after ISO treatment compared to saline-treated. Ltbp2 is indicated by 

the red circles. (B) LTBP2 protein levels in mouse plasma samples after ISO treatment, measured 

by ELISA (n=3/strain/condition). RNA-sequencing (C) and RT-qPCR analysis (D) of Ltbp2 gene 

expression in CFbs isolated from C57BL/6J, 7 days post-sham or TAC operation. 

(n=3/mice/condition). RPKM: Reads Per Kilobase of transcript, per Million mapped reads. TAC: 

transverse aortic constriction. Data presented as mean ± SEM. Student t-test, *P < 0.05.  
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Supplementary Figure IX 

 

 

Supplementary Figure IX: LTBP2 expression is upregulated in human heart failure patients 

(A) Quantification of LTBP2 levels in plasma samples from healthy individuals and heart failure 

patients by ELISA. (B) Heart sections from healthy and failing human hearts stained for LTBP2 

(red). DAPI was used to stain nuclei. Data presented as mean ± SD. Student t-test, NS: non-

significant. Scale bar: 50μm.  
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Supplementary Table I 
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Supplementary Table II 
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Supplementary Table IV 
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ABSTRACT 

Objectives 

The objective of this study was to identify potential circulating biomarkers for cardiac fibrosis. 

 

Background 

Cardiac fibrosis leads to pathological remodeling that can deteriorate cardiac function. Heart 

failure arising from cardiac fibrosis is a debilitating syndrome, and there is a need to identify 

circulating biomarkers that can help diagnose the extent of fibrosis. 

 

Methods 

We performed experimental pressure overload injury in C57BL/6J mice by transverse aortic 

constriction (TAC) and isolated cardiac fibroblasts 7 days post injury or sham operation for RNA-

sequencing. Potential biomarkers for cardiac fibrosis were identified and results confirmed by 

reverse transcription-qPCR. Expression of the biomarkers were measured in fibroblasts treated 

in vitro with TGFβ by immunocytochemistry. Immunofluorescence staining confirmed expression 

in hearts from TAC murine hearts and human heart failure biopsies. Circulating protein levels 

were measured by ELISA and Western blotting of serum from human subjects.  

 

Results 

LTBP2, COMP, and CILP were upregulated in murine and human cardiac fibroblasts after in vitro 

TGFβ treatment. All three proteins were found to be expressed specifically in the fibrotic regions 

of injured murine and human hearts. Additionally, the full-length CILP protein showed a significant 

decrease in circulating levels in heart failure patients compared to healthy volunteers. 

 

Conclusions 



138 
 

The full-length CILP protein may be a potential circulating biomarker for cardiac fibrosis. LTBP2 

and COMP are additional markers that specifically localized to the fibrotic regions of the injured 

myocardium. Further studies are warranted to determine the functional contributions of these 

proteins to the development of cardiac fibrosis. 
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INTRODUCTION 

Myocardial fibrosis is a pathological process associated with various forms of cardiac disease that 

contributes to impaired cardiac function, development of arrhythmias, and ultimately heart 

failure1,2. The formation of fibrosis can be initiated by either an acute ischemic event to the heart, 

such as myocardial infarction, or through a chronic progression driven by increased cardiac load.  

Cardiac fibroblasts (CFbs) are the main participating cells in the development of myocardial 

fibrosis3. Under homeostatic conditions, resident CFbs are responsible for maintaining the 

structural integrity of the heart by regulating extracellular matrix (ECM) production4. However, 

under pathological conditions, CFbs become activated, proliferate, and secrete an excess amount 

of ECM proteins, contributing to scar tissue3,4. This scar replaces healthy myocardium, renders 

the substrate arrhythmogenic, induces stiffening of the heart and leads to adverse remodeling. 

Collectively, the sequela of fibrosis can have deleterious effects on the ability of the heart to pump 

blood effectively and hinders the recovery of cardiac function. There are currently limited 

treatment options for the reversal of cardiac fibrosis, and available therapies for heart failure are 

ineffective at preventing the formation of scar tissue5. It has been suggested that identifying 

diagnostic markers for fibrosis may provide prognostic value for clinicians6. Considering the critical 

role of CFbs in myocardial fibrosis, we hypothesized that CFbs may release factors that could 

serve as promising biomarkers for cardiac fibrosis7. Identification of circulating biomarkers would 

serve as a non-invasive clinical tool of determining the presence, extent, and progression of 

fibrosis in cardiac disease patients. 

 

In the present study, we isolated CFbs from C57BL/6J mice that underwent transverse aortic 

constriction (TAC, a pressure overload injury model) or sham operation and performed RNA-

sequencing to identify key upregulated genes in response to injury8. From this data, we identified 

three genes encoding secreted proteins that could be potential biomarkers for myocardial fibrosis: 

latent TGFβ-binding protein 2 (Ltbp2), cartilage oligomeric matrix protein (Comp), and cartilage 
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intermediate layer protein 1 (Cilp). Ltbp2 is part of the latent TGFβ-binding protein family, which 

consists of key regulators of TGFβ signaling9. Comp and Cilp are mainly known for their roles in 

the binding of specific ECM proteins, such as collagens, in cartilage10,11. LTBP2, COMP, and CILP 

were upregulated in cultured murine CFbs and in the fibrotic regions of TAC hearts, suggesting 

that their expression is specific to the formation of scar. Furthermore, there was an increase in 

expression of these proteins in stimulated human CFbs and within the fibrotic regions of heart 

sections from heart failure patients, demonstrating their potential as clinical biomarkers for fibrosis. 

Finally, we show that CILP, specifically the full length CILP protein, demonstrated a significant 

difference in circulating levels in the serum of mice after TAC and heart failure patients. The 

findings in this study introduce potential markers for myocardial fibrosis and support the need to 

pursue studies on CILP as a possible circulating biomarker for the development of cardiac fibrosis. 

 

RESULTS 

Murine cardiac fibroblasts express Ltbp2, Comp, and Cilp after injury 

To identify secreted proteins expressed by CFbs in fibrotic hearts, we conducted RNA-sequencing 

on isolated CFbs from female C57BL/6J adult mice (8-12 weeks) that had undergone either sham 

or TAC surgery (n=3). CFbs were isolated seven days after surgery to observe gene expression 

changes in the early stages of fibrosis8. After TAC, many genes were differentially expressed in 

CFbs (Figure 1A, Supplementary Table 3). Specifically, CFbs from mice that had undergone 

TAC showed higher expression of various genes associated with fibrosis (Figure 1B). From these, 

we selected genes that encoded for secreted proteins and then further filtered the list to those 

that were novel in the context of heart failure and had previously reported roles in extracellular 

matrix formation/remodeling. We identified Ltbp2, Comp, and Cilp as potential candidate 

biomarkers. These results were further validated by RT-qPCR (Figure 1C).  
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The TGFβ signaling pathway is a major component of injury response in cardiac fibroblasts12. 

Treatment of fibroblasts in vitro with TGFβ activates and induces proliferation of cultured cells, 

imitating in vivo responses 13. To confirm that the TGFβ signaling pathway stimulates a robust 

increase in the expression of the identified genes, CFbs from uninjured C57BL/6J mice were 

cultured in media with or without TGFβ for 72 hours (Figure 2A). CFbs were isolated by whole 

explant culture to encompass the entire CFb population in the heart, rather than a subpopulation14. 

TGFβ treatment induced expression of fibroblast activation genes, such as Periostin (Postn) and 

α-smooth muscle actin (Acta2)15, as well as Ltbp2, Comp, and Cilp (Figure 2B). Furthermore, 

immunocytochemistry (ICC) confirmed that expression of LTBP2, COMP, and CILP were 

increased at the protein level in cultured CFbs after exposure to TGFβ (Figure 2C). We observed 

similar patterns of staining for these proteins when CFbs were isolated by fluorescence-activated 

cell sorting (Supplementary Figure I)8. These data confirm that CFbs are a cellular source of 

LTBP2, COMP, and CILP under stimulatory conditions. 

 

LTBP2, COMP, and CILP are localized to fibrotic regions 

Although TAC surgery induces fibrosis, it also causes other cardiac pathologies, such as 

hypertrophy16. In order to confirm that the increase in LTBP2, COMP, and CILP expression after 

injury was specific to scar formation, we analyzed the anatomic location of LTBP2, COMP, and 

CILP in the hearts of mice that had undergone TAC surgery. After seven days, there was visible 

perivascular and interstitial fibrosis in TAC hearts, compared to sham which exhibited no fibrosis 

(Figure 3A). Immunofluorescence (IF) staining showed minimal expression of the three proteins 

in sham hearts. In TAC hearts, LTBP2, COMP, and CILP expression appeared to colocalize with 

Discoidin domain-containing receptor 2 (DDR2), a marker for fibroblasts17, and α-smooth muscle 

actin (αSMA)18 within the fibrotic regions of the myocardium in TAC hearts (Figure 3B). Areas of 

nonfibrotic myocardium in TAC hearts did not stain for any of the target proteins (data not shown), 
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indicating that expression of LTBP2, COMP, and CILP are expressed by activated cardiac 

fibroblasts and localized to regions of fibrosis.  

 

We next sought to determine whether the expression of these biomarkers is also observed in 

other types of cardiac fibrosis, such as replacement fibrosis after myocardial infarction. Our 

findings were further confirmed in an ischemic reperfusion (IR) injury model in which the hearts 

exhibited discrete areas of fibrosis, although not to the severity of TAC injury. LTBP2, COMP, and 

CILP were found to be specifically co-localized with DDR2 and αSMA in hearts that had 

undergone IR (Supplementary Figure II). Together, these data suggest that LTBP2, COMP and 

CILP are expressed by activated cardiac fibroblasts and are localized to regions of fibrosis. 

 

Human cardiac fibroblasts have increased LTBP2, COMP, and CILP levels in response to 

TGFβ1 treatment 

To confirm the clinical utility of our identified proteins as biomarkers for cardiac fibrosis, we sought 

to assess their expression levels in human ischemic myocardial tissue. RNA-sequencing data of 

human cardiac tissue from ischemic heart failure patients in a publicly available database 

(GSE46224) demonstrated that LTBP2, COMP, and CILP are upregulated in ischemic hearts 

(Figure 4A)19. We next cultured human CFbs and treated them with TGFβ1 to stimulate their in 

vitro activation (Figure 4B). TGFβ1 treatment led to morphological changes in human CFbs and 

induced expression of LTBP2, COMP, and CILP, along with fibroblast activation genes (Figure 

4C). ICC staining confirmed the upregulation of LTBP2, COMP, and CILP in response to TGFβ1 

treatment, as seen in mouse CFbs (Figure 4D). Conditioned media from cells that had undergone 

TGFβ1 treatment did not show significant differences in the levels of LTBP2, an increasing trend 

of COMP levels, and decreased levels of CILP (Supplementary Figure III). These results may 

be due to unknown mechanisms of protein secretion that affect the presence of these proteins in 

the context of our culture protocol. The results from the in vitro culture of human CFbs mirrored 
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our data from mice, further supporting the potential of these proteins to be biomarkers for cardiac 

fibrosis. 

 

LTBP2, COMP, and CILP are potential biomarkers for cardiac fibrosis 

We used IF staining to observe the expression of LTBP2, COMP, and CILP within the myocardium 

of heart failure patients compared to healthy hearts. Myocardial tissue from heart failure patients 

(with a documented diagnosis of ischemic cardiomyopathy) exhibited significant amounts of 

fibrosis compared to healthy hearts (Figure 5A). In healthy hearts, we observed no or minimal 

positive staining for the candidate markers throughout the myocardium (Figure 5B). However, 

sections from diseased hearts demonstrated a significant increase in expression of all three 

proteins (Figure 5B). Staining for these three proteins were localized to disarrayed regions of the 

myocardium, indicative of the specificity of these proteins for fibrotic areas.  

 

Full length CILP is significantly decreased in serum from heart failure patients 

In addition to increased expression within the fibrotic myocardium, we sought to determine the 

utility of LTBP2, COMP, and CILP as novel circulating biomarkers for cardiac fibrosis. We 

measured the protein levels in serum from healthy volunteers and heart failure patients by ELISA 

(Supplementary Table 4). We observed no significant differences in the circulating levels of 

LTBP220 or COMP (Figure 6A). However, serum from heart failure patients exhibited significantly 

decreased levels of CILP (Figure 6B). Mice that had undergone TAC injury exhibited a similar 

trend in decreased levels of circulating CILP compared to sham mice (Supplementary Figure 

IV). The CILP gene encodes a precursor protein that undergoes cleavage into an N-terminal 

fragment of roughly 75kDa and a C-terminal fragment of about 55kDa21. Both of these fragments 

were shown to inhibit Smad3 phosphorylation, which is normally promoted by active TGFβ 

signaling. While commercially available ELISA kits target the C-terminal region of CILP (hence 

detecting both the C-terminal and the full-length fragment), previous work discovered that CFbs 
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secrete the N-terminal fragment as well as the full-length CILP protein 22. We specifically used an 

antibody that spans the cleavage site of the CILP precursor and performed western blotting to 

confirm levels of circulating full-length CILP. Our results showed that serum from heart failure 

patients had significantly decreased levels of full-length CILP in circulation (Figure 6C-D). 

Together, these data suggest while activated fibroblasts in the fibrotic regions of human 

myocardium express high levels of CILP, the circulating level of CILP is significantly reduced 

when compared to healthy individuals with no evidence of cardiac fibrosis.  

 

DISCUSSION 

With the increasing prevalence of cardiac disease worldwide, there is significant value in 

identifying a robust biomarker panel to non-invasively measure the presence and progression of 

cardiac fibrosis. We hypothesized that, as key participants of the fibrotic response, cardiac 

fibroblasts may be a source of novel biomarkers for myocardial fibrosis. We performed RNA-

sequencing of CFbs from TAC and sham murine hearts and identified Ltbp2, Comp, and Cilp to 

be upregulated in hearts after pressure overload injury. The expression of these proteins by CFbs 

in response to injury were validated by in vitro studies in both murine and human CFbs. 

Additionally, we demonstrated that these proteins localize in fibrotic regions in murine hearts after 

pressure overload and ischemic reperfusion injury. These findings were further confirmed by high 

levels of these three biomarkers in the fibrotic areas of human ischemic myocardial tissue. Notably, 

the circulating levels of full-length CILP protein were significantly reduced in the serum of ischemic 

heart failure patients compared to healthy individuals, indicating its potential to be a circulating 

biomarker.  

 

LTBP2 and COMP expression is specific to fibrotic regions 

LTBP2 is a member of the latent TGFβ-binding protein family, which consists of key regulators of 

TGFβ signaling. TGF has diverse and pleiotropic effects on various cell types through its binding 
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and activation of TGF receptors12,23. TGF is secreted from cells as a multiplex form that is 

covalently bound to latent TGF binding proteins LTBP1, LTBP3, and LTBP4. These proteins 

target the latent complex to specific sites for storage within the ECM where it awaits activation. 

Matrix sequestration of latent TGF may serve to regulate its immediate bioavailability while 

achieving critical threshold concentration at sites of intended function9,23. However, the functional 

role of LTBP2 is not well understood. Recent studies suggest that LTBP2 does not bind to latent 

TGF but may interact with other ECM proteins9. Other studies have additionally reported on the  

competitive role of LTBP2 with LTBP1 for binding sites on fibrillin-1 within the ECM24. Our data 

show strong support for increased expression of LTBP2 in response to injury and a strong 

localization of LTBP2 in activated fibroblasts within the fibrotic regions of the myocardium. 

Whether LTBP2 is merely a surrogate for cardiac fibrosis or is involved in its pathogenesis is not 

entirely known. 

 

COMP is another ECM protein that is mainly studied in the context of tendons and cartilage25. 

The main function of COMP is to directly bind with other ECM components, including collagens 

and TGFβ1, and to facilitate the stability of the ECM network by the formation of collagen fibrils26. 

This role is crucial to maintaining homeostasis of the heart as COMP-knockout mice have been 

shown to develop dilated cardiomyopathy27. However, the role of COMP in pathological 

remodeling is less understood. Studies have shown that COMP is upregulated in the context of 

idiopathic pulmonary fibrosis28 and liver fibrosis29, although there have been conflicting reports as 

to whether it can serve as an accurate circulating marker for fibrosis in patients28,30.  

 

Our results suggest that LTBP2 and COMP both have a strong potential for being markers for 

cardiac fibrosis as the expression of these proteins are specific to scar formation. However, our 

data does not support their use as circulating biomarkers after cardiac injury. Although these 

proteins are known to be secreted, it is possible that they remain within the ECM and participate 
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in the process of fibrosis and scar formation. Further research is warranted to investigate the 

specific functional contributions of LTBP2 and COMP to the development of cardiac fibrosis. Due 

to their known roles in other organ systems, it is possible that these proteins may be markers for 

general fibrosis and not specific to cardiac fibrosis31.  

 

Decreased levels of CILP may be indicative of heart failure 

The exact function of CILP within cartilage is still unknown, but it has been implicated in cartilage 

remodeling and maintenance of the ECM11,32. The upregulation of CILP has been found in various 

disease models including osteoarthritis, idiopathic pulmonary fibrosis, and ischemic heart 

disease32–35. However, the contribution of CILP to the development of cardiac fibrosis remains 

unknown. While most studies suggest that CFbs are the major source of CILP expression in the 

heart, a recent study has shown evidence of cardiomyocytes being another a major contributor36,37. 

Although we did not explore the expression of CILP in cardiomyocytes, our data supports the 

claim that CFbs are a major cellular source of CILP. Several studies have reported that cardiac 

injury causes an upregulation of CILP in CFbs but the potential for CILP to be a potential 

biomarker for fibrosis had not been previously explored22,37.  

 

The CILP gene encodes for a precursor protein containing a furin cleavage site. The precursor is 

first synthesized and processed by furin proteases intracellularly prior to being secreted 21. The 

N-terminal fragment has been shown to directly interact with TGFβ, suppressing TGFβ signaling 

in CFbs, while the C-terminal fragment is homologous to a porcine nucleotide 

pyrophosphohydrolase (NTPPHase) which has been reported to have limited enzymatic 

activity21,38. In contrast to the two fragments, the functional role of full-length CILP protein has not 

been well-studied. The full-length CILP has been shown to inhibit TGFβ signaling, similarly to the 

N-terminal fragment, most likely due to the common thrombospondin-1 domain which has been 

shown to bind to TGFβ22. However, further studies to determine any functional differences 
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between the N-terminal fragment and the full-length CILP are required. Our data specifically 

demonstrates that circulating levels of the full-length CILP are attenuated in heart failure patients 

but show an abundance of expression in the fibrotic myocardium.  A possible mechanism for this 

paradox is that full-length CILP is sequestered to the ECM by its binding to TGFβ, therefore 

reducing circulating levels. Studies have reported that while injury induces increased expression 

of TGFβ in the myocardium of heart failure patients39, circulating TGFβ is reduced40,41. Due to the 

inhibitory role of full-length CILP in TGFβ signaling, it is possible that increased levels of CILP 

may reside in the ECM and promote a negative feedback mechanism to suppress CFb 

activation22,42. Further studies on the dynamics of CILP turnover in the ECM are required to 

elucidate the significance of both circulating and interstitial CILP.  

 

In conclusion, the present study confirms the potential for LTBP2, COMP, and CILP as novel 

markers of cardiac fibrosis in both mouse and human heart failure models. Most notably, we 

discovered a significant reduction in serum levels of full-length CILP in patients with heart failure. 

Though our data is indicative of this relationship, the small sample size limits the statistical power 

of our analysis. There is a need to conduct additional validation studies on a larger cohort of 

patients with varying etiologies of cardiomyopathy to better determine the clinical implications of 

CILP as a biomarker for the presence of cardiac fibrosis. Nevertheless, our results suggest that 

LTBP2, COMP, and CILP are worthy of future investigation as participants in cardiac fibrosis and 

as biomarkers for the development of ischemic heart failure.  

  

METHODS 

Study Approvals 

All mouse surgery procedures were carried out with the approval of the University of California, 

Los Angeles (UCLA) Animal Research Committee or the Institutional Animal Care. The study was 

approved by an IRB (12-001164) and human participants gave written informed consent. 
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RNA-Sequencing and Analysis 

Cardiac fibroblasts were isolated from murine hearts, as previously described, for RNA-

sequencing 8. This data is publicly available on GEO (GSE51620). Downstream analysis was 

conducted using the DESeq2, Enhanced Volcanoplot and gplots R packages43,44. To identify 

potential candidates for secreted biomarkers of cardiac fibrosis, we first identified genes that were 

differentially expressed in cardiac fibroblasts after transverse aortic constriction compared to 

sham operation (GSE51620) (p<0.05). We selected for genes that exhibited a minimum fold-

change increase of 4 to select for significantly upregulated genes in TAC. We then identified 

genes that were associated with fibrosis through the literature and screening for genes associated 

with the following Gene Ontology classes: GO:0062023 (collagen-containing extracellular matrix), 

GO:0001666 (response to hypoxia), GO:0001968 (fibronectin binding), GO:0030199 (collagen 

fibril organization), GO:0005201 (extracellular matrix structural constituent) and/or GO:0005615 

(extracellular space). From this list, we further selected for genes that encoded for at least one 

protein product that was reportedly secreted. This was identified using online resources such as 

Uniprot, the Human Protein Atlas, and previously published literature. This process allowed for 

the selection of only secreted proteins that may mark the presence of cardiac fibrosis. 

 

Validation of secreted proteins that were identified by our RNA sequencing was conducted using 

a different cardiac injury, treatment with isoproterenol (ISO). C57BL/6J mice were implanted with 

ALZET osmotic pumps in the abdominal cavity while under anesthesia with isoflurane. The pumps 

were filled with saline or ISO (Sigma) at a concentration to treat the mice at a rate of 30mg/kg 

body weight/day for a treatment period of 21 days. Mouse serum was collected at the end of the 

treatment period and prepared for analysis as described in the section titled “Serum Preparation”. 

Western blot and ELISA were used to screen through potential secreted proteins. Proteins that 
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demonstrated a notable difference between saline- and ISO-treated samples were further 

selected for experiments. 

 

Mice 

Adult C57BL/6J mice (age 8-12 weeks) were used for all experiments. For the in vivo experiments, 

mice were randomly assigned into sham, TAC, and ischemic reperfusion (IR) treatment groups. 

No phenotypic differences were observed between male and female mice. All procedures were 

carried out with the approval of the University of California, Los Angeles (UCLA) Animal Research 

Committee or the Institutional Animal Care.  

 

Transverse Aortic Constriction Surgery, Ischemic-Reperfusion Surgery, and Aftercare 

Adult C57BL/6J mice were anesthetized by intraperitoneal injection of ketamine/xylazine 

(100mg/10mg/kg). Endotracheal intubation was performed using a blunt 20-gauge needle 

connected to a volume-cycled rodent ventilator (SAR-830/P; CWE, Inc.) with a tidal volume of 0.2 

ml and a respiratory rate of 120/min. For transverse aortic constriction surgery, the chest was 

opened to expose the transverse aorta, located through the second intercostal space. Aortic 

constriction was performed by tying a 7-0 nylon suture ligature against a 27-gauge blunt needle 

and then removing the needle to yield a constriction of roughly 0.4mm in diameter. For ischemic-

reperfusion surgery, left thoracotomy between ribs four and five was performed. The pericardium 

was opened, and a suture was placed around the left anterior descending coronary artery 1-2mm 

from the tip of the left atrium. The suture was tightened to occlude blood flow for 45 minutes and 

subsequently removed. Mice that underwent sham operations underwent the same procedure, 

excluding the constriction/occlusion. After the operation, the chest was closed in layers using 5-0 

Vicryl sutures and the mice remained on the ventilators until sufficient spontaneous breathing was 

resumed, at which point the endotracheal tube was removed. The entire surgical procedure was 

performed under aseptic conditions. Buprenorphine (0.1 mg/kg) was administrated by 
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subcutaneous injection immediately prior to surgery, followed by every 12 hours for 48 hours, and 

carprofen (5mg/Kg) was administrated post operation every 24 hours for 48 hours. Mice were 

additionally treated post-operatively with Sulfamethoxazole and Trimethoprim oral suspension 

(Aurbindo). Operators blinded to the experimental designs performed all animal surgeries and in 

vivo analyses. 

 

Cardiac fibroblast culture and TGFβ treatment (murine and human) 

Adult C57BL/6J mice were sacrificed by isoflurane followed by cervical dislocation. Hearts were 

dissected from the mice and cannulated with a blunt syringe. The hearts were perfused with 20-

30ml PBS, subsequently chopped into small pieces and incubated in 7-10ml enzyme at 37°C on 

a rotator for an hour with periodic pipetting to digest larger pieces. The enzyme mix consisted of 

TH and TM liberases (Roche), Dnase (Invitrogen), and Poloxamer. The cells were then passed 

through a 70μm filter, centrifuged, and the pellet was resuspended in DMEM containing 20% FBS, 

1% Penicillin Streptomycin, and 0.1% Ciprofloxacin. The cells from one heart were plated in a 

single well of a 6-well plate that had been coated with 0.1% gelatin. Twelve hours after plating, 

the floating cells were removed, and the media was replaced. Media changes were done every 

other day until cells reached 80% confluency, at which point they were passaged and cultured in 

serum-free media for 24 hours prior to TGFβ treatment (Cell Signaling, 50ng/mL). Throughout the 

TGFβ treatment, the media was changed daily. Human fibroblasts were cultured according to the 

company’s instructions (Cell Applications) and similarly passaged for TGFβ treatment (R&D 

Systems, 10ng/mL). 

 

RNA Extraction and RT-qPCR 

RNA was extracted from cells using TRIzol™ LS Reagent (ThermoFisher) and following the 

manufacturer’s instructions. RNA was quantified by NanoDrop, and cDNA was prepared using 

the iScript™ Reverse Transcription Supermix kit (Bio-Rad). Reverse transcription quantitative-
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PCR (RT-qPCR) reactions were prepared using SYBR Green (Bio-Rad) and primers (IDT) unique 

for each gene of interest (Supplementary Table 1). The reactions were run on a CFX96™ Real-

Time PCR Detection System. 

The PCR conditions for RT-qPCR had the following steps: 

1. Initial denaturation – 95°C – 2 minutes and 10 seconds 

2. Denaturation – 95°C – 15 seconds 

3. Annealing – 60°C – 30 seconds 

4. Extension – 72°C – 30 seconds 

5. Repeat steps 2-4 for a total of 39 cycles 

6. Final extension – 72°C – 10 minutes 

The mean cycle threshold (Ct) values were taken from triplicate measurements to determine 

relative gene expression, as normalized to Gapdh/GAPDH expression. 

 

Immunocytochemical/Immunofluorescence Staining 

Cells were cultured on 8-well chamber slides (Falcon) and washed with PBS prior to fixation with 

4% paraformaldehyde (PFA). For in vivo staining, murine hearts were isolated and fixed with 4% 

PFA overnight prior to being incubated in 30% sucrose and embedded in Optimal Cutting 

Temperature (OCT) compound (Fisher). Hearts were sectioned at a thickness of 8μm in a cryostat, 

mounted on Colorfrost Plus microscope slides (Fisher), and stored at -20°C until ready to stain. 

For immunocytochemical staining, the fixed cells were blocked with blocking buffer (10% NGS, 

PBS-0.1%Tween 20) for 1 hour at room temperature and then incubated in diluted primary 

antibodies (Supplementary Table 2) overnight at 4°C. The slides were then washed 3 times with 

PBS-0.1%Tween and then incubated in diluted secondary antibodies (Supplementary Table 2) 

for an hour at room temperature. After another round of washing with PBS-0.1%Tween 20, the 

coverslips were mounted using mounting medium containing DAPI (Vector Laboratories). For 

immunofluorescence staining, slides were incubated at room temperature for 10 minutes prior to 
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3 washes with PBS. The sections were treated with 0.25% Triton X-100 in PBS to permeabilize 

for 10 minutes. The subsequent blocking and staining protocol mirrored immunocytochemical 

staining as described. Slides were incubated with antibodies outlined in Supplementary Table 2. 

Imaging was done on either a Zeiss confocal microscope (LSM880) or a Leica fluorescent 

microscope (LEICACTR6500). Image processing and analysis was done through either ZEN 2 

(blue edition) or LAS AF Lite. 

 

Conditioned Media Preparation 

Cells were cultured in 6-well plates and culture media was collected every day during the 

treatment period for a total of three times. The collected media was centrifuged for 10,000rpm for 

10 minutes at 4°C and the supernatant was transferred to a separate tube to remove any cellular 

contamination. The media was stored at -80°C until ready for analysis. For ELISA, the media from 

each day was pooled into a single sample per well. The media was concentrated by Amicon® 

Ultra Centrifugal Filters and the final concentrated volume was noted for total concentration 

calculations after ELISA. 

 

Serum Preparation 

Healthy human samples were purchased from Equitech Enterprises. Blood samples from heart 

failure patients were collected with informed consent (Supplementary Table 4). Serum was 

isolated using Ficoll and stored at -80°C until enough samples were collected for experiments. 

For western blots, albumin was removed from the samples with the AlbuSorb™ Albumin Depletion 

Kit (Biotech Support Group). 

 

ELISA and Western Blot 

ELISA kits were purchased from MyBiosource and the manufacturer’s protocol was followed. For 

western blot, protein concentration was measured by a Pierce™ BCA Protein assay kit 
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(ThermoScientific) and 20μg was loaded into each well of 4-20% Mini-PROTEAN TGX Precast 

Protein gels (Bio-Rad). After transferring the gel onto a PVDF membrane, detection of CILP was 

conducted by incubating the membrane with primary antibody followed by secondary antibody 

conjugated with HRP (Supplementary Table 2). The signal was developed using the Pierce® 

ECL Western Blotting Substrate (ThermoScientific). 

 

Statistical Analysis 

Continuous data are presented using the mean ± standard error of the mean (SEM) and 

comparisons between groups were performed using Student's t-test. A p-value < 0.05 was 

considered statistically significant and data were analyzed using GraphPad Prism 6.  
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Figure 1 

 

 

 

Figure 1: Identification of potential biomarkers for cardiac fibrosis 

(A) Volcano plot depicting highly differentially expressed genes in cardiac fibroblasts after TAC. 

(B) Heatmap of pro-fibrotic genes that are upregulated in cardiac fibroblasts isolated from sham 

and TAC mouse hearts. Select genes (Ltbp2, Comp, and Cilp) are boxed. (C) RT-qPCR 

confirmation of upregulation of Ltbp2, Comp, and Cilp in cardiac fibroblasts after 7D TAC (n=3). 

TAC: Transverse Aortic Constriction. P*<0.050 (t-test). 
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Figure 2 

 

 

Figure 2: LTBP2, COMP, and CILP are upregulated in cultured cardiac fibroblasts after 

TGFβ treatment 

(A) Schematic of cardiac fibroblast culture and TGFβ treatment. (B) RT-qPCR of cardiac 

fibroblasts treated with TGFβ normalized to untreated controls (indicated by dotted line at y=1) 

(n=4). (C) Immunocytochemistry for LTBP2, COMP, and CILP show significant increase in 

expression after TGFβ treatment (n=4). DAPI (blue) stained for nuclei. Scale bar: 100μm. TGFβ: 

Transforming Growth Factor-β. P*<0.050 (t-test). 
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Figure 3

 

 

Figure 3: LTBP2, COMP, and CILP localize to the fibrotic myocardium 

(A) Mice that had undergone TAC surgery exhibited myocardial fibrosis as shown by Masson’s 

trichrome staining. (B) Immunofluorescence staining shows colocalization of LTBP2, COMP, and 

CILP (red) with fibroblast marker DDR2 (green, left) and activated fibroblast marker αSMA (green, 

right). Red channel images are shown separately for clarity. DAPI (blue) stained for nuclei. Scale 

bar: 50μm. DDR2: Discoidin Domain Receptor Tyrosine Kinase 2. αSMA: α-Smooth Muscle Actin. 
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Figure 4
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Figure 4: LTBP2, COMP, and CILP are upregulated in human cardiac fibroblasts in 

response to TGFβ 

(A) RNA-sequencing data from a public database (GSE46224) show that expression of LTBP2, 

COMP, and CILP are upregulated in heart biopsies from ischemic heart failure (HF) patients 

compared to healthy patients. (B) Schematic of culture and TGFβ treatment of human cardiac 

fibroblasts. (C) RT-qPCR of human cardiac fibroblasts treated with TGFβ normalized to untreated 

controls (indicated by dotted line at y=1) (n=3). (D) Immunocytochemistry shows increased 

expression of LTBP2, COMP, and CILP in cultured human cardiac fibroblasts after TGFβ 

treatment. DAPI (blue) stained for nuclei (n=4). RPKM: Reads Per Kilobases Mapped. Scale bar: 

100μm. *P<0.050 (t-test). 
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Figure 5 

 

 

Figure 5: LTBP2, COMP, and CILP are upregulated in the myocardium of human heart 

failure patients 

(A) Masson’s trichrome staining show extensive fibrosis in heart sections of heart failure patients. 

Insets are higher magnification images of boxed area. (B) LTBP2, COMP, and CILP (red) 

expression is significantly increased in hearts undergoing heart failure. DAPI (blue) stained for 

nuclei. Scale bar: 50μm. 
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Figure 6 

 

 

Figure 6: Full length CILP is downregulated in the serum of heart failure patients 

(A) ELISA demonstrates non-significant changes in levels of COMP in the serum of heart failure 

patients compared to healthy individuals (Healthy n=23, Heart Failure n=22). (B) Heart failure 

patients had a significant decrease in circulating CILP levels (Healthy n=23, Heart Failure n=22). 

(C) Representative western blotting shows decreased levels of full length CILP (~133kDa) in heart 

failure patient serum. Quantified data is shown in (D) (Healthy n= 5, Heart Failure n=5). a.u.: 

arbitrary units. *P<0.050 (t-test).  
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Supplementary Figure I 

 

 

Supplementary Figure I: LTBP2, COMP, and CILP are upregulated in Thy1+ sorted cardiac 

fibroblasts after TGFβ treatment  

(A) Schematic of cardiac fibroblast sort, culture and TGFβ treatment. (B) Immunocytochemistry 

show that TGFβ treatment induces increased expression of LTBP2, COMP, and CILP. DAPI (blue) 

stained for nuclei. Scale bar: 100μm. TGFβ: Transforming Growth Factor-β 
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Supplementary Figure II 

 

 

Supplementary Figure II: Expression of LTBP2, COMP, and CILP are elevated in ischemia-

reperfusion injury 

Immunofluorescence staining of heart sections from mice that had undergone ischemia-

reperfusion injury shows colocalization of LTBP2, COMP, and CILP (red) with fibroblast marker 

DDR2 (green) and activated fibroblast marker αSMA (green). DAPI (blue) stained for nuclei. Scale 

bar: 50μm. DDR2: Discoidin Domain Receptor Tyrosine Kinase 2. αSMA: α-Smooth Muscle Actin. 
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Supplementary Figure III 

 

 

 

Supplementary Figure III: Levels of LTBP2, COMP, and CILP in conditioned media from 

cultured human CFbs 

There were no statistically significant differences in levels of LTBP2 (A), COMP (B), and CILP (C) 

in collected media from human CFbs treated with TGFβ (n=3-5). 
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Supplementary Figure IV 

 

 

 

Supplementary Figure IV: CILP levels are decreased in the serum of mice that have 

undergone TAC 

ELISA demonstrate a decrease in levels of CILP in the serum of mice 7 days after TAC surgery 

(n=4-6). 
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Supplementary Table 1  

RT-qPCR Primers 

Target Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Gapdh (Mouse 
and Human) 

TTGTCTCCTGCGACTTCAAC GTCATACCAGGAAATGAGCTTG 

Ltbp2 (Mouse) AACAGCACCAACCACTGTATC CCTGGCATTCTGAGGGTCAAA 

Comp (Mouse) ACTGCCTGCGTTCTAGTGC CGCCGCATTAGTCTCCTGAA 

Cilp (Mouse) ATGGCAGCAATCAAGACTTGG AGGCTGGACTCTTCTCACTGA 

Acta2 (Mouse) TGACGCTGAAGTATCCGATAGA CGAAGCTCGTTATAGAAAGAGTGG 

Ctgf (Mouse) GACCCAACTATGATGCGAGCC CCCATCCCACAGGTCTTAGAA 

Postn (Mouse) GACTGCTTCAGGGAGACACA TGATCGTCTTCTAGGCCCTT 

POSTN 
(Human) 

TAGCCCAATTAGGCTTGGCATCC TAAGAAGGCGTTGGTCCATGCT 

LTBP2 (Human) AGCACCAACCACTGTATCAAAC CTCATCGGGAATGACCTCCTC 

COMP (Human) CAGGGAGATCACGTTCCTGA GGCCGGTGCGTACTGAC 

CILP (Human) GCAAAAGCATCCTGAAGATCAC GGAGTCTCTGCCCTCACAAAC 

 

 

 

 

Supplementary Table 2 

Primary and secondary antibodies 

Target Protein Technique Catalog no. Dilution 

LTBP2 (Mouse/Human) ICC From Dr. Marko Hyytiäinen  
(University of Helsinki, Finland) 

1:200 

COMP (Mouse) ICC  Santa Cruz sc-25163 1:50 

CILP (Mouse) ICC  Biomatik CAU24345 1:50 

DDR2 (Mouse) IF  R&D Systems MAB25381 1:100 

αSMA (Mouse) IF Sigma-Aldrich A2547 1:100 

COMP (Human) ICC Abcam ab74524 1:100 

CILP (Human) ICC/Western Biomatik CAU24346 1:50/1:1000 

Secondary Target Fluorophore Catalog no. Dilution 

Anti-Rabbit IgG Alexa Fluor™ 488 Invitrogen A11034 1:200 

Anti-Rabbit IgG Alexa Fluor™ 594 Invitrogen A11037 1:200 

Anti-Mouse IgG Alexa Fluor™ 488 Invitrogen A11029 1:200 

Anti-Rabbit IgG HRP Invitrogen 31460 1:5000 
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Supplementary Table 3 

Significantly up-regulated genes in mouse CFbs in TAC (Fold change > 4, p-value < 0.05) 
Gene FC p-value  Gene FC p-value 

Ltbp2 9.866 2.432E-05  Cthrc1 28.773 5.914E-03 

Runx1 4.990 1.298E-04  Synpo 5.143 5.944E-03 

Cilp 5.149 1.891E-04  Npl 8.374 6.748E-03 

1110006O17Rik 5.530 2.261E-04  Col12a1 7.391 6.839E-03 

Cx3cl1 6.097 3.026E-04  Col8a2 11.705 6.854E-03 

Kif26b 14.386 3.688E-04  Dnajc15 5.776 6.930E-03 

Casc5 10.002 4.061E-04  Col11a1 45.058 6.980E-03 

Ass1 4.474 4.249E-04  Dclk3 5.165 7.230E-03 

Frem1 21.151 4.304E-04  Clca1 4.590 7.804E-03 

Palld 5.074 4.792E-04  Adam12 4.649 7.959E-03 

Pole 5.574 5.022E-04  Top2a 6.817 8.380E-03 

Ncaph 4.194 5.375E-04  Bub1 9.958 8.398E-03 

Gtse1 9.913 5.594E-04  Cst6 4.562 8.483E-03 

Clec11a 4.100 5.617E-04  1500015O10Rik 7.017 8.553E-03 

EG432466 5.367 5.760E-04  Siglec1 8.049 9.065E-03 

A930038C07Rik 4.840 5.876E-04  Fhl2 4.151 9.132E-03 

Mki67 8.226 5.932E-04  2310033K02Rik 4.108 9.422E-03 

Ccdc99 8.726 5.999E-04  Pik3ap1 7.383 9.442E-03 

Erg 8.030 6.239E-04  Pik3r5 4.736 9.548E-03 

Meox1 4.588 1.200E-03  Spink2 7.795 9.730E-03 

Fn1 5.676 1.343E-03  LOC100043741 4.470 1.010E-02 

Mdk 4.842 1.379E-03  Stoml1 4.101 1.051E-02 

Cenpe 10.971 1.447E-03  2810433D01Rik 5.737 1.150E-02 

Lox 5.109 1.576E-03  D0H4S114 4.442 1.186E-02 

9930013L23Rik 26.326 1.626E-03  Cenpa 4.174 1.210E-02 

Nek2 6.204 1.878E-03  Postn 9.933 1.303E-02 

Aspm 5.494 1.910E-03  EG620473 4.520 1.309E-02 

C1qtnf6 4.071 1.914E-03  Ckap2 5.395 1.313E-02 

LOC668063 13.173 1.944E-03  Tnc 15.646 1.334E-02 

Fut4 8.096 2.028E-03  Hcls1 6.586 1.379E-02 

Cenpf 5.151 2.148E-03  Pbk 5.895 1.396E-02 

4930547N16Rik 9.489 2.180E-03  Ccl6 9.021 1.416E-02 

Mybl2 5.978 2.213E-03  Hmmr 9.735 1.420E-02 

Wisp2 4.899 2.692E-03  Cmya3 5.253 1.474E-02 

Wisp1 11.264 2.699E-03  Ttk 16.145 1.506E-02 

Accn2 5.408 2.815E-03  3830403N18Rik 6.792 1.517E-02 

Tnfrsf10b 4.671 2.839E-03  Lhfpl1 10.304 1.538E-02 

5830483C08Rik 4.309 3.180E-03  Matn3 14.104 1.557E-02 

Gpr176 9.108 3.314E-03  Gdf6 4.978 1.576E-02 

Tlr13 8.906 4.260E-03  1600015H20Rik 4.691 1.581E-02 

Gmpr 10.113 4.342E-03  Tlr5 6.436 1.594E-02 

Sgol2 4.654 4.357E-03  Fmod 4.628 1.613E-02 

Neil3 9.379 4.391E-03  Crlf1 12.408 1.623E-02 

LOC100043901 4.927 4.405E-03  Psrc1 6.821 1.624E-02 

Kif15 14.284 4.641E-03  Comp 4.697 1.680E-02 

EG622657 5.319 4.725E-03  Soat2 8.366 1.695E-02 

D530008I22 4.767 4.883E-03  6330512M04Rik 10.837 1.699E-02 

Thbs4 35.578 5.158E-03  1500005K14Rik 6.481 1.714E-02 

Fbn2 4.778 5.238E-03  Camk2n2 4.614 1.743E-02 

Arhgap11a 6.946 5.350E-03  Zdhhc12 4.614 1.743E-02 



167 
 

Gene FC p-value  Gene FC p-value 

Gm22 4.101 1.794E-02  Cx3cr1 4.900 3.846E-02 

Ckap2l 22.239 1.796E-02  Nxt1 5.255 3.904E-02 

4921517D22Rik 6.339 1.864E-02  Ptn 10.726 3.909E-02 

Ddah1 33.473 1.917E-02  Zfp185 6.172 4.021E-02 

LOC100043526 8.292 1.934E-02  Cit 6.924 4.073E-02 

Nanp 6.634 1.942E-02  LOC100038957 5.608 4.199E-02 

Ccdc122 7.697 1.946E-02  EG432951 6.210 4.254E-02 

Pmch 5.984 1.960E-02  Pdgfc 5.766 4.327E-02 

5730590G19Rik 17.335 2.084E-02  EG218444 4.344 4.335E-02 

Gm444 4.428 2.102E-02  Sfrp2 4.335 4.455E-02 

Iqgap3 4.773 2.144E-02  Ccnb2 5.077 4.539E-02 

LOC667005 6.256 2.193E-02  Kif4 13.148 4.542E-02 

Scube2 26.108 2.221E-02  5033413D22Rik 5.739 4.612E-02 

Racgap1 4.186 2.236E-02  Lilrb4 4.658 4.663E-02 

Bub1b 8.066 2.268E-02  Gpr65 6.596 4.675E-02 

Depdc1a 6.871 2.289E-02  Tmem132e 6.594 4.675E-02 

Ccl5 5.734 2.411E-02  Padi4 4.066 4.686E-02 

LOC665939 5.978 2.435E-02  Bcas1 6.097 4.725E-02 

Ngef 4.325 2.445E-02  Cdca7 4.606 4.758E-02 

Anln 7.915 2.471E-02  Espl1 4.174 4.914E-02 

Prc1 5.860 2.482E-02  Ect2 20.594 4.918E-02 

Ccdc40 5.628 2.545E-02     

LOC621880 4.778 2.584E-02     

Gp49a 4.767 2.597E-02     

5330437I02Rik 4.756 2.618E-02     

Kif23 6.567 2.632E-02     

H19 17.780 2.634E-02     

Nrg1 12.142 2.658E-02     

Tmeff1 6.108 2.783E-02     

LOC619973 4.331 2.801E-02     

3000004C01Rik 11.536 2.809E-02     

Cdt1 4.570 2.922E-02     

BC038925 5.308 2.973E-02     

Kif2c 23.975 3.006E-02     

LOC100040305 6.952 3.012E-02     

Comtd1 6.332 3.016E-02     

Acan 7.390 3.068E-02     

LOC100043431 13.185 3.081E-02     

Fgfrl1 5.192 3.090E-02     

Kcnj15 4.101 3.231E-02     

Ankrd41 5.459 3.309E-02     

Fbxo40 5.599 3.323E-02     

Tpx2 5.887 3.340E-02     

Tm7sf2 4.041 3.436E-02     

Il3ra 5.406 3.461E-02     

Pbp2 10.606 3.519E-02     

EG624855 5.004 3.586E-02     

Cep55 5.174 3.597E-02     

Edn1 6.339 3.602E-02     

D230039L06Rik 12.520 3.613E-02     

Diap3 4.384 3.695E-02     

Ccna2 4.552 3.780E-02     

Trim29 4.913 3.819E-02     
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Supplementary Table 4 

Characteristics of human samples 

 Healthy Individuals (n=23) HF Patients (n=22) 

Age (years) 50±10 59±10 

Gender 
50% M 
50% F 

64% M 
36% F 

Etiology N/A 
59% Ischemic 

41% Non-iCMY 

EF (%) ≥55 26±6 

Median BNP (pg/ml) N/A 696±369 

DM 0% 
Y: 37% 
N: 63% 

h/o HTN 0% 
Y: 45% 
N: 50% 

Medications N/A 

D: 73% 
BB: 100% 
Ent: 41% 

ACE-I: 32% 
ARB: 18% 
AA: 36% 

Non-iCMY: Non-ischemic cardiomyopathy 

D: Diuretics 

BB: Beta blockers 

Ent: Entresto 

ACE-I: Ace-inhibitors 

ARB: Angiotensin receptor blockers 

AA: Aldosterone antagonists 
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Cardiac Fibrosis: Potential Therapeutic Targets 
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