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ABSTRACT 
THE CHEMOKINE RECEPTOR CXCR7 FUNCTIONS IN ENDOCARDIAL- 

 
DERIVED CELLS TO REGULATE CARDIAC VALVE REMODELING 

 
 
 
 
 

SANGHO YU, Ph.D. 
 

The University of Texas Southwestern Medical Center at Dallas, 2009 
 
 

DEEPAK SRIVASTAVA, M.D. 
 
 

Cardiac disease is the number one killer in developed countries and congenital 

heart diseases are the most common birth defects worldwide. The heart supplies nutrients 

and oxygen to the entire body, therefore the proper development and function of the heart 

is essential for survival of an organism. During looping and maturation phases of heart 

development, proper separation of the outflow tract and chambers, and correct connection 

to the existing vascular system are critical to ensure unidirectional blood flow and supply 

of oxygenated blood to the rest of the body. Cardiac neural crest cells and endocardial 

cushions contribute significantly to these remodeling processes.  



 

viii 

Cardiac valves are fibrous tissues that separate atria from ventricles and 

ventricles from great vessels, and allow unidirectional blood flow through the heart. They 

are derived from specific sets of endocardial cells in the outflow tract and atrioventricular 

canal. Cardiac valvulogenesis is a highly ordered process and small perturbations in any 

of signaling pathways involved can result in fatal consequences. As a result, cardiac 

valve anomaly is one of the most common congenital heart diseases. 

CXCR7 is a chemokine receptor whose function in the heart is unknown. 

Unexpected cardiac phenotypes of Cxcr7 knockout mice prompted further investigation 

to elucidate its role during heart development. I speculated that CXCR7 functions during 

cardiac valve formation due to its high expression in cushion endocardial and 

mesenchymal cells, and the phenotype of Cxcr7 knockout mice at birth: cyanotic pups 

and enlarged hearts. Histological analysis of Cxcr7 knockout hearts at different 

developmental stages revealed that the aortic and pulmonary valves were thickened 

during late valve remodeling. This was due to unchecked proliferation of cushion 

mesenchymal cells as revealed by phospho-histone H3 staining. Increased proliferation 

was due to increased BMP signaling in the cardiac cushions even though direct 

interaction between CXCR7 and BMP signaling is unclear. Endothelial cell-specific 

deletion of Cxcr7 using Tie2-Cre resulted in hypertrophy of the heart in adult mice 

because of semilunar valve stenosis, confirming important function of CXCR7 in 

endocardial-derived cells. This study provides valuable insight into the mechanism 

controlling cardiac cushion mesenchymal cell proliferation and may contribute to better 

diagnosis, treatment, and prevention of cardiac valve defects in humans. 
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CHAPTER ONE 

INTRODUCTION 

 

Cardiac Morphogenesis 

Congenital heart disease (CHD) is the most common birth defect which affects 1-2% of 

newborns worldwide and is the leading cause of death in infants under 1 year of age [1, 

2]. Additionally, heart disease is the number one mortality factor in adults in the United 

States and 5 million suffer from various kinds of cardiac insufficiencies [3]. Increasing 

numbers of genes involved in cardiac morphogenesis and their associations with CHD are 

being elucidated, but their exact mechanisms of action are largely unknown. However, 

evidence from human familial and large scale single nucleotide polymorphism (SNP) 

studies of cardiac patients has revealed that many genes involved in early cardiac 

development also play critical roles in the adult heart [4]. It is thus crucial to understand 

the mechanisms underlying cardiac morphogenesis for better prevention, diagnosis, and 

treatment of not only CHD but cardiac disease in general.  

In vertebrates, the heart is the first organ to form and is highly susceptible to 

perturbations during development mainly due to the complexity of cardiogenesis. Despite 

differences in cardiac structures in different species, from a simple pumping tube of 

insects to the complex four-chambered machinery of mammals, the overall mechanism of 

cardiogenesis is highly evolutionarily conserved. Decades of studies in various model 

organisms have helped us better understand the overall process of cardiac morphogenesis 

and the regulation of cardiac gene expression, and new factors are being added to an 

already complicated network of transcription factors (TFs) and signaling molecules 
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involved in cardiogenesis (reviewed in [1, 5]). However, more detailed cellular and 

molecular mechanisms of these genes are relatively less known. Such knowledge will 

require further investigations about the target genes of cardiac TFs and signaling 

molecules. 

 

Cardiac Precursors and Chamber Formation 

Recent studies have revealed that there are two sources of cardiac progenitor cells, the 

first heart field (FHF) and second heart field (SHF), instead of a single source of these 

cells as previously believed [6]. Cells in the FHF derive from the anterior lateral plate 

mesoderm and form a cardiac crescent around embryonic day (E) 7.5 in mouse embryos 

(Fig.1A).  These cells migrate to the ventral midline and fuse to form an early heart tube 

composed of myocardial and endocardial cells separated by extracellular matrix (ECM), 

also known as cardiac jelly. At the same time, SHF cells also migrate to the midline and 

position themselves dorsal to the FHF in the pharyngeal mesoderm [1] (Fig. 1B). The 

heart tube then undergoes rightward looping, during which the posterior region moves 

anteriorly, followed by an expansion of myocardium that leads to the formation of 

recognizable cardiac chambers [6] (Fig.1C). Right after cardiac tube formation, SHF cells 

are recruited to the poles of the cardiac tube, and the progenitor cells added to the venous 

pole contribute to the formation of the inflow region and atria, while cells added to the 

arterial pole give rise to the outflow tract (OFT) and right ventricle myocardium [7-11]. 

The early heart tube composed of FHF cells basically has a left ventricular identity [10]. 

LIM homeodomain transcription factor Isl1(Islet1) serves as a marker for the SHF. 

Results from lineage tracing of Isl1-expressing cells and Isl1 knockout mice further 



3 

 

corroborated the previous findings that the heart forms from two different sources of 

cardiac progenitor cells [11]. Also, a retrospective analysis using β-galactosidase labeling 

in mouse embryos showed that the FHF contributes to both ventricles, atrioventricular 

canal (AVC), and both atria, whereas the SHF contributes to the OFT, right ventricle, and 

both atria [12]. 

 Cardiac looping morphogenesis is the earliest manifestation of left-right 

asymmetries in the developing organism. Expansion of myocardium during a looping 

process occurs through differential proliferation at the outer curvature of the cardiac tube 

[13, 14]. In addition, intracardiac flow forces have been shown to play a role during 

cardiac growth [15]. The most highly proliferative cardiomyocytes are located along the 



4 

 

outer layer of the heart, a region referred to as the compact zone [16]. Signals from the 

overlying epicardium are necessary and sufficient to promote proliferation of 

cardiomyocytes within the compact zone. One example is retinoic acid produced by the 

epicardium. Deletion of retinoic acid receptor Rxrα in mice causes defective myocardial 

expansion, resulting in thin-walled ventricles [17, 18]. Signals from the endocardium are 

also important for cardiac chamber growth. Neuregulin growth factors are secreted from 

the endocardium and their myocardial receptor ErbB2 and ErbB4 are required for 

myocardial growth since knockout mice of EbrB2, ErbB4, or neuregulin-1 develop 

cardiac growth defects characterized by the absence of trabeculae, the finger-like 

projections of ventricular cardiomyocytes [19-21]. Much less is known about the growth 

of atria. The orphan nuclear receptor COUP-TFII is required for atrial, but not ventricular 

growth [22]. 

  The looped heart undergoes an extensive remodeling process, as well as 

myocardial growth, including septation of the ventricles and atria, cardiac valve 

formation, development of a conduction system, and patterning of the OFT and proximal 

great vessels (Fig.1D). Mechanisms controlling these remodeling processes are relatively 

less known except for the case of valve formation, which will be discussed in a separate 

section. A subset of ventricular cardiomyocytes differentiates into Purkinje cells that 

form the cardiac conduction system. Endothelin-1 secreted from coronary arteries 

regulates this process [23]. Septation and patterning of the OFT require the function of 

neural crest cells (NCCs). Cardiac NCCs are derived from the otic primordia to the third 

somite, and migrate through the pharyngeal arches to the OFT of the heart. Mutations 

affecting their migration or differentiation cause OFT and aortic arch anomalies 
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(reviewed in [24]). Interactions between cardiac NCCs and SHF cells seem to be 

paramount for proper OFT morphogenesis [1].  

 

Transcriptional Regulation of Cardiac Morphogenesis 

Early cardiac specification of progenitor cells at the anterior lateral plate mesoderm is an 

interplay between both positive and negative signals from neighboring tissues, especially 

the endoderm and neural tube (reviewed in [25]). These signaling pathways include bone 

morphogenetic protein (BMP), sonic hedgehog (Shh), fibroblast growth factor (FGF), 

Wnt, and Notch pathways. In response to these signals, early cardiac TFs begin to be 

expressed in cardiac progenitor cells, such as Nkx2-5 (NK2 transcription factor related, 

locus 5), Gata4 (GATA-binding protein 4), Isl1, Mef2c (myocyte enhancer factor 2c), 

and T-box transcription factors [26]. These TFs cooperatively regulate expression of 

downstream cardiac genes and modulate various aspects of cardiac morphogenesis. 

Mutations of multiple genes that encode for various proteins, from TFs to structural 

proteins, have been associated with human syndromes with cardiac defects or isolated 

cardiac abnormalities, and most of the same gene mutations in model organisms 

successfully recapitulated these phenotypes. Conversely, mutations causing cardiac 

defects in the model organisms have led to the discoveries of causative gene mutations in 

human conditions. From studies of cardiac gene mutations, it is obvious that no single 

factor is essential for cardiac development [6]. Loss of one cardiac factor seems to be 

partially compensated by other family members or different cardiac TFs.  

 Nkx2-5 mutant mice fail to proceed beyond the linear cardiac tube stage and die 

around E9.5 [27, 28]. These mice display severe defects in ventricular morphogenesis 
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and fail to express Hand1 (heart and neural crest derivatives expressed transcript 1), a 

basic helix-loop-helix TF that is predominantly expressed in the left ventricle, while 

Hand2, which marks the right ventricle, is still expressed, suggesting defects in the FHF 

lineage [29, 30]. Hand1 is required for left ventricular growth as loss of Hand1 results in 

a hypoplastic left ventricle due to a proliferation defect [31-33]. Conversely, lack of 

Hand2 in mice produces right ventricle hypoplasia [34, 35]. Interestingly, Nkx2-5/Hand2 

double mutants are completely devoid of a ventricle, which is more severe than 

Hand1/Hand2 double mutant phenotype, implying Nkx2-5 has more cardiac target genes 

in addition to Hand1 [30, 32]. Nkx2-5 mutations have been identified in families with 

various CHDs including ventricular septal defects (VSDs), atrial septal defects (ASDs), 

and conduction defects [36, 37].  

  The zinc-finger TF GATA4 and two related members, GATA5 and GATA6, are 

expressed in the precardiac mesoderm and the developing heart of different vertebrate 

species [38]. Studies from mouse, chick, zebrafish, and fly have shown the important 

function of GATA factors during cardiogenesis [39-42]. For example, cardiac progenitor 

cells of Gata mutants in mouse and chick fail to fuse at the midline (cardiac bifida) and 

have decreased Nkx2-5 expression [39, 40]. In humans, mutations in Gata4 cause ASDs 

and VSDs, and the disrupted interactions between GATA4 and Nkx2-5, and between 

GATA4 and Tbx5 possibly underlie these phenotypes [43].  

T-box TFs also participate in various areas of cardiac development and their 

mutations are associated with cardiac defects in humans. Tbx5 starts to be expressed in 

early cardiac progenitor cells but its expression becomes rapidly restricted to a posterior 

region of the cardiac tube, which gives rise to the left ventricle, atria, and sinus venosus 
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[44-46]. Tbx5 knockout mice display left ventricular hypoplasia and sinoatrial defects but 

the growth of the OFT and right ventricle is unaffected, indicating that defects have a 

FHF origin [47]. Meanwhile, forced expression of Tbx5 in the myocardium disrupts right 

ventricular growth with up-regulation of Hand1 but down-regulation of Hand2 [48]. 

These results suggest a function for Tbx5 in left ventricular specification. Holt-Oram 

syndrome in humans is caused by Tbx5 mutations and cardiac defects of these patients 

are similar with those of Nkx2-5 mutations [49, 50]. Further experiments demonstrated 

that Tbx5 and Nkx2-5 function cooperatively through their physical interactions [47, 51]. 

GATA4, Tbx5, and Nkx2-5 may form a complex to regulate cardiac chamber septation.  

In contrast to Tbx5, which functions in the FHF, Tbx1 functions in the SHF. 

Knockout mice of Tbx1 have growth and septal defects of the OFT, and aortic arch 

patterning defects [52-55]. The OFT septal and aortic arch defects are probably due to 

cardiac NCC abnormalities because Tbx1 regulates cardiac NCC migration and 

differentiation in the pharyngeal arches through activation of Fgf8 and Fgf10 [56-60]. In 

22q11 microdeletion syndrome (also known as DiGeorge syndrome), Tbx1 is responsible 

for cardiac and craniofacial disorders including persistent truncus arteriosus and 

interrupted aortic arch [54, 55]. 

Another T-box TF, Tbx20, plays a role in both the FHF and SHF by regulating 

myocardial expansion. Tbx20 knockout mice lack Hand1 expression, indicating its role in 

the FHF, and have a hypoplastic right ventricle and disrupted OFT, implying its role in 

the SHF [61-64]. Tbx20 promotes myocardial growth by inhibiting Tbx2 and Isl1 

expressions and by activating Mef2c and Nkx2-5 expressions synergistically with Isl1 and 

GATA4 [14, 62, 65, 66]. 
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 LIM-homeodomain TF Isl1 not only marks the SHF but regulates migration, 

proliferation, and survival of cardiac progenitor cells [11]. Isl1 knockout mice have only 

two cardiac chambers, one atrium and one ventricle, and genetic marker expressions 

showed that the ventricle has left ventricular identity [11]. Intriguingly, lineage tracing of 

Isl1-expressing cells revealed that these cells also populate a part of the left ventricle, 

probably recruited in a delayed fashion [11]. Also, rare Isl1+ cells mark undifferentiated 

cardiac progenitor cells in the adult heart, making them good potential therapeutic targets 

for cardiac repair [67].  

Gene Crescent 
expression 

Second heart 
field 

expression 

Mutant phenotype Human 
phenotype 

Nkx2-5 Yes Yes Loss of ventricular tissue, no Hand1 

expression 

ASD, VSD, 

conduction defect 

Hand1 Yes No Hypoplastic LV - 

Hand2 Yes Yes Hypoplastic RV - 

Gata4 Yes Yes Cardiac bifida ASD, VSD 

Tbx5 Yes No Sinoatrial defects, hypoplastic LV ASD, VSD, 

conduction defect 

Tbx1 Yes Yes OFT defect, aortic arch defect OFT defect 

Tbx20 Yes Yes Chambers do not develop, no Hand1 

expression, hypoplastic RV, OFT 

defects 

 

ASD, VSD 

Isl1 No Yes Single atrium and ventricle (LV 

identity), OFT defect, atrial defect,  

- 

Mef2c (Yes?) Yes OFT defect, hypoplastic RV, INF 

defect 

- 

Foxh1 No Yes OFT defect, hypoplastic RV - 

Table 1. Mutant Phenotypes of Key Cardiac Transcription Factors 

ASD, atrial septal defect; VSD, ventricular septal defect; LV, left ventricle; RV, right ventricle; 
OFT, outflow tract; INF, inflow region. (Modified from [6]). 
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 Other TFs involved in SHF development are Mef2c and Foxh1 (forkhead box h1). 

Mef2c mutant mice have a reduced OFT, hypoplastic right ventricle, and disrupted sinus 

venosus, suggesting its function in SHF cells [68]. Foxh1 mutants have similar SHF 

phenotypes to Mef2c mutants but do not display atrial defects [69]. Mef2c seems to be a 

downstream target of Isl1, GATA4, and Foxh1/Nkx2-5, and may regulate myocardial 

growth [66, 69]. 

 Recent findings suggest that key regulators of cardiac development may also 

have important functions in the adult heart [5]. Therefore, survivors of CHDs may be 

predisposed to cardiomyopathy later in life. For example, mutations of Gata4 or Tbx20 

were identified in patients with cardiomyopathy, apart from heart structural damages 

during development [43, 70]. Also, ventricle-specific Nkx2-5 deletion in mice suggested 

the role of this gene in the postnatal conduction system [71]. Mutant phenotypes of genes 

described above are summarized in Table 1. 

 

Cardiac Valve Formation 

Cardiac valves are required for unidirectional blood flow through the heart and their 

correct positioning is also critical for proper chamber septations. Cardiac valve 

malformation is the most common cardiac defect, accounting for 25% to 30% of all 

CHDs [72]. A number of congenital valve defects have been identified as components of 

human syndromes, such as Down syndrome (cardiac cushion defects), Leopard syndrome 

(pulmonic stenosis), 22q11 deletion syndrome (truncus arteriosus), Holt-Oram syndrome 

(pulmonic stenosis), Alagille syndrome (pulmonic stenosis), and Noonan syndrome 

(pulmonic stenosis) [73, 74]. In cases of Holt-Oram syndrome, Alagille syndrome, and 
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Noonan syndrome, the genetic causes were identified [47, 49, 50, 75-77]. However, in 

most cases, congenital cardiac valve defects occur separately from any known human 

syndrome or genetic cause [74].  

Congenital cardiac valve defects often have mild or no phenotypes in early ages 

but predispose affected individuals to various cardiovascular disorders in later life, 

requiring valve replacement or extensive treatment [2]. Better understanding of 

developmental and remodeling processes of cardiac valves should benefit the advent of 

new therapies for valve anomalies. 

 

Overview of Cardiac Valve Formation 

The early cardiac tube consists of an outer myocardial layer and an inner endocardial 

layer separated by the ECM known as the cardiac jelly [74] (Fig. 2). Right after looping 

of the cardiac tube (around E9.5 in mouse), a subset of endothelial cells in two valve 

forming regions, one in the AVC and the other in the OFT, is specified by signals from 

underlying myocardium and delaminates and migrates into the cardiac jelly, a process 

referred to as endothelial-to-mesenchymal transformation (EMT) [78] (Fig.2). Migrated 

cells subsequently proliferate and differentiate into valve mesenchymal cells to form 

swellings, known as the endocardial cushions (ECCs) [79] (Fig.2). 

 Cells in the ECCs further differentiate and secret ECM components such as 

collagen, elastin, and proteoglycans to convert the ECCs into thinly tapered mature 

valves [80] (Fig.2). This process involves apoptosis and extensive remodeling of the 

ECM but the overall mechanism is poorly understood [74]. Cardiac cushions in the AVC 

give rise to mitral (between the left ventricle and atrium) and tricuspid (between the right 
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ventricle and atrium) valves, while the OFT cushions form aortic (between the left 

ventricle and aorta) and pulmonary (between the right ventricle and pulmonary artery) 

valves. 

 Information from ex vivo cushion explant studies have provided valuable insight 

into the EMT process during cardiac valvulogenesis, including the role of underlying 

myocardium in the valve forming regions and of soluble factors within the ECM [81, 82]. 

Also, knockout studies in mouse and large scale mutagenesis screens in zebrafish have 

complemented explant experiments. Multiple signaling molecules and other factors that 

are known to be involved in cardiac valve development can be integrated into several key 

pathways, and the hierarchy and interactions between them are actively being 

investigated. 

 

Endocardial Cushion Formation 

The first step of cardiac valve formation is to specify a subset of endocardial cells in the 

AVC and OFT regions for EMT. Ex vivo explant studies have shown that only 10-20% of 
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endocardial cells in the cushion-forming regions undergo EMT [74]. The exact 

mechanism initiating this event is not well understood, but the field property of the Notch 

pathway was proposed to be responsible [83]. Specified endocardial cells delaminate 

from the endothelial layer and migrate into the cardiac jelly to form the ECCs. This 

process is first induced by signaling molecules secreted from the underlying myocardium 

that inhibit expression of chamber-specific genes, but promote EMT of endocardial cells 

and synthesis of ECM components in the myocardium [65, 84, 85] (Fig.3). The 

subsequent EMT process requires signaling molecules from both the myocardium and 

endocardium [86] and disruption of any of these signaling pathways results in fatal 

cardiac valve abnormalities. 

 BMPs are members of the transforming growth factor (TGF) β superfamily and 

signal through Smad proteins. During cardiac valve development, BMPs function as the 

major myocardial-derived signals required for initiation of ECC formation and EMT. 

BMP2 and BMP4 are expressed in the myocardium of the AVC and OFT during 

valvulogenesis with BMP2 being expressed more strongly in the AVC and BMP4 in the 

OFT [84, 87, 88]. In the AVC myocardium, BMP2 promotes Tbx2 expression that is 

necessary for suppression of chamber-specific gene expression and for increased ECM 

production [65, 89] (Fig.3). Cushion explant studies from chick and mouse showed that 

BMP2 can sufficiently increase Tgfβ2 expression and initiate EMT in AVC endocardial 

cells [88, 90]. In mouse models, a single gene knockout of Bmp6 or Bmp7 does not 

produce any cardiac phenotype, but double mutants develop hypoplastic cardiac cushions 

[91]. Cardiac myocyte-specific deletion of Alk3, which encodes BMP receptor-Ia, also 

results in hypoplastic cardiac cushions [92]. However, a hypomorphic allele of BMP 
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receptor-II only affects the OFT valves, but not 

AVC valves [92], implying that differences exist 

between OFT and AVC valve formations even 

though both require BMP signaling. 

 TGFβs and BMPs are the most 

thoroughly studied signaling molecules during 

cardiac cushion formation. TGFβs signal through 

Smad2/3 while BMPs activate Smad1/5/8. TGFβ 

ligands and receptors are expressed in the AVC 

and OFT during ECC formation in mouse and 

chick [93], and TGFβ signaling activates 

Snail/Slug expression in endocardial cells [94]. 

They in turn negatively regulate expression of VE-cadherin and thereby decrease 

endocardial cell-cell adhesion, which allows endocardial cells to delaminate and migrate 

into the cardiac jelly [83, 94] (Fig.3).  

 Wnt/β-catenin signaling also plays an important role during cardiac cushion 

formation. Endothelial-specific deletion of β-catenin in mice leads to cardiac cushion 

malformations due to defective EMT [95]. AVC cushion explants of these mutants fail to 

undergo EMT in response to TGFβ2. In zebrafish, mutants of Wnt signaling inhibitor 

Adenomatous polyposis coli (APC) develop excessive ECCs, while overexpression of 

APC or Dickkopf1, a secreted Wnt inhibitor, blocks cushion formation [96].  
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Another pathway implicated in endocardial EMT and cardiac cushion formation 

is Notch signaling. Knockout mice of Notch1 or its associated transcription partner RBP-

Jκ (recombination signal-binding protein for immunoglobulin κJ region) display 

hypoplastic cardiac cushions due to defective EMT [83]. These mice are initially able to 

form cushion swellings but they lack mesenchymal cells. Furthermore, injection of 

constitutively active Notch (NICD) in zebrafish embryos cause hypercellular cardiac 

cushion, while inhibition of Notch by DAPT, a γ-secretase inhibitor, prevent cushion 

formation [83]. Notch signaling was found to induce expression of Snail in endocardial 

cells of cushion-forming regions, thus facilitating the EMT process by reducing VE-

cadherin expression in endocardial cells (Fig.3). Notch signaling was also shown to 

increase expression of Tgfβ2 and multiple TGFβ receptors in the cardiac cushions, thus 

further promoting EMT. Mutations in Notch signaling components in humans are 

associated with abnormalities of semilunar (SL) valves (aortic and pulmonary valves), as 

exemplified in the cases of Notch1 and Jagged-1, a Notch ligand and causative gene for 

Alagille syndrome [97, 98]. 

 In addition to the signaling molecules mentioned above, ECM components and 

enzymes required for their synthesis are indispensible for cardiac cushion formation. The 

ECC is filled with glycosaminoglycans (GAGs) and proteoglycans that form a hydrated 

matrix for mechanical support and regulate ligand availability to growth factor receptors. 

For example, hyaluronic acid (HA), a GAG composed of alternating glucuronic acid and 

N-acetylglucosamine, interacts with numerous ECM proteins and regulates signaling 

events in the ECC [99]. Hyaluronan synthase 2 (Has2) is the major enzyme responsible 

for HA synthesis, and disruption of Has2 in mice leads to complete loss of cardiac jelly 
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[100]. Endocardial cells of cushion-forming regions in these mice display a reduced 

capacity to undergo EMT in vitro, and this defect can be rescued by adding back HA or 

transfecting constitutively active Ras. Further study revealed that HA function is coupled 

to ErbB receptor signaling because addition of heregulin, a ligand for ErbB3, rescued 

defective EMT of Has2-null endocardial cells and restored phophorylation of ErbB2 and 

ErbB3 [101]. Moreover, ErbB3 knockout mice die by E13.5 and exhibit hypoplastic 

cardiac cushions due to lack of proper EMT [102]. In zebrafish, the jekyll mutation 

disrupts UDP-glucose dehydrogenase gene that encodes an enzyme required for synthesis 

of glucuronic acid, a component of HA, and results in cardiac cushion defects [103, 104].  

  

Maturation and Remodeling of Endocardial Cushions 

After EMT, the ECC grows via cushion mesenchymal cell proliferation and continuous 

ECM production [80]. Proliferation of ECC mesenchymal cells after EMT is tightly 

regulated by multiple signals. BMP signaling is required not only for EMT but for growth 

of the ECC. Bmp4 knockout mice exhibit hypocellular cardiac cushions that do not 

proceed to a remodeling stage [105, 106]. As mentioned above, double mutants for 

Bmp6/Bmp7 and Bmpr-II mutants have hypoplastic OFT cushions while the AVC 

cushions are grossly normal [91, 107]. Conversely, mutation of the inhibitory Smad, 

Smad6, results in hyperplastic ECCs [108]. In vitro evidence indicates that BMP2 induces 

Smad6 expression, thus providing a feedback loop to limit the amount of cells undergoing 

EMT and proliferation [109].  

 One of the key pathways that are important for regulating cushion mesenchymal 

cell proliferation during ECC maturation is the ErbB signaling pathway. Four Erb 
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proteins act as homo- or heterodimers and bind ligands including epidermal growth factor 

(EGF), heregulin/neuregulin family members, heparin-binding epidermal growth factor 

(HB-EGF), TGFα, amphiregulins, betacellulin, and epiregulin [110]. Different 

combinations of ErbB receptors bind ligands with different affinities and function at 

different stages of cardiac valve morphogenesis. Mice that are homozygous for an Egfr 

hypomorphic allele display hyperplastic OFT cushions due to over-abundant 

mesenchymal cells, without affecting the AVC cushions [111]. This phenotype is 

enhanced by heterozygosity for Ptpn11, a gene encoding the tyrosine phosphatase Shp2, 

which is a positive downstream regulator of EGFR. Gain-of-function mutations of 

Ptpn11 are also associated with more than 50% of Noonan syndrome patients who often 

have pulmonic stenosis [75]. Endothelial-specific expression of activating Shp2 in mice 

results in increased extracellular signal-activated kinase (ERK) 1/2 activation and 

increased proliferation of ECC mesenchymal cells [112].  

 Knockout mice of ErbB ligands corroborated the requirement of ErbB signaling 

during ECC remodeling. In the developing mouse, HB-EGF, a ligand for ErbB1/EGFR 

and ErbB4, is strongly expressed in the endocardium overlying the cushion-forming 

regions, and Hb-egf knockout mice develop enlarged cardiac valves and die right after 

birth [113]. Consistent with this result, deficiency of TACE/ADAM17, an enzyme 

converting inactive pro-HB-EGF to active HB-EGF, produces identical cardiac 

phenotype with Hb-egf mutation in mice [113]. In these mice, endocardial EMT initiates 

normally but mesenchymal proliferation proceeds unchecked. 

 A number of studies implicated the role of vascular endothelial growth factor 

(VEGF) during valvulogenesis. VEGF is a pleiotropic factor that regulates endothelial 
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cell proliferation, survival, and chemotaxis [114]. It is expressed throughout endocardial 

cells at E9.0 but its expression becomes restricted to endocardial cells in the valve-

forming regions at the beginning of ECC formation [115, 116]. Experiments from chick, 

mouse, and zebrafish demonstrated that VEGF signaling promotes endocardial cell 

proliferation in the cushion-forming regions to provide an enough pool of endocardial 

cells for cushion formation [115-117]. It also inhibits endocardial cell EMT by promoting 

endocardial cells to maintain endothelial cell characteristics (Fig.3). Therefore, the VEGF 

expression level must be tightly regulated during cardiac valvulogenesis because both 

over- and underexpression of Vegf block ECC formation. 

 During cardiac cushion formation, Nuclear factor of activated T cells 

cytoplasmic 1 (NFATc1) is expressed in endocardial cells in the AVC and OFT, but its 

expression disappears in cells that have undergone EMT [118, 119]. Nfatc1 knockout 

mice fail to develop the ECC and die by E13.5. Further experiments showed that VEGF 

promotes endocardial cell proliferation through activation of Nfatc1, and this effect is 

specific to cardiac cushion endothelial cells [120] (Fig.3).  Nfatc1 expression is 

maintained in valve endothelial cells even after birth, suggesting its role in adult valve 

homeostasis [120]. 

 

Chemokine Receptor CXCR7 

CXCR7 (formerly known as RDC1) is a recently deorphanized seven transmembrane G 

protein-coupled receptor (GPCR). Rdc1 was first cloned from a dog cDNA library as a 

putative GPCR for the vasoactive intestinal peptide (VIP) hormone [121, 122]. However, 

the binding of VIP to RDC1 was revoked soon after discovery [123, 124]. RDC1 was 
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then proposed as a chemokine receptor based on its amino acid sequence similarity and 

identity to CXCR2, and its chromosomal location [125]. Rdc1 is positioned in the vicinity 

of Cxcr4, Cxcr2, and Cxcr1 on mouse chromosome 1 and human chromosome 2. The 

proposal that RDC1 might be a chemokine receptor was further supported by 

phylogenetic studies and its ability to act as a co-receptor for human immunodeficiency 

viruses (HIVs), which is a feature of many chemokine receptors [126-128]. Also, it is 

evolutionarily highly conserved between species, suggesting an important physiological 

role of this receptor [129].  

 Designation of RDC1 as CXC chemokine receptor 7 (CXCR7) was made on the 

basis of its high affinity to chemokines CXCL12/SDF1 (stromal cell-derived factor 1) 

and CXCL11/I-TAC [130, 131]. This discovery challenges the notion that CXCL12 has a 

monogamous relationship with CXCR4, as suggested by the nearly identical phenotypes 

of CXCL12 and CXCR4 knockout mice [132-135]. However, the significance of ligand 

binding to CXCR7 has been elusive since CXCR7 does not appear to trigger typical 

chemokine responses like chemotaxis and Ca2+ mobilization, or activate intracellular 

signaling, such as mitogen-activated protein kinase (MAPK) or phosphoinositide 3 kinase 

(PI3K)/protein kinase B (PKB) pathways [130, 131, 136-141]. Most chemokine receptors 

have a DRYLAIV motif at the N-terminus of the second intracellular loop, which is 

necessary but not sufficient for coupling to Gi proteins [129]. CXCR7 has two amino 

acid changes in this motif (A to S and V to T), but these changes can be seen in other 

chemokine receptors, too. Even though internalization of CXCR7 was observed upon 

CXCL12 binding, this process is known to be G protein independent [131, 137, 142].  
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The first clue about CXCR7 function came from the study of leukocytes. Survival 

and efficient differentiation of B cells into plasma cells are correlated with CXCR7 levels 

on the cell surface [140]. Interestingly, the expression of Cxcr7 is inversely proportional 

to CXCR4 activity on B cells. More evidence of its function in cell survival and 

proliferation has followed. For example, fibroblast cells overexpressing Cxcr7 form 

tumor in nude mice [143]. In addition, elevated Cxcr7 expression has been reported in 

numerous tumor cell lines, primary human tumors, and tumor vascular endothelial cells, 

and Cxcr7 expression is often correlated with tumor growth or aggressiveness [131, 144-

148]. CXCR7 is also important in CXCR4-mediated transendothelial migration of tumor 

cells but not in intra-tissue chemotaxis [149]. 

 Recently, CXCR7 has been implicated in development of zebrafish. During 

CXCR4-mediated migration of primordial germ cells and lateral line primordium, 

CXCR7 creates an essential CXCL12 gradient by sequestering and internalizing CXCL12 

[137, 139, 150].  

In summary, CXCR7 is an atypical chemokine receptor that may play a role in 

either cell migration or cell survival and proliferation. Although the downstream pathway 

of CXCR7, if any, has not been identified, its function seems to be associated with 

CXCR4 directly or indirectly. In some settings, CXCR7 may form a heterodimer with 

CXCR4 and modulate certain aspects of CXCR4 functions [136, 151-153]. In other 

settings, CXCR7 may act as a decoy or scavenger receptor to regulate the extracellular 

CXCL12 level available to CXCR4 as stated above [154]. However, CXCR7 may have 

CXCR4-independent functions as it is able to promote cell survival and adhesion in the 

absence of CXCL12 [131, 143, 147]. Existence of CXCR7 ligand(s) distinct from 
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CXCL12 and CXCL11 was reported, albeit unknown, which might explain the CXCR4-

independent functions [140]. 

 

Hypothesis and Specific Aims 

Cxcr7 knockout mice die perinatally possibly due to cardiac defects. Newborn pups are 

cyanotic indicating insufficient blood supply to peripheral tissues, and their hearts are 

enlarged at birth implying pressure overload. The unexpected cardiac phenotypes of 

Cxcr7 mutants led to the hypothesis that CXCR7 might have an important function 

during heart development. To test this hypothesis, I tested Cxcr7 expression pattern in the 

heart and histologically analyzed mutant hearts, which revealed thickening of semilunar 

valves at the valve remodeling stage. To determine the etiology of semilunar valve 

thickening, I tested proliferation and apoptosis rates of cushion mesenchymal cells, which 

showed increased proliferation of mesenchymal cells. To identify the mechanism of 

increased proliferation, I checked the level of several signaling pathways controlling 

valve mesenchymal cell proliferation during valve remodeling. To find out the cell type 

in which CXCR7 function is important, endothelial cell-specific Cxcr7 knockout mice 

were generated and analyzed, histologically and functionally. 
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CHAPTER TWO 

LOSS OF CXCR7 RESULTS IN PERINATAL LETHALITY DUE TO 

THICKENING OF CARDIAC SEMILUNAR VALVES 

 

Introduction 

 VSD is one of the most common CHDs and can be derived from two different 

origins, muscular and membranous. The muscular VSD can be present in any muscular 

part of the ventricular septum and the causative genes are mostly involved in myocardial 

morphogenesis, such as Nkx2-5, Tbx5, and Gata4. On the other hand, the membranous 

VSD has an endocardial or neural crest origin and accounts for about 80% of all VSDs. 

The membranous part of the ventricular septum develops from the atrioventricular ECCs 

[155], and mutations of genes involved in ECC morphogenesis often affect this part of 

the septum. 

 As explained previously, cardiac NCCs originate from the otocyte and somite 3, 

and are essential during the aorticopulmonary septum and OFT lengthening by the SHF 

[156]. Cardiac defects resulted from cardiac NCC abnormalities include OFT septal 

defect and overriding aorta, among others [157]. Overriding aorta is an alignment defect 

that is associated with abnormal looping during early heart development, and is always 

accompanied by a VSD [158]. A variety of environmental signals are required for NCC 

specification, migration, proliferation, differentiation, and survival (reviewed in [159]).  

 A broad microarray screen to examine the gene expression profile of marginal 

zone B cells showed that Cxcr7 is highly expressed in marginal zone B cells but not in 

mature or immature B cell populations (Crawford, D. and Behrens, T.W., unpublished 



22 

 

data). To test whether Cxcr7 is required for the migration of marginal zone B cells, the 

Cxcr7 conditional allele was generated in mice in which the entire coding region of Cxc7 

is flanked by loxP sites (Cxcr7flox, Appendix A). Subsequent recombination by the Cre 

transgene deletes Cxcr7 either ubiquitously or tissue specifically depending on the kind 

of Cre used.  

 

Results 

Perinatal Lethality of Cxcr7 Knockout Mice  

Cxcr7flox mice were crossed with deleter Cre mice [160] to allow ubiquitous Cxcr7 

deletion, and F1 mice were out-crossed with C57BL/6 mice to establish a stably 

transmitting mouse line with deletion of Cxcr7, Cxcr7+/–. When Cxcr7+/– mice were inter-

crossed, no Cxcr7–/– mice were found at weaning (Fig. 1A). A normal Mendelian ratio 

was observed at E16.5 (Fig. 1A) without abnormalities in size, color, or gross anatomy. 

About a third of E18.5 Cxcr7–/– mice delivered by cesarean birth were dead. The 

remaining mice died shortly after birth; most were cyanotic and gasped for breath, but the 

phenotype was variable. For example, in a litter of eight mice, one of three Cxcr7–/– mice 

died at or just before birth and appeared to have a catastrophic circulatory failure in late 

development, as it was completely white within a blood-filled embryonic sac (mouse 18-

12, Fig. 1B). The second appeared anatomically normal but never breathed (mouse 18-10, 

Fig. 1B), and the third gasped and remained cyanotic before dying within 1 hr after birth 

(mouse 18-6, Fig. 1B). Some Cxcr7–/– mice appeared normal and robust at birth but then 

showed signs of stress, such as gasping for breath, and died suddenly. 
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 To identify the cause of death of the Cxcr7–/– mice, I harvested E18.5 embryos 

from intercrosses of Cxcr7+/– mice, and examined the internal organs. In Cxcr7–/– 

embryos, the lungs appeared normal and were able to inflate. All other internal organs 

looked grossly normal except the hearts, which were slightly larger than the hearts of 

wild-type littermates and often had dysmorphic shapes rather than a normal cone shape 

(Fig 1C, the third panel). Occasionally, the mutants had aortas sprouting from the right 

side of the heart instead of the left side (Fig. 1C, the second panel), or had dilated atria 

(Fig. 1C, the third panel).  

 

Expression Pattern of Cxcr7 in Mice 

The cyanotic pups, enlarged hearts, OFT patterning defect, and dilated atria all indicate 

possible cardiac defects in Cxcr7–/– mice. Before analyzing more detailed cardiac 

phenotypes, I examined the expression pattern of Cxcr7 in mouse. I performed whole-

mount in situ hybridization with E10.5 mouse embryos, and Cxcr7 was expressed at high 

levels in the prosencephalon, especially in the nasal process, and a part of the 

rhomboencephalon, and expressed at lower levels in the neural tube, somites, and heart 

(Fig. 2A). The result from a postnatal (P) day 1 mouse shows that Cxcr7 is more broadly 

expressed in various tissues, including the heart (Fig. 2B). To analyze the regional 

expression pattern of Cxcr7 in the heart, I made transverse sections of E10.5 mouse 

embryos after the whole-mount in situ staining. Cxcr7 was mainly expressed in 

endocardial cells and their ECC mesenchymal cell derivatives in both the OFT and AVC 

(Fig. 2C–F), and expressed to a lesser degree in myocardial cells (Fig. 2C, E). 
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Thickening of Semilunar Valves and Ventricular Septal Defect in Cxcr7 Knockout Mice 

In addition to abnormal heart morphologies of the E18.5 Cxcr7–/– embryos, the 

expression of Cxcr7 in the heart corroborated the hypothesis that Cxcr7 might have an 

important function during heart development. To examine the cardiac phenotype of the 

Cxcr7–/– mouse embryos more closely, transverse and coronal sections of the E18.5 

Cxcr7–/– hearts were made. Comparison of the cardiac sections between wild-type and 

mutant embryos revealed thickened SL valves in all Cxcr7–/– embryos (Fig. 3A-H). 

However, the tricuspid and mitral valves were normal (Fig. 3I, J). One third of the 

embryos (n=9) had VSDs in a membranous portion of the septum, and 22% had 

overriding aorta, in which the aorta is positioned on top of the ventricular septum (Fig. 

3H).  

To determine when the OFT endocardial cushion/SL valve thickening occurs 

during development, heart sections were made at progressive mouse embryonic stages. 

Until around E14.0, there was no apparent difference in the size of the OFT endocardial 

cushions (Fig. 4A-C and 4E-G). However, at E15.5, when wild-type valve thinning into 

leaflets had already begun, Cxcr7–/– valves were still thick, indicating defects in SL valve 

remodeling (Fig. 4D, H).  

 

Migration of Cardiac Neural Crest cells in Cxcr7 Knockout Mice 

Although Cxcr7 is not expressed in NCCs (Fig. 2A), and the structure of pharyngeal arch 

arteries was normal in Cxcr7–/– embryos (data not shown), the valve thickening was 

observed only in the OFT valves, and VSD and overriding aorta were present in some 
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cases. Therefore, I speculated that CXCR7 might be involved in the migration of cardiac 

NCCs as Cxcr7 is expressed in the neural tube (Fig. 2A). To test this possibility, Cxcr7–/– 

embryos were stained for cellular retinoic acid binding protein 1 (Crabp1), a neural crest 

marker, at around E10.5. The amounts of cardiac NCCs migrating through pharyngeal 

arches 3, 4, and 6 were similar between the wild-type and Cxcr7–/– embryos (Fig. 5A, B). 

 

Discussion 

Deletion of Cxcr7 in mice resulted in perinatal lethality with cardiac defects. The death 

most likely resulted from insufficient blood flow to the body caused by SL valve stenosis, 

a condition that can cause severe cardiac dysfunction in human newborns as well. 

Enlarged hearts and dilated atria are likely to be the secondary effects of pressure 

overload in the ventricles caused by SL valve stenosis.  

Thickening of ECC/valve primordia can originate from either myocardial or 

endocardial defects. Expression of Cxcr7 in endocardial and ECC mesenchymal cells but 

little or no expression in myocardial cells implies its function in the ECC. Normal 

development of atrioventricular valves indicates that Cxcr7 might not be required for 

development of tricuspid and mitral valves, or its loss might be compensated by other 

proteins in the AVC. The membranous ventricular septum is derived from the AVC 

cushions, and the membranous VSD in the Cxcr7–/– mice suggests that Cxcr7 may still 

have a role in the AVC cushion.  

Valve thickening can result from problems in various steps of valve development, 

such as specification, EMT, growth, or remodeling. The OFT sections of Cxcr7–/– 

embryos at various developmental stages revealed that the Cxcr7–/– hearts have defects 
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during the SL valve remodeling process, as the sizes of the OFT ECCs in the Cxcr7–/– 

hearts are comparable to those of the wild-type hearts until E14.0.  

 Overriding aorta and membranous VSD in the Cxcr7–/– mice suggests that Cxcr7 

deficiency might affect cardiac NCCs [156]. However, Cxcr7 is not expressed in NCCs 

and defects in OFT septation or patterning of pharyngeal arch arteries were not observed. 

Even though the link between CXCR7 and cardiac NCCs cannot be ruled out, at least the 

migration of cardiac NCCs is not affected by Cxcr7 deficiency.  

 

Materials and Method 

Mating of Mice and Genotyping 

Cxcr7+/- mice were kindly provided by Dr. Behrens, T.W. (University of Minnesota, 

Minneapolis, MN). Cxcr7+/- mice were intercrossed to produce Cxcr7–/– embryos. E18.5 

embryos were obtained from cesarean sections of pregnant females. Earlier stage 

embryos were dissected under the microscope using forceps after uteri were obtained 

from the pregnant females at desired developmental stages. Noon of the day when a 

virginal plug was observed was set to E0.5. DNA was extracted from the yolk sac and 

polymerase chain reaction (PCR) was performed for genotyping. Primers for genotyping 

are: wild-type forward –CCG CTA TCT CTC CAT CACC; wild-type reverse – GAT 

CTT CCG GCT ACT GTGC; knockout forward – CTG CCT CTC TTG GGA ATGT; 

knockout reverse – CTC TCT GGC CGT TCT CTC. 
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Whole-mount and Section in Situ Hybridization 

Section in situ hybridization for P1 mouse was performed by Phylogeny (Columbus, 

OH). Mouse tissue was frozen, cut into 6–12-µm sections, mounted on gelatin-coated 

slides, and fixed in 4% formaldehyde. The cRNA probe for Cxcr7 was synthesized in 

vitro according to manufacturer’s conditions (Ambion) and labeled with 35S-UTP 

(Amersham). Sections were hybridized overnight at 55oC with 35S-labeled cRNA probe 

(50–80,000 cpm/µl).  

Whole-mount in situ hybridization for Cxcr7 and Crabp mRNA was performed 

with E10.5–E11.0 embryos. Embryos were fixed in 4% formaldehyde overnight and kept 

in 100% methanol at –20oC until use. Embryos were treated by proteinase K (Roche) for 

15-20 min and re-fixed with 4% formaldehyde/0.2% glutaraldehyde for 20min. Embryos 

were then pre-hybridized at 65oC for 1-2 hrs without riboprobe before hybridization was 

performed at 65oC overnight. Hybridization buffer consists of 50% formamide, 5x SSC, 

0.5 mg/ml salmon sperm DNA (Invitrogen), 0.1% Tween-20 (Sigma), 50µg/ml heparin 

(Sigma), 200µg/ml yeast tRNA (Ambion), citric acid to pH6.0. After the hybridization, 

embryos were washed extensively with post-hybridization buffer (hybridization buffer 

without salmon sperm DNA, heparin, and yeast tRNA) and then with PBT.3 (PBS/0.3% 

triton X-100). Embryos were blocked by Genius blocking reagent (Roche), and then 

incubated with anti-DIG-AP antibody (Roche) at 1:2000 dilution for 2hrs at room 

temperature (RT). Embryos were washed with PBT.3, then PBT.5, and finally AP buffer 

(100mM Tris-HCl pH9.5, 100mM NaCl, 50mM MgCl2, 0.1% Tween-20, 1mM 

levamisole (Sigma)). Embryos were stained with BM purple substrate (Roche) at RT, 

overnight, wrapped in aluminum foil to block light. Riboprobes were labeled with DIG. 
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Histology 

Embryonic hearts at various stages were embedded in paraffin, cut into 8–10µm sections, 

deparaffinized, and stained with hematoxylin and eosin for histological analysis. E18.5 

hearts were sectioned transversely to have a top view and coronally to have a frontal view. 

Earlier stage sections were made coronally to observe the OFT better.   
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Figures 

Figure 1 
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Figure 1. Perinatal lethality of Cxcr7 knockout mice. (A) Genotypes of offspring from 
Cxcr7+/– x Cxcr7+/– crosses at weaning and at E16.5. (B) Six of eight E18.5 mice from a 
single (Cxcr7+/– x Cxcr7+/–) litter, photographed less than 1 hr after cesarean birth. 
Identifier and genotypes are shown for each mouse. (C) Frontal views of E18.5 wild-type 
and Cxcr7–/– hearts. In 22% of the Cxcr7–/– hearts, the aorta was misaligned and coming 
out of the right side (arrow in the second panel). About in 30% of the Cxcr7-/- hearts, 
either the left or right atrium is enlarged (arrow in the third panel). Ao, aorta; PA, 
pulmonary artery; ra, right atrium; la, left atrium. (A) and (B) were produced by 
Crawford, D., University of Minnesota, MN.
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Figure 2 

 

Figure 2. Expression pattern of Cxcr7 mRNA in developing mouse heart. (A) Whole-
mount in situ hybridization was carried out with digoxigenin (DIG)-labeled Cxcr7 
riboprobe at E10.5. Cxcr7 mRNA is expressed in the prosencephalon, rhombencephalon, 
somites, neural tube, and heart at this stage. (B) Section in situ hybridization image of 
sagittally sectioned P1 mouse. Cxcr7 is expressed in various tissues, including the brain, 
thymus, heart, stomach, and liver. Adr, adrenal gland; Br, brain; Cb, cerebellum; H, 
heart; Li, liver; Lu, lung; M, muscle; ONE, optic nerve ending; PU, penile urethra; R, 
rectum; Sk, skin; St, stomach; T, tooth; Th, thymus; Vb, vertebrae (Phylogeny, Columbus, 
OH). (C–F) Transverse sections were made after whole-mount in situ hybridization at 
E10.5. Cxcr7 is expressed in endocardial and ECC mesenchymal cells in both the OFT 
(C-D) and AVC (E-F). Cxcr7 expression in myocardial cells is much weaker than that of 
endocardial cells. (D) and (F) are high-magnification images of (C) and (E), respectively. 
OFT, outflow tract; En, endocardium; ECC, endocardial cushion; My, myocardium; A, 
atrium; V, ventricle; AVC, atrioventricular canal. 
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Figure 3 
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Figure 3. Cxcr7–/– embryos have enlarged SL valves and occasional VSD or 
overriding aorta. (A–J) Sections of E18.5 mouse embryonic hearts were stained by 
hematoxylin-eosin. Cxcr7–/– embryos have thick pulmonary and aortic valves but normal 
tricuspid and mitral valves. VSD was observed in 33.3% (n=9) of cases (arrow in H). 
Transverse sections are shown in A, B, E, and F. Coronal sections are shown in C, D, G, 
H, I, and J. Ao, aorta; RV, right ventricle; LV, left ventricle.  
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Figure 4 

 

Figure 4. The OFT endocardial cushions in Cxcr7-/- embryos fail to undergo valve 
remodeling in mice. (A-H) Coronal sections were made from the hearts of wild-type and 
Cxcr7–/– embryos at various developmental stages. The size and cell number of the OFT 
endocardial cushions or SL valve primordia were not significantly different between the 
wild-type and Cxcr7–/– embryos until E14. Difference in the size of the SL valves became 
apparent at around E15.5, when the valves were undergoing a remodeling process and 
formed thin leaflets in wild-type hearts, but remained enlarged in Cxcr7–/– hearts (arrows 
in D and H). 
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Figure 5 

 

 

Figure 5. Deletion of Cxcr7 does not affect migration of cardiac neural crest cells. 
(A-B) Whole-mount in situ hybridization was performed with wild-type and Cxcr7-/- 
embryos at E10.5 by a DIG-labeled Crabp1 riboprobe. Cardiac neural crest cell migration 
is not affected in the Cxcr7–/– embryos. Arrowheads indicate migrating neural crest cells 
through pharyngeal arches 3, 4, and 6. h, heart. 
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CHAPTER THREE 

CXCR7 IS REQUIRED IN ENDOCARDIAL-DERIVED CELLS TO REGULATE 

CARDIAC VALVE REMODELING 

 

Introduction 

Soon after birth, cardiomyocytes withdraw from the cell cycle and subsequent growth of 

the heart occurs through hypertrophy, rather than hyperplasia [16]. Cardiac hypertrophy 

is an adaptive response to stress that includes hypertension, pressure overload, endocrine 

disorder, myocardial infarction, and contractile dysfunction caused by defects of 

structural proteins. There are two types of hypertrophic phenotypes: (1) concentric 

hypertrophy due to pressure overload, which is characterized by the addition of 

sarcomeres in parallel to make the ventricular wall thicker without affecting the lumen 

size, and (2) eccentric hypertrophy due to volume overload, during which sarcomeres are 

added in series to make the ventricular lumen bigger [161]. The heart with concentric 

hypertrophy maintains normal systolic functions such as an ejection fraction, but has 

defective diastolic functions. Meanwhile, the heart with eccentric hypertrophy has 

defective systolic functions. Both types of hypertrophy can later progress to dilated 

cardiomyopathy through a mechanism that may involve apoptosis, necrosis, or fibrosis, 

and can lead to heart failure, cardiac arrhythmia, and sudden death [162].  
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Results 

Endocardial-Specific Deletion of Cxcr7 in Mice Results in SL Valve Stenosis 

The expression pattern of Cxcr7 in developing mouse embryos suggests its function in 

endocardial cells. To confirm this hypothesis and to examine the role of Cxcr7 in the 

adult heart, I deleted Cxcr7 specifically in all endothelial cells using the Tie2-Cre 

transgene. Tie2-Cre;Cxcr7flox/- mice survived normally after birth and were fertile. 

However, when examined at 6 months of age, they had massive cardiac hypertrophy (Fig. 

1A).  

To determine whether Tie2-Cre;Cxcr7flox/- mice have similar SL valve stenosis to 

Cxcr7–/– mice, I examined histological sections at the level of SL valves. Indeed, the SL 

valves of Tie2-Cre;Cxcr7flox/- mice were thicker than those of wild-type mice, and the 

difference was more dramatic in the aortic valves (Fig. 1B-E). As in the Cxcr7–/– hearts, 

the tricuspid and mitral valves were normal in Tie2-Cre;Cxcr7flox/- mice (data not shown). 

The SL valves in mutants were often fused at their bases, which prevents dynamic 

opening and closing of the valves (Fig. 1E). These results suggest that the Cxcr7 

expression in endocardial cells and their valve mesenchymal derivatives is necessary to 

prevent thickening of the SL valves. 

 

Tie2-Cre;Cxcr7flox/- Mice Develop Cardiac Hypertrophy 

Cross sections of age-matched wild-type and Tie2-Cre;Cxcr7flox/- hearts revealed much 

thicker ventricular walls in mutant hearts, but similar sizes of ventricular cavities (Fig. 

2A). Examination of myocardial structures of the Tie2-Cre;Cxcr7flox/- hearts at high 

magnification revealed greatly enlarged cardiomyocytes, cellular disarray, and increased 
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intercellular space (Fig. 2B, C). At 6 months of age, the mutant mice had substantial 

fibrosis, marked by Masson’s trichrome staining, in the myocardium and around 

microvessels in the heart; little fibrosis was detected in the wild-type mice (Fig. 2D, E). 

On the other hand, calcium deposition was not observed in the mutant SL valves when 

tested by Von Kossa staining (Appendix B). 

Echocardiographic analysis of cardiac function at 6 months of age showed no 

difference in fractional shortening or ejection fraction between the Tie2-Cre;Cxcr7flox/- 

and wild-type mice (Fig. 3A), but the left ventricular posterior wall was about 1.4-fold 

thicker in the Tie2-Cre;Cxcr7flox/- mice (Fig. 3B). These features are consistent with 

concentric hypertrophy caused by pressure overload [163]. Results of other 

echocardiographic measurements can be found in Appendix C.  

 

Discussion 

Endothelial cell-specific deletion of Cxcr7 bypassed the perinatal lethality but caused the 

similar cardiac defects, SL valve stenosis, to ubiquitous deletion of Cxcr7 in mice. This 

indicates there might be other attributes that caused death of Cxcr7–/– mice. Given the 

broad expression pattern of Cxcr7, it may have important functions during development 

in other organs even though other organs looked grossly normal in the Cxcr7–/– mice at 

E18.5.  

The valve thickening phenotype of Tie2-Cre;Cxcr7flox/- mice was more severe in 

the aortic valves, and the leaflets were often fused at their bases. The reason for 

difference between the aortic and pulmonary valves is not clear, but the phenotype may 

suggest that aortic valve development is more sensitive to the loss of Cxcr7. Alternatively, 
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the pulmonary valve defects might be normalized in adults through an unknown 

mechanism, as the size was not different between the aortic and pulmonary valves at 

E18.5 in Cxcr7–/– embryos.  

It is interesting that I did not observe VSD or overriding aorta in the Tie2-

Cre;Cxcr7flox/- mice. It might be simply because I examined fewer Tie2-Cre;Cxcr7flox/- 

mice than Cxcr7–/– mice, and low penetrance of these phenotypes (33% for VSD and 22% 

for overriding aorta) prevented me from encountering them in the Tie2-Cre;Cxcr7flox/- 

mice. Another possibility is that imperfect efficiency of the Tie2-Cre and consequently 

incomplete recombination of loxP sites in endothelial lineages prevented these 

phenotypes to show up. Otherwise, expression of Cxcr7 in non-endothelial derivatives 

might be important for the formation of the membranous ventricular septum and OFT 

patterning.  

SL valve stenosis imposes pressure overload on the heart and can lead to cardiac 

hypertrophy. Consistent with this, 6-month-old Tie2-Cre;Cxcr7flox/- mice had massive 

cardiac hypertrophy characteristic of concentric hypertrophy, even though diastolic 

dysfunction was not observed when the ventricular lumen size was measured during 

diastole and systole by echocardiography (Appendix C).  

Prolonged cardiac hypertrophy can lead to fibrosis of the ventricles and I found 

that the Tie2-Cre;Cxcr7flox/- mice  had substantial fibrosis in the heart. Patients with 

bicuspid aortic valves often have calcified valves due to the activation of bone 

development program [164]. Even though I did not observe the bicuspid aortic valves in 

the Tie2-Cre;Cxcr7flox/- mice, because of the massively enlarged aortic valves with 

occasional leaflet fusions at the bases, I speculated that these mice might have calcific 
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aortic valves. However, measurement of calcium deposition in the Tie2-Cre;Cxcr7flox/- 

aortic valves showed very little calcium accumulation in the aortic valves (Appendix B). 

Combined with lack of diastolic dysfunction, this result might indicate that 6 months was 

too early to detect more advanced phenotypes of hypertrophy and aortic valve defects. 

 

Materials and Methods 

Generation of Tie2-Cre;Cxcr7flox/- Mice and Genotyping 

Tie2-Cre mice were purchased from the Jackson laboratory. Either (Tie2-Cre;Cxcr7+/- x 

Cxcr7flox/flox) or (Tie2-Cre;Cxcr7flox/+ x Cxcr7+/-) crosses were set up to obtain Tie2-

Cre;Cxcr7flox/- mice. PCR primers used to distinguish wild-type and floxed alleles are: 

forward, 5’ – CAAACCCGTGAACAAGG; reverse: 5’ – CTCTCTGGCCGTTCTCTC. 

Primers for Tie2-Cre are: forward, 5’ – CGATGCAACGAGTGATGAGG; reverse, 5’ – 

CGCATAACCAGTGAAACAGC.  

 

Histological Analysis 

Whole hearts were taken from 6-month-old wild-type and Tie2-Cre;Cxcr7flox/- mice and 

were embedded in paraffin, cut into 8–10µm sections, deparaffinized, and stained with 

hematoxylin and eosin for histological analysis. 

 

Masson’s Trichrome Staining 

For Masson’s trichrome staining, 6-month-old hearts from wild-type and Tie2-

Cre;Cxcr7flox/- mice were embedded in paraffin and transversely sectioned. 

Deparaffinized sections were dipped sequentially into Weigert’s iron hematoxylin 
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working solution for 10 min, Biebrich scarlet-acid fuchsin solution for 15 min, 

phosphomolybdic-phosphotungstic acid solution for 15 min, aniline blue solution 5–10 

min, and 1% acetic acid solution for 2–5 min. 

 

Echocardiography 

Various cardiac parameters were assessed by M-mode and power Doppler mode in 6-

month-old wild-type and Tie2-Cre;Cxcr7flox/- mice anesthetized with 1.75% isoflurane. 

Core temperature was maintained at 37–38°C, and scans were performed in a random-

blind fashion. Each mouse underwent three separate scans on three different days. Values 

were averaged from three scans for each mouse. Fractional shortening and ejection 

fraction were calculated from left ventricular end systolic dimension (LVESD) and left 

ventricular end diastolic dimension (LVEDD). Fractional shortening (%) = LVEDD – 

LVESD/LVEDD x 100. Ejection fraction (%) = LVEDD2 – LVESD2/LVEDD2 x 100.
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Figures 

Figure 1 

 

Figure 1. Tie2-Cre;Cxcr7flox/- mice have SL valve stenosis. (A) Photograph of whole 
hearts taken from 6-month-old wild-type and Tie2-Cre;Cxcr7flox/- mice. Endothelial-
specific deletion of Cxcr7 caused massive hypertrophy. (B-E) Heart sections of 6-month-
old wild-type and Tie2-Cre;Cxcr7flox/- mice were stained with hematoxylin-eosin. Tie2-
Cre;Cxcr7flox/- mice have SL valve stenosis similar to that in Cxcr7–/– mice but a milder 
pulmonary valve phenotype. Aortic valve leaflets are often fused in mutants (arrows in E).
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Figure 2 

 

Figure 2. Tie2-Cre;Cxcr7flox/- develop cardiac hypertrophy. (A) Transverse sections of 
wild-type and Tie2-Cre;Cxcr7flox/-

 hearts at 6 months of age. The mutant hearts have a 
thicker ventricular wall than the wild-type hearts but have similarly sized ventricular 
cavities. (B-C) Magnified images (20x) of the wild-type and Tie2-Cre;Cxcr7flox/- heart 
sections stained with hematoxylin-eosin. Myocardial structure is disarrayed and the size 
of cardiomyocytes is bigger in the mutant hearts. (D-E) Masson’s trichrome staining 
shows more collagen deposition (blue) in the mutant hearts.  
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Figure 3 

 

Figure 3. Echocardiographic analysis of Tie2-Cre;Cxcr7flox/- hearts. (A) Fractional 
shortening and ejection fraction are similar between wild-type and Tie2-Cre;Cxcr7flox/- 
mice at 6 months of age. (B) Left ventricular posterior wall (LVPW), measured by 
echocardiography, is ~1.4-fold thicker in the mutant hearts than in the wild-type hearts 
(n=3 per group). *P<0.05.
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CHAPTER FOUR 

CXCR7 MODULATES BONE MORPHOGENETIC PROTEIN SIGNALING TO 

REGULATE CELL PROLIFERATION IN SEMILUNAR VALVES 

 

Introduction 

Endocardial cells that have migrated into cardiac jelly to form ECCs proliferate and 

secret ECM proteins to produce swellings of the ECCs. Later during the ECC/valve 

primordia remodeling process, a subset of cushion mesenchymal cells undergo apoptosis 

to reduce the size of the valves and to form thin leaflets [93]. Cardiac valve hyperplasia 

can result from increased proliferation, decreased apoptosis, or both of valve 

mesenchymal cells during valve remodeling.  

 BMPs promote mesenchymal cell proliferation as well as EMT of endocardial 

cells in the cardiac cushions. Bmp4 mouse mutants have hypocellular cardiac cushions 

[105, 106], and double mutants for Bmp6/7 and mutants for Bmpr-II have hypoplastic 

OFT cushions with relatively normal AVC cushions [91, 107]. On the other hand, EGF 

signaling inhibits proliferation of cushion mesenchymal cells through antagonism of 

BMP-mediated activation of Smad1/5/8 [165-167]. Therefore, mutations causing reduced 

EGF signaling result in hypercellular endocardial cushions.  

 

Results 

Increased Proliferation of SL Valve Mesenchymal Cells in Cxcr7 Knockout Mice 

Cxcr7–/– mice had SL valve thickening after E14, implying the defects during valve 

remodeling. To investigate whether proliferation or apoptosis of SL valve mesenchymal 
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cells was affected in Cxcr7–/– embryos, I analyzed cell proliferation by phospho-histone 

H3 (pH3) immunofluorescence (Fig. 1A, B) and cell death by TUNEL (terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labeling) assay (Fig. 1D, E) at 

various developmental stages. In the wild-type SL valves, the percentage of cells 

undergoing mitosis decreased as embryos grew older. In contrast, the Cxcr7–/– SL valves 

had ~2-fold more pH3-positive mesenchymal cells than the wild-type valves at E14.0, 

and 3.5-fold more at E15.5 (Fig. 1C). No difference was detected between pulmonary and 

aortic valves. The percentages of cells undergoing apoptosis were almost identical in the 

wild-type and Cxcr7–/– SL valves (Fig. 1D, E). 

 

Increased BMP Signaling in SL Valve Mesenchymal Cells in Cxcr7 Knockout Mice 

A hypomorphic allele of EGFR also results in thickening of semilunar valves [111], and 

the mutation of one of its ligands, HB-EGF, leads to dysregulation of BMP signaling and 

similar valve stenosis in mice [113]. To determine whether BMP signaling is increased in 

Cxcr7–/– SL valves, I performed immunostaining for phospho-Smad1/5/8 (pSmad1/5/8), 

which transduce BMP signaling. pSmad1/5/8 levels were about 1.5-fold higher in the 

Cxcr7–/– SL valves than in the wild-type valves throughout development (Fig. 2A–E). 

 

Discussion 

Hyperplastic ECCs/valve primordia can occur by increased EMT or proliferation of cells 

in the ECC, or both. Normal cushion sizes in Cxcr7–/– mouse embryos until E14 indicate 

that the valve defects in the Cxcr7–/– mice may originate from increased proliferation of 
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cushion mesenchymal cells. The pH3 immunostaining proves that is the case. Why only 

the OFT cushions are affected is not clear, but difference between OFT and AVC valve 

development has been reported. As mentioned in the chapter 1, Bmp6/7 double mutants 

and Bmpr-II mutants only have OFT cushion defects. Hypomorphic Egfr mutation also 

causes only SL valve hyperplasia but the complete loss of Egfr results in both SL and 

atrioventricular valve defects [111, 113], implying that the SL valve morphogenesis 

might be more sensitive to perturbations. CXCR7 might affect only a subset of BMP 

signaling pathways that are predominantly active in the OFT, because BMP ligands and 

receptors display very dynamic expression patterns during cardiac development, and 

some of them are more strongly expressed in the OFT than in the AVC, or vice versa 

[168]. 

Increased BMP signaling in the OFT cushions of the Cxcr7–/– mouse embryos 

implies that CXCR7 inhibits cushion mesenchymal cell proliferation by suppressing 

BMP signaling. The direct relationship between CXCR7 and BMP signaling is not 

known, but CXCR7 might activate EGF signaling to suppress BMP signaling because 

reduced EGF signaling produces very similar cardiac phenotypes to cardiac defects in the 

Cxcr7–/– mice. Addition of CXCL12 to primary sheep aortic valve mesenchymal cells, 

which express Cxcr7, did not activate EGFR (data not shown). Nevertheless, the link 

between CXCR7 and EGF signaling cannot be ruled out because there is evidence that 

unknown CXCR7 ligand(s) exist [140]. 
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Materials and Methods 

Immunofluorescent pH3 Staining  

Paraffin-embedded embryos of wild-type and Cxcr7–/– mice were cut at various stages 

either transversely or coronally. Sections were deparaffinized with xylene (Sigma) and 

blocked by 3% normal serum/1% BSA/PBST (0.1% Tween-20 in PBS), then incubated 

with phospho-histone H3 antibody (Upstate) at 1:100 dilution at RT for 1-2 hrs. For 

detection, a FITC-conjugated secondary antibody was used at 1:200 dilution at RT for 

1hr, and the slides were mounted with Vectashield containing DAPI (Vector 

Laboratories).  

 

TUNEL Staining 

Slides were prepared as described above. In situ cell death detection kit (Roche) was used 

following manufacturer’s manual. Cells undergoing apoptosis was labeled by FITC. 

 

Immunohistochemical Staining of pSmad1/5/8 

Slides were prepared as described above. The overall protocol was same as the pH3 

staining until secondary antibody incubation. Phospho-Smad1/5/8 antibody (Cell 

Signaling) was used at 1:100 dilution. For detection, a horseradish peroxidase–conjugated 

secondary antibody was used at 1:200 dilution, and the sections were stained with the 

ABC staining system (Vector Laboratories).
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Figures 

Figure 1 

 

Figure 1. Proliferation of ECC mesenchymal cells is increased in the SL valves. (A-
B) Cells undergoing mitosis were stained with phospho-histone H3 antibody (pH3, red) 
at various embryonic stages. Nuclei were counterstained with DAPI (blue). There are 
more proliferating cells in the semilunar valves of the Cxcr7–/– embryos from E14 onward. 
Representative sections at E15.5 are shown. (C) Quantitative analysis of pH3 
immunostaining (pH3-positive cells/total valve cells x 100) showed that the percentage of 
cells undergoing mitosis in the Cxcr7–/– SL valves was increased ~2-fold at E14 and ~3.5-
fold at E15.5. *P<0.01. (D-E) Cells undergoing apoptosis were analyzed by the TUNEL 
assay (green). The numbers of apoptotic cells in the OFT endocardial cushions/semilunar 
valves are similar between the wild-type and Cxcr7-/- embryos throughout development. 
Representative sections at E15.5 are shown. 
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Figure 2 

 

Figure 2. Cxcr7 deficiency enhances BMP signaling in the OFT endocardial 
cushions/SL valves. (A-D) Immunohistochemistry with an anti-phospho-Smad1/5/8 
(pSmad1/5/8) antibody shows increased BMP signaling in the Cxcr7–/– OFT endocardial 
cushions/SL valves (brown). Nuclei were counterstained with hematoxylin. (E) 
Quantitation of pSmad1/5/8 immunostaining shows that the BMP signaling is increased 
throughout cardiac valve development in the Cxcr7–/– embryos. *P<0.05. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Summary 

This study shows that the chemokine receptor CXCR7 is important in cardiac SL valve 

morphogenesis. Cxcr7 deletion in mice caused perinatal lethality, likely because of 

insufficient blood supply to peripheral tissues as a result of severe aortic and pulmonary 

valve stenosis. Occasional VSD in the membranous ventricular septum and overriding 

aorta also point toward Cxcr7 function during ECC morphogenesis, although the 

possibility of its role in cardiac NCCs cannot be completely ruled out. Loss of Cxcr7 also 

increased BMP signaling in SL valves, and caused a sustained high proliferative rate of 

valve mesenchymal cells during the valve remodeling stage. Tie2-Cre;Cxcr7flox/- mice 

with endothelial cell-specific ablation of Cxcr7 had similarly enlarged SL valves later in 

life and developed massive cardiac hypertrophy presumably due to aortic valve stenosis. 

These mice developed substantial fibrosis in the ventricles and the overall structure of 

myocardium is disarrayed with enlarged cardiomyocytes. Echocardiogram revealed 

preserved systolic function with a normally sized ventricular lumen, a concentric 

hypertrophic phenotype, in the Tie2-Cre;Cxcr7flox/- mice.  

 

Possible Link to EGF Signaling 

Disruption of EGF signaling pathways in mice causes cardiac valve hypertrophy due to 

increased proliferation at the late stage of valve development. There is evidence that EGF 

signaling antagonizes BMP signaling [165-167], and pSmad1/5/8 levels may be increased 
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in Hb-egf knockout valves [113], consistent with a link between EGF signaling and 

Cxcr7. EGFR activation antagonizes BMP signaling by phosphorylating Smad proteins at 

the linker region that is distinct from phosphorylation sites phosphorylated by BMP 

receptors [165], or by stabilizing the Smad transcriptional co-repressor TGIF [166]. Both 

effects are mediated by the MAPK Erk. In one study, Hb-egf mRNA was downregulated 

in Cxcr7–/– SL valves, corroborating the relationship between EGF signaling and CXCR7 

[152]. When CXCL12/SDF-1 was added to either primary sheep aortic valve 

mesenchymal cells, which express Cxcr7, or to Cxcr7-transfected COS1 cells to test 

whether CXCR7 acts as a positive upstream regulator of EGF signaling, EGFR activation 

was not observed. This result may indicate that (1) there is no interaction between 

CXCR7 and EGF signaling, (2) proper extracellular environment, such as cardiac cushion 

ECM, is required for their interaction because in vitro experiment lacked ECM 

environment, or (3) CXCL12 is not the ligand required for CXCR7 function during valve 

development. A study in B cells showed that unknown ligand(s) distinct from CXCL12 

and CXCL11 exist, even though its identity or expression pattern is not known [140]. 

Although Cxcr7 deficiency and disruption of EGF signaling cause similar SL valve 

phenotypes, VSD and overriding aorta are unique to Cxcr7–/– mice, suggesting that 

CXCR7 activates or inhibits additional pathways.  

 

Other Cxcr7 Knockout Studies 

While I was working on this project, two separate groups reported their findings from 

Cxcr7 knockout studies. Results of this study are consistent with the first report of Cxcr7 

knockout phenotypes [152] but not with a subsequent independent Cxcr7 knockout study 
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[169]. Perinatal lethality was observed in both studies. However, Gerrits et al. did not 

observe SL valve thickening or VSDs and concluded that the enlarged hearts in Cxcr7-

null mice were due to hyperplasia, not hypertrophy. In contrast, Sierro et al. observed 

aortic and pulmonary valve thickening, as well as bicuspid aortic valves, a finding I did 

not observe even though occasional aortic valve fusions at their bases were observed. 

These discrepancies might reflect differences in genetic background, knockout strategies, 

or effects on neighboring genes. Gerrits et al. knocked in the β-galactosidase (LacZ) 

transgene in the place of Cxcr7 exon2, while this study and Sierro et al. replaced the 

exon2 with a loxP-flanked conditional allele. No predicted microRNAs are in this locus, 

making it less likely that there are differences in the deletion of potentially embedded 

genes.  

 

Mechanisms of CXCR7 Signaling 

In spite of sharing the same ligand, CXCL12, Cxcr7 and Cxcr4 knockout mice have 

different cardiac phenotypes. VSD is the major cardiac phenotype in Cxcr4 and Cxcl12 

knockout mice, but those mice have intact SL valves [132-135]. These differences might 

suggest either (1) CXCR7 is a silent receptor that does not activate any downstream 

signaling upon ligand binding, or (2) function of CXCR7 in the heart is independent of 

the CXCR4-CXCL12 axis. However, recent findings suggest the connection between 

CXCR7 and CXCR4 [137, 139, 146, 149, 150, 152, 153, 170]. The interaction between 

CXCR7 and CXCR4 are largely two folds: (1) CXCL12 sequestration by CXCR7 to 

regulate the extracellular CXCL12 level available to CXCR4, or (2) heterodimerization 

between CXCR7 and CXCR4. Since the studies that reported heterodimerization used 
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different methods and cell types, some studies showed positive interactions while others 

showed negative interactions. Nonetheless, it seems like CXCR7 binding to CXCR4 

induces conformational changes in CXCR4 and affects its coupling property to 

downstream G proteins.  

Although binding of CXCL12 or CXCL11 to CXCR7 does not activate classical 

chemokine pathways such as Ca2+ mobilization or MAPK signaling, one study showed 

that a synthetic CXCR7 ligand can elicit Ca2+ response and Gi-coupled signaling, 

implying that CXCR7 actually retains the ability to transduce downstream signaling 

[171]. It is not known whether this activity is physiologically relevant, but the evidence 

of CXCR4- or CXCL12-independent CXCR7 functions and the existence of unknown 

ligands for CXCR7 suggest the presence of yet undiscovered mechanisms of CXCR7 

[131, 143, 147]. Moreover, constant interaction of CXCR7 with Gi signaling components 

in resting state seems to prime CXCR7 for instant activation upon ligand binding [149, 

151, 153].  

 

Future Directions 

CXCR7 has been implicated in many physiological and pathological processes without 

knowing its exact mechanisms. Consequently, the interpretation of results varied 

immensely and sometimes contradicted each other. Therefore, dissecting its mechanism 

is of utmost importance considering CXCR7’s implication in tumor biology and cardiac 

valve morphogenesis. A large scale screen would be necessary to identify additional 

CXCR7 ligands other than CXCL11 and CXCL12. Discovery of new ligand(s) for 

CXCR7 may explain why CXCR7 knockout mice share the VSD phenotype but not SL 
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valve stenosis with CXCR4 or CXCL12 knockout mice, and also may help elucidate the 

downstream pathways of CXCR7.  

 The interaction between CXCR7 and EGF signaling, and between CXCR7 and 

CXCR4 could be tested genetically. First, it would be interesting to see whether 

overexpression of EGF signaling components can rescue Cxcr7 null phenotypes. Also, by 

using OFT cushion explant taken from Cxcr7–/– heart, the interaction between CXCR7 

and EGF signaling can be tested in vitro. For example, HB-EGF can be added to the 

media to test whether the proliferation defect of the Cxcr7–/– cushion explant can be 

rescued by activation of EGF signaling. As for the interaction with CXCR4, Cxcr4/7 

double mutations would help explain their genetic relationship by observing whether the 

compound mutation rescues or exacerbates the phenotype. One obstacle for this approach 

would be that they reside on the same chromosome, chromosome 1 in mouse, which 

lowers the recombination frequency between two genes and consequently makes it 

difficult to obtain the compound mutants.  

 Finally, milder phenotype of Tie2-Cre;Cxcr7flox/- mice than Cxcr7-/- mice implies 

function of Cxcr7 in cell types other than endothelial derivatives. This can be tested by 

using cell type-specific Cre lines. Considering the expression pattern of Cxcr7 during 

early mouse development and cardiac phenotypes like VSDs and overriding aorta, 

cardiomyocytes-specific Cre mice, such as α-myosin heavy chain-Cre mice, or NCC-

specific Cre mice, such as Wnt1-Cre mice, could be useful.  
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Conclusions and Perspectives 

Valve defects are among the most common forms of human congenital heart disease and 

typically involve abnormal thickening of the aortic or pulmonary valves. The 

consequences can range from neonatal cardiac failure to cardiac hypertrophy later in life, 

depending on the severity of the stenosis. Numerous signaling pathways have been linked 

to valve formation, and disruption of any of these pathways during pregnancy could lead 

to fatal conditions, underscoring the importance of elucidating the exact mechanisms of 

valve formation. For instance, the absence of Ptpn11, which is involved in a signaling 

pathway mediated by EGFR, results in dysplastic outflow valves [111]. In humans, 

mutations of Ptpn11 cause Noonan syndrome, characterized by pulmonic valve stenosis 

[75]. Similarly, human mutations in Notch1 cause thickened aortic valve leaflets and can 

result in aortic valve stenosis early or later in life [97]. It will be interesting to determine 

whether CXCR7 or pathways that it regulates also contribute to human aortic or 

pulmonary valve disease. If so, understanding the mechanism of CXCR7 in the heart 

could contribute to better diagnosis, treatment, and prevention of cardiac valve defects in 

humans.
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APPENDIX A 

GENERATION OF TARGETED CXCR7 CONDITIONAL ALLELE 
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(A) Schematic representation of the wild-type Cxcr7 locus, the targeted allele, and the 
deleted locus. Shaded regions represent exon 2 (exon 2, top); the cloning fragment which 
includes exon 2 and about 100 bp up- and downstream of exon 2 (Ex2, middle); the 5’ 
homologous arm, which was cloned from DNA immediately upstream of exon 2 (5’ arm, 
middle and lower); and the 3’ homologous arm, which was cloned from DNA 
immediately downstream of exon 2 (3’ arm, middle and lower). Black triangles indicate 
LoxP sites; arrowhead indicates primer sites used for genotyping. E, EcoRV; neo, 
neomycin-resistance gene cassette. (B) Southern blot analysis of ES cell clones showing 
non-targeted (+/+) and targeted (+/f) clones. The 9.4-kb wild-type and 7.1-kb targeted 
allele fragments digested with EcoRV were identified with an upstream probe, as shown 
in (A). (C) PCR analysis of genomic DNA from E16.5 wild-type (+/+) embryos or 
embryos heterozygous (+/–) or homozygous (–/–) for Cre-mediated deletion of the 
targeted locus. The 3.9-kb wild-type and 1.9-kb deleted products were from a single set 
of primers outside of exon 2, as shown in (A). (Crawford, D., University of Minnesota, 
MN). 
 

Materials and Methods 

A conditional knockout targeting vector was designed to insert loxP sequences about 

100–200 base pairs from either side of exon 2 of the Cxcr7 locus. The targeting vector 

included a neomycin-resistance gene cassette (neo) downstream of exon 2 and flanked by 

FRT sites for deletion of neo from the targeted locus if necessary.  

 Three segments were cloned by PCR from 129/SvEv genomic DNA and inserted 

into the pK11-2xLox-MCS12 cloning vector [172]. This vector was kindly provided by Dr. 

Martin, G. (University of California, San Francisco, CA) and Dr. Koob, M. (University of 

Minnesota, MN). Fragment Ex2, 10029-12169 (numbered from the start of Cxcr7 exon 1), 

include exon 2 plus flanking 100-200bp segments and was inserted into the cloning 

vector at XhoI and SalI restriction sites, between two loxP sites and 5’ to the FRT-

flanked neo. 5’ arm, 8722-10034, was a 1.3kb fragment cloned from DNA immediately 

upstream of Ex2 and inserted into the cloning vector at XbaI and NheI sites. 3’ arm, 

12170-14468, was a 2.3kb fragment cloned from DNA immediately downstream of Ex2 



59 

 

and inserted into the cloning vector at ApaI and NotI sites. Thymidine kinase (TK) gene 

cassette was cloned from the pKO-Scrambler cloning vector and inserted into the far 

outside of the 3’ arm for negative selection. Primers used for cloning of genomic regions 

were: (1) Ex2: 5’ – GTAC CTCGAGCCCAGCACCATGTAACCTTAGG, 3’ – GTAC 

GTCGACGCTTTCAAACCCAAAGCACACAT; 5’ arm: 5’ – GTAC GCTAGCAGT 

GGGGCTGGGCTTTCCTAA, 3’ – GTAC TCTAGACTGGGGAGGGGCTGTG 

TTTGT; and 3’ arm: 5’ – GATC GGGCCCATGTTTGGGCTTTGGATGG, 3’ – GATC 

GCGGCCGCCCTGGGCCTCTGGAGTCTA. 

The linearized targeting vector was electroporated into 129/SvEv embryonic 

stem cells (Dr. Koller, B., University of North Carolina, Chapel Hill, NC). ES clones 

were screened by PCR and verified by Southern blot. The template for the probe was 

amplified from 129/SvEv genomic DNA, upstream and outside the cloned homologous 

region, using the primers: 5’ – GTACGGTTCTCTGCCCCTGGACTGTG, and 3’ – 

GTACGCACGCCTAGCCTGGAAATG. Correctly targeted ES cells were injected into 

C57BL/6 mouse blastocysts. Chimeric offspring were crossed with C57BL/6 mice, and 

agouti offspring were screened for the targeted allele, Cxcr7flox. Primers used to detect the 

targeted versus wild-type alleles were: 5’ – GGGCGGC TGGGTCCTGTGGTTTCT, 3’ – 

GGGGAAGACGGCAGGCAGATG TTTGTTA. Cxcr7flox mice were crossed with 

deleter Cre transgenic mice to generate Cxcr7+/-. Deleter Cre mice were kindly provided 

by Dr. K. Rajewsky (Harvard Medical School, Boston, MA, with permission from the 

University of Cologne, Cologne, Germany) [160]. 
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APPENDIX B 

CALCIUM DEPOSITION OF TIE2-CRE;CXCR7FLOX/- AORTIC VALVES 

 

 

(A-D) The amount calcium deposition (black) in the aortic valves of Tie2-Cre;Cxcr7flox/- 
mice was measured by Von Kossa staining at 6 months of age. The amount of calcium in 
the aortic valves was similar between wild-type and Tie2-Cre;Cxcr7flox/- mice. Tissues 
were counterstained with nuclear fast red (red and pink). B and D are high magnification 
images of A and C, respectively, and show the area where calcium accumulation could be 
seen (arrow heads).  
 

Materials and Methods 

Paraffin sections were made from 6-month-old wild-type and Tie2-Cre;Cxcr7flox/- hearts. 

After sections were deparaffinized, they were incubated with 1% silver nitrate solution in 

a clear glass coplin jar placed under ultraviolet light for 20 minutes and washed with 
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distilled water. Sections were treated with 5% sodium thiosulfate for 5 min to remove 

unreacted silver and counterstained with nuclear fast red for 5 min. Sections were 

dehydrated through graded alcohol and cleared in xylene.
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APPENDIX C 

ECHOCARDIOGRAPHIC ANALYSIS OF TIE2-CRE;CXCR7FLOX/- MICE 

 < Wild-type > 
 

    AV peak PV peak  Fractional  Ejection              

    
velocity  
(mm/s) 

velocity  
(mm/s) 

shortening  
(%) 

fraction  
(%) 

LVPW-d  
(mm) 

LVPW-s  
(mm) 

IVS-d  
(mm) 

IVS-s  
(mm) 

LVID-d  
(mm) 

LVID-s  
(mm) 

ID 
Mode → 
Trial ↓ 

 PW 
Doppler 

 PW 
Doppler      M-Mode  M-Mode  M-Mode  M-Mode  M-Mode  M-Mode 

  1 930.14 701.14 30.77 59.00 0.79 1.07 0.74 1.15 3.91 2.71 
WT 1 2   924.21 30.95 59.74 1.04 1.04 0.96 1.31 3.45 2.38 

  3   
 

27.78 54.47 0.66 1.04 0.88 1.12 3.94 2.84 
  Ave 930.14 812.68 29.83 57.74 0.83 1.05 0.86 1.19 3.77 2.64 
  1 1807.29 968.17 27.10 53.16 0.95 1.23 1.27 1.58 4.23 3.09 

WT 2 2   844.53 31.71 59.86 0.87 0.96 0.84 1.41 5.08 3.73 
  3   

 
27.97 54.22 0.68 0.93 0.93 1.29 4.60 3.31 

  Ave 1807.29 906.35 28.93 55.75 0.83 1.04 1.01 1.43 4.64 3.38 
  1 821.16 636.39 25.00 49.87 0.79 1.07 0.77 1.07 4.16 3.12 

WT 3 2   
 

25.19 49.90 0.70 0.80 0.70 1.07 4.50 3.37 
  3   

 
26.77 52.64 0.70 0.87 0.87 1.00 4.23 3.10 

  Ave 821.16 636.39 25.65 50.80 0.73 0.91 0.78 1.05 4.30 3.20 
  Ave 1186.20 785.14 28.14 54.76 0.80 1.00 0.88 1.22 4.23 3.07 
  SD 540.64 137.07 2.20 3.57 0.06 0.08 0.12 0.19 0.44 0.38 

 
 < Tie2-Cre;Cxcr7flox/- > 

    AV peak PV peak  Fractional  Ejection              

    
velocity  
(mm/s) 

velocity  
(mm/s) 

shortening  
(%) 

fraction  
(%) 

LVPW-d  
(mm) 

LVPW-s  
(mm) 

IVS-d  
(mm) 

IVS-s  
(mm) 

LVID-d  
(mm) 

LVID-s  
(mm) 

ID 
Mode → 
Trial ↓ 

 PW 
Doppler 

 PW 
Doppler      M-Mode  M-Mode  M-Mode  M-Mode 

 M-
Mode  M-Mode 

  1 864.43 743.35 28.12 54.81 1.23 1.66 1.20 1.72 4.16 2.99 
KO 1 2 1148.37 

 
33.61 62.99 1.14 1.79 1.30 1.75 3.96 2.63 

  3   
 

29.91 57.66 1.20 1.75 1.49 1.95 3.93 2.53 
  Ave 1006.40 743.35 30.55 58.49 1.19 1.73 1.33 1.81 4.02 2.72 
  1 2762.77 1036.41 19.50 40.33 0.98 1.23 0.98 1.26 4.35 3.50 

KO 2 2 1572.32 
 

30.38 58.07 1.01 1.29 0.96 1.34 4.32 3.01 
  3   

 
30.41 58.12 0.93 1.13 0.84 1.31 4.30 2.99 

  Ave 2167.55 1036.41 26.76 52.17 0.97 1.22 0.93 1.30 4.32 3.17 
  1 1879.88 834.26 21.83 43.91 0.79 0.97 0.79 1.08 5.10 3.98 

KO 3 2   
 

14.39 30.80 1.21 1.24 1.11 1.18 4.44 3.80 
  3   

 
23.66 47.47 1.28 1.68 0.91 1.38 4.41 3.36 

  Ave 1879.88 834.26 19.96 40.73 1.09 1.30 0.94 1.21 4.65 3.71 
  Ave 1684.61 871.34 25.76 50.46 1.09 1.42 1.06 1.44 4.33 3.20 
  SD 604.70 150.01 5.36 9.00 0.11 0.28 0.23 0.32 0.32 0.50 
  P value 0.35 0.50 0.52 0.48 0.02 0.07 0.29 0.37 0.77 0.74 

 
AV, aortic valve; PV, pulmonary valve; LVPW-d/s, left ventricular posterior wall-
diastolic/systolic; IVS-d/s, interventricular septum-diastolic/systolic; LVID-d/s, left 
ventricular internal dimension-diastolic/systolic; WT, wild-type; Ave, average; KO, 
knockout.
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