
 

 

 

 

Characterizing the Role of the Previously Undescribed Protein Caskin2 in Vascular 
Biology 

 
 

by 

Sarah Beth Mueller 

Department of Pharmacology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Christopher D. Kontos, Supervisor 
 

___________________________ 
Ann Marie Pendergast 

 
___________________________ 

Gerard C. Blobe 
 

___________________________ 
G. Vann Bennett 

 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Pharmacology in the Graduate School 

of Duke University 
 

2016 
 



 

 

 

ABSTRACT 

Characterizing the Role of the Previously Undescribed Protein Caskin2 in Vascular 
Biology 

 
 

by 

Sarah Beth Mueller 

Department of Pharmacology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Christopher D. Kontos, Supervisor 
 

___________________________ 
Ann Marie Pendergast 

 
___________________________ 

Gerard C. Blobe 
 

___________________________ 
G. Vann Bennett 

 

 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Pharmacology in the Graduate School of 
Duke University 

 
2016 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Sarah Beth Mueller 

2016 
 



 

 

iv 

Abstract 
Maintenance of vascular homeostasis is an active process that is dependent on 

continuous signaling by the quiescent endothelial cells (ECs) that line mature vessels. 

Defects in vascular homeostasis contribute to numerous disorders of significant clinical 

impact including hypertension and atherosclerosis. The signaling pathways that are 

active in quiescent ECs are distinct from those that regulate angiogenesis but are 

comparatively poorly understood. Here we demonstrate that the previously 

uncharacterized scaffolding protein Caskin2 is a novel regulator of EC quiescence and 

that loss of Caskin2 in mice results in elevated blood pressure at baseline. Caskin2 is 

highly expressed in ECs from various vascular beds both in vitro and in vivo. When 

adenovirally expressed in vitro, Caskin2 inhibits EC proliferation and migration but 

promotes survival during hypoxia and nutrient deprivation. Likewise, loss of Caskin2 in 

vivo promotes increased vascular branching and permeability in mouse and zebrafish 

models. Caskin2 knockout mice are born in normal Mendelian ratios and appear grossly 

normal during early adulthood. However, they have consistently elevated systolic and 

diastolic blood pressure at baseline and significant context-dependent abnormalities in 

systemic metabolism (e.g., body weight, fat deposition, and glucose homeostasis). 

Although the precise molecular mechanisms of these effects remain unclear, we have 

shown that Caskin2 interacts with several proteins known to have important roles in 



 

 

v 

endothelial biology and cardiovascular disease including the serine/threonine 

phosphatase PP1, the endothelial receptor Tie1, and eNOS, which is a critical regulator 

of vascular homeostasis. Ongoing work seeks to further characterize the functions of 

Caskin2 and its mechanisms of action with a focus on how Caskin2-mediated regulation 

of endothelial phenotype relates to its systemic effects on cardiovascular and metabolic 

function. 
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1. Background  

1.1 Overview of vascular development 

The cardiovascular system is one of the first organ systems to begin development 

in the vertebrate embryo and is the first system to become functional. The developing 

vascular system also plays an inductive role in the development and patterning of other 

major organ systems. As a result, perturbations in key signaling pathways responsible 

for cardiovascular development are very often embryonically lethal. This section 

provides a general overview of key steps in the development of the vertebrate 

cardiovascular system and highlights several important signaling pathways that are 

active in the developing vasculature. Much of the early work in this area was descriptive 

in nature and performed in the early 20th century using avian and amphibian models. As 

genetically engineered animal models became more widely available in the late 20th 

century, researchers began using rodents and zebrafish to identify genes that were 

critical for vascular development and function. 

1.1.1 Vasculogenesis 

The term vasculogenesis describes the development of blood vessels de novo from 

progenitor cells and is the first stage in embryonic vascular development.1 This process 

occurs primarily in the developmental context, but does occur postnatally under certain 

physiological and pathological circumstances.2 Developmental vasculogenesis in 

vertebrates begins in the extraembryonic yolk sac with the clustering of mesoderm-
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derived hemangioblasts to form structures known as blood islands. Cells in blood 

islands further differentiate into a monolayer of angioblasts surrounding a core of 

hematopoietic cells.3-5  These angioblasts will later differentiate into the endothelial cells 

(ECs) that line mature vessels in a basic fibroblast growth factor (FGF2)-dependent 

process.6 Blood islands continue to form and extend into the embryo from the 

extraembryonic tissue. Angioblasts from neighboring islands migrate toward each other 

and eventually anastomose and lumenize to form nascent vessels.7-10 These newly 

formed vessels provide signals that induce and guide the early development of other 

organ systems even before blood flow begins.11, 12 Development of the heart and great 

vessels from intraembryonic mesodermal cells and angioblasts that migrate into the 

embryo from extraembryonic tissues occurs simultaneous with the development of the 

primary vascular plexus during this early period.13, 14 Hypoxia in the growing embryo 

promotes the production of important signaling molecules such as vascular endothelial 

growth factor (VEGF), stimulating further vasculogenesis and inducing angiogenesis, a 

process that is required for the next major stage of vascular development.15-18 

1.1.2 Angiogenesis 

After initial development of the primary vascular plexus by vasculogenesis, the 

majority of new ECs are formed by division of existing ECs rather than by 

differentiation from angioblasts. The sprouting, migration, and assembly of ECs 

originating from existing vessels is known as angiogenesis.19 The vasculature of organs 
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derived from mesoderm and endoderm such as heart, lung, pancreas, and liver form via 

a combination of vasculogenesis and angiogenesis, while the vasculature of ectoderm-

derived organs, such as brain and kidney, develop primarily by angiogenic processes.20-

22 Two primary types of angiogenesis have been characterized: sprouting angiogenesis 

and non-sprouting angiogenesis, or intussusceptive microvascular growth (IMG). IMG 

generates new vessels by fission of existing vessels into two or more smaller vessels 

without EC proliferation or sprouting and has been described during vascular 

development in the lung, skeletal muscle, and eye.23-26 Although IMG is known to occur 

in developmental, physiological, and pathological conditions, the pathways responsible 

for this type of angiogenesis are poorly understood relative to sprouting angiogenesis.27  

As the name implies, sprouting angiogenesis begins with the branching out or 

sprouting of ECs known as tip cells from an existing vessel. As noted above, hypoxia in 

the growing embryo stimulates production of VEGF, in large part via stabilization of the 

hypoxia-inducible factor (HIF) transcription factors.16, 17 VEGF signals through VEGF 

receptor (VEGFR)-2 to induce the extension of filopodia on potential tip cells.28, 29 

Although the exact mechanisms that determine which cells are destined to become tip 

cells are not well understood, it is known that increased responsiveness to VEGF 

signaling is a competitive advantage for tip cell specification.30 The nascent filopodia on 

tip cells secrete proteolytic enzymes that digest the extracellular matrix (ECM), 

facilitating further extension of filopodia along the VEGF gradient.31 Integrins localized 
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to the filopodia bind to the adjacent ECM, and contraction of actin filaments in the 

extended filopodia essentially drag the nascent tip cell toward the angiogenic stimulus.32, 

33 Various ECM components and soluble factors, such as the soluble form of VEGFR1 

(also known as sFlt-1), help guide the tip cell to migrate away from the parent vessel 

rather than rejoining it.34-37  

As the tip cell migrates toward the angiogenic stimulus, adjacent ECs known as 

stalk cells proliferate to extend the growing sprout. Relative to tip cells, stalk cells are 

more proliferative, produce fewer filopodia, form stronger junctions with neighboring 

cells, synthesize more basement matrix components, and secrete fewer matrix-degrading 

proteins.28 VEGF induces expression of the transmembrane Notch ligand Delta-like-

ligand-4 (Dll4) in tip cells, which binds to Notch receptors on adjacent stalk cells.38-40 

Notch signaling in stalk cells inhibits tip cell-like behaviors such as filopodia formation 

through a variety of mechanisms, including suppression of VEGFR2 expression.41-43 

Whether the sprout continues to grow or regresses is dependent in large part on blood 

flow and the relative proportion of growth factors in the sprout microenvironment, and 

regression or “pruning” of sprouts is common in the developing vasculature. This 

phenomenon is best studied in the context of retinal neovascularization, where the 

phenomenon was first described.44  
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1.1.3 Vessel stabilization and maturation 

Once filopodia from neighboring sprouts come into contact with each other, 

junctional proteins such as VE-Cadherin are transported into the filopodia to reinforce 

cell-cell junctions.45-47 Significant evidence indicates that this process is facilitated in part 

by paracrine signals from angiogenic macrophages that localize to the interface between 

adjacent advancing tip cells.48-51 The fused tip cells then begin to undergo a phenotypic 

transition from an activated, angiogenic phenotype to a non-proliferative, stationary 

phenotype.  

The signaling pathways involved in this transition are complex and not well-

understood; however, Notch signaling appears to be an important point of convergence. 

Contact between adjacent tip cells results in Notch activation by its ligands of the Delta-

like and Jagged families, inducing cleavage of the Notch intracellular domain (NICD). 

The NICD then translocates to the nucleus and acts as a transcriptional co-activator for a 

variety of genes.52 Events downstream of Notch activation that contribute to the switch 

to a quiescent phenotype include alterations in the expression of VEGFR’s that reduce 

responsiveness to VEGF, upregulation of quiescence-promoting soluble proteins such as 

thrombospondin-1 (THBS1), and increased deposition of quiescence-associated ECM 

components such as collagen IV. Soluble growth factors also contribute to this 

phenotypic switch, in part by augmenting Notch signaling. Examples include 
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Angiopoietin (Ang)-1 stimulation of Tie2 and bone morphogenetic protein (BMP)-10 

signaling through the transforming growth factor (TGF)-β family member Alk1.53, 54 

Another important step in vessel maturation is lumenization and establishment 

of blood flow. Lumenization and apical-basal polarization of ECs are not well 

understood, and mechanisms vary between different organisms, developmental stages, 

and vascular beds. Known mechanisms of lumenization can be roughly classified into 

“cord hollowing”, which is thought to be due in part to electrostatic repulsion between 

adjacent cell membranes, and “cell hollowing”, which involves fusion of vacuoles within 

individual ECs.4, 55-59  

Blood flow through the nascent lumen contributes to vessel stabilization and 

maturation in multiple ways. First, delivery of oxygen dampens the hypoxia-induced 

signaling pathways that created the pro-angiogenic environment, allowing the 

resumption of normal EC function. Changes in the metabolic microenvironment when 

tissue becomes perfused also influence EC phenotype.60, 61 Further EC differentiation and 

vessel maturation occurs as an effect of the biomechanical forces exerted by the 

circulation.  

1.2 Introduction to the Tie receptors 

The Tyrosine kinases with Immunoglobulin and EGF homology domains (TIE) 

receptors constitute a family of RTKs that are expressed primarily, but not exclusively, 

in ECs.62, 63 Two receptors have been identified: Tie1, encoded by the TIE1 gene, and 
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Tie2, encoded by the TEK gene. The domain architecture of both receptors includes two 

immunoglobulin (Ig) domains, three epidermal growth factor (EGF) homology domains, 

another Ig domain, three fibronectin type-3 (FN-3) repeats, a single membrane-spanning 

domain, and a cytoplasmic bilobed tyrosine kinase.64, 65 Both receptors have been shown 

to be necessary for appropriate vascular development and play important roles in 

regulating vascular homeostasis. This section provides a brief overview of Tie receptor 

signaling and function with a focus on the associations between the Tie receptors and EC 

activation. 

1.2.1 Tie2 

Loss of Tie2 in mice is embryonic lethal between E10 and E11 due to failure to 

form an adequate vascular network and reduced vascular integrity.66, 67 Gain-of-function 

mutations in Tie2 are known to cause venous malformations characterized by dilated, 

tortuous vessels with patchy coverage by mural cells.68-70 Ang1 was the first Tie2 ligand 

to be identified and appears to behave as a canonical RTK agonist, at least with respect 

to its interactions with Tie2.71 Although Ang1 does not appear to affect EC proliferation 

in vitro, it does promote EC survival via recruitment of PI3K and downstream activation 

of the Akt and Survivin pathways.71-74 Ang1 also acts as an EC chemoattractant and 

induces EC migration and sprouting via Dok-R and Nck1 recruitment followed by 

downstream activation of RhoA and Rac1 as well as PI3K-mediated FAK 

phosphorylation.72, 75-79 Ang1 reduces expression of inflammatory adhesion molecules 
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and inflammatory cytokines including ICAM, VCAM, SELE, and IL8 and reduces the 

adherence and trans-endothelial migration of leukocytes.80-82 This effect is mediated in 

part by the binding of Ang1-activated Tie2 to the NF-kB inhibitor ABIN-2.83 Ang1 also 

promotes vascular integrity and induces expression of the Notch ligand Dll4, promoting 

vascular stabilization.54, 82, 84 

Ang2 was identified by homology to Ang1 and was originally described as a 

competitive antagonist of Ang1-Tie2 signaling.85, 86 Ang2 does antagonize Ang1 signaling 

through Tie2 in some contexts; for example, Ang2 blocks directional migration of ECs 

toward Ang1 in a dose-dependent manner.75 However, there is evidence that suggests 

Ang2 can also function as a context-dependent agonist and promote Tie2 

phosphorylation in certain circumstances.87 Additionally, when ECs are under stress, 

Ang2 can act as an autocrine protective factor and induce many of the same pro-survival 

pathways that are activated downstream of Ang1-Tie2 stimulation.88 Although the 

factors that determine whether Ang2 behaves as an agonist or antagonist are not well 

defined, the presence or absence of VEGF is known to modulate the effects of Ang2 in 

the context of vascular remodeling (see section 1.2.2 above).85, 89 

Increasing evidence demonstrates that Tie2 signaling is highly relevant in 

numerous disorders of significant public health impact. For example, higher plasma 

levels of soluble Tie2 are associated with critical limb ischemia (vs. intermittent 

claudication) in patients with peripheral artery disease, and higher levels of Ang2 are a 
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prognostic indicator of increased 1-year mortality in patients with chronic heart 

failure.90, 91 Ang2 levels are also prognostic for decreased overall survival in patients with 

gastric cancer as well as being strongly associated with liver metastases.92 Increased 

Ang1 levels are associated with lower 28-day mortality while increased Ang2 levels are 

associated with high 28-day mortality in systemic inflammatory vascular response 

syndrome (SIRS) associated with all causes and in the case of sepsis specifically.93, 94 

Promoting Tie2 signaling through a variety of methods has been shown to inhibit 

tumor angiogenesis and reduce tumor growth in several preclinical models.95-97 

Similarly, inhibition of Ang2 signaling reduces neovascular growth in corneal injury 

models.98, 99 Ang1 also shows promise for promoting neovascularization in a preclinical 

model of diabetic wound healing and in the context of pro-angiogenic VEGF therapy.100-

102 Finally, there are several Tie2-related therapies that have progressed successfully 

through phase I clinical trials. These include an anti-Ang2 antibody for use in patients 

with advanced solid tumors and a small molecule inhibitor of the Tie2-

dephosphorylating phosphatase VE-PTP for use in patients with diabetic retinopathy.103, 

104 

1.2.2 Tie1 

Unlike Tie2, Tie1 is still considered an orphan receptor, meaning no directly-

binding ligand has been identified. It has been shown that chimeric receptors composed 

of the CSF1-receptor extracellular domain and the Tie1 intracellular domain can be 
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activated by CSF1 stimulation, resulting in tyrosine phosphorylation and downstream 

Akt activation.105 However, the ability of Tie1 chimeras to be activated appears to 

depend on the extracellular receptor component, as a TrkA-Tie1 chimera was not 

activated in response to the TrkA ligand NGF.106 Activation of full-length Tie1has been 

achieved using a modified recombinant oligomeric Ang1 (COMP-Ang1), however it is 

controversial whether the presence of Tie2 is necessary for activation in these models.107, 

108  

Deletion of Tie1 in mice is lethal between E13.5 and birth due to widespread 

edema, hemorrhage, and defective microvessel integrity, suggesting a role in vascular 

maintenance 66, 109. Somewhat counterintuitively, the Tie1 promoter appears to be most 

active in ECs in areas of active vasculogenesis and angiogenesis in a variety of models, 

suggesting an association with EC activation.110-112 In vitro data support a role for Tie1 in 

EC activation, particularly in the context of inflammation. For example, Tie1 

overexpression and knockdown studies demonstrate that Tie1 positively regulates the 

expression of genes associated with EC activation and inflammation.113, 114 In adult mice, 

attenuation of Tie1 in ECs not only reduced expression of inflammatory adhesion 

molecules and upregulated endothelial nitric oxide synthase (eNOS), it also resulted in a 

dose-dependent improvement in atherosclerosis on an ApoE-/- background.115 Evidence 

from postnatal conditional Tie1 knockout mice also indicate that Tie1 is important for 

sprouting angiogenesis. For example, conditional deletion of Tie1 in adult mice resulted 
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in reduced tumor angiogenesis, typified by reduced EC filopodia extension, sprouting, 

and branching within the tumor.116 Conditional deletion of Tie1 in the immediate 

postnatal period had no obvious ill effects; however it resulted in decreased vessel area 

and fewer branchpoints in the retina.116 

One explanation for this context dependency is that Tie1 is highly regulated at 

the level of transcription and proteolytic processing by a multitude of factors, including 

inflammatory cytokines, growth factors, and different types of shear stress.115, 117-120 For 

example, Tie1 expression is low under conditions of laminar flow and upregulated by 

disturbed flow in vitro and in vivo.115, 118 Additionally, the lack of an identified ligand and 

conflicting data regarding the ability of Tie1 to function as a canonical RTK make 

studying this receptor technically challenging. Consequently, little is known about the 

signaling pathways downstream of Tie1.  

The prevailing theory is that the primary function of Tie1 is to regulate Tie2 

signaling. As noted above, Tie1 is known to be proteolytically cleaved at the membrane, 

releasing a soluble extracellular domain and an intracellular endodomain that is known 

to bind to Tie2.121 Loss of Tie1 and, to a lesser extent, proteolytic cleavage of Tie1 

enhance Tie2 responsiveness to its ligand Ang1.117, 122 It is postulated that this is due to 

improved binding of Ang1 to Tie2 after loss of the Tie1 ectodomain and/or that Tie1 

binding to Tie2 prevents its activation or signal transmission and that loss of the Tie1 

endodomain therefore disinhibits Tie2 signaling.106, 122 Contrary to these in vitro reports, 
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loss of Tie1 did not appear to enhance Tie2 responsiveness to Ang1 in vivo.116 Recent in 

vivo data suggest that Tie1 can both negatively and positively regulate Tie2 signaling 

depending on the cellular context.112 More specifically, they show that Tie1 expression in 

stalk cells stabilizes Tie1-Tie2 heteromultimers, preventing Tie2 internalization and 

therefore perpetuating Ang1-Tie2 signaling while Tie1 expression in tip cells negatively 

regulates Tie2 surface presentation.  

However, there is evidence that Tie1 has Tie2-independent signaling roles. For 

example, knockdown of Tie1 but not Tie2 induced Slug-dependent endothelial-

mesenchymal transition in vitro.123 Furthermore, our lab has recently identified a novel 

angiogenesis pathway downstream of Tie1 that appears to be Tie2-independent.124 In 

that study, we showed that the Tie1 juxtamembrane region is threonine phosphorylated 

by PAK1, promoting recruitment of Rac1, and that mutagenesis of this phosphorylation 

site results in dysregulated capillary morphogenesis. Although the signaling pathways 

downstream of Tie1 binding to Rac1 have not been characterized, our data show that 

Tie2 phosphorylation and downstream signaling are not altered in an appreciable way. 

Our lab has also identified a novel Tie-interacting protein, Caskin2, the characterization 

of which is the subject of this dissertation.  

1.3 Introduction to the Caskins 

CASK-interacting protein 2 (Caskin2) was named for its sequence homology to 

the neuronal protein CASK-interacting protein 1 (Caskin1).125 There are currently no 
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publications directly addressing the function or tissue distribution of Caskin2, and there 

are relatively few publications addressing the function of Caskin1. This section 

summarizes what is known about Caskin1, describes the domain architecture and 

predicted structure of Caskin2, and discusses studies that reference Caskin2 that may 

provide insight into its potential function(s). 

1.3.1 Caskin1 and its role in neuronal signaling complexes 

Caskin1 was identified in 2002 in rat brain lysates screened for proteins that 

interacted with the N-terminal region of the adaptor protein CASK, a catalytically 

inactive member of the membrane-associated guanylate kinase (MAGUK) family.125 

Caskin2 was identified by BLAST and named solely for its homology to Caskin1, 

although in that report no data were provided to demonstrate whether it could also 

interact with CASK.125, 126 Caskin1 is expressed almost exclusively in the brain and retina, 

where it localizes primarily to the pre- and post-synaptic densities.125, 127, 128 Caskin1 

competes with the neuronal adaptor protein Mint1 for binding to CASK and Velis in a 

tripartite complex that interacts with the cytoplasmic tails of cell surface proteins such as 

neurexins and syndecans.125, 129 Although the precise function of Caskin1 has not been 

well defined, it is thought to form homopolymers via its SAM domains and contribute to 

a mesh-like complex of proteins that organize the synaptic active zone.130 It has also been 

shown that the adaptor protein Nck1 can recruit Caskin1 to the EphB1 RTK and that 

subsequent tyrosine phosphorylation of the Caskin1 SH3 domain by EphB1 significantly 
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changes its structure.131 However, the functional significance of this interaction is 

unknown. 

1.3.2 Domain architecture and predicted structure of Caskin2 

Caskin2 is composed primarily of protein-protein interaction domains and is 

therefore thought to function as a scaffolding protein. There are two transcript variants 

of Caskin2, variant 1 (v1) and variant 2 (v2). These splice variants are translated into two 

isoforms, isoform a (v1) and isoform b (v2). The two isoforms are almost identical, 

differing only in that isoform b begins at amino acid 83 of isoform a (i.e. isoform b is 

identical to amino acids 83-1202 of isoform a). Both isoforms are composed of numerous 

protein-protein interaction domains including 6 ankyrin repeats, an SH3 domain, and 

tandem SAM domains (Figure 1).132  

There is also a small domain of unknown function (DUF) in the C-tail composed 

of amino acids 997-1058 which is not indicated in the figure. This predicted domain 

belongs to the DUF3275 superfamily, and is otherwise observed primarily in 

proteobacterial proteins.132 The domain architecture of Caskin2 and Caskin1 is identical, 

and the N-terminal portions of the two proteins have high sequence identity within the 

conserved domains (72% in the Ankyrin repeats, 62% in the SH3 domain, and 62% in the 

SAM domains).125 Finally, the C-terminal half of Caskin2 is proline-rich and includes 

several areas of PEST repeats, domains that are rich in proline, glutamate, aspartate, 

serine, and threonine residues and generally target proteins for degradation.133 The C-
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tail of Caskin1 has been shown to be structurally disordered, and the C-tail of Caskin2 is 

predicted to be structurally disordered by the RaptorX protein structure prediction 

server, despite only 26% sequence identity with Caskin1 in the proline-rich regions of 

the C-terminal portion (Figures 2 and 3).125, 134-139 
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Figure 1: Domain architecture and predicted structure of Caskin2 

(A) Schematic representation of the domain architecture of human Caskin2 isoforms a 
and b. Predicted PEST domains are indicated by arrowheads. (B) Ribbon diagram of the 
predicted structure of human Caskin2 isoform a. Note that the SH3 domain is not visible 
and the C-tail has been truncated.  
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Figure 2: RaptorX solvent accessibility prediction for Caskin2 
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Figure 3: RaptorX structural disorder prediction for Caskin2 
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1.3.3 Evolutionary conservation of Caskin2 

Caskin1 and Caskin2 are expressed throughout vertebrate species. It was initially 

thought that the Caskins had no invertebrate orthologs, however Caskin1- and Caskin2-

like genes have been identified in molluscs, arthropods, nematodes, and flatworms since 

the initial description of the Caskins was published in 2002.125, 140 Caskin1-like genes are 

also present in some plants, including B. rapa, and in the sponge A. queenslandia, while 

Caskin2-like genes have been identified in the cnidarian H. vulgaris but not in plants or 

sponges. 140 Thus far, Caskin1- and Caskin2-like genes appear to be limited to 

multicellular eukaryotes.  

The domain architecture of the Caskin2 isoforms is not identical to any other 

multidomain proteins in the current NCBI database (with the exception of Caskin1).125, 132 

However, Caskin2 is similar in domain architecture to several other adaptor proteins, 

including the SHANK family of adaptors, which contain ankyrin repeats, an SH3 

domain, a proline-rich region, and a single SAM domain as well as a PDZ domain that is 

not present in Caskin2.141 However, the Caskins and SHANK proteins exhibit little 

sequence identity, suggesting that they have a similar scaffolding function but are 

unlikely to have a close evolutionary connection.132 

1.3.4 Studies referencing Caskin2 

Although there are no studies directly addressing the function of Caskin2, it has 

been shown that knockout of the single Caskin gene in Drosophila results in axon 
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pathfinding defects, and that these defects can be rescued by introduction of mouse 

Caskin2.142 Based on sequence alignment, human Caskin1 and Caskin2 are more similar 

to each other than either is to Drosophila Caskin, and given the high levels of Caskin1 

expression in neurons, it is possible that the Drosophila Caskin knockout more closely 

models loss of Caskin1 in vertebrates. However, the finding that the phenotype can be 

rescued by mouse Caskin2 does suggest that Caskin2 may play a similar role in cell 

migration and cytoskeletal rearrangement. References to Caskin2 also appear in the 

supplementary material of several screens. For example, Caskin2 was identified in a 

screen for proteins recruited by the SH3 domains of the Ruk/CIN85 adaptor protein; it 

was found to be tyrosine phosphorylated in pervanadate-treated Jurkat cells; and it was 

identified as a candidate “anti-proliferative” gene in a screen comparing the gene 

expression profiles of quiescent oligodendrocyte progenitor-like cells to highly 

proliferative Olig2-positive glioma cells.143-145 However, these findings have not been 

validated, and Caskin2 was not specifically discussed in these articles. Caskin2 was also 

identified in a screen for genes that were differentially regulated in the gonads of 

minnow embryos treated with or without 17- α-methyltestosterone (MT) for 7 days. 

When these findings were validated by q-RT-PCR, Caskin2 was found to be significantly 

downregulated in the testes and ovaries of fish treated with MT relative to an untreated 

control group.146 The authors hypothesized that this decrease was due to increased EC 

activation in the gonads of the treated fish, and they supported this assertion by citing a 
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conference abstract presented by our group.147 Our data on the role of Caskin2 in EC 

quiescence and activation are discussed in detail in Chapter 5, below. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Plasmids and Constructs 

To generate pcDNA3.1-HA-hCaskin2-WT (WT), full-length human Caskin2 

transcript variant 1 was isolated from from EA.hy926 cDNA by PCR cloning and 

inserted into pcDNA3.1 in-frame with an N-terminal HA tag using EcoRI and XhoI. 

pcDNA3.1-HA-hCaskin2-NGNG (NGNG) was generated by site-directed mutagenesis 

of Caskin2 WT using the QuickChange Site-Directed Mutagenesis Kit (Stratagene 

200519) and verified by sequencing. pcDNA3.1-HA-GFP (GFP) was generating by 

extracting eGFP from the vector pEGFP-N1 and inserting it into pcDNA3.1 in-frame 

with the N-terminal HA tag using the restriction enzymes EcoRI and XhoI. pTYB1-

hCaskin2-ΔSAM was generated by extracting the N-terminal half of human Caskin2 

from pcDNA3.1-HA-hCaskin2 WT using EcoRI and KasI and inserting it into pTYB1 

(New England BioLabs N6701S) in-frame with the C-terminal Intein tag. pRSET-hPP1α 

(rPP1α) was generated by PCR cloning of human PPP1CA into pRSET-A (ThermoFisher 

V35120). pEGFP-C1-PP1α (GFP-PP1α) was a gift from Angus Lamond and Laura 

Trinkle-Mulcahy (Addgene plasmid 44224).148 

2.1.2 Adenovirus production and purification 

In order to efficiently overexpress HA-Caskin2 in HUVECs, adenovirus 

containing HA-Caskin2 was created in the following manner: The DNA insert encoding 
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HA-Caskin2 was isolated from pcDNA3.1-HA-hCaskin2-WT by complete digestion with 

XbaI and partial digestion with HindIII. This insert was then sub-cloned into 

pSHUTTLE-CMV (Stratagene) between HindIII and XbaI in the multiple cloning site. 

The resulting pSHUTTLE-CMV-HA-Caskin2 vector was linearized by digestion with 

PmeI, phenol:chloroform extracted and then incorporated into BJ5183 bacteria 

pretransformed with pAdEasy-1 (BJ-AdEasy bacteria) by electroporation, resulting in a 

recombinant adenoviral DNA backbone encoding HA-Caskin2 (AdCaskin2). 

Recombinants were selected on kanamycin and confirmed by digestion with PacI. PacI 

linearized plasmid was then transfected into HEK-293 cells using the standard 

Lipofectamine protocol to initiate viral production. Cells were harvested upon evidence 

of significant cytopathic plaquing and lysed through repeated freeze-thaw cycles to 

release viral particles. Fresh confluent HEK-293 cells were infected with this primary 

virus and the titer subsequently amplified in three iterations. A large scale amplification 

was performed in HEK-293 cells and the final virus was purified over a CsCl gradient 

and desalted over sepharose beads resulting in a viral titer of 2.2x1012 plaque forming 

units (pfu) per ml. Empty adenovirus (AdEV), GFP-expressing adenovirus (AdGFP), 

and β-galactosidase-expressing adenovirus (AdBeta-Gal) were generated as described 

previously.149 



 

24 

2.1.3 Antibodies 

Commercial antibodies were used at the concentration(s) indicated in Table 1 for 

Western blot (WB) and/or immunoprecipitation (IP).  

A rabbit polyclonal anti-Caskin2 Ab was generated by 21st Century Biochemicals, 

Inc. using a recombinant fragment of human Caskin2. The antigen (ΔSAM) was 

composed of the first 625 amino acids of human Caskin2 and was generated using the 

pTYB1-hCaskin2-ΔSAM construct described above. The antigen was produced by 

transforming the ΔSAM construct into BL21(DE3) competent E. coli (Stratagene 200131). 

200μl of an overnight culture was used to inoculate 200ml of Lennox LB broth, which 

was then grown to an OD600 reading of 0.6-0.7 at 37°C with shaking. Expression of 

ΔSAM was induced by adding 0.4mM Isopropyl-β-D-Thiogalactopyranoside (IPTG) 

(Apex 20-109) and incubating for an additional 16 hours at room temperature. Following 

induction, bacteria were pelleted by centrifugation and resuspended in 30ml of ice-cold 

purification buffer (20mM HEPES pH 8.0, 500mM NaCl, 1mM EDTA in H2O, sterile-

filtered, and stored at 4°C). Cells were lysed by 3 cycles of flash freezing in liquid 

nitrogen and thawing in a room temperature water bath. The lysates were sonicated 5 

times for 1min each on ice using a Misonix S-4000-010 sonicator with a standard 1.9cm 

tip on 60% output amplitude, cooling on ice for 3-5min between each round of 

sonication. Insoluble materials were pelleted by centrifugation at 43,000xg at 4°C. The 

lysate was incubated with 5mL of pre-washed Chitin Resin (New England BioLabs 
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S6651) overnight at 4°C with end-over-end mixing. The agarose beads were washed 4x 

with ice-cold purification buffer after binding. Recombinant ΔSAM was eluted by 

incubating the resin with purification buffer containing 50mM dithiothreitol (DTT) 

overnight at 4°C with end-over-end mixing. Recombinant ΔSAM was desalted and 

concentrated into PBS-/- by centrifuging 3x through centrifugal filter units with a 30kDa 

molecular weight cut-off (EMD Millipore UFC903008) at 4°C per manufacturer 

instructions. Protein purity was determined by SDS-PAGE and silver staining, 

concentration was determined using the Pierce BCA protein assay kit (ThermoFisher 

23225), and 0.5mg/ml aliquots were shipped to 21st Century Biochemicals for keyhole 

limpet hemocyanin (KLH) conjugation, injection. Antibodies to Caskin2 were purified 

from terminal bleeds by affinity column using ΔSAM and Protein A purification. The 

final concentration of antibody was 0.35mg/ml. This antibody detects a band of 150-180 

kDa in tissues from wild-type mice but not from Caskin2 knockout tissues (used for 

Western blotting at a dilution of 1:1,000). However, this antibody does detect non-

specific bands at smaller molecular weights and was therefore not used for 

immunoprecipitation or immunofluorescence studies.  
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Table 1: Commercial antibodies used for Western blot and immunoprecipitation 

Target Clone Species Isotype Dilution 
factor Company Catalog 

number 

Primary antibodies (Western blot) 

Tie1 C-18 rabbit pAb 1,000 Santa Cruz sc-342 

HA tag 3F10 rat IgG1 5,000 Roche 
(Sigma) 11867423001 

α-Tubulin YOL1/34 rat IgG2a 10,000 AbD Serotec MCA78G 

Caskin2 D-9 mouse IgG2b 1,000 Santa Cruz sc-377512 

GST tag B-14 mouse IgG1 5,000 Santa Cruz sc-138 

PP1 (α, β, γ/δ) E-9 mouse IgG2b 2,000 Santa Cruz sc-7482 

PP1α C-19 goat pAb 1,000 Santa Cruz sc-6104 

GFP none rabbit pAb 5,000 Cell Sciences CPG000 

p-Ser/Thr-Phe 
motif none rabbit pAb 1,000 Cell Signaling 

Technology 9631 

Lamin-B C-20 goat pAb 1,000 Santa Cruz sc-6216 

β-
galactosidase none rabbit pAb 5,000 ThermoFisher 

Scientific A-11132 

eNOS clone 3 mouse IgG1 1,000 BD 
Biosciences 610297 

p-eNOS 
(Ser1177) C9C3 rabbit mAb 1,000 Cell Signaling 

Technology 9570 
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HRP-conjugated secondary antibodies (Western blot) 

rabbit IgG none goat IgG 20,000 Santa Cruz sc-2030 

rat IgG none goat IgG 20,000 Santa Cruz sc-2032 

mouse IgG none goat IgG 20,000 Santa Cruz sc-2031 

goat IgG none mouse IgG 20,000 Santa Cruz sc-2354 

Immunoprecipitation antibodies 

PP1α C-19 goat pAb 100 Santa Cruz sc-6104 

HA tag 3F10 rat IgG1 250 Roche 
(Sigma) 11867423001 
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2.1.4 Cell lines and culture conditions 

Human umbilical vein endothelial cells (HUVECs) were isolated as described 

and cultured in endothelial growth medium (EGM, Lonza CC-3124) supplemented with 

fetal bovine serum (FBS) to a final concentration of 10% and 1x Antibiotic-Antimycotic 

(Gibco 15240).150 293T, U937, HMVEC-lung, HAEC were purchased from the Duke Cell 

Culture Facility. HMEC-1 were a gift from Gerard Blobe (Duke University) and ECRF 

were a gift from Ruud Fontijn (VU University Medical Center, Amsterdam). 293T cells 

were cultured in DMEM (Gibco 11995) supplemented with 10% FBS and 1x Antibiotic-

Antimycotic. U937 cells were cultured in RPMI-1640 (Gibco 11875) supplemented with 

10% FBS and 1x Antibiotic-Antimycotic. ECRF, HAEC, and HMEC-1 were cultured in 

EGM. HMVEC-lung were cultured in EGM-2MV (Lonza CC-3202) supplemented with 

FBS to a final concentration of 20% and 1x Antibiotic-Antimycotic. Unless otherwise 

noted, cells were cultured on tissue culture treated plastic at 37°C in 5% CO2/95% room 

air. Tissue culture plastics were pre-coated with 0.1% gelatin (Sigma G1393) prior to 

plating all primary ECs and EC lines. Adherent cells were detached by rinsing with PBS 

without calcium or magnesium (PBS-/-) and incubating with 0.25% Trypsin/EDTA (Gibco 

25200) at 37°C. 293T, U937, ECRF, and HMEC-1 were routinely passaged at a 1:5 

dilution while HUVEC, HAEC, and HMVEC-lung were passaged at 1:3. 
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2.2 In vitro methods and assays 

2.2.1 Transfection and infection 

293T cells were transfected at 70-90% confluence using Lipofectamine 2000 

(Invitrogen 11668) per manufacturer instructions; Optimem I (Gibco  31985) was used to 

incubate transfection mixtures. Unless otherwise indicated, assays were performed 24-48 

hours after transfection. ECRF cells and HUVECs were infected with AdCaskin2, 

AdGFP, AdBetaGal, or AdEV at approximately 5x108 pfu/ml overnight in EGM.  

2.2.2 Proliferation and survival assays 

For the proliferation assays, 10-20% confluent HUVECs were infected with 

adenovirus overnight as described above. Every 24 hours, the appropriate wells were 

trypsinized, diluted 1:1 with Trypan blue solution, and counted using the Countess II 

Automated Cell Counter (ThermoFisher AMQAX1000) using default settings. “Day 0” 

cell counts were taken on the day of infection. For the survival assays, confluent 

HUVECs were infected with adenovirus overnight as described above then allowed to 

recover in fresh EGM for 24 hours. The medium was then changed to either fresh EGM 

(control) or HBSS (nutrient deprivation). Control samples were cultured under normal 

conditions (5% CO2/95% room air) and hypoxia and nutrient deprivation samples 

(HND) were cultured in a hypoxia chamber flushed with 5% CO2/balance N2 for 24 

hours. The number of viable cells remaining were counted with the Countess II cell 

counter as described above.  
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2.2.3 Flow cytometry assays for DNA synthesis and cell cycle 
progression 

The effects of Caskin2 overexpression on HUVEC DNA synthesis and cell cycle 

progression were assessed using flow cytometry. Prior to both assays, HUVECs at 20-

30% confluence were synchronized by incubating in starvation medium (endothelial 

basal medium (EBM, Lonza CC-3121) with 1x Antibiotic-Antimycotic) for 24 hours. To 

assess DNA synthesis, the synchronized cells were stimulated to proliferate with EGM 

containing 10μM EdU for 12-16 hours. Cells were then trypsinized and incorporated 

EdU was labeled using the Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit 

(ThermoFisher C10420) per manufacturer’s instructions but with 10nM ROX-azide 

(Lumiprobe 11230) substituted for the Alexa Fluor 488-azide included in the kit. To 

assess cell cycle progression, synchronized cells were stimulated to proliferation with 

EGM for 12-16 hours. Cells were then trypsinized, washed in PBS-/-, and counted. 106 

cells per sample were pelleted, then fixed and permeabilized by resuspension in ice-cold 

75% ethanol. Samples were incubated in fixative from 2-12 hours on ice at 4°C. Cells 

were washed 3x in ice-cold PBS-/- to remove ethanol. After the final wash, the pelleted 

cells were resuspended in 400μl of 500μg/ml RNase I (Affymetrix 27033002) in PBS-/-, 

incubated for 5min at room temperature, and then stored at 4°C overnight. 100μl of 

50μg/ml propidium iodide solution (Sigma P4864) in PBS-/- was added and samples 

were incubated for 15-30min at room temperature before analysis. Samples from these 

experiments were analyzed using a BD FACSCanto II flow cytometer housed in the 
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Duke Cancer Institute Flow Cytometry Shared Resource. 10,000 live cells were assayed 

per sample per experiment. Analysis was performed using the open source program 

Flowing Software 2.5.1.151 

2.2.4 “Wound healing” and transwell migration assays 

For the scratch or “wound healing” migration assays, confluent HUVECs were 

infected with adenovirus overnight as described above then allowed to recover in fresh 

EGM for 24 hours. The monolayer was “wounded” by scraping the bottom of the dish 

with a p1000 pipette tip. The medium was changed to remove debris and pictures were 

taken at time=0. Cultures were incubated for 6 hours and then photographed. The 

remaining scratch area was quantified by a blinded reviewer using ImageJ and 

normalized to the area of the scratch at time=0. For the transwell chemotaxis assays, 

confluent HUVECs were infected with adenovirus overnight as described above then 

allowed to recover in fresh GM for 24 hours. Cells were trypsinized, washed, and 

counted. 3x104 cells were resuspended in starvation medium (EBM), and seeded into 

8μm-pore transwell inserts (Sigma CLS3422) coated with 0.1% gelatin. Transwell inserts 

were placed in a receiver tray containing EGM and the trays were incubated for 6 hours 

at 37°C. HUVECs adhered to the upper surface of the transwell were gently wiped away 

using a cotton swab. Cells that remained on the lower surface of the transwell were fixed 

in methanol for 15min at -20°C and stained with 300nM DAPI (ThermoFisher 62248) in 

PBS-/- for 5-10min at room temperature. The entire well area was captured in a single 2x 
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epifluorescence image and the number of migrated cells per well was automatically 

quantified using the ImageJ Particle Analysis tool. 

2.2.5 Monocyte adhesion assay 

Confluent HUVEC in 6-well dishes were infected with adenovirus overnight as 

described above then allowed to recover in fresh EGM for 24 hours. Cells were treated 

with 1ng/ml TNFα for 24 hours, washed, and then incubated with 3x106 U937 monocytes 

for 30min at 37°C. Monolayers were washed to remove non-adherent monocytes and 

bright field images were captured from 3 random fields per well. Adherent monocytes 

were counted by a blinded reviewer.  

2.2.6 Matrigel tube formation assay 

50-60% confluent HUVECs in 6-well dishes were infected with adenovirus 

overnight as described above then allowed to recover in fresh EGM for 24 hours. 50μl 

per well of 10mg/ml Matrigel (BD Biosciences 356234) was allowed to polymerize at 

37°C in a 96-well plate as described previously.152 HUVECs were trypsinized, washed, 

and counted. 6,000 cells per well were plated on top of the polymerized Matrigel 100μl 

of EGM and incubated at 37°C for 24 hours. 10x brightfield images of 3 random fields 

per well were taken at 2, 6, 12, and 24 hours. The cellular networks were analyzed using 

the ImageJ Angiogenesis Analyzer macro.153 Viability was determined at 24 hours using 

the CellTiter-Glo Luminescent Cell Viability Assay (Promega G7570). Luminescence was 

visualized using the IVIS Kinetic system (Caliper Life Sciences) housed by the Duke 
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Optical Molecular Imaging and Analysis Shared Resource. The luminescent signal was 

normalized to a cell-free (Matrigel and medium only) control well. 

2.2.7 Cell lysis and immunoprecipitation 

Triton lysis buffer (20mM Tris pH 8, 137mM NaCl, 2mM EDTA, 10% glycerol, 

1% TritonX-100) was used for cell lysis unless otherwise indicated. For all standard cell 

lysis and co-immunoprecipitation experiments, triton lysis buffer was supplemented 

with 1mM sodium orthovanadate, 1mM sodium fluoride, and a Roche cOmplete 

protease inhibitor cocktail tablet (Sigma 11697498001) (TLB+/+). All steps were carried out 

on ice using ice-cold buffers. Prior to lysis, cells were rinsed once with PBS-/-, scraped 

into the appropriate volume of TLB+/+, transferred to a microcentrifuge tube, and 

incubated on ice for 5min. Lysates were homogenized by triturating 10 times using a 27 

gauge insulin needle and insoluble materials were removed by centrifuging at ≥20,000xg 

for 10min at 4°C. Proteins were immunoprecipitated by incubating the whole cell lysate 

(WCL) overnight at 4°C with the appropriate antibody at the concentration noted above 

followed by incubation with Protein G PLUS-agarose (Santa Cruz sc-2002) or Protein A 

PLUS-agarose (Santa Cruz sc-2001) for 1hr at 4°C. HA-tagged proteins were 

immunoprecipitated by incubating WCL with Pierce Anti-HA Agarose (Thermo 26181) 

overnight at 4°C. Agarose beads were washed 3x in TLB+/+ and prepared for SDS-PAGE 

as noted below. 
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2.2.8 Nuclear-cytoplasmic fractionation 

The nuclear and cytoplasmic compartments were fractionated using a modified 

REAP protocol.154 All steps were carried out on ice using ice-cold buffers. Cells were 

detached in 1ml of PBS-/- by gentle scraping. Cells were pelleted by centrifugation for 

10sec and resuspended in 1ml of 0.1% IGEPAL (Sigma I3021) in PBS-/-. The cytoplasmic 

membrane was lysed by triturating 10x using a p1000 pipette tip trimmed by 

approximately 5mm to widen the bore and prevent shearing of nuclei. 100μl of this 

WCL was saved for analysis. The nuclei were pelleted by centrifuging for 10sec and the 

supernatant (cytoplasmic fraction) was transferred to a fresh tube and saved for 

analysis. The nuclei were washed once in 1ml of the 0.1% IGEPAL solution, pelleted, 

and resuspended in 300μl of 1x Laemmli buffer. The WCL and cytoplasmic fractions 

were prepared as described below and all samples were boiled on a 100°C heat block for 

5 minutes prior to SDS-PAGE. 

2.2.9 SDS-PAGE and Western blot 

WCL samples were prepared by adding 25% (v/v) 4x Laemmli buffer (200mM 

Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 50mM EDTA, 0.08% bromophenol blue) and 5% 

(v/v) β-Mercaptoethanol (βME). Immunoprecipitations were prepared by adding 70μl of 

H2O, 25μl of 4x Laemmli, and 5μl of βME. Samples were boiled on a 100°C heat block 

for 5 minutes and cooled to room temperature prior to SDS-PAGE. Gels were transferred 

onto 0.2μm nitrocellulose for 1hr at 300mA using the Mini Trans-Blot Cell tank transfer 
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system (BioRad 1703930). Membranes were blocked in 5% non-fat milk in TBST (20mM 

Tris, 150mM NaCl, 0.1% Tween-20) for 30min at room temperature and incubated in 

primary antibody solution in TBST overnight at 4°C. Membranes were washed briefly in 

TBST 4x, incubated in secondary antibody solution in TBST for 30-60min at room 

temperature, and washed 3x for ≥10min in TBST. Blots were developed using Pierce 

SuperSignal West Pico Chemiluminescent Substrate (Thermo 34078) per manufacturer 

instructions and exposed to radiography film. 

2.2.10 Recombinant PP1α production and purification 

His-tagged recombinant human protein phosphatase 1α (rPP1α) was generated 

by transforming pRSET-hPP1α into BL21(DE3) competent E. coli (Stratagene 200131). 

200μl of an overnight culture was used to inoculate 200ml of Lennox LB broth, which 

was then grown to an OD600 reading of 0.6-0.7 at 37°C with shaking. Expression of rPP1α 

was induced by adding 0.4mM IPTG (Apex 20-109) and culturing for an additional 3hr 

at 37°C. Following induction, bacteria were pelleted by centrifugation and resuspended 

in 30ml of ice-cold binding buffer (10mM imidazole, 50mM NaH2PO4 pH 8.0, 500mM 

NaCl in dH2O; pH adjusted to 8.0, sterile-filtered, and stored at 4°C). Cells were lysed by 

3 cycles of flash freezing in liquid nitrogen and thawing in a room temperature water 

bath. The lysates were sonicated 5 times for 1min each on ice using a Misonix S-4000-010 

sonicator with a standard 1.9cm tip on 60% output amplitude, cooling on ice for 3-5min 

between each round of sonication. Insoluble materials were pelleted by centrifugation at 
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43,000xg at 4°C. The lysate was incubated with 5ml of pre-washed Ni-NTA agarose 

overnight at 4°C with end-over-end mixing. The agarose beads were washed 4x with ice-

cold binding buffer and rPP1α was eluted in 10ml of ice-cold elution buffer (binding 

buffer supplemented to final concentration of 250mM imidazole and adjusted to pH 8.0) 

at 4°C. rPP1α was desalted and concentrated into PBS-/- by centrifuging 3x through 

centrifugal filter units with a 10kDa molecular weight cut-off (EMD Millipore 

UFC901008) at 4°C per manufacturer instructions. Protein purity was determined by 

SDS-PAGE and silver staining, concentration was determined using the Pierce BCA 

protein assay kit (ThermoFisher 23225), and aliquots were stored at -80°C. 

2.2.11 PP1-binding motif peptide binding assay 

The peptides KRLNVNYQDA-NH2 (WT) and KRLNGNGQDA-NH2 (NGNG) 

were purchased from Biomatik. 1mg of each peptide was reconstituted in PBS-/- at 

1mg/ml and 1ml of peptide solution (or PBS-/- only) was used to rehydrate 75mg of 

Pierce NHS-Activated Dry Agarose (ThermoFisher 26196) for 1hr at room temperature 

with end-over-end mixing. This yielded approximately 500μl of hydrated resin. The 

reaction was quenched by incubating with 1ml of 1M Tris pH 8 for 20min. Resin was 

washed 3x with PBS-/-, resuspended in 500uL PBS-/- to create a 1:1 slurry, and stored at 

4°C. Coupling efficiency was determined with a modified BCA assay by subtracting 

background signal apparent in the peptide-free bead samples and using a dilution series 

of the unconjugated peptides as a standard curve.155 Conjugation efficiency was 79% 
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(±1%) for the WT peptide and 96% (±7%) for the NGNG peptide. For the pulldown 

assay, 100μl of each resin was incubated with 5μg rPP1α in 500μl TBST for 1hr at room 

temperature, washed 3x in TBST, prepared in 1x Laemmli as described for 

immunoprecipitation samples, and run on SDS-PAGE with 0.5μg rPP1α as a control. 

Gels were stained with Instant Blue (Sigma ISB1L). 

2.2.12 PP1 catalytic activity assay 

The catalytic activity of endogenous PP1α in the presence or absence of Caskin2 

overexpression was determined using the ProFluor Ser/Thr PPase Assay (Promega 

V1260). PP1α was IP’d as described above from 293T cells that had been transfected with 

no DNA, GFP, or WT-Caskin2. It is important to note that cells were lysed and IP’s were 

washed using TLB-/- as the presence of phosphatase and protease inhibitors inhibit the 

ProFluor assay. After washing the IP’s, beads were transferred into an opaque black 96-

well plate and the ProFluor assay was performed per manufacturer instructions for 

assaying PP1 activity.  

2.2.13 Cycloheximide protein stability assay 

Cycloheximide (CHX) protein stability assays were performed in both 

adenovirus-infected HUVECs and transfected 293T cells. In both cases, infections and 

transfections were carried out as described above. At the indicated time point, 10μg/ml 

CHX (Sigma C7698) was added to inhibit protein synthesis. WCL were harvested, 

prepared, run on SDS-PAGE, and Western blotted as described above.  
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2.2.14 Peroxynitrite assay 

HUVECs were cultured to confluence in clear-bottom, black-walled, tissue 

culture-treated 96-well plates (Corning 3603). Cells were then infected with adenovirus 

overnight as described above then allowed to recover in fresh EGM for 24 hours. 

Peroxynitrite was detected by adding 10μM hydroxyphenyl fluorescein (HPF, 

ThermoFisher H36004) and incubating at 37°C for 20min. Positive-control wells were 

simultaneously treated with 1μM H2O2 during the HPF incubation period. Cells were 

washed 3x with DPBS+/+ and the plate was excited at 490nm and read at emission 515nm.  

2.2.15 RNA isolation and reverse transcription 

Total RNA was isolated from 1x106 cultured cells using the RNeasy kit (Qiagen 

74104) following manufacturer instructions and including the optional on-column 

DNase I digestion step (Qiagen 79254). RNA purity was assessed by gel electrophoresis 

and concentration was determined using a NanoDrop-1000 spectrophotometer. Aliquots 

were stored at -80°C. Total RNA from C57BL6 mouse tissues was purchased from 

Zyagen. RNA was isolated from pooled tissues from 3-4 adult mice of mixed sex (except 

for sex-specific tissues) using guanidine isothiocyanate-phenol:chloroform extraction, 

DNase-treated, and stored at -80°C. RNA concentration and purity was assessed by 

spectrophotometer and by examining total RNA using denatured agarose gel 

electrophoresis. Residual DNA contamination was screened for by PCR for genomic 

DNA. cDNA was produced by reverse transcription of 1-5μg of RNA using the 
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SuperScript III First-Strand Synthesis System (Invitrogen 18080051) utilizing the 

included Oligo(dT)20 primer. A “no RT” control was generated for each sample by 

replacing the SuperScript reverse transcriptase with RNase-free water in a parallel 

reaction. cDNA was stored at -20°C.  

2.2.16 Real-time PCR and analysis 

Quantitative real-time PCR (q-RT-PCR) was performed using TaqMan Universal 

PCR Master Mix (Applied Biosystems 4304437). Reactions consisted of 10μl TaqMan 

master mix, 8μl of 2.5ng/μl cDNA, 1μl of FAM-labeled test primer, and 1μl of VIC-

labeled control primer (see Table 2 for primer information). “noRT” and H2O-only 

samples were run for every primer to check for the presence of contaminants or PCR 

reaction inhibitors. Reactions were plated in MicroAmp Optical 96-Well Reaction Plates 

(Applied Biosystems 4306737) and sealed with MicroAmp Optical Adhesive Film 

(Applied Biosystems 4311971). Data collection was performed using an Applied 

Biosystems 7300 Real Time PCR System with the following cycling conditions: (1) 2min 

at 50°C; (2) 10min at 95°C; 40x (3) 15sec at 95°C, 1min at 60°C. Data was collected during 

stage 2, step 2 (i.e. during the 1min incubation at 60°C). Data were reported as cycle 

thresholds (Ct). Ct over 35 were considered undetectable. Data from experiments in 

which detectable Ct were reported for the “no RT” and/or H2O-only controls were 

discarded. Unless otherwise indicated, data are displayed as the mean ratio of the 

internal control Ct to the test primer Ct ± the standard error of the mean (SEM). Fold 
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changes were also calculated using the “ΔΔCt” method for every data set, and these 

values are discussed in several figure captions. For this analysis, fold changes were 

calculated as 2–∆∆Ct with a range of 2–(∆∆Ct+SD) to 2–(∆∆Ct–SD). 

2.2.17 Semi-quantitative PCR 

Approximately 15 wild-type, two day post-fertilization (2dpf) Tübingen strain 

embryos were mechanically dechorionated and euthanized with 250μg/ml Tricaine 

(Sigma A-5040). Embryos were lysed and homogenized by sequential trituration with 

16, 20, 24, and 28 gauge hypodermic needles (10x per gauge) in 600μl of RNeasy buffer 

RLT (Qiagen 74104). Insoluble materials were removed by centrifugation at ≥20,000xg 

for 10min at 4°C. RNA isolation and reverse transcription were performed as described 

above. cDNA was amplified using KAPA2G Robust HotStart ReadyMix with dye (Kapa 

Biosystems KM5705). Reactions consisted of 5μl ReadyMix, 3μl of 10ng/μl cDNA, and 

1μl each of the appropriate forward and reverse primers (at 10μM each) with the 

following cycling parameters: (1) 3min at 95°C; 35x (2) 10sec at 95°C, 10sec at 60°C, 10sec 

at 72°C; (3) 10min at 72°C. The primer sequences and expected amplicon sizes are shown 

in Table 3. 
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Table 2: Taqman real-time PCR primers 

Target gene Label Assay ID 

Human 

ACTB VIC 4326315E 

CASKIN2 FAM Hs01034536_g1 

CDKN2A 
(p16) FAM Hs00923894_m1 

KLF4 FAM Hs00358836_m1 

MKI67 FAM Hs01032443_m1 

Mouse 

Gapdh VIC 4352339E 

Caskin2 FAM Mm00499794_m1 
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Table 3: Semi-quantitative PCR primers 

Gene 
Name 

NCBI 
Accession # Primers (5’ to 3’) Amplicon 

Size (bp) 

actb2 NM_181601.4    F: GCTGTCCCTGTATGCCTCC 
   R: GCAAGATTCCATACCCAAGAAGG 400 

eef1a1l1 NM_131263.1    F: TACTTCTCAGGCTGACTGTGC 
   R: GTACCGCTAGCATTACCCTCC 363 

rpl13a NM_212784    F: ATCATGGCGGACCGATTCAA 
   R: CAACCATGCGCTTTCTCTTGT 367 

caskin2 XM_009306713.1    F: GCTCCACGAAGAGGCTCAAT 
   R: GCAGCATAGTGCAATGGACG 166 

caskin2 XM_009306713.1    F: ATGACCCCCGAGGATCTCAC 
   R: GTGTCGTGATGCTCAATCGC 398 

caskin2 XM_009306713.1    F: CTCAGGACGACCCAGCAAG 
   R: GTTGGAGTCCAGAAGATCTGAAA 393 

 



 

43 

2.3 Mass spectrometry experiments 

2.3.1 Identification of Caskin2-interacting proteins 

10cm dishes of confluent HUVECs were infected with AdCaskin2 or AdEV 

overnight as described above then allowed to recover in fresh EGM for 24 hours. Cells 

were lysed as described above and HA-Caskin2 was pulled down as described in the 

“Cell lysis and immunoprecipitation” section above using 30μl of Pierce Anti-HA 

agarose (Pierce 26181) in place of primary antibody and protein A or G agarose. After 

washing, the pelleted beads were delivered to the Duke Proteomics and Metabolomics 

Shared Resource on ice. The samples were processed, run on 1D SDS-PAGE gel, and in-

gel digested by the core facility under keratin contamination-minimizing conditions. The 

entire lane was harvested for each sample in order to comprehensively identify 

interacting proteins in an unbiased manner.  

Spectra from liquid chromatography tandem-mass spectrometry (LC-MS/MS) 

were analyzed using Mascot (Matrix Science) by searching the SwissProt 2012 database 

for human sequences assuming digestion with trypsin. Mascot was searched with a 

fragment ion mass tolerance of 0.040 Da and a parent ion tolerance of 10.0 PPM. 

Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification. 

Deamidation of asparagine and glutamine and oxidation of methionine were specified 

in Mascot as variable modifications. Scaffold version 3.3.3 (Proteome Software Inc.) was 

used to validate MS/MS based peptide and protein identifications. Peptide 
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identifications were accepted if they could be established at greater than 50.0% 

probability as specified by the Peptide Prophet algorithm.156  Protein identifications were 

accepted if they could be established at greater than 90.0% probability using the Protein 

Prophet algorithm and contained at least 2 identified peptides.157 Proteins that also 

interacted with the AdEV sample and ribosomal proteins were excluded from 

subsequent analyses. “Molecular function” and “biological process” gene ontology (GO) 

annotations associated with the list of Caskin2-interacting proteins were identified using 

the PANTHER overrepresentation test (released 03/21/2016) and the GO Ontology 

database (released 08/06/2015) selecting for human genes and correcting for multiple 

testing using the Bonferroni correction.158, 159  

2.3.2 Identification of Caskin2 phosphorylation sites 

10cm dishes of confluent ECRF cells were infected with AdCaskin2 overnight as 

described above then allowed to recover in fresh EGM for 24 hours. Cells were 

incubated with DMSO, 5nM okadaic acid (OA, Tocris 1136), or 50nM calyculin A (CA, 

Santa Cruz sc-24000) for 30min at 37°C in EGM. Cells were lysed and HA-Caskin2 was 

pulled down using Pierce Anti-HA Agarose as described in the previous section. After 

washing, the pelleted beads were delivered to the Duke Proteomics and Metabolomics 

Shared Resource on ice. The samples were processed, run on 1D SDS-PAGE gel, and in-

gel digested by the core facility under keratin contamination-minimizing conditions. The 

approximately 150 kDa band representing full-length HA-Caskin2 was harvested from 
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each sample to improve sensitivity. The samples then underwent TiO2 phosphopeptide 

enrichment, and LC-MS/MS. 10% of each sample was reserved for quantitative analysis. 

Casein was used as an internal control to verify the efficiency of TiO2 enrichment. 

Spectra were searched against the SwissProt database as described above, with the 

addition of allowing phosphorylation modifications on serine, threonine, and tyrosine 

residues. The relative abundances of the identified peptides in the remaining 10% of the 

TiO2-enriched samples were quantified and the fold-changes in phosphorylation at each 

site in the OA- and CA-treated samples were calculated relative to the DMSO sample.  

2.4 Microarray analysis of Caskin2-induced changes in gene 
expression 

2.4.1 Microarray experimental protocol 

Three 10cm dishes of confluent HUVECs were infected with AdCaskin2 and 

three dishes with AdGFP overnight as described above, then allowed to recover in fresh 

EGM for 24 hours. Total RNA was isolated using the RNeasy kit as described above and 

the RNA samples were submitted to the Duke Microarray Core Facility for quality 

analysis, cDNA synthesis, in vitro transcription, aRNA purification, and fragmentation 

as well as array hybridization, washing, staining, and scanning. Total RNA 

concentration and purity was assessed using a NanoDrop-1000 spectrophotometer, and 

RNA integrity was determined using an Agilent Bioanalyzer (the RNA Integrity 

Number was 10 for all samples). Samples were hybridized to HG-U133A 2.0 arrays 

(Affymetrix 900468).  
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2.4.2 Microarray data analysis 

The Partek Genomics Suite 6.5 (Partek Inc.) was used to perform robust multi-

array (RMA) normalization and Principal Component Analysis (PCA). PCA indicated 

that 41% of the variance in our data set results from differences between the AdCaskin2- 

and AdGFP-treated groups while 17% of the variance results from differences between 

biological replicates (n=3 per treatment group). The ratio between the mean AdCaskin2 

and mean AdGFP RMA-normalized signals for each probe were analyzed. Genes with 

multiple probes with inconsistent direction of change were excluded (i.e., genes were 

excluded if the highest ratio minus the standard error of the mean was greater than one 

and the lowest ratio plus the standard error of the mean was less than one). Student’s t-

test with significance set at p < 0.05 was used to determine if the differences between the 

AdCaskin2 and AdGFP signals were statistically significant for the remaining 13,239 

genes and the results were compared to the expected false positive rate of 5% by Χ2 

analysis. GO analysis of statistically significant changes was performed using the Gene 

Annotation Tool to Help Explain Relationships (GATHER) database selecting for human 

genes.160 

2.5 In vivo and ex vivo methods 

2.5.1 Caskin2 knockout mouse generation and genotyping 

The Caskin2 knockout (KO) mice used in these experiments are global KOs in 

which the Caskin2 gene has been entirely replaced by the LacZ gene and a neomycin 
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selection cassette. These mice were generated by Regeneron Pharmaceuticals Inc. 

(Project ID: VG10745; Allele identifier: Caskin2tm1(KOMP)Vlcg) using VGB6 parental ES cells 

in C57BL/6NTac dams.161 Founders for our Caskin2 KO colony were obtained by in vitro 

fertilization (IVF) of wild-type (WT) C57BL/6NTac dams with sperm from heterozygous 

(HET) males cryopreserved by the knockout mouse project (KOMP), an NIH-funded 

repository hosted by the University of California-San Diego. After arriving at Duke, the 

HETs resulting from IVF were bred to WT C57BL/6J to expand the colony and HET 

progeny from these matings were cross-bred to produce the first generation of KO 

animals. Caskin2 KO mice are born in normal Mendelian ratios, viable, and lack any 

grossly visible defects. Because HET x HET crosses tended to breed very slowly on the 

BL6 genetic background, we outbred a subset of the BL6-Caskin2 mice to CD1 mice, 

which greatly improved the fecundity of the colony. Whether a specific experiment 

utilized the BL6 or BL6/CD1 colony is indicated in the text and/or figure legend.  

Genomic DNA (gDNA) for genotyping was harvested from either toe or ear clips 

by alkaline lysis. Tissue samples were incubated in 75μl of alkaline lysis buffer (25mM 

NaOH, 0.2mM EDTA in H2O) overnight at 95°C then neutralized with 75μl of 

neutralization buffer (40mM Tris-HCl in H2O). Multiplex genotyping reactions were 

performed using KAPA2G Robust HotStart ReadyMix with dye (Kapa Biosystems 

KM5705). Reactions consisted of 5μl ReadyMix, 1μl gDNA, and 1μl each of the primers 

TUF, TUR, LacInF, and LacInR primers (at 10μM each) with the following cycling 
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parameters: (1) 3min at 95°C; 35x (2) 10sec at 95°C, 10sec at 60°C, 10sec at 72°C; (3) 

10min at 72°C. The primer sequences, amplicon sizes, and expected results for each 

genotype are summarized in Table 4. 
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Table 4: Genotyping primers for Caskin2 mouse colony 

 

Target 
Gene Primers (5' to 3') Amplicon 

size (bp) WT HET KO 

Caskin2    TUF: CTGTGTCTCCGGGCAAGTC 
   TUR: GCAGGAGCTGAATGTGTTTCAATG 88 + + - 

LacZ    LacInF: GGTAAACTGGCTCGGATTAGGG 
   LacInR: TTGACTGTAGCGGCTGATGTTG 210 - + + 
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2.5.2 X-gal staining of tissues from Caskin2 heterozygotes 

For whole organ staining, tissues were harvested from Caskin2+/LacZ mice, rinsed 

in PBS-/-, and fixed briefly in ice-cold 4% paraformaldehyde (PFA) for 2-4 hours on ice. 

Fixed tissues were washed 3x 10min in ice-cold PBS-/- and gently blotted with a Kimwipe 

(Kimtech Science 34120) to remove excess solution. Tissues were then immersed in pre-

warmed (37°C) 1mg/ml X-gal (Sigma B4252) in dilution solution (5mM K₃[Fe(CN)₆], 

5mM K4[Fe(CN)6]∙3H2O, 2mM MgCl2 in PBS-/-) and incubated for 4-16 hours at 37°C with 

gentle agitation. Staining time varied by tissue type; the staining period was terminated 

when color development was maximal in the KO organ but absent from the 

corresponding WT organ. Tissues were washed 3x 10min in ice-cold PBS-/- and post-

fixed for 16 hours in 10% neutral buffered formalin (NBF) at 4°C. Tissues were again 

washed 3x 10min in ice-cold PBS-/- and stored in 70% ethanol at 4°C. For thick section 

staining, 50-100μm frozen sections were fixed for 15min in ice-cold 4% PFA and stained 

as above. After post-fixation in 10% NBF, VectaMount AQ Mounting Medium (Vector 

Laboratories H-5501) was used to coverslip slides per manufacturer instructions.  

2.5.3 Ex vivo aortic ring angiogenesis assay 

The ex vivo aortic rings angiogenesis assay was performed as described 

previously. 162 Briefly, segments of the thoracic aorta were harvested from WT and 

Caskin2 KO mice, and rinsed in ice-cold PBS-/-. The adventitia was carefully removed 

under a dissecting microscope, aortas were cut into 4-5 segments of approximately 1mm, 
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chilled on ice, and embedded in 100μl of ice-cold 10mg/ml Matrigel (BD Biosciences 

356234) containing 100ng/ml endothelial cell growth supplement (ECGS, Sigma E0760), 

taking care to avoid producing bubbles. The Matrigel was polymerized by incubation 

for 30min at 37°C and was then overlaid with 100μl of pre-warmed EGM. Capillary 

growth was monitored daily by bright field microscopy and medium was changed 

every 2 days. On day 6, bright field images were taken and capillary morphogenesis was 

quantified using the ImageJ Angiogenesis Analyzer macro.153 

2.5.4 Miles assay for dermal vascular permeability 

Vascular permeability in the skin was determined using the Miles assay as 

described previously.163 Mice were anesthetized with 2% isoflurane and hair was 

removed from the central back by electric clippers followed by Nair hair removal cream 

(Church and Dwight Co., Inc.). Mice were injected with 100μl of 0.5% Evans Blue (EB) in 

sterile PBS-/- retro-orbitally. 10min later mice were injected intradermally with 50μl of 

sterile PBS-/- at one site and 50μl of 4.5ng/μl histamine dihydrochloride (Sigma H7250) in 

PBS-/- at another site 1cm away. 30min later, mice were euthanized with sodium 

pentobarbital (250 mg/kg IP) and tissue surrounding the injection sites was excised and 

weighed. EB was extracted by incubating tissue samples in 500μl formamide (Sigma 

F9037) in a 55°C water bath for 48 hours. The EB-containing supernatant was transferred 

to a clear 96-well plate and absorbance was at 610nm. Formamide was used as a plate 
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blank. The ng of EB per sample was calculated using a standard curve of EB in 

formamide processed in parallel. Data are reported as ng EB per mg tissue. 

2.5.5 High fat feeding protocol 

For the high fat feeding study, mice were fed the Harlan-Teklad “Western Diet” 

(Harlan TD.88137), which contains 21% fat (of which >60% is saturated), 34% sucrose, 

and 0.2% cholesterol. Mice were weighed weekly and fasting blood glucose 

measurements were taken every 2 weeks as described below. Mice were housed 

individually for the duration of the study, and weekly food intake was calculated for 

each mouse.  

2.5.6 Measurement of fasting blood glucose and glucose tolerance 
testing 

For routine measurement of fasting blood glucose (BG), mice were fasted either 

for 6 hours or overnight (16 hours) with free access to water (fasting period specified in 

figure captions). 2-3μl of blood was then harvested via saphenous vein puncture and BG 

was measured using an AlphaTRAK2 Glucose Meter (Abbott Animal Health), which is 

specifically calibrated for use in rodents.164 For glucose tolerance testing (GTT), mice 

were also fasted overnight (16 hours) with free access to water, then given an 

intraperitoneal (IP) bolus injection of 1mg glucose/kg body weight. BG was measured as 

described above at baseline (time = 0) and at 0.5, 1, 1.5, and 2 hours post-glucose 

injection.  
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2.5.7 Measurement of blood pressure by radio-telemetry 

Arterial blood pressure (BP) was monitored by the Duke O’Brien Center for 

Kidney Research (DOCK) staff, as described.165, 166 This method avoids effects on BP that 

result from anesthesia, handling, and restraint associated with other methods of BP 

measurement in mice. Mice were implanted with a pressure- and activity-sensing 

catheter (Data Sciences International, Transoma Medical, MN PAC-10) via the left 

common carotid artery into the aortic arch, and the attached transducer unit was 

inserted into a subcutaneous pouch implanted along the right flank. BPs were recorded 

continuously in a monitoring room in the DOCK. Mice were housed individually for the 

duration of the BP monitoring experiments. During the chronic angiotensin II (AngII) 

treatment period, AngII was delivered continuously via osmotic pump at 40pmol/min as 

described.166 During the chronic L-NG-Nitro-arginine methyl ester (LNAME) treatment 

period, LNAME was added to the drinking water at the indicated concentrations and 

mice were given ad libitum access. Water intake was measured daily and used to 

calculate LNAME intake for each mouse. Data were retrieved using Dataquest ART 

version 3.1 (Data Sciences International) and analyzed in Microsoft Excel. Unless 

otherwise indicated, data are presented as a 24-hour mean ± SEM.  

2.5.8 Measurement of acute vasoconstrictor response 

The acute vasoconstrictor responses to AngII and epinephrine were determined 

by the DOCK staff as described previously.167 Mice were anesthetized with 2% isoflurane 
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as described previously and a pulled PE-50 catheter was inserted into the left jugular 

vein for the administration of basal fluids and vasoconstrictors. A second Mikro-Tip 1.4F 

catheter (Millar) was placed into the right carotid artery. Intra-arterial BP was recorded 

continuously through the carotid catheter using the PowerLab data acquisition system 

and LabChart software (ADInstruments). At 5min intervals, increasing doses (0.1, 1, and 

10μg/kg) of AngII followed by 10μg/kg of epinephrine were injected intravenously into 

the internal jugular vein at a volume of 1μl/g body weight (25-30μl total volume). 

Vasoconstrictor injection was followed immediately by a 30μl bolus of saline. Before the 

injection of vasoactive agents, each mouse received an equivalent volume (i.e., 55-60μl) 

of saline as a control. Intra-arterial pressures were continuously monitored. Data is 

presented as change in systolic BP versus baseline.  

2.5.9 Microinjection of zebrafish embryos 

The following MOs were purchased from Gene Tools, LLC and reconstituted per 

manufacturer instructions:  

Caskin2 splice-blocking oligo: TTAATGCACCCCTTACTTACCCAGC 

Standard Control oligo: CCTCTTACCTCAGTTACAATTTATA 

Zebrafish p53 oligo: GCGCCATTGCTTTGCAAGAATTG 

The Flk1:eGFP strain was a gift from Kenneth D. Poss (Duke University). Microinjection 

of morpholinos (MOs) was performed as described previously using a 1nl injection 



 

55 

volume.168 The total amounts of injected MO varied in each experiment and are 

indicated in the figure legends. 

2.6 Modeling Caskin2 protein structure 

The predicted structure of Caskin2 isoform a (NCBI accession number 

NP_065804.2) was generated using the RaptorX web interface.135-138 The SAM domains 

were modeled based on a crystal structure of the Caskin2 SAM domains (PDB ID: 4IS7) 

and the Ankyrin repeats were modeled based on the crystal structure of the D34 region 

of human ankyrin-R and linker (PDB ID: 1N11).169 

2.7 Statistical analyses 

Unless otherwise noted, Western blots and confocal images are representative of 

at least 3 independent experiments. Significance was set at p<0.05 and the p-value was 

determined using analysis of variance (ANOVA) followed by Student’s t-test when 

indicated. Results are expressed as the mean ± the standard error of the mean (SEM). If a 

different type of analysis was required for a specific method or assay, a discussion of the 

statistical analysis and interpretation is provided in the appropriate subsection. 
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3. Initial identification of Caskin2 as a Tie1-interacting 
protein 

3.1 Introduction 

As noted in Chapter 1, Tie1 has important roles in vascular integrity during 

development and in vascular inflammation in the adult. However, the molecular 

mechanisms downstream of Tie1 are poorly understood, in part due to its status as an 

orphan receptor. A long-standing interest of our group has been to gain insight into the 

signaling pathways downstream of Tie1 by identifying proteins that interact with its 

cytoplasmic domain. It was as a part of this effort that Caskin2 first came to our 

attention as a Tie1-interacting protein in a yeast-2-hybrid (Y2H) screen. We referred to 

the protein as ASPP-Related Protein-1 (ASPR1) based on its sequence similarity to the 

apoptosis stimulating protein of p53 (ASPP) family until the 2002 publication that 

named the protein Caskin2.125, 132, 134 This chapter describes the Y2H data demonstrating 

that Caskin2 interacts with Tie1 as well as subsequent validation by pull-down and coIP 

experiments. We also show data suggesting that there may be a functional relationship 

between the two proteins and discuss future directions such as exploring the role of 

Caskin2 in Tie1/Tie2 interactions. 
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3.2 Results 

3.2.1 Caskin2 interacts with the Tie1 juxtamembrane domain 

An expressed sequence tag (EST) that was later identified as Caskin2 was found 

to interact with the cytoplasmic domain of Tie1, but not Tie2, in a Y2H screen (Figure 4). 

Repeated Y2H experiments using chimeras composed of portions of the Tie1 and Tie2 

cytoplasmic domains demonstrate that Caskin2 binds to the proximal half of the Tie1 

intracellular domain, but not to the second kinase lobe or the C-tail (Figure 5). However, 

additional data from in vitro binding assays demonstrate that Caskin2 is able to interact 

with Tie2 as well. For example, [35S]-Methionine-labeled Caskin2 bound to a kinase-dead 

GST-Tie2 intracellular domain chimera (Tie2-KR) as well as with the Tie1 intracellular 

domain (Figure 6). Interestingly, Caskin2 did not bind to the GST-Tie2-WT chimera, 

suggesting that Tie2 autophosorylation may prevent binding. 
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Figure 4: Caskin2 was identified as a Tie1-interacting protein in a yeast-2-
hybrid screen 

 
A fetal heart-derived cDNA library was screened for Tie1-interacting proteins 
using the intracellular domain of Tie1 as bait. An EST later identified as Caskin2 
was one of the few proteins found to interact with Tie1. Caskin2 did not interact 
with the related bait Tie2 or with the unrelated baits Bicoid, Rap1A, or RNA pol. 
It is important to note that the Tie1 bait was expressed in yeast-2-hybrid strains 
engineered to be highly sensitive while the Tie2 bait was expressed in less 
sensitive lines due to the high background associated with the Tie2 bait. 
Experiment performed by Christopher Kontos.  
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Figure 5: Caskin2 interacts with the proximal half of the Tie1 intracellular domain 

Chimeric bait proteins were generated in which the second kinase lobe of Tie1 and Tie2 
were switched. (A) Schematic of wild-type and chimeric bait proteins. (B) Caskin2 
interacted with Tie1 and the chimera containing the juxtamembrane half of the Tie1 
intracellular domain (Tie1/2) but not with Tie2 or the Tie2/1 chimera. Experiment 
performed by Christopher Kontos. 
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Figure 6: Caskin2 binds to Tie1 and kinase-dead Tie2 in a pull down 
experiment 

 
The interaction between Caskin2 and Tie1 was validated in a pull down 
experiment. 35S-Methionine-labelled Caskin2 was incubated with GST-tagged Tie 
receptors bound to glutathione-sepharose beads. WT = wild-type intracellular 
domain, KR = kinase-inactive mutant intracellular domain. It is important to note 
that 35S Caskin2 bound to both Tie1-WT and Tie1-KR, but bound only to the 
kinase inactive Tie2-KR and not the kinase-active Tie2-WT. Experiment 
performed by Christopher Kontos.  
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3.2.2 Caskin2 reduces Tie1 expression 

In performing the binding studies described above, we observed that Caskin2 

expression corresponds with decreased expression of Tie1 in cultured ECs (Figure 7A). 

q-RT-PCR data demonstrated that Caskin2 expression causes a significant decrease in 

Tie1 mRNA, suggesting Caskin2 may regulate Tie1 at the transcriptional level (Figure 

7B). Caskin2 also appears to decrease the half-life of the Tie1 protein in cultured ECs, but 

not dramatically so (Figure 7C). However, additional experiments in 293T cells suggest 

that Caskin2 does indeed affect Tie1 expression at the post-translational level. For 

example, transfection of Caskin2 into 293T cells reduces the expression of co-transfected 

Tie1 in a dose-dependent manner (Figure 8). These data suggest that the interaction of 

Caskin2 and Tie1 may have functional significance with respect to protein stability. 

Although we have not yet explored the regulation of Caskin2 expression in detail, recent 

data demonstrate that Caskin2 is upregulated by orbital shear stress in culture (Figure 9) 

and in areas of disturbed flow in vivo (Chapter 5, Figure 21, en face X-gal staining of 

Caskin2 +/LacZ mouse aorta). Interestingly, this is in direct contrast to the expression 

pattern of Tie1, which is downregulated by laminar flow in vitro and in vivo.115, 118 



 

62 

 

Figure 7: Caskin2 reduces Tie1 mRNA and protein expression in endothelial 
cells 

Adenoviral expression of Caskin2 reduces the expression of Tie1 at the protein 
and mRNA levels. (A) HUVECs were infected with the indicated adenoviruses 
as described previously. Whole cell lysates Western blotted for endogenous Tie1 
show that Tie1 expression is decreased in the AdCaskin2-treated cells. (B) The 
level of Tie1 mRNA in AdEV- and AdCaskin2-infected HUVECs was assessed by 
q-RT-PCR. The fold change in expression of Tie1 vs. the AdEV group was 
calculated using the ΔΔCt method. *p < 0.05 vs. AdEV group. (C) AdEV- and 
AdCaskin2-infected HUVECs were incubated with 10μg/ml cycloheximide 
(CHX) for the indicated times to inhibit protein synthesis. 
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Figure 8: Co-transfection with Caskin2 decreases Tie1 expression in Tie1-
transfected 293T cells 

293T cells were co-transfected with 2μg of pCMV-Sport6-hTie1 and the indicated 
μg of pcDNA3.1-HA-hCaskin2 as described in Chapter 2. Empty pcDNA3.1 was 
used to equalize the total DNA transfected (i.e., μg pcDNA3.1 = 4μg – Xμg 
pcDNA3.1-HA-hCaskin2). 24 hours post-transfection, cells were lysed and whole 
cell lysates were Western blotted for Tie1 and HA-Caskin2, using α-Tubulin as a 
loading control.  
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Figure 9: Orbital shear stress increases the expression of Caskin2 in HUVECs 

Confluent HUVECs were exposed to 6, 8, 12, or 24 hours of orbital shear stress 
(SS) by culturing on an orbital blot shaker set to 20rpm in a tissue-culture 
incubator (37°C, 5% CO2/95% room air). Control cells grown under static 
conditions. WB of whole cell lysates for Caskin2 shows that Caskin2 expression 
is increased with ≥8 hours exposure to orbital shear stress. Experiment 
performed by Jianhua Huang.  
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3.3 Discussion 

The majority of these data were collected early in the development this project, 

prior to the generation of sensitive and specific antibodies and q-RT-PCR primers for 

detecting endogenous Caskin2. Additionally, there was little context for these data as 

there were no publications referencing Caskin2 and very little was known regarding 

Tie1’s function and molecular mechanisms of action. However, more recent data 

(including our unpublished data, which is presented in subsequent chapters) do suggest 

that the physical interaction between these proteins may be functionally important. 

More specifically, these data suggest that Caskin2 and Tie1 play reciprocal roles in 

regulating EC phenotype, with Tie1 being associated with EC activation, sprouting, and 

inflammation and Caskin2 with EC quiescence and vascular stability (Chapters 5 and 

6).112, 115 These data are logically consistent with the data described above demonstrating 

that Caskin2 and Tie1 exhibit inverse expression patterns in response to shear stress and 

that over-expression of Caskin2 reduces Tie1 expression. Elucidating the molecular 

mechanisms for these effects is expected to provide more detailed insights into the 

functions of both Caskin2 and Tie1.  

It is interesting to note that Caskin2 did not interact with Tie2 in Y2H specificity 

testing whereas it did interact in an in vitro GST pulldown experiment. There are at least 

two potential explanations for this finding. First, an earlier observation in the Kontos lab 

based on screens of RTK cytoplasmic domains as baits in Y2H screens was that more 
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heavily tyrosine phosphorylated receptors tended to induce reporter expression even in 

the absence of a prey-expressing construct. This effect was felt to be a non-specific effect 

of the more acidic nature of any heavily phosphorylated protein bait, and as a result 

Tie2, but not Tie1, induced non-specific reporter activation. An approach to circumvent 

this effect is to express the bait of interest in a yeast strain with fewer lexA operator sites 

(i.e., bait binding sites) upstream of the lacZ and LEU2 reporters,170 although this results 

in lower sensitivity for detecting protein-protein interactions. Such a strain was used for 

the Tie2 bait but not Tie1, thus it is possible that a low affinity interaction of Caskin2 

with either receptor could be detected only for Tie1 because of the increased sensitivity 

of the yeast strain in which Tie1 was expressed. Second, as shown in Figure 6, 

interaction of Caskin2 with Tie2 but not Tie1 appears to occur in a tyrosine 

phosphorylation-dependent manner. Interestingly, most proteins that interact with 

RTKs in this manner do so by binding to the receptor only after tyrosine 

phosphorylation, not when it is dephosphorylated. As noted above, the Tie2 bait is 

tyrosine phosphorylated in yeast, thus it is possible that an interaction would not have 

been detected unless a kinase-inactive Tie2 bait had been used. Furthermore, it is 

possible that the interaction of Caskin2 with each receptor is through a different 

mechanism/domain, i.e., that its interaction with Tie1 is through a domain that is 

unaffected by tyrosine phosphorylation of the receptor. Additional experiments will be 
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needed to further understand the mechanisms by which Caskin2 interacts with the Tie 

receptors.  

Future directions include further characterizing the molecular interaction 

between Tie1 and Caskin2; defining the mechanism(s) of Caskin2 regulation of Tie1 

expression at the transcriptional and post-translational levels; and determining if 

Caskin2 modulates the physical and/or functional interactions between Tie1 and Tie2. 

We are also interested in exploring whether Caskin2 affects Tie1 function and expression 

during development as Tie1 is known to have seemingly contrary roles in development 

and in the adult vasculature. Published and unpublished data gathered during the last 

decade have led to improved understanding of the expression and functions of Caskin2 

and Tie1, allowing us to develop more informed hypotheses and better defined 

experimental endpoints. This, combined with the recent availability of more sensitive 

and specific reagents, make answering our long-standing questions regarding the 

relationship between Tie1 and Caskin2 significantly more experimentally tractable. 

Finally, although Casin2 was identified as an interactor for Tie1, it is interesting to 

speculate on the functional significance of its interaction with Tie2. As will be shown in 

subsequent chapters of this thesis, an important role for Caskin2 appears to be in 

maintenance of the normal, quiescent endothelium. Unlike the function of Tie1, which is 

linked more closely with endothelial activation and angiogenesis, Tie2 promotes 

endothelial quiescence, thus the functional roles of Tie2 and Caskin2 appear to be closely 
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aligned. Determining whether Caskin2 is required for the vascular maintenance effects 

of Ang1/Tie2 signaling may elucidate an important new mechanism of endothelial 

quiescence. 
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4. Caskin2 is a novel PP1-interacting protein that also 
interacts with cytoskeletal and intracellular trafficking 
proteins 

4.1 Introduction 

PP1 is a serine/threonine protein phosphatase of the phosphoprotein 

phosphatase superfamily. There are three isoforms of PP1: α (PPP1CA), β/δ (PPP1CB), 

and γ (PPP1CC), of which there are two splice variants, γ1 and γ2. PP1 isoforms are 

involved in numerous important cellular processes including the regulation of cellular 

metabolism, gene expression, cell cycle progression, cell survival and apoptosis, 

cytoskeletal rearrangement, and junctional stability.171-173 Unlike Ser/Thr protein kinases 

which generally feature a peptide binding cleft that confers susbtrate specificity, PP1 

contains no obvious binding cleft and has little intrinsic substrate specificity.174 Instead, 

substrate specificity appears to be conferred via the interaction of PP1 with one or more 

of the several hundred PP1-interacting proteins (PIPs) that have been identified.175, 176 

PIPs regulate PP1 activity through a variety of mechanisms, including regulation of PP1 

subcellular localization, scaffolding of PP1 to specific substrates, general inhibition of 

PP1 catalytic activity, and inhibiting or enhancing activity toward specific physiological 

substrates.175 A subset of PIPs have also been identified as PP1 substrates themselves, 

suggesting reciprocal regulatory mechanisms may exist.175 The majority of identified 

PIPs bind to PP1 via an RVxF-type motif, although other motifs known as SILK and 

MyPhoNE sequences can also facilitate binding.175, 176 In addition to interacting with 
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these well-defined motifs, PP1 can have secondary interactions with intrinsically 

unstructured regions.177-179 The data presented below show that Caskin2 interacts with 

PP1 primarily through a conserved RVxF-like motif, that Caskin2 is itself a PP1 

substrate, and that disruption of the Caskin2 PP1-binding motif alters Caskin2 stability 

and subcellular localization. Additional proteomic data demonstrate that Caskin2 also 

interacts with numerous proteins that are involved in cytoskeletal rearrangement and 

intracellular trafficking. 

4.2 Results 

4.2.1 Caskin2 interacts with PP1 via a non-canonical RVxF-like motif 

In our early analyses of Caskin2, we focused on identifying structurally-similar 

ankyrin repeat-containing proteins. One such protein is MYTP1, a well-described PIP 

and regulatory subunit of the myosin light chain phosphatase complex. The structural 

similarity between these proteins led us to examine Caskin2 for potential PP1 binding 

motifs. We identified the N-terminal sequence NVNY (amino acids 41-44) as a potential 

RVxF-like binding motif. Although this motif is not identical to the canonical consensus 

sequence, it contains the most important features known to regulate PP1 binding, 

specifically the hydrophobic valine (or isoleucine) in the second position and a bulky 

residue in the fourth position (phenylalanine, tryptophan, or tyrosine).180, 181 The NVNY 

motif is conserved in every vertebrate species we examined, although valine is 

substituted with the similar amino acid isoleucine in cow and mouse (Figure 10).  
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Figure 10: Conservation of the Caskin2 PP1 binding motif 

Caskin2’s conserved RVxF-like motif is located between amino acids 41 and 44 
and is N-terminal to the ankyrin repeats. This motif is not present in human 
Caskin2 isoform b, which starts at residue 83 of isoform a.  
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A similar motif (NVNF) is also present in human Caskin1 in the same location. 

Interestingly, this motif is not present in Caskin2 isoform b, as it is located within the 82 

amino acids that are absent from its N-terminus. Peptide binding experiments 

demonstrate that PP1α is able to bind directly to this motif. Purified recombinant PP1α 

(rPP1α) bound to an agarose bead-conjugated wild-type (WT) peptide 

(KRLNVNYQDA) but did not bind to a “mutant” peptide in which the NVNY motif was 

replaced with NGNG (KRLNGNGQDA) or to agarose beads with no conjugated peptide 

(Figure 11A). We also observed that WT Caskin2 co-immunoprecipitates with PP1α in 

293T cells and that this interaction is significantly reduced, but not completely 

abrogated, by mutagenesis of the NVNY motif to NGNG (Figure 11B). This residual 

binding between PP1α and the NGNG mutant may be due to interaction of the NGNG 

mutant with endogenous WT Caskin2. Caskin1 forms homopolymers via head-to-tail 

interactions between its tandem SAM domains, and Caskin2 is predicted to do the 

same.130, 182 However, it could also suggest that the predicted structural disorder of the 

Caskin2 C-tail contributes to Caskin2-PP1α binding, as is the case for several well-

described PIPs, including MYPT1.178, 179, 183 
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Figure 11: PP1 binds directly to the NVNY motif, and mutagenesis of the 
NVNY motif reduces Caskin2-PP1 binding 

(A) Synthetic peptides of the sequences KRLNVNYQDA (WT) and 
KRLNGNGQDA (NGNG) were conjugated to agarose and used to pull down 
recombinant (r) human PP1α. (B) pcDNA3 hCaskin2 WT or NGNG was 
transfected into 293T cells. Although both proteins co-IP with PP1α, the NGNG 
mutation significantly reduces binding. Short and long exposures of the PP1 blot 
are included to clearly show PP1 in both the WCL and IP lanes.  
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4.2.2 Caskin2 does not affect PP1 activity or localization 

We next examined whether Caskin2 had any effect on the subcellular localization 

or catalytic activity of PP1. There were no differences in the phosphatase activity of 

PP1α immunoprecipitated from cells transfected with Caskin2 WT versus non-

transfected or GFP-transfected control cells (Figure 12). However, this assay utilizes a 

synthetic phospho-peptide substrate, and these results do not preclude the possibility 

that Caskin2 directs PP1 to a specific, as yet unidentified substrate. Transfection with 

Caskin2 WT also did not appear to affect the subcellular localization of GFP-PP1α as 

determined by live cell imaging (Figure 13). 
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Figure 12: Caskin2 does not affect PP1 catalytic activity 

The Profluor Ser/Thr phosphatase assay was used to measure the catalytic 
activity of PP1α IP’d from 293T cells transfected with either no DNA, pcDNA3 
GFP, or pcDNA3 hCaskin2 WT. Background signal from a Protein G agarose 
beads-only control was subtracted and data were normalized to the mean of the 
no DNA group. After reading the fluorescent signal, the median sample of each 
group was run on SDS-PAGE and Western blotted to confirm expression of 
Caskin2 and IP of PP1α. Right panel: representative WB.  
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Figure 13: Caskin2 does not affect the subcellular localization of PP1α 

293T cells were transfected with pcDNA3 GFP-PP1α and either no DNA, empty 
pcDNA3, or pcDNA3 hCaskin2 WT. Cells were incubated with Hoechst to label nuclei 
and imaged on a Zeiss 510 inverted confocal microscope. After imaging, cells were lysed 
and WCL’s were run on SDS-PAGE to confirm expression of Caskin2 and GFP-PP1α. 
Bottom panel: Representative WB.  
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4.2.3 PP1 regulates Caskin2 localization, stability, and Ser/Thr 
phosphorylation 

PIPs are often themselves dephosphorylated by PP1, leading us to ask whether 

Caskin2 is a potential PP1 substrate. This possibility was further suggested by our 

observation that the Caskin2 NGNG mutant underwent an upward gel mobility shift, 

suggesting differences in post-translational modification of Caskin2 when PP1 binding is 

disrupted (Figure 11B). We found that chemical inhibition of PP1 and PP2A by 50nM 

Calyculin A (CA) resulted in an upward gel shift of Caskin2 as well as an increase in 

Ser/Thr phosphorylation as detected by a pSer/Thr-Phe motif antibody (Figure 14A). 

Treatment with 5nM okadaic acid (OA), which is selective for PP2A, did not induce the 

upward gel-shift or p-Ser/Thr signal, indicating that PP1 inhibition is responsible for the 

observed increase in Caskin2 Ser/Thr phosphorylation. Because of the discrete nature of 

the gel shift observed after Calyculin A treatment, we hypothesized that PP1 acted on 

only a small number of sites. However, phospho-proteomic analysis revealed that 

numerous sites on Caskin2 are differentially phosphorylated after treatment with CA 

(Figure 14B). Quantitative analysis of these phosphopeptides indicates that many of 

these phosphorylation events are upregulated by 100- to 1000-fold after CA treatment 

(Table 5). Although there were some phosphorylation changes associated with OA 

treatment, the number of peptides identified and magnitude of increase in 

phosphorylation was much lower than in the CA treatment group (Table 6). In fact, the 

majority of the OA-responsive peptides were actually found to be less phosphorylated 
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in the OA group than in the DMSO control group. These data suggest that Caskin2 is a 

PP1 substrate; however, they do not exclude the possibility that these phosphorylation 

changes are an indirect result of PP1 inhibition. 

Interestingly, disruption of the PP1-Caskin2 interaction appears to promote 

Caskin2 nuclear localization (Figure 15) and decrease Caskin2 stability (Figure 16), 

suggesting that Ser/Thr phosphorylation plays a role in Caskin2 subcellular localization 

and degradation. 
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Figure 14: Chemical inhibition of PP1 promotes Ser/Thr phosphorylation of Caskin2 

(A) 293T cells were transfected with pcDNA3 hCaskin2 WT. The next day, cells were 
changed to fresh GM containing either DMSO, 5nM OA, or 50nM CA and incubated at 
37°C for 30min. Cells were lysed and HA-Caskin2 was IP’d using anti-HA resin. 
Samples were run on SDS-PAGE and blotted for the presence of phosphorylated 
Ser/Thr-Phe motifs. CA induced a positive pS/T-F signal and a discrete upward gel shift 
of the Caskin2 band. (B) ECRF cells were infected with AdCaskin2 and allowed to 
recover in fresh GM for an additional 24 hours. Cells were treated with DMSO, 5nM OA, 
or 50nM CA at 37°C for 30min. HA-Caskin2 was IP’d using anti-HA resin. Differentially 
phosphorylated peptides were identified by mass spectrometry (see Methods). Increases 
in phosphorylation vs. the DMSO group at a given residue are represented by red and 
decreases are represented by blue. The color intensity is proportional to the fold-change 
in phosphorylation (maximum intensity: 100-fold).  
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Table 5: Calyculin A-responsive peptides 

Peptide Amino Acid(s) Fold 
change 

GHIHES[+80]QR S327 1000 

IGYFPPGIVEVVS[+80]KR S346 1000 

LPS[+80]APTPLRPGFS[+80]R S358, S368 1000 

LPS[+80]APT[+80]PLRPGFSR S358, T361 1000 

TPQPPAEEPPHPLTYS[+80]QLPR S385 1000 

S[+80]PS[+80]QES[+80]IGAR S695, S697, S700 1000 

TSPS[+80]VTPT[+80]PAR S844, T848 1000 

TSPS[+80]VTPTPARGT[+80]PR S844, T853 1000 

S[+80]QS[+80]FALR S856, S858 1000 

GS[+80]S[+80]GEGLPFAEEGNLT[+80]IK S945, S946, T959 1000 

VPGAGT[+80]APKPVSVAC[+57]TQLAFSGPK T1100 1000 

LEQT[+80]SSS[+80]LAAALR T1150, S1153 1000 

SIGTKEQEGT[+80]PSASTK T1174 1000 

EQEGT[+80]PS[+80]ASTK T1174, S1176 1000 

EQEGT[+80]PSAS[+80]TK T1174, S1178 1000 

T[+80]KLLGSTK T31 1000 

NLPEGT[+80]ERPPK T736 1000 

T[+80]S[+80]PSVTPTPARGT[+80]PR T841, S842, T853 1000 

T[+80]SPSVTPT[+80]PARGT[+80]PR T841, T848, T853 1000 

TSPSVTPTPARGT[+80]PR T853 1000 

GT[+80]PRS[+80]QS[+80]FALR T853, S856, S858 1000 

ETPVPPGLDFNLT[+80]ESDT[+80]VKR T985, T989 1000 

ETPVPPGLDFNLTESDT[+80]VKR T989 1000 

TSPSVTPT[+80]PAR T848 838 

TSPS[+80]VTPTPAR S844 819 

TSPSVT[+80]PTPAR T846 697 

LEQTSSS[+80]LAAALR S1153 662 

LPSAPT[+80]PLRPGFSR T361 631 

SALVRT[+80]SPS[+80]VTPTPAR T841, S844 479 
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LPS[+80]APT[+80]PLRPGFS[+80]R S358, T361, S368 457 

GHIHESQRGT[+80]DR T331 454 

NTYNQTALDIVNQFT[+80]TSQASR T265 441 

GHIHES[+80]QRGTDR S327 422 

GPELM[+16]AIEGLENGEGPAT[+80]AGPR T659 414 

LPSAPT[+80]PLRPGFS[+80]R T361, S368 370 

EQEGT[+80]PSASTK T1174 295 

GTPRS[+80]QSFALR S856 290 

NS[+80]VGSEGSVGSIR S403 287 

SALVRT[+80]SPSVT[+80]PTPAR T841, T846 272 

NSVGSEGSVGS[+80]IR S412 253 

LPSAPTPLRPGFS[+80]R S368 246 

AAEKS[+80]IGTK T1165 205 

ETPVPPGLDFNLTESDT[+80]VK T989 159 

ETPVPPGLDFNLT[+80]ESDT[+80]VK T985, T989 156 

NSVGSEGS[+80]VGSIR S409 144 

VGLS[+80]PDS[+80]PAGDRNS[+80]VGSEGSVGSIR S393, S396, S403 139 

M[+16]TPEDLTAIGVT[+80]KPGHR T534 121 

NSVGSEGS[+80]VGS[+80]IR S409, S412 116 

NS[+80]VGS[+80]EGSVGSIR S403, S406 116 

IGYFPPGIVEVVS[+80]K S346 83 

LEQT[+80]SSSLAAALR T1150 82 

T[+80]PQPPAEEPPHPLTYSQLPR T370 77 

TPQPPAEEPPHPLT[+80]YSQLPR T383 75 

SIGT[+80]KEQEGTPSASTK T1168 69 

S[+80]GEQIFT[+80]QDVRPEQLLEGK S471, T477 65 

LPS[+80]APTPLRPGFSR S358 64 

EAS[+80]GILK S281 53 

SALVRT[+80]SPSVTPTPAR T841 53 

GSS[+80]GEGLPFAEEGNLTIK S946 47 

SIGT[+80]KEQEGT[+80]PS[+80]ASTK T1168, T1174, S1176 45 

LLGS[+80]TKR S36 32 
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GLLQGEALS[+80]EGGR S663 28 

GLLQGEALS[+80]EGGRR S663 27 

SQS[+80]FALR S858 21 

AGDVIT[+80]VLEQHPDGR T310 17 

S[+80]GEQIFTQDVRPEQLLEGK S471 15 

VGLS[+80]PDS[+80]PAGDR S393, S396 13 

VGLSPDS[+80]PAGDR S396 13 

T[+80]GTALHEAALYGK T221 11 

TGT[+80]ALHEAALYGK T221 11 

EQEGTPS[+80]ASTK S1176 7 

VGLSPDS[+80]PAGDRNSVGS[+80]EGSVGSIR S396, S406 7 

VGLSPDS[+80]PAGDRNSVGSEGS[+80]VGSIR S396, S409 6 

LEQTS[+80]SSLAAALR S1151 6 

T[+80]SPSVTPTPAR T841 2 

SPSQES[+80]IGAR S700 -2 

GS[+80]S[+80]GEGLPFAEEGNLTIK S945, S946 -2 

S[+80]PSQESIGAR S695 -3 

SPS[+80]QESIGAR S697 -3 

NSVGS[+80]EGSVGSIR S406 -3 

TGTALHEAALY[+80]GK Y231 -5 
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Table 6: Okadiac acid-responsive peptides 

Peptides Amino Acid(s) Fold 
Change 

TSPSVT[+80]PTPAR T846 5 

LPS[+80]APTPLRPGFS[+80]R S358, S368 5 

ETPVPPGLDFNLTESDT[+80]VKR T989 3 

TSPSVTPTPARGT[+80]PR T853 2 

NTYNQTALDIVNQFT[+80]TSQASR T265 -2 

GTPRS[+80]QSFALR S856 -2 

LEQTS[+80]SSLAAALR S1151 -3 

LPS[+80]APT[+80]PLRPGFSR S358, T361 -3 

SALVRT[+80]SPS[+80]VTPTPAR T841, S844 -3 

SALVRT[+80]SPSVT[+80]PTPAR T841, T846 -3 

ETPVPPGLDFNLT[+80]ESDT[+80]VK T985, T989 -4 

S[+80]PS[+80]QES[+80]IGAR S695, S697, S700 -5 

GPELM[+16]AIEGLENGEGPAT[+80]AGPR T659 -9 

LPSAPT[+80]PLRPGFS[+80]R T361, S368 -10 

TSPS[+80]VTPTPARGT[+80]PR S844, T853 -15 
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Figure 15: Mutagenesis of Caskin2’s PP1 binding motif promotes Caskin2 
nuclear localization 

293T cells were transfected with pcDNA3 hCaskin2 WT or NGNG constructs 
(NGNG used at 10x DNA concentration). Cells were fractionated by trituration 
in a 0.1% IGEPAL solution (see Methods) and WCL, cytoplasmic, and nuclear 
fractions were run on SDS-PAGE. α-Tubulin and LaminB were blotted to assess 
the purity of fractionation.  
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Figure 16: Mutagenesis of Caskin2’s PP1 binding motif decreases its half-life 

293T cells were transfected with equal amounts of pcDNA3 hCaskin2 WT or NGNG 
DNA. Cells were incubated with 10μg/ml cycloheximide (CHX) for the indicated times 
to inhibit protein synthesis. WB of HA-Caskin2 shows that the WT protein is stable for at 
least 2 hours while the NGNG protein is rapidly degraded.  



 

86 

4.2.4 Caskin2 interacts with cytoskeletal proteins and proteins 
involved in intracellular trafficking 

The predominance of protein-protein interaction domains within Caskin2 

suggests that it functions as a scaffolding protein. In addition to characterizing its 

binding to PP1, we used mass spectrometry to perform an unbiased screen for other 

proteins that interact with Caskin2. We identified 58 unique proteins that bound to HA-

Caskin2 expressed in HUVEC lysates but not to a negative control sample. The gene 

symbols and protein names of the Caskin2-interacting proteins can be found in Table 7. 

Gene ontology (GO) analysis of molecular function GO annotations using the 

PANTHER Overrepresentation Test shows that the list of Caskin2-interacting proteins is 

associated with molecular adaptor functions (Table 8).158, 159 In fact, 50 of the 58 proteins 

are associated with the GO annotation “binding”. More specific functional themes 

include binding to GTPases, actin-filaments, ion channels, ubiquitin ligases, and 

phosphoserine motifs. Similar analysis of biological process GO annotations shows that 

Caskin2-interacting proteins are primarily associated with cytoskeletal remodeling and 

GTPase signaling pathways (Table 9). Interestingly, there are also several statistically 

significant associations with pathways related to nervous system development. These 

associations are graphically represented in a word cloud in Figure 17. Finally, it is 

important to note that PP1α was identified in this screen, further supporting our 

previous finding that Caskin2 is a PIP (Table 7). 
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Table 7: Caskin2-interacting proteins 

gene 
symbol protein name 

Actin binding proteins, members of the WAVE complex 

WASF2 WAS Protein Family, Member 2 

ARPC4 Actin Related Protein 2/3 Complex, Subunit 4, 20kDa 

NCKAP1 NCK-Associated Protein 1 

ABI1 Abl-Interactor 1 

DBN1 Drebrin 1 

ABI3 ABI Family, Member 3 

ABI2 Abl-Interactor 2 

CAPZA2 Capping Protein (Actin Filament) Muscle Z-Line, Alpha 2 

TPM3 Tropomyosin 3 

SVIL Supervillin 

LIMA1 LIM Domain and Actin Binding 1 

MYO5A Myosin VA 

TMOD1 Tropomodulin 1 

CORO1C Coronin, Actin Binding Protein, 1C 

CFL1 Cofilin 1 (None-Muscle) 

LIMCH1 LIM And Calponin Homology Domains 1 

TLN1 Talin 1 

CYFIP1 Cytoplasmic FMR1 Interacting Protein 1 

GTPases and associated regulatory proteins 

ARF5 ADP-Ribosylation Factor 5 

RALA Ras Related GTP binding Protein A 

RASIP1 Ras Interacting Protein 1 

RAC2 Ras-Related C2 Botulinum Toxin Substrate 2 

RAP1B RAP1B, Member of Ras Oncogene Family 

GIT1 G Protein-Coupled Receptor Kinase Interacting ArfGAP 1 

Ser/Thr phosphorylation related proteins 

PPP2R2A Protein Phosphatase 2, Regulatory Subunit B, Alpha 

PPP1CA Protein Phosphatase 1, Catalytic Subunit, Alpha Isozyme 
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PPP2R1A Protein Phosphatase 2, Regulatory Subunit A, Alpha 

PPP1R12A Protein Phosphatase 1, Regulatory Subunit 12A 

YWHAE Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein, Epsilon 

YWHAG Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein, Gamma 

YWHAZ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein, Zeta 

YWHAQ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein, Theta 

YWHAB Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein, Beta 

Proteins involved in endocytosis and intracellular trafficking 

AP2A1 Adaptor -Related Protein Complex 2, Alpha 1 Subunit 

SNX9 Sorting Nexin 9 

CAV1 Caveolin 1, Caveolae Protein, 22kDa 

AP2B1 Adaptor -Related Protein Complex 2, Beta 1 Subunit 

Proteins involved in cell stress responses 

HSPA8 Heat Shock 70kDa Protein 8 

DDX1 DEAD (Asp-Glu-Ala-Asp) Box Helicase 1 

HSPA9 Heat Shock 70kDa Protein 9 (Mortalin) 

HSPH1 Heat Shock 105kDa/110kDa Protien 1 

HSPA5 Heat Shock 70kDa Protein 5 (Glucose-Regulated Protein, 78kDa) 

SDPR Serum Deprivation Response 

Other 

GNB4 Guanine Nucleotide Binding Protein (G Protein), Beta Polypeptide 4 

C1QBP Complement Component 1, Q Subcomponent Binding Protein 

NT5E 5'-Nucleotidase, Ecto (CD73) 

TUBB2B tubulin, Beta 2B Class Iib 

C14orf166 Chromosome 14 Open Reading Frame 66 

FMNL2 Formin-Like 2 

ANPEP Alanyl (Membrane) Aminopeptidase 

YES1 YES Proto-Oncogene 1, Src Family Tyrosine Kinase 

KANK3 KN Motif and Ankyrin Repeat Domains 3 

GRB2 Growth Factor Receptor-Bound Protein 2 

CD59 CD59 Molecular, Complement Regulatory Protein 
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KANK2 KN Motif and Ankyrin Repeat Domains 2 

CALM1 Calmodulin 1 (Phosphorylase kinase, Delta) 

HSPG2 Heparan Sulfate Proteoglycan 2 

HNRNPK Heterogeneous Nuclear Ribonucleoprotein K 
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Table 8: “Molecular function” GO analysis of Caskin2-interacting proteins 

GO annotation GO 
accession # 

# genes in 
GO category 

# Caskin2 
interactors in GO 

category 

phosphoserine binding 0050815 3 2 

Rac GTPase binding 0048365 20 4 

Rho GTPase binding 0017048 30 4 

actin filament binding 0051015 49 4 

ion channel binding 0044325 62 4 

Ras GTPase binding 0017016 99 5 

small GTPase binding 0031267 108 5 

GTPase binding 0051020 124 5 

ubiquitin protein ligase binding 0031625 202 8 

ubiquitin-like protein ligase binding 0044389 205 8 

protein domain specific binding 0019904 307 7 

protein complex binding 0032403 400 16 

macromolecular complex binding 0044877 558 17 

enzyme binding 0019899 1088 20 

protein binding 0005515 9227 49 

binding 0005488 9911 50 
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Table 9: “Biological process” GO analysis of Caskin2-interacting proteins 

GO annotation GO 
accession # 

# genes in 
GO category 

# Caskin2 
interactors in 
GO category 

positive regulation of Arp2/3 complex-
mediated actin nucleation 2000601 5 3 

regulation of Arp2/3 complex-mediated 
actin nucleation 0034315 6 3 

positive regulation of actin nucleation 0051127 8 3 

Rac protein signal transduction 0016601 10 3 

positive regulation of lamellipodium 
assembly 0010592 10 3 

regulation of actin nucleation 0051125 12 3 

regulation of lamellipodium assembly 0010591 15 3 

positive regulation of lamellipodium 
organization 1902745 18 4 

regulation of lamellipodium 
organization 1902743 25 4 

Ras protein signal transduction 0007265 38 4 

small GTPase mediated signal 
transduction 0007264 42 4 

substantia nigra development 0021762 45 5 

midbrain development 0030901 45 5 

neural nucleus development 0048857 47 5 

regulation of cell projection assembly 0060491 57 5 

positive regulation of cell projection 
organization 0031346 96 5 
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brain development 0007420 103 5 

regulation of actin cytoskeleton 
organization 0032956 127 6 

actin filament-based process 0030029 138 6 

regulation of cell projection 
organization 0031344 144 7 

regulation of actin filament-based 
process 0032970 155 6 

nervous system development 0007399 325 9 

regulation of cellular component 
biogenesis 0044087 344 9 

positive regulation of cellular 
component organization 0051130 677 11 

multicellular organismal development 0007275 892 12 

regulation of cellular component 
organization 0051128 1188 17 
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Figure 17: Graphical representation of Caskin2 interactome GO associations 

The GO annotations in Tables 8 and 9 were used to generate word clouds using the 
online tools at <www.wordle.net>. The size of the word reflects the frequency with 
which the word appears in the input list. Common English words such as “the” and “of” 
were excluded. 
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4.3 Discussion 

Although these data show that Caskin2 is a novel PIP, our data indicate that 

Caskin2 does not affect PP1 subcellular localization or alter its catalytic activity toward a 

phosphorylated peptide substrate (Figures 12 and 13). However, several PP1 regulatory 

subunits have been identified that enhance PP1 activity toward specific physiological 

substrates but have no effect on, or even inhibit PP1 activity in assays using synthetic 

peptides and phosphorylase as substrates.175 Additional mass spectrometry studies 

comparing the phosphoproteome of Caskin2 WT- versus NGNG-expressing cells may 

help to identify potential substrates for the Caskin2-PP1 holoenzyme. Furthermore, 

many of the cytoskeletal proteins that appear in the Caskin2 interactome are regulated 

by Ser/Thr phosphorylation and dephosphorylation by PP1. These are logical candidates 

for Caskin2-PP1 substrates given their interaction with Caskin2 and our data indicating 

that Caskin2 regulates cellular migration and endothelial permeability (Chapter 5). 

The RVxF-like PP1 binding motif that we identified in human Caskin2 is highly 

conserved in vertebrates and appears to be responsible for the majority of Caskin2-PP1 

binding (Figures 10 and 11). Mutagenesis of this motif to NGNG revealed that the 

interaction between Caskin2 and PP1 regulates Caskin2 subcellular localization and 

stability (Figures 15 and 16). Although the exact function of Caskin2 remains unclear, 

microarray data described in Chapter 5 demonstrate that expression of Caskin2 alters 

gene expression in a manner consistent with promoting cellular quiescence. This 
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suggests that altering the ratio of cytoplasmic to nuclear Caskin2 may have functional 

consequences. Interestingly, there were very few nuclear proteins identified as Caskin2 

interactors despite the fact that Caskin2 is detectable in the nucleus. This may be due to 

the fact that a higher proportion of WT Caskin2 localizes to the cytoplasm, the lysis 

conditions used in our experiments, and/or the presence of numerous cytoskeletal 

interacting proteins, which tend to be relatively abundant.  

We hypothesize that the decreased stability of the NGNG mutant is due to 

increased Ser/Thr phosphorylation of its many PEST domains, which are known to 

target proteins for proteasomal degradation. This hypothesis is consistent with the 

significant increase in Ser/Thr phosphorylation of Caskin2 that we observed when PP1 

was inhibited (Figure 14). Unfortunately, identification of the kinase(s) responsible for 

phosphorylating Caskin2 is difficult due to the large number of sites that are affected by 

PP1 inhibition. It is possible that the number of potential target phosphorylation sites 

could be reduced by using mass spectrometry to compare the phosphorylation states of 

the WT and NGNG proteins without chemical inhibition. This approach would be more 

targeted, as calyculin A is selective for PP1, but not completely specific. Furthermore, 

even if a completely specific inhibitor of PP1 were available, broad inhibition of PP1 

catalytic activity alters numerous cellular signaling pathways that could indirectly 

influence Caskin2 phosphorylation.  
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Interestingly, the NVNY motif is located at amino acids 41-44 of Caskin2 isoform 

a (i.e. “WT”), which is within the N-terminal 82-amino acids that are absent from 

isoform b (Figure 1). Preliminary data indicate that, similar to the NGNG mutant, the 

half-life of isoform b is much shorter than isoform a (not shown). This suggests that PP1 

binding may represent an important functional difference between the two isoforms. 

Additionally, the presence of a tyrosine residue in the NVNY motif suggests that the 

phosphorylation state of Y44 could regulate PP1 binding. The single isoform of Caskin1 

contains a similar potential PP1 binding motif composed of the amino acids NVNF. 

Based on the presence of this sequence and the highly homologous domain architecture 

of Caskin1 and Caskin2, we speculate that Caskin1 may also be a novel PIP. This is 

particularly intriguing in light of the significant associations between the GO 

annotations of the Caskin2-interacting proteins we identified and biological processes 

related to axon guidance and the development of the nervous system (Table 9). 

Finally, the abundance of WAVE complex components, GTPases and regulatory 

proteins, and vesicular adaptor proteins identified as Caskin2 interactors suggests that 

Caskin2 may play a role in endocytosis and intracellular trafficking. This is consistent 

with the hypothesis that Caskin2 promotes internalization and degradation of Tie1, 

proposed in Chapter 3. Tie1 was not identified as an interacting protein in our proteomic 

screen, however this may be due to the relative abundance of Caskin2’s cytoskeletal 

protein interactors or to the high context-dependency of the Caskin2-Tie1 interaction. 
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Additionally, the adaptor protein GRB2, which is known to interact with numerous 

RTKs in a context-dependent manner, was identified as a Caskin2 interactor. 
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5. Caskin2 promotes endothelial cell quiescence 

5.1 Introduction 

The mature vascular endothelium consists of a monolayer of contact-inhibited 

cells in the G0 phase, referred to as quiescent or “resting” ECs. The commonly accepted 

definition of quiescence is a state of reversible cell cycle arrest, i.e., a quiescent cell is not 

proliferating but retains the capacity to do so.184 This distinguishes it from senescence, 

which is a permanent growth arrest that occurs in response to cellular stressors.185 The 

reversibility of growth arrest is a particularly important feature of quiescence in the 

context of ECs, which must retain their ability to respond to angiogenic stimuli despite 

being fully differentiated. However, the phrase “endothelial quiescence” is often used to 

refer to a group of features beyond just the proliferative state of the cell. In general, a 

quiescent EC refers to a cell that is non-proliferative, non-migratory, selectively 

permeable, non-inflammatory, and anti-thrombotic. Similarly, the term “endothelial 

activation” can be used to refer to a variety of EC phenotypes resulting from perturbed 

endothelial quiescence and is often used in the context of angiogenic, inflammatory, and 

thrombotic processes.  

Although mature vessels were once thought of as simply passive conduits for 

blood flow, accumulating evidence indicates that the maintenance of vascular 

homeostasis is a dynamic process that depends on continuous signaling activity in 

quiescent ECs.186 The signaling pathways that maintain EC quiescence and vascular 
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homeostasis are distinct from those that initiate angiogenesis but are comparatively 

poorly understood. Although endothelial activation is necessary for important processes 

such as physiological angiogenesis and wound healing, inappropriate EC activation is a 

fundamental component of many cardiovascular diseases including coronary artery 

disease, peripheral artery disease, stroke, and ischemia-reperfusion injury. EC activation 

can also cause or contribute to the development of other disorders of significant public 

health impact, including diabetic retinopathy, malignancies, and sepsis. The data 

presented below demonstrate that Caskin2 is highly expressed in the mature vasculature 

and appears to be a novel regulator of EC quiescence in a variety of contexts.  

5.2 Results 

5.2.1 Caskin2 is expressed primarily in the vasculature in vivo 

Northern blotting for Caskin2 mRNA revealed that Caskin2 is broadly expressed 

in human and mouse tissues (Figure 18). q-RT-PCR of cDNA derived from a variety of 

mouse tissues confirmed that Caskin2 mRNA is broadly expressed (Figure 19). 

Interestingly, the apparent abundance of Caskin2 transcripts in mouse tissues was not 

consistent between the Northern blotting and q-RT-PCR assays. For example, the 

Northern blot data suggest that Caskin2 expression is significantly higher in liver than in 

lung, while the q-RT-PCR data suggest that lung has the highest expression level of any 

tissue tested.  



 

100 

 

Figure 18: Caskin2 is broadly expressed in human and mouse tissues 

Northern blot of total RNA from human and mouse tissues samples 
demonstrating that Caskin2 is broadly expressed. The lack of signal in the mouse 
skeletal muscle lane may be attributable to poor mRNA quality. Full-length 
Caskin2 v1 mRNA is indicated by the arrowheads. There is an additional, 
slightly smaller band in both human and mouse samples. We hypothesize that 
this represents v2. Experiment performed by Richard Ro. 
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Figure 19: q-RT-PCR confirms that Caskin2 is broadly expressed in mouse 
tissues 

q-RT-PCR of cDNA derived from various mouse tissues confirms that Caskin2 is 
broadly expressed. This experiment was performed using commercially available 
Taqman primer-probe sets (see Methods). The data are normalized to the 
geometric mean of 3 housekeeping genes and presented as ratios (not fold-
changes as in the ΔΔCt analysis method). When analyzed using the ΔΔCt 
analysis method, Caskin2 expression in the lung is over 100-fold higher than in 
adipose tissue, which had the lowest expression level.  
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Figure 20: Developmental expression of Caskin2 peaks at embryonic day 15 

(A) Northern blot of total RNA isolated from mouse embryos at the indicated days post-
conception (dpc). Caskin2 mRNA is indicated by the arrowhead. Experiment performed 
by Richard Ro. (B) q-RT-PCR of cDNA derived from mouse embryos at the indicated 
embryonic days. This experiment was performed using commercially available Taqman 
primer-probe sets (see Methods). The data are normalized to the geometric mean of 3 
housekeeping genes, and fold-change in Caskin2 was calculated relative to E7 using the 
ΔΔCt method.  
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However, Northern blotting and q-RT-PCR data consistently demonstrated that 

developmental expression of Caskin2 peaks at approximately E15 (Figure 20). X-gal 

staining of Caskin2+/LacZ heterozygotes demonstrates that the Caskin2 promoter is active 

primarily in the vasculature in vivo, which may account for its broad expression in 

whole tissue samples (Figure 21). These staining patterns are consistent with 

independent X-gal staining performed by the Knockout Mouse Project (KOMP) and 

International Mouse Phenotyping Consortium (IMPC).187, 188 The promoter appears to be 

active in vascular smooth muscle cells (VSMCs) and non-vascular SMCs as well. The 

high level of X-gal staining in the lung parenchyma suggests that the q-RT-PCR data 

indicating high Caskin2 mRNA expression in the lung is accurate, although it is possible 

that promoter activity and mRNA expression are not positively correlated in this case. 

Figure 21 also shows that Caskin2 promoter activity is high in the ECs lining the aortic 

lumen, but is reduced at branch points. Caskin2 mRNA is expressed in human ECs in 

culture as well, with the highest level of expression observed in HUVECs (Figure 22). 
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Figure 21: X-gal staining of Caskin2+/LacZ heterozygotes demonstrates that Caskin2 is 
expressed in the vasculature 

Tissues were dissected from Caskin2+/LacZ heterozygous mice and either fixed in 4% PFA 
(whole organs) or embedded in OCT and flash-frozen. Frozen sections were fixed with 
4% PFA after sectioning. Tissues were stained with X-gal and reactions were stopped 
before non-specific staining developed in the corresponding WT tissue (processed in 
parallel). Arrowheads indicate reduced expression of Caskin2 at branch points in the 
aortic lumen.  
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Figure 22: Caskin2 is expressed in human endothelial cells in vitro 

q-RT-PCR of cDNA derived from primary and immortalized human endothelial 
cells. This experiment was performed using commercially available Taqman 
primer-probe sets (see Methods). The data are normalized to ACTB expression 
and presented as ratios (not fold-changes as in the ΔΔCt analysis method). Ratios 
were normalized to the mean expression in HUVECs. When analyzed using the 
ΔΔCt analysis method, Caskin2 expression in HUVECs is over 400-fold higher 
than in U937 monocytes, which had the lowest expression level. Although 
Caskin2 was detectable in U937 cells in this experiment, expression in U937 cells 
tends to be quite low, and is often below the threshold of detection (i.e. Ct > 35).  
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5.2.2 Caskin2 promotes a quiescent phenotype in cultured endothelial 
cells 

Although Caskin2 appears to be highly expressed in HUVECs at the mRNA 

level, the endogenous protein is difficult to detect by Western blotting. We hypothesized 

that this was due to degradation and therefore used AdCaskin2 to “re-express” Caskin2 

for many of our initial in vitro experiments. Data from these experiments demonstrated 

that Caskin2 induces a quiescent phenotype in cultured ECs. Caskin2 expression inhibits 

HUVEC proliferation, cell cycle progression, and DNA synthesis in normal growth 

conditions (Figures 23 and 24). These findings are not due to an increase in cell death; in 

fact, Caskin2 promotes HUVEC survival under conditions of hypoxia and nutrient 

deprivation (Figure 25). Although there is significant overlap between quiescent and 

senescent phenotypes, Caskin2 expression does not upregulate expression of the 

senescence-associated markers β-galactosidase or p16 (Figure 26), suggesting that 

Caskin2-expressing cells are not senescent. There data are consistent with the high level 

of Caskin2 promoter activity in the mature vasculature in vivo, and suggest that the role 

of Caskin2 may be to promote EC quiescence in the mature vasculature. 
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Figure 23: Caskin2 inhibits EC proliferation in vitro 

HUVECs were plated sparsely in 0.1% gelatin-coated 24-well plates and allowed 
to adhere overnight. Cells were then incubated with EGM containing no 
adenovirus, AdGFP, or AdCaskin2 overnight. Cells were subsequently 
trypsinized and counted every 24 hours by staining with Trypan blue. “Day 0” 
cell counts were taken from 3 wells of uninfected cells on the day of infection, 
and all data were normalized to the mean of the Day 0 counts. Data were 
compiled from 6 independent experiments consisting of 3-6 technical replicates 
per group. NS: not significant, *p < 0.05 vs. both control groups. 
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Figure 24: Caskin2 slows cell cycle progression in endothelial cells in vitro 

In both experiments, sparsely plated HUVEC’s were incubated overnight with EGM 
containing no adenovirus, AdGFP, or AdCaskin2. The following day, HUVECs were 
starved in EBM overnight to synchronize cells in G0. (A) Cells were stimulated by 
adding fresh EGM for 12 hours. Cells were harvested and stained with propidium 
iodide, and DNA content was analyzed by flow cytometry. (B) Cells were stimulated by 
adding fresh, EdU-containing EGM for 12 hours. Cells were harvested and EdU was 
labeled with ROX-azide using a modified version of the Invitrogen Click-iT protocol. 
EdU incorporation was analyzed by flow cytometry. Images are representative of 3 
independent experiments.  



 

109 

 

 

Figure 25: Caskin2 promotes endothelial cell survival during hypoxia and 
nutrient deprivation 

Confluent HUVECs were incubated with EGM containing no adenovirus, 
AdGFP, or AdCaskin2 overnight and then allowed to recover in fresh EGM for 
an additional 24 hours. The medium was changed to either EGM (control) or 
HBSS (HND). Control samples were cultured in 5% CO2/95% room air and HND 
samples were cultured in a hypoxia chamber flushed with 5% CO2/balance N2 for 
24 hours. Viable cells were counted using Trypan blue and normalized to the no 
virus, control-treated group. NS: not significant, *p < 0.05 vs. respective control. 
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Figure 26: Caskin2 does not upregulate the senescence-associated markers β-
galactosidase and p16 

Sparsely plated HUVECs were incubated with EGM containing no adenovirus, AdGFP, 
or AdCaskin2 overnight and then allowed to grow in fresh EGM for an additional 48 
hours. (A) Cells were lysed, run on SDS-PAGE, and Western blotted for senescence-
associated β-galactosidase. (B) q-RT-PCR for expression of p16. RNA was isolated using 
the RNeasy kit and reverse transcribed as described in the Methods section. These 
experiments were performed using commercially available Taqman primer-probe sets. 
Data were normalized to ACTB expression, and the fold-change in expression of the 
Caskin2-infected group was calculated using the ΔΔCt method relative to the AdGFP-
infected group. As expected, Caskin2 increased expression of the quiescence-associated 
transcription factor KLF4 and downregulated the expression of the proliferation marker 
MKI67, but had no effect on the senescence marker p16. NS: not significant, *p < 0.05 vs. 
the AdGFP group. 
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5.2.3 Caskin2 expression significantly alters the transcriptional 
profile of cultured endothelial cells 

Due to the presence of Caskin2 in the nucleus, we hypothesized that it may affect 

gene expression to promote EC quiescence. To test this hypothesis, we used microarrays 

to compare the mRNA expression profile of AdCaskin2- and AdGFP-infected HUVECs. 

The results demonstrate that Caskin2 expression dramatically changed the 

transcriptional profile of HUVECs (Figure 27). We determined that there were 4,232 

genes that were up- or down-regulated in a statistically significant manner (p<0.05) out 

of 13,239 genes assayed. χ2 analysis of these changes compared to the expected false-

positive rate shows that the Caskin2-induced change in transcriptional profile is 

statistically significant (p<0.001). We also used χ2 analysis to compare our data set to 4 

published microarrays that assessed the gene expression profile of senescent and 

quiescent ECs and fibroblasts.189-192 This analysis indicated that the Caskin2-induced 

changes in gene expression are consistent with quiescent gene expression profiles but 

not with replicative senescence or with a senescence-associated secretory phenotype. We 

also performed GO analysis of the differentially regulated transcripts using the 

GATHER database.160 Statistically significant associations were visualized by using the 

GO annotations to generate a word cloud in which increased word frequency 

corresponds to increased word size (Figure 28). The most common GO annotations 

associated with this data set are related to cellular metabolism, macromolecule 

biosynthesis, and cell cycle regulation.  
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Figure 27: Caskin2 significantly alters the transcriptional profile of endothelial cells 
in vitro 

HUVECs were incubated with EGM containing either AdGFP or AdCaskin2 overnight, 
then changed to fresh EGM and allowed to recover for an additional 48 hours. RNA was 
isolated as described in the Methods chapter. Samples were prepared by Shubhangi 
(Nonie) Arora and hybridization and RMA normalization were performed by the Duke 
Microarray Core Facility.  
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Figure 28: Graphical representation of Caskin2 microarray gene ontology analysis 

Statistically significant GO annotations were used to generate word clouds using the 
online tools at <www.wordle.net>. The size of the word reflects the frequency with 
which the word appears in the input list. Common English words such as “the” and “of” 
were excluded. 
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Table 10: Selected genes from Caskin2 microarray experiment 

Gene Gene ID Direction of 
change 

Endothelial and inflammatory genes 

eNOS NOS3 up 

ICAM-1 ICAM1 down 

VCAM-1 VCAM1 down 

E-Selectin SELE unchanged 

Ang1 ANGPT1 up 

Ang2 ANGPT2 down 

TGF beta1 TGFB1 down 

TGF beta2 TGFB2 unchanged 

TGF beta3 TGFB3 up 

SMAD1 SMAD1 up 

SMAD2 SMAD2 unchanged 

SMAD3 SMAD3 down 

SMAD5 SMAD5 unchanged 

SMAD9 SMAD9 unchanged 

TGF beta receptor II TGFBR2 up 

ALK ALK down 

VEGFA VEGFA unchanged 

VEGFB VEGFB unchanged 

VEGFC VEGFC down 

VEGFR1 FLT1 up 

VEGFR2 KDR up 

Apelin receptor APLNR up 

MCP-1 CCL2 down 

CXCL5 CXCL5 down 

PECAM1 PECAM1 up 

IL8 IL8 down 

IL33 IL33 up 

IL1 alpha IL1A unchanged 
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IL1 beta IL1B unchanged 

TNF alpha TNF unchanged 

FASL FASLG unchanged 

Proliferation markers 

Ki-67 MKI67 down 

PCNA PCNA down 

CDK's 

CDK1 CDK1 down 

CDK2 CDK2 unchanged 

Cyclins 

Cyclin A1 CCNA1 down 

Cyclin A2 CCNA2 down 

Cyclin B1 CCNB1 down 

Cyclin B2 CCNB2 down 

Cyclin D1 CCND1 unchanged 

Cyclin D2 CCND2 up 

CDK inhibitors 

p21 CDKN1A up 

p27, Kip1 CDKN1B up 

p57, Kip2 CDKN1C up 

p16INK4A CDKN2A unchanged 

p15INK4B CDKN2B unchanged 

p18INK4C CDKN2C down 

p19INK4D CDKN2D unchanged 

Cell cycle inhibitory kinases 

Wee1 WEE1 up 

PTEN PTEN up 

Cell cycle promoting kinases 

CDC25A CDC25A down 

CDC25B CDC25B down 
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5.2.4 Caskin2 reduces monocyte adhesion to endothelial cells in vitro 

Due to the Caskin2-induced downregulation of inflammatory markers such as 

ICAM1, VCAM1, CCL2, and IL8 in our microarray experiment (Table 10), we 

hypothesized that Caskin2 may play a role in limiting endothelial inflammation. Results 

from 3 independent q-RT-PCR experiments measuring the expression levels of these 

markers were variable, with the exception of IL8, which was consistently downregulated 

in a statistically significant manner in all experiments. However, Caskin2 expression did 

reduce monocyte adhesion to TNFα-treated HUVECs relative to the empty adenovirus 

control group (Figure 29). 
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Figure 29: Caskin2 reduces monocyte adhesion to endothelial cells in vitro 

Confluent HUVECs were incubated with EGM containing an empty adenovirus 
or AdCaskin2 overnight then given fresh EGM and allowed to recover for 24 
hours. Cells were treated with 1ng/ml TNFα for 24 hours, washed, and then 
incubated with U937 monocytes. Monolayers were washed to remove non-
adherent monocytes and bright field images were captured from 3 random fields 
per well. Adherent monocytes were counted by a blinded reviewer. (A) 
representative images. (B) Quantification of monocyte adhesion. *p < 0.05. 
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5.2.5 Caskin2 inhibits endothelial cell migration and stress fiber 
formation 

In addition to inducing a non-proliferative phenotype, Caskin2 also inhibited EC 

migration in several contexts. The first is in the context of directional migration in an in 

vitro “wound healing” or “scratch” assay and in a transwell migration assay. In the 

scratch assay, Caskin2 delayed the “healing” of the scratch relative to the control group 

(i.e. a smaller proportion of the scratch area is covered in migrated ECs) (Figure 30). 

Although this result could be due in part to the proliferation defect observed in Caskin2-

expressing cells, these data were taken only 6 hours after the culture was wounded. The 

duration of the HUVEC cell cycle varies considerably with the cell passage number and 

culture conditions, but the shortest reported doubling time is approximately 20 hours.193-

196 Caskin2 also reduced chemotaxis from a serum- and growth factor-free medium 

toward serum-containing growth medium through a porous transwell insert (Figure 31). 

Caskin2 also prevented matrix invasion and tube/cord formation in an in vitro Matrigel 

tube formation assay (Figure 32).  
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Figure 30: Caskin2 inhibits “wound healing” of an endothelial cell monolayer in vitro 

Confluent HUVECs were incubated in EGM containing an empty adenovirus (EV) or 
AdCaskin2 overnight, then changed to fresh EGM and allowed to recover for 24 hours. 
The monolayer was “wounded” by scraping the bottom of the dish with a p1000 pipette 
tip. The EGM was changed and pictures were taken at time=0. Cultures were incubated 
for 6 hours and then photographed. Scratch area was quantified by a blinded reviewer 
and normalized to the time=0 scratch area for each well. Data are represented as the 
proportion of scratch that has “healed” in 6 hours (i.e., higher values correspond to more 
migration into the wounded area). Top panel: representative images. Bottom panel: 
quantification. *p < 0.05 relative to the empty virus control.  
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Figure 31: Caskin2 inhibits chemotaxis in a transwell migration assay 

HUVECs were incubated with EGM containing no adenovirus, AdGFP, or 
AdCaskin2 then allowed to recover in fresh EGM for 24 hours. Cells were 
trypsinized, washed, resuspended in starvation medium (EBM), and seeded into 
8μm-pore transwell inserts. Transwell inserts were placed in a receiver tray 
containing EGM and trays were incubated for 6 hours. Cells remaining on the 
upper surface of the transwell were gently wiped away and cells that had 
migrated through the porous membrane were labeled with DAPI. The number of 
migrated cells was automatically quantified using ImageJ from epifluorescence 
microscopy images. *p < 0.05 vs. no virus and GFP groups.  
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Figure 32: Caskin2 inhibits branching in a Matrigel tube formation assay 

HUVECs were incubated with EGM containing no adenovirus, AdGFP, or 
AdCaskin2 then allowed to recover in fresh EGM for 24 hours. Cells were seeded 
onto polymerized Matrigel and incubated for 24 hours. (A) Bright field pictures 
were taken at 2, 6, 12, and 24 hours. These representative images are from a 12-
hour time point. (B) Cell viability was determined at 24 hours using the Celltiter 
Glo luminescence assay. Data were normalized to a Matrigel-only well that did 
not contain cells. *p < 0.05 vs. no virus control.  
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Staining of the Matrigel plugs with a viability dye demonstrated that Caskin2-

expressing cells have somewhat reduced viability at 24 hours, which may explain the 

lack of tube formation. However, the tube formation defect is apparent as early as 6 

hours after seeding on Matrigel, suggesting impaired matrix invasion may be proximal 

to the induction of cell death. Finally, Caskin2 over-expression in ECs impaired the 

formation of stress fibers in response to stimulation with VEGF, suggesting a role in 

preventing actin remodeling (Figure 33).  

These in vitro, gain-of-function data are supported by loss-of-function data 

indicating that ECs from Caskin2 knockout mice undergo increased sprouting and 

branching in an ex vivo aortic ring angiogenesis model (Figures 34 and 35). The aortic 

ring angiogenesis assay is described in detail in Chapter 2.  



 

123 

 

 

 

Figure 33: Caskin2 inhibits VEGF-induced stress fiber formation 

HUVECs were incubated with EGM containing no adenovirus, AdGFP, or 
AdCaskin2 then allowed to recover in fresh EGM for 24 hours. Cells were treated 
for 15 min with 25ng/ml VEGF165 to induce stress fiber formation then labeled 
with rhodamine-conjugated phalloidin. 
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Figure 34: Loss of Caskin2 increases sprouting and branching in an ex vivo 
aortic ring angiogenesis assay 

1-2mm segments of aortas harvested from WT and Caskin2 KO mice were 
embedded in Matrigel and cultured in EGM for 6 days. EC sprouting and 
migration outward from the aortic rings was assessed by light microscopy. These 
images are representative of 20 rings per genotype (4 rings per mouse from 5 
mice per genotype). 
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Figure 35: Quantification of aortic ring angiogenesis assays 

Number of branches, network complexity (i.e., number quadruple points), and branch 
length were automatically quantified using ImageJ. Data were normalized to the 
perimeter of the aortic ring to prevent variability in ring size from confounding the 
results. NS: not significant. p-values < 0.05 are indicated above. 
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5.2.6 Loss of Caskin2 increases vascular permeability in vivo 

Because of the effects of Caskin2 on EC migration and cytoskeletal 

rearrangement described above, we hypothesized that Caskin2 may play a role in 

regulating endothelial permeability. Results from in vitro permeability experiments 

utilizing AdCaskin2 were variable and inconclusive. However, Caskin2 KO mice display 

increased local Evans Blue extravasation in response to intradermal injection of 

histamine (Figure 36). 
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Figure 36: Loss of Caskin2 increases histamine-induced vascular leak in vivo 

Caskin2 WT and KO mice were injected with Evans Blue intravenously (IV) and then 
injected intradermally with either PBS or histamine. Skin was harvested from the 
injection sites and Evans Blue extravasation was quantified by formamide extraction. 
Data were normalized to the tissue wet weight upon harvesting. NS: not significant, *p < 
0.05 vs. WT. 
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5.3 Discussion 

The data described above demonstrate that in vitro over-expression of Caskin2 

promotes a quiescent EC phenotype characterized by a low proliferation rate (Figures 23 

and 24), improved survival in response to hypoxia and nutrient deprivation (Figure 25), 

reduced migration (Figures 30 and 31), and decreased monocyte adhesion (Figure 29). 

Moreover, Caskin2 significantly alters EC gene expression in a manner consistent with 

previous transcriptomic data from quiescent ECs and fibroblasts. Ex vivo and in vivo data 

from Caskin2 KO mice compliment these in vitro over-expression studies, showing that 

loss of Caskin2 promotes EC migration (Figures 34 and 35), and vascular permeability 

(Figure 36). These data and the high level of Caskin2 promoter activity in the mature 

vasculature suggest that the role of Caskin2 in vivo may be to maintain endothelial 

quiescence.  

Future studies are needed to further refine our understanding of when and 

where Caskin2 is expressed. For example, it seems likely based on our data that the level 

of Caskin2 expression varies between phalanx, stalk, and tip cells. This hypothesis can 

be tested by IF labeling of Caskin2 in the developing vasculature of the postnatal retina 

and in in vitro sprouting assays such as matrix-embedded EC spheroids. However, these 

techniques require an antibody to Caskin2 that is sufficiently specific for IF and/or IHC 

applications. We have generated a rabbit polyclonal antibody to the N-terminal portion 

of Caskin2 that displays some non-specificity but works well for Western blotting (i.e. all 



 

129 

non-specific bands are of a different molecular weight). This antibody is not specific 

enough for IF as it generates positive signal in KO tissue sections, even at very low 

dilutions. We intend to generate another antibody using the C-terminal portion as an 

antigen as it contains fewer conserved domains and may therefore generate a more 

specific antibody.  

Both our N-terminal antibody and any hypothetical C-terminal antibody we may 

generate are unable to distinguish between isoform a and b. It is unclear at this point 

whether the two isoforms differ in functionally important ways; however, we 

hypothesize that they do given the lack of the PP1 binding site in isoform b. q-RT-PCR 

data also indicates that the abundance of transcript v1 and v2 varies considerably 

between different immortalized human cell lines (not shown). Development of an 

antibody that detects isoform a but not b would be technically challenging given the 

narrow range of differing amino acids residues available for antigen selection. 

Additionally, our results indicate that isoform b is short-lived relative to isoform a, 

which could lead to difficulties in detecting the endogenous protein. In situ 

hybridization may circumvent these problems and allow independent visualization of 

v1 and v2 mRNA expression.  

There is also a critical need for complementary in vitro loss of function 

experiments, as supra-physiological expression can induce non-physiological responses. 

We are developing two in vitro loss of function models: transient knockdown of Caskin2 
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in human primary ECs via infection with an shRNA-expressing adenovirus and 

isolation of primary ECs from Caskin2 KO mice. We intend to systematically repeat the 

cell-based gain of function assays described in this Chapter utilizing both of these tools. 

These approaches will also be helpful in testing mechanistic hypotheses, as we can 

“rescue” the loss of function with mutants and fragments of Caskin2 rather than simply 

over-expressing these constructs. For example, rescue with the NGNG mutant vs. WT 

Caskin2 may reveal which cellular effects of Caskin2 (if any) are dependent on its 

interaction with PP1.  
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6. Morpholino-mediated knockdown of Caskin2 causes 
developmental defects in zebrafish 

6.1 Introduction 

The zebrafish (Danio rerio) is a species of tropical freshwater fish that is rapidly 

becoming an important model organism for biomedical research. Zebrafish possess 25 

chromosome pairs, which is similar to humans, but the zebrafish genome encodes a 

relatively high 26,206 protein-coding genes, likely due to an ancestral whole-genome 

duplication event in the teleost lineage.197, 198 As of 2013, more than 71% of human genes 

have at least one zebrafish ortholog, and more than 82% of morbidity-associated genes 

annotated in the OMIM database have one or more zebrafish orthologs.199, 200 There are 

many practical advantages to using zebrafish as a model organism, including small size, 

high fecundity, rapid growth, and relatively low cost of care when compared to 

mammalian models. Zebrafish undergo external fertilization and development, making 

the generation of genetically modified animals less technically demanding than model 

organisms that develop in utero. Moreover, zebrafish embryos are transparent and 

develop rapidly, permitting real-time in vivo observation of organogenesis.  

Additional features of zebrafish make them a very useful model for studying 

cardiovascular development specifically. For example, the small size of zebrafish 

embryos permits sufficient diffusion of oxygen and nutrients to allow them to survive 

for up to one week without a functional vascular system or beating heart.201, 202 There are 

numerous transgenic lines available that express fluorescent markers relevant for in vivo 
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imaging of cardiovascular development.203 Finally, the anatomy of the vasculature in 

developing zebrafish is well-characterized and is similar in structure to other 

vertebrates, including mammals.204 Sprouting and development of the intersegmental 

vessels (ISVs) from the dorsal aorta (DA) is a well-studied process, and ISV morphology 

is very commonly used as a metric for assessing the effects of genetic modifications on 

sprouting angiogenesis.205 

Zebrafish embryos are also amenable to transient gene knockdown or 

overexpression via microinjection of antisense oligonucleotides (oligos) or mRNA into 

the yolk sac of one-cell embryos.168 The most common approach for gene knockdown is 

to use oligomeric nucleic acid analogs known as morpholinos (MOs). MOs are synthetic 

oligos composed of standard nucleic acid bases bound to phosphorodiamidate-linked 

morpholine rings rather than the typical phosphate-linked deoxyribose or ribose rings.206 

MOs are resistant to nucleases and are more stable than DNA or RNA oligos in solution 

and after introduction into cells.207, 208 Unlike most types of RNA interference (RNAi), 

MOs do not lead to degradation of mRNA by the RNA-induced silencing complex 

(RISC). The two primary mechanisms of gene knockdown by MOs in zebrafish are 

known as splice-blocking and translation-blocking. Translation-blocking MO’s bind to 

the 5’ UTR and prevent ribosome assembly, inhibiting expression of both maternal and 

zygotic transcripts.209 Splice-blocking MOs bind in locations that prevent the assembly of 
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spliceosomes, inhibiting the expression or altering the splicing pattern of zygotic 

transcripts.210, 211  

Properly designed MOs can be highly effective at reducing gene expression and 

have provided significant insight into genes controlling development of numerous 

organ systems in zebrafish.212, 213 However, their use has become controversial in recent 

years after a study utilizing over 20 mutant zebrafish lines showed that approximately 

80% of the observed phenotypes did not recapitulate the phenotypes induced by MOs 

targeting the same genes.214 However, recent data suggests that, at least in the case of the 

egfl7 and vegfaa genes, this discrepancy may be due to genetic compensation 

mechanisms induced in mutant lines that are not active in WT embryos that have been 

injected with MOs.215 The fact that some MOs induce non-specific morphological defects 

via p53 activation is an additional concern.216 However, co-injection of a p53 MO, which 

has no effect on morphology when injected alone, can mitigate this effect and rule out 

p53-induced morphological defects.216 It is also recommended to test for non-specific 

effects of MOs by comparing at least 2 different MOs targeting the same gene and by 

performing rescue experiments with non-targeted mRNA (e.g., encoding the same gene 

from mammalian species).217 

This chapter describes initial work demonstrating that MO-mediated knockdown 

of Caskin2 in zebrafish embryos induces morphological and vascular defects, 

supporting a critical role for Caskin2 in vascular development. These data also indicate 
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that these defects are unlikely to result from p53 activation. Finally, we describe our 

progress in generating a zebrafish Caskin2 KO line and discuss plans to validate the 

morphant phenotype.  

6.2 Results 

6.2.1 Homology between human and zebrafish Caskin2 

The zebrafish caskin1 gene is located on chromosome 3 and the caskin2 gene is 

located on chromosome 12.140 There are 4 predicted isoforms of zebrafish Caskin2: X1, 

X2, X3, and X4. They are highly homologous to each other and they all share 47-48% 

sequence identity with human Caskin2 isoform a.126, 140 The domain architectures of the 

zebrafish Caskin2 isoforms are identical to human Caskin2, with the exception of the C-

terminal DUF that is found in the human isoforms but not in zebrafish.132 Interestingly, 

the N-terminus of all of the predicted zebrafish isoforms is highly similar to human 

Caskin2 isoform a, i.e., zebrafish do not appear to express an isoform b equivalent 

(Figure 37).134 Although we have not yet comprehensively determined the time-course of 

Caskin2 expression during zebrafish development, semi-quantitative PCR data show 

that Caskin2 is highly expressed in 2-day post-fertilization (dpf) embryos (Figure 38). 
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Figure 37: The N-termini of zebrafish Caskin2 isoforms are highly homologous to 
human Caskin2 isoform a 

Clustal-Omega alignment of the N-terminal 120 amino acids of human Caskin2 isoform 
a and zebrafish Caskin2 predicted isoforms X1, X2, X3, and X4. The NVNY PP1 binding 
motif is indicated in red, and the location of the human Caskin2 isoform b start codon is 
indicated in green.  
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Figure 38: Caskin2 mRNA is expressed in 2dpf zebrafish embryos 

Semi-quantitative PCR of cDNA derived from 15 pooled WT zebrafish embryos 
(Tübingen strain). The first 3 lanes are highly expressed housekeeping genes. The 
Caskin2 lanes show that 3 different primer pairs targeting Caskin2 produce a 
single band of the expected size. Primer sequences and cycling conditions are 
provided in Chapter 2.  
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6.2.2 Knockdown of Caskin2 causes gross morphological defects 

We designed two splice-blocking MOs and one translation blocking MO that 

target all predicted zebrafish Caskin2 variants. However, all of the experiments shown 

below utilized a splice-blocking MO that targets the negative strand at Chr12:20653230-

20653254 (build GRCz10).126, 218 Microinjection of the Caskin2 MO caused morphological 

defects that were readily apparent by 2dpf but did not significantly affect viability 

(Figures 39 and 40). It is important to note that, although Caskin2 MO injection did not 

reduce viability at 2dpf relative to an equal amount of control MO, the viability of 

Caskin2 MO-injected embryos dropped precipitously after 5dpf with <5% of embryos 

surviving to 7dpf (not shown). Co-injection of a p53-targeting MO did not affect the 

proportion of mutant embryos, suggesting that the morphant phenotype was not due to 

non-specific activation of p53 (Figure 41).  
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Figure 39: Injection of a Caskin2-targeting MO causes a dose-dependent 
increase in morphological abnormalities in 2dpf zebrafish 

The yolks of flk1:eGFP zebrafish embryos were injected at the one-cell stage with 
the indicated amount of MO and allowed to develop to 2dpf. Top: 
Representative bright field microscopy images of zebrafish phenotypes observed 
after Caskin2 MO injection. Bottom: Quantification of embryos in each 
phenotypic class. The number of embryos counted per treatment group is 
indicated above each bar. Injection of a Caskin2-targeting MO caused a 
significant proportion of the embryos to appear stunted and malformed. 
Embryos were scored by a blinded reviewer.  



 

139 

 

 

 

Figure 40: Caskin2 MO injection does not affect viability at 2dpf 

Viability data for the embryos shown in Figure 39. Embryos were considered 
viable if they were intact, had a visible heartbeat, and were able to move when 
prodded with forceps. Injection of 10ng Caskin2 resulted in reduced viability, 
however this appears to be due to the amount of MO injected rather than the 
target, as the 10ng control MO group also had reduced viability. Embryos were 
scored by a blinded reviewer.  
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Figure 41: Co-injection of a p53 MO does not abrogate the effects of Caskin2 
knockdown 

A p53-targeting MO was co-injected with the Caskin2 MO into flk1:eGFP embryos to 
determine if the morphant phenotype was due to non-specific activation of p53. 
Injection of the p53 MO alone had no effect, and co-injection of the p53 MO did not 
affect the morphant phenotype. Embryos were scored by a blinded reviewer. Injections 
performed by Hasan Abbas. 
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6.2.3 Knockdown of Caskin2 causes defects in vascular patterning 

Injection of the Caskin2 MO into transgenic zebrafish expressing eGFP 

downstream of the vascular and lymphatic endothelial Fli1 promoter demonstrated that 

Caskin2 morphants also display defects in ISV development, even when the embryos are 

morphologically normal (Figure 42). These defects are characterized by inappropriate 

branching of ISVs and are apparent by 2dpf. By 3dpf, many Caskin2 morphants also 

have clearly visible pericardial edema (Figure 43), which increases in severity until the 

embryos die around 6dpf.  
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Figure 42: Caskin2 knockdown causes inappropriate branching of developing ISV’s 

Injection of the splice-blocking Caskin2 MO causes defects in vascular patterning. 
Representative images of 2dpf transgenic Fli1:eGFP embryos injected with Caskin2 MO 
or a control MO. These defects are observed in fish with normal trunk morphology as 
well as in the stunted morphological mutants. Injections performed by Christelle Golzio.  
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Figure 43: Caskin2 morphants have pericardial edema that increases in severity 
with time 

Representative images of a Caskin2 MO-injected, 3dpf flk1:eGFP zebrafish 
embryo with pericardial edema. A subset of embryos have visible pericardial 
edema as early as 2dpf, however almost all surviving embryos have visible 
pericardial edema by 4dpf. 
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6.2.4 Progress in generating a Caskin2 knockout zebrafish line 

We are in the process of generating a Caskin2 KO zebrafish line to complement 

our ongoing MO studies. To do so, we used the CRISPR/Cas9 system to target the start 

codon of the zebrafish caskin2 gene. Previous genome builds suggested there may be a 

duplicate caskin2 gene on another chromosome, however the most recent build 

(GRCz10) revealed that the previously unplaced scaffolds all map to the single caskin2 

gene on chromosome 12.140 We currently have 3 potential founders undergoing 

screening for caskin2 mutations and off-target effects. We have also designed guide 

RNAs and a homologous recombination vector suitable for replacing the entire Caskin2 

gene with the mCherry reporter, however we have yet to begin generating this line. 

6.3 Discussion 

The data described above constitute a preliminary characterization of the role of 

Caskin2 in zebrafish development. Loss of Caskin2 in this model results in a clear 

morphant phenotype that does not appear to be due to non-specific activation of p53 

(Figures 39 and 41). Moreover, morphants display vascular defects characterized by 

inappropriate branching of ISVs (Figure 42). Interestingly, we initially thought that 

Caskin2 MO injection had no effect on viability (Figure 40). However, when the embryos 

are allowed to continue developing after 2dpf, they develop severe pericardial edema 

and begin to die, with most embryos dying between 5-7dpf. This is especially intriguing 

given that this time period is when embryos grow too large to survive without a 
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functional circulatory system.201, 202 There is a significant amount of work to be done to 

validate our findings. For example, we intend to repeat these experiments with an 

additional splice-blocking MO and a translation-blocking MO and to co-inject human 

Caskin2 mRNA to determine if the morphant phenotype can be rescued. We also plan to 

use q-RT-PCR to quantitatively assess the expression of Caskin2 throughout embryo 

development and in situ hybridization to characterize the distribution of Caskin2 mRNA 

at important developmental stages.  

Although these data are still somewhat preliminary, the increased vascular 

branching of the developing ISVs and the development of pericardial edema are 

consistent with our ex vivo and in vivo data indicating that loss of Caskin2 promotes EC 

branching and permeability in mice (Chapter 5). Comparison of the Caskin2 morphant 

phenotype to published morphant phenotypes may also provide insight into the types 

of signaling pathways that Caskin2 regulates. For example, the ISV defects we observed 

in Caskin2 morphants are reminiscent of sFlt-1, Dll4, and Sema3A morphants, 

suggesting that Caskin2 plays a role in sprout guidance.43, 219, 220 This hypothesis is 

supported by the published data demonstrating that loss of Caskin in Drosophila impairs 

axonal pathfinding.142 

It is interesting to note that Caskin2 KO mice are born in normal Mendelian 

ratios, are viable, and appear grossly normal through adulthood, while Caskin2 

morphant zebrafish have clear morphological and vascular defects. Although it remains 
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to be seen whether Caskin2 KO zebrafish are viable, it would not be unexpected given 

the mouse phenotype. It has been shown that zebrafish mutants and morphants often 

have different phenotypes, and that this phenomenon may be due to compensation in 

the mutant lines.214, 215 Generation of a zebrafish Caskin2 KO line is still of value, 

however, especially in light of the controversy that surrounds the use of MOs. 

Familiarity with using CRISPR/Cas9 for genetic manipulation of zebrafish will also be 

useful in generating additional transgenic lines, including Caskin2 reporter lines and 

conditional/inducible KOs in the future.  

Finally, we are exploring more quantitative ways to assess zebrafish ISV 

morphogenesis. Typically, embryos are assessed by a blinded reviewer and categorized 

as “normal” or “mutant” based on metrics such as the number of discontinuous ISVs. 

However, this method is highly variable based on the plane of focus and orientation of 

the embryo, and there is often significant variability between scores generated by 

independent reviewers. These issues are magnified when attempting to assess vascular 

morphology in embryos with gross morphological defects. There are published methods 

for the automated, quantitative assessment of ISV length and area, but they do not 

provide detailed information on branching or morphology of the vascular network.221 

More detailed automated analysis programs exist for use with Z-stack confocal images 

of the caudal vasculature.222 We hope to combine aspects of these published programs to 
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generate a quantitative, highly reproducible, automated method for ISV morphology 

assessment utilizing depth-coded Z-stack confocal images.  
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7. Caskin2 knockout mice show signs of cardiovascular 
dysfunction 

7.1 Introduction 

Normal EC function is critical for the maintenance of vascular homeostasis. The 

quiescent EC that line mature vessels are non-proliferative, non-migratory, selectively 

permeable, non-inflammatory, and anti-thrombotic. Conversely, EC activation is 

associated with angiogenesis, vascular leakiness, inflammation, and thrombosis. 

Excessive endothelial activation is associated with numerous cardiovascular disorders 

including hypertension and atherosclerosis. However, EC activation also plays a role in 

disorders that are not canonically considered “cardiovascular” in origin, including 

obesity and diabetes. For example, both white and brown adipose tissues are highly 

vascularized and microvascular density and EC function in adipose deposits can have 

significant effects on systemic glucose homeostasis.223  

One important point of convergence of vascular function and metabolism is the 

vascular endothelial protein endothelial nitric oxide synthase (eNOS), which produces 

the free radical nitric oxide (NO). eNOS is constitutively expressed in normal vascular 

endothelium and is critical in modulating several aspects of vascular physiology. For 

example, NO released from the endothelium induces vasodilation, prevents SMC 

proliferation, and inhibits adhesion of platelets and leukocytes to the endothelium 224-227 

In addition to its well-studied role in regulating vascular tone, eNOS is also emerging as 

an important regulator of metabolic homeostasis. Data from eNOS KO mice, eNOS-



 

149 

overexpressing mice, and mice with point mutations at important regulatory 

phosphorylation sites all show that increased eNOS activity promotes insulin sensitivity, 

reduces plasma triglycerides, and decreases weight gain in high-fat feeding models.228-230 

In fact, has been postulated that reduced endothelial NO bioavailability serves as a 

critical mechanistic link between the constellation of conditions that comprise the 

metabolic syndrome (often defined as obesity, hypertension, hyperlipidemia, and 

insulin resistance).231 

The data presented below suggest that Caskin2 plays a role in regulating both 

metabolism and cardiovascular function, specifically blood pressure (BP). Although the 

metabolic data appear to be context dependent, the BP data are highly reproducible and 

demonstrate that Caskin2 KO mice have consistently elevated baseline BP in a variety of 

contexts. In vitro data suggest that Caskin2 regulation of eNOS phosphorylation may be 

responsible for these effects.  

7.2 Results 

7.2.1 Aged Caskin2 knockout mice have elevated body weight and 
blood glucose 

Caskin2 KO mice are viable, born in normal Mendelian rations, have no gross 

developmental abnormalities, and appear normal in young adulthood. However, we 

allowed a small cohort of Caskin2 KO and WT mice to age to 12-14 months and 

observed that the KOs were larger than their WT counterparts (Figure 44). This cohort 

was quite small and consisted of only 4 KO mice and 1 WT mouse, all female. To 
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increase the number of WT mice in the cohort, we purchased four 12-month old C57BL6 

retired breeding dams from Jackson labs (BL6J). In comparison to their WT littermate 

and the BL6J dams, Caskin2 KO mice were heavier, had a higher proportion of 

abdominal adipose tissue relative to body weight (BW), and had elevated fasting blood 

glucose (BG) (Figure 45).  

Based on BW and BG data from this cohort, we hypothesized that Caskin2 KO 

mice may have impaired glucose tolerance. To test this hypothesis, we performed an 

intraperitoneal glucose tolerance test (IPGTT). The results of this experiment were 

highly variable and difficult to interpret, likely due to the lack of availability of an 

appropriately age- and sex-matched cohort (Figure 46). The results of feeding this cohort 

a “Western” diet high in fat, cholesterol, and sucrose were similarly variable despite no 

significant differences in food intake between groups (Figures 47 and 48). 
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Figure 44: Aged Caskin2 knockout mice are larger than their wild-type 
counterparts 

Representative picture of a 12-14 month old Caskin2 KO mouse next to a WT 
littermate. Caskin2 KO mice in this cohort were visibly larger than their WT 
counterparts, prompting us to more closely examine their body weight, blood 
glucose, and fat distribution.  
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Figure 45: Aged Caskin2 knockout mice have more abdominal fat and higher 
fasting blood glucose 

The aged female mice shown above were euthanized and dissected at 16-18 
months old. Compared to the WT mice (i.e., one WT littermate and 4 aged BL6J 
dams), the Caskin2 KO mice weigh more and have a higher proportion of 
abdominal adipose. KO mice also have higher blood glucose after 6 hours of 
fasting. n=4-5 per genotype. *p < 0.05 vs. WT 
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Figure 46: There are no significant differences in glucose tolerance in Caskin2 
wild-type and knockout mice 

A new, mixed-sex cohort of mice were fasted overnight (16 hours) with free 
access to water, followed by IP injection of a 1mg glucose/kg body weight bolus. 
Blood glucose was measured at baseline (time = 0) and at 0.5, 1, 1.5, and 2 hours 
post-glucose injection. These results are highly variable, and there are no 
statistically significant effects of sex, age, or genotype, potentially due to the lack 
of appropriately age- and sex- matched pairs (2 WT males, 2 WT females, 2 KO 
males, and 1 KO female with ages ranging from 4-10 months).  
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Figure 47: There are no significant differences in body weight or fasting blood 
glucose in wild-type and Caskin2 knockout mice fed a “Western” diet 

The cohort shown in Figure 46 was fed a high fat, high cholesterol, high sucrose 
“Western” diet for 7 weeks. There were no statistically significant effects of sex, 
age, or genotype on weight gain or blood glucose (6 hour fast), potentially due to 
the lack of appropriately age- and sex- matched pairs 
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Figure 48: There are no differences in food intake between wild-type and 
Caskin2 knockout mice fed a “Western” diet 

There were no differences in the amount of chow consumed by WT and Caskin2 
KO mice during the high fat feeding study. The obvious outlier above was due to 
a female mouse that began to grind/pulverize food without eating it, falsely 
increasing apparent food intake.  
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7.2.2 Caskin2 knockout mice display echocardiographic signs of left 
ventricular abnormalities 

Prior to sacrificing the aged cohort of female KO mice discussed above (n = 5WT, 

4KO), we performed echocardiography to assess the anatomy and functional status of 

the left ventricle (LV) in KO versus WT mice. These data show that Caskin2 KOs have 

increased LV mass (Figures 49 and 50) and increased cardiac output (CO) (Figures 51 

and 52), but no change in LV ejection fraction (EF) or fractional shortening (FS) (Figure 

53). Caskin2 KO mice also show increased aortic Vmax with no statistically significant 

change in aortic ejection time (AET) (Figure 54). These data are summarized in Table 11.  



 

157 

 

 

 

 

 

Figure 49: Caskin2 knockout mice have elevated left ventricular internal 
diameter during diastole 

Echocardiographic measurement of LV dimensions. Caskin2 KO mice have 
greater LV internal diameters during diastole (LVIDd), but no significant 
differences in diastolic LV posterior wall thickness (LVPWd) or interventricular 
septal wall thickness in diastole (IVSd). Aged female cohort with n=4-5 per 
genotype. NS: not significant. *p < 0.05. 

NS * NS 
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Figure 50: The left ventricles of Caskin2 knockout mice are larger than those of 
their wild-type counterparts 

LV mass was calculated from echocardiographic data, while heart mass was 
measured after sacrifice. Aged female cohort with n=4-5 per genotype. NS: not 
significant. *p < 0.05. 

NS 
* * 
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Figure 51: Caskin2 knockout mice have elevated end diastolic volumes and 
stroke volumes 

Echocardiographic measurement of LV volumes. Caskin2 KO mice have elevated 
LV end diastolic volume (EDV), as expected based on the increased LVIDd. 
Although the end systolic volume (ESV) also appears higher, this difference is 
not statistically significant, and the stroke volume (SV) is still higher in KO 
animals. Aged female cohort with n=4-5 per genotype. NS: not significant.  
*p < 0.05. 

NS * 
* 
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Figure 52: Caskin2 knockout mice have increased cardiac output 

Because there was no significant difference in the heart rate (HR) of WT and 
Caskin2 KO mice, the KO mice have significantly elevated cardiac output (CO). 
Aged female cohort with n=4-5 per genotype. NS: not significant, *p < 0.05. 

NS * * 
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Figure 53: There is no significant difference in the functional metrics of ejection 
fraction and fractional shortening between wild-type and Caskin2 knockout mice 

Despite changes in cardiac output and LV size, there were no apparent differences in LV 
function (i.e. no significant differences in ejection fraction or fractional shortening). Aged 
female cohort with n=4-5 per genotype. 
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Figure 54: Caskin2 knockout mice have elevated blood flow velocity across the 
aortic valve 

Doppler imaging revealed that Caskin2 KO mice have significantly greater blood 
flow velocity across the aortic valve (AoVmax). However, there was no 
significant difference in aortic ejection time (AET). Aged female cohort with n=4-
5 per genotype. NS: not significant, *p < 0.05. 

NS 
* 



 

163 

 

Table 11: Summary of echo data 

metric units WT KO p-value 

IVSd mm 0.98 ± 0.04 1.20 ± 0.12 0.101 

LVIDd mm 3.12 ± 0.15 3.64 ± 0.07 *0.023 

LVIDs mm 1.42 ± 0.11 1.63 ± 0.06 0.180 

LVPWd mm 1.11 ± 0.05 1.28 ± 0.09 0.131 

AET ms 36.1 ± 1.0 39.6 ± 1.4 0.074 

AoVmax mm/s 1925 ± 110 2485 ± 208 *0.039 

EDV μL 39.0 ± 4.1 55.9 ± 2.7 *0.015 

ESV μL 5.49 ± 1.10 7.56 ± 0.79 0.191 

SV μL 33.5 ± 3.6 48.3 ± 2.3 *0.013 

HR bpm 678 ± 12 717 ± 10 0.051 

CO mL/min 22.8 ± 2.6 34.6 ± 1.5 *0.007 

EF % 86.0 ± 2.0 86.5 ± 1.1 0.858 

FS % 54.6 ± 2.8 55.3 ± 1.3 0.845 

LV mass (corrected) mg 92.9 ± 1.6 154.6 ± 23.4 *0.020 

heart mass, ex vivo mg 151 ± 7 182 ± 18 0.136 

LV mass/heart mass % 62.0 ± 3.7 84.1 ± 5.1 *0.009 
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7.2.3 Genome-wide association study data suggest Caskin2 is 
involved in regulating metabolism, blood pressure, and inflammation 

The Rat Genome Database compiles results from genome-wide association 

studies (GWAS) performed in humans, rats, and other model organisms.232, 233 A 

database search for Caskin2 revealed that there are over 37 human and rat studies in 

which Caskin2 was present in a statistically significant quantitative trait locus (QTL). 

The traits studied fall into surprisingly few categories, and most associations are 

consistent with our hypothesis that Caskin2 is involved in regulating cardiovascular 

health and metabolism (Figures 55 and 56). 
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Figure 55: Traits associated with Caskin2 in rat and human genome-wide 
association studies 

37 rat and human GWAS included Caskin2 in a statistically significant QTL. 
There were no associations that did not fall into one of these groups. The 
inflammation category includes one model of CNS inflammation, one study 
concerning systemic inflammatory response syndrome, and several that are 
arthritis-related. 
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Figure 56: Human genome-wide association studies that mention Caskin2 

There are only 13 GWAS in humans in which Caskin2 was part of a statistically 
significant QTL. In these studies, the “inflammation” category is composed of a 
single study of rheumatoid arthritis patients.  
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7.2.4 Caskin2 knockout mice have elevated blood pressure at 
baseline 

Based on the echocardiographic data from the aged cohort and the associations 

between Caskin2 and blood pressure (BP) regulation in the GWAS database, we 

hypothesized that Caskin2 KO mice may have abnormal BP. To test this, we 

collaborated with the Duke O’Brien Center for Kidney research (DOCK), which is well-

equipped to perform both acute and chronic BP monitoring experiments.  

Our first study used radio-telemetry (RT) probes to continuously monitor BP at 

baseline and after implantation of an osmotic pump delivering high-dose angiotensin II 

(AngII) to induce hypertension. These data demonstrate that Caskin2 KO mice have 

elevated mean arterial pressure (MAP) at baseline (Figure 57). Although chronic AngII 

treatment significantly elevated MAP in both KO and WT mice, it abrogated the 

difference between the genotypes (i.e. there were no significant differences in BP 

between AngII-treated WT and KO mice) (Figures 58 and 59). This elevation in MAP 

was due to an elevation in both systolic BP (SBP) and diastolic BP (DBP); heart rate was 

unaffected (Figures 60, 61, and 62). Contrary to our previous data demonstrating 

elevated fasting BG in KO mice, fasting BG was higher in WT mice in this study, and 

there were no significant differences in BW (Table 12). Bolus administration of AngII 

also did not have any differential effects on BP in KO and WT mice as measured by 

carotid artery catheterization (Figure 63). Interestingly, the KO mice used in the acute 
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AngII administration experiment had significantly lower BW than their WT 

counterparts (WT: 45.4 ± 1.5g, KO 38.7 ± 1.6g, *p-value: 0.01).  
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Figure 57: Caskin2 knockout mice have elevated mean arterial pressure at baseline 
but not during chronic treatment with AngII 

Mean arterial pressure (MAP) was determined by radio-telemetry as described in 
Chapter 2. (A) MAP throughout the study. Osmotic pumps for AngII delivery were 
implanted on day 11. (B) MAP during the baseline (untreated) period only. There was a 
statistically significant effect of genotype by ANOVA for the baseline period only. n=7-8 
per genotype on a pure BL6 background.  
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Figure 58: Summary of radio-telemetry measurements during the baseline and chronic 
AngII administration periods 

Mean arterial pressure (MAP), systolic BP (SBP), diastolic BP (DBP), and heart rate (HR) 
were determined by radio-telemetry as described in Chapter 2. Differences in MAP, SBP, 
and DBP were statistically significant during the baseline (untreated) period only. HR 
was not significant during the baseline or AngII treatment periods. n=7-8 per genotype 
on a pure BL6 background. 
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Figure 59: There were no significant differences in the daily change in mean 
arterial pressure from baseline during the AngII treatment period 

Mean arterial pressure (MAP) was determined by radio-telemetry as described in 
Chapter 2. For each mouse, the 24-hour mean MAP during AngII treatment was 
normalized to the day 10 MAP for that animal. There was no statistically 
significant effect of genotype by ANOVA. n=7-8 per genotype on a pure BL6 
background.  
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Figure 60: Systolic blood pressure is elevated in Caskin2 knockout mice at 
baseline 

Systolic BP (SBP) was determined by radio-telemetry as described in Chapter 2. 
Osmotic pumps for AngII delivery were implanted on day 11. There was a 
statistically significant effect of genotype by ANOVA for the baseline (untreated) 
period only. n=7-8 per genotype on a pure BL6 background.  
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Figure 61: Diastolic blood pressure is elevated in Caskin2 knockout mice at 
baseline 

Diastolic BP (DBP) was determined by radio-telemetry as described in Chapter 2. 
Osmotic pumps for AngII delivery were implanted on day 11. There was a 
statistically significant effect of genotype by ANOVA for the baseline (untreated) 
period only. n=7-8 per genotype on a pure BL6 background.  
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Figure 62: There are no differences in heart rate between wild-type and 
Caskin2 knockout mice 

Heart rate (HR) was determined by radio-telemetry as described in Chapter 2. 
Osmotic pumps for AngII delivery were implanted on day 11. There was no 
statistically significant effect of genotype by ANOVA. n=7-8 per genotype on a 
pure BL6 background.  
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Table 12: Summary of metabolic cage data and post-sacrifice organ weights for the 
chronic AngII cohort 

metric pre- or 
post-AngII units WT KO p-value 

fasted BG pre mg/dL 179 ± 8 154 ± 7 0.03 

fasted BG post mg/dL 92 ± 4 89 ± 6 0.66 

fed BW pre g 31.9 ± 1.8 28.2 ± 1.8 0.16 

fed BW post g 31.4 ± 1.1 28.3 ± 1.2 0.08 

water consumption pre g 2.07 ± 0.24 2.13 ± 0.59 0.93 

water consumption post g 2.71 ± 0.27 2.94 ± 0.65 0.75 

urine production pre g 1.43 ± 0.23 1.76 ± 0.27 0.37 

urine production post g 2.27 ± 0.16 2.30 ± 0.40 0.95 

heart mass post g 0.166 ± 0.007 0.149 ± 0.007 0.10 

L kidney mass post g 0.182 ± 0.006 0.166 ± 0.008 0.12 

R kidney mass post g 0.188 ± 0.006 0.167 ± 0.007 0.03 

heart/BW post mg/g 5.30 ± 0.12 5.27 ± 0.17 0.89 

L kidney/BW post mg/g 5.83 ± 0.13 5.88 ± 0.17 0.82 

R kidney/BW post mg/g 6.01 ± 0.14 5.92 ± 0.15 0.64 
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Figure 63: Loss of Caskin2 did not affect the acute systolic BP response to 
bolus administration of AngII 

Acute changes in systolic BP (SBP) in response to bolus administration of AngII 
and epinephrine (Epi) were determined by carotid artery catheterization as 
described in Chapter 2. There were no significant differences in the acute 
vasoconstrictor response between WT and Caskin2 KO mice at any dose. n=7-8 
per genotype on an outbred BL6/CD1 background. Experiment performed by 
Matt Sparks.  
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Our second RT study monitored BP at baseline and after addition of the eNOS 

inhibitor LNAME to the animals’ drinking water. This experiment confirmed that 

Caskin2 KO mice have elevated MAP, SBP, and DBP at baseline (Figures 64-67). Again, 

fasting BG was significantly higher in WT animals and there were no significant 

differences in BW between the groups (Table 13). Additional data from both RT 

experiments indicate that KO mice had slightly larger kidneys in both cohorts (left 

kidneys in one experiment and right kidneys in the other) but no differences in heart 

weight, water consumption, or urine production (Tables 12 and 13).  
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Figure 64: Caskin2 knockout mice have elevated mean arterial pressure at baseline 
and during the first 2 weeks of chronic treatment with LNAME 

Mean arterial pressure (MAP) was determined by radio-telemetry as described in 
Chapter 2. (A) MAP throughout the study. Mice were changed to a low nitrate/nitrite 
diet on day 8 (Low N). LNAME was delivered in drinking water at the indicated doses 
starting on day 14. (B) MAP during the baseline (untreated, normal chow) period only. 
There was a statistically significant effect of genotype by ANOVA for the baseline and 
Low N periods and during the first 2 weeks of LNAME treatment. n=7-11 per genotype 
on an outbred BL6/CD1 background.  
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Figure 65: Caskin2 knockout mice have elevated systolic blood pressure at baseline 
and during the first 2 weeks of chronic treatment with LNAME 

Systolic BP (SBP) was determined by radio-telemetry as described in Chapter 2. Mice 
were changed to a low nitrate/nitrite diet on day 8 (Low N). LNAME was delivered in 
drinking water at the indicated doses starting on day 14. There was a statistically 
significant effect of genotype by ANOVA for the baseline and Low N periods and 
during the first 2 weeks of LNAME treatment. n=7-11 per genotype on an outbred 
BL6/CD1 background.  
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Figure 66: Caskin2 knockout mice have elevated diastolic blood pressure at baseline 

Diastolic BP (DBP) was determined by radio-telemetry as described in Chapter 2. Mice 
were changed to a low nitrate/nitrite diet on day 8 (Low N). LNAME was delivered in 
drinking water at the indicated doses starting on day 14. There was a statistically 
significant effect of genotype by ANOVA for the baseline period only. n=7-11 per 
genotype on an outbred BL6/CD1 background.  
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Figure 67: There is no significant difference in heart rate between wild-type and 
Caskin2 knockout mice at baseline or during LNAME treatment 

Heart rate was determined by radio-telemetry as described in Chapter 2. Mice were 
changed to a low nitrate/nitrite diet on day 8 (Low N). LNAME was delivered in 
drinking water at the indicated doses starting on day 14. There was no statistically 
significant effect of genotype during any phase of the study.  n=7-11 per genotype on an 
outbred BL6/CD1 background.  
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Table 13: Summary of metabolic cage data and post-sacrifice organ weights for the 
chronic LNAME cohort 

metric pre- or post-
LNAME units WT mean KO mean p-value 

fasted BG pre mg/dL 156 ± 11 119 ± 5 *0.004 

fed BW pre g 42.5 ± 1.9 42.5 ± 1.2 0.99 

fed BW post g 44.8 ± 2.7 44.5 ± 1.6 0.93 

water consumption pre g 2.71 ± 0.76 3.19 ± 0.88 0.70 

urine production pre g 2.22 ± 0.13 2.52 ± 0.37 0.52 

heart mass post g 0.142 ± 0.019 0.162 ± 0.009 0.32 

L kidney mass post g 0.303 ± 0.022 0.226 ± 0.021 *0.03 

R kidney mass post g 0.196 ± 0.019 0.231 ± 0.014 0.15 

heart/BW post mg/g 3.16 ± 0.34 3.66 ± 0.23 0.23 

L kidney/BW post mg/g 6.80 ± 0.44 5.12 ± 0.53 *0.03 

R kidney/BW post mg/g 4.41 ± 0.42 5.19 ± 0.23 0.11 
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7.2.5 Caskin2 interacts with eNOS and promotes phosphorylation of 
eNOS S1177 

We have yet to identify the mechanisms responsible for the effects of loss of 

Caskin2 on BP. However, one promising hypothesis is that Caskin2 regulates eNOS 

activation. Although eNOS was not identified as a Caskin2-interacting protein in our 

proteomic interactome screen, serine-phosphorylated eNOS peptides were identified in 

the Caskin2 IP samples used for phosphoproteomics experiment, suggesting that eNOS 

interacts with Caskin2. This interaction was validated by co-IP (Figure 68A). 

Interestingly, Caskin2 expression in HUVECs markedly increased the phosphorylation 

of the eNOS-activating residue S1177 (Figure 68B). We are still in the process of 

optimizing in vitro assays for NO production, therefore it is unclear whether this 

increase in phosphorylation results in increased eNOS activity and NO production. 

However, Caskin2 expression does appear to reduce the cellular levels of peroxynitrite 

both at baseline and after treatment with H2O2, suggesting it may play a role in buffering 

intracellular free radicals (Figure 69). 
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Figure 68: Caskin2 interacts with eNOS and promotes phosphorylation of eNOS 
S1177 

Confluent HUVECs were infected with the indicated adenoviruses as described then 
allowed to recover in fresh EGM for an additional 24 hours. (A) eNOS co-IPs with HA-
Caskin2 but not non-specific mouse IgG in AdCaskin2-infected HUVEC lysates. (B) 
WCL were Western blotted for phosphorylated eNOS Ser1177 (p-eNOS S1177), total 
eNOS, and controls.  
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Figure 69: Caskin2 expression decreases hydrogen peroxide-induced peroxynitrite 
production 

HUVECs were cultured to confluence in clear-bottom, black-walled, tissue culture-
treated 96-well plates, infected with adenoviruses as described above, and allowed to 
recover in fresh EGM for 24 hours. Peroxynitrite was detected by incubating with the 
fluorescent hydroxyl radical and peroxynitrite sensor HPF. Positive-control wells were 
treated with 1μM H2O2 during the HPF incubation period. NS: not significant, *p <0.05 
vs. no adenovirus group.  
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7.2.6 Important considerations that affect interpretation of these data 

It is important to note that the sexes, age distribution, and genetic background of 

each cohort varied significantly among our experiments.  

The Caskin2 KO line was initially generated on a C57BL6NTac background, 

meaning that the BL6 line was maintained by Taconic Biosciences. Once transferred to 

our facility, the mice were bred to C57BL6J mice (i.e. BL6 mice from The Jackson 

Laboratory) to increase the size of the colony. Therefore, the KO mice and their WT 

littermates in the preliminary aged cohort may have residual genetic differences from 

the retired WT BL6J dams that were used as controls.234 Importantly, these lines are 

known to have differential responses in glucose tolerance tests and diabetes models. 

Interestingly, our BL6NTac-derived mice had higher BW and fasting BG despite the fact 

that BL6J have been shown to be more glucose intolerant and prone to diabetes than WT 

BL6NTac mice.235, 236 Additionally, the female mice derived from our colony had been 

bred several times, however it is likely that the retired BL6J breeders had undergone 

more breeding cycles. Finally, although the retired breeders were housed in our facility 

and fed the same chow as our mice for 3 months prior to the experiments, the first 12 

months of their lives were spent in a different facility. Unfortunately, we are unable to 

statistically evaluate potential associations between the mouse source and the results 

due to having only one WT mouse from our colony.  
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In the high fat feeding study, all KO and WT mice were littermates derived from 

our colony, however the cohort was poorly matched for sex and age, which are both 

known to play important roles in weight gain and glucose homeostasis in general and in 

response to high fat feeding in particular. This is a likely explanation for the variability 

of the data and makes it difficult to draw definitive conclusions from this experiment.  

Finally, our BL6-Caskin2 colony was very poorly productive in terms of 

breeding. For example, the average yield of 7 cages of HET x HET harems was 4-6 pups 

every 3 months. This made age- and sex-matching cohorts very difficult and 

significantly slowed our progress. To overcome this issue, we outbred a subset of our 

BL6-Caskin2 mice to CD1 mice. The resulting BL6/CD1-Caskin2 colony is highly 

productive, yielding 12-16 pups per HET x HET breeding pair every 3-4 weeks. The 

acute AngII and chronic LNAME administration experiments were performed with mice 

derived from the BL6/CD1 colony.  

The variations in genetic lineage described above as well as differences in the age 

distribution and sex of the mice used for each experiment may explain the observed 

differences in fasting BG and BW between experiments (Table 14). Additionally, the fact 

that KO mice had elevated baseline BP regardless of age, sex, or genetic lineage (i.e. 

factors that were non-significant by ANOVA in a pooled data set) suggests that the 

association between Caskin2 and BP regulation is robust. 
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Table 14: Comparison of BW and BG data with cohort characteristics 

cohort age 
(months) # F # M BW BG colony 

preliminary aged 14-18 9 0 KO KO BL6# 

chronic AngII 10-12 6 12 NS WT BL6 

acute AngII 4-5 0 15 WT ? BL6/CD1 

chronic LNAME 5-6 0 18 NS WT BL6/CD1 

 
The genotype indicated has the higher body weight (BW) or blood glucose (BG), p < 0.05. 
NS=not significant, ?=not measured, F=female, M=male. 
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7.3 Discussion 

The data shown above demonstrate that Caskin2 plays a role in regulating body 

weight and glucose homeostasis in a context-dependent manner. They also show that 

Caskin2 KO mice have elevated BP at baseline, even on a genetically heterogeneous 

background. Finally, echocardiography data suggest that aged Caskin2 KO mice have 

LV dysfunction at baseline, although these measurements should be repeated in a larger 

cohort.  

Interestingly, chronic administration of AngII elevates BP in both genotypes, as 

expected, but abrogates the BP differences between WT and KO mice (i.e., unlike the 

baseline measurements, there are no significant differences in BP between the groups 

during the AngII treatment period). The Caskin2 KO mice also appear to have a normal 

acute vasoconstrictor response to bolus AngII administration. Unlike in the chronic 

AngII administration experiment, the BP in Caskin2 KO mice remains elevated versus 

WT animals for most of the chronic LNAME treatment period. The mechanisms 

responsible for these confusing results are unclear, however the differential response to 

AngII and LNAME may suggest that loss of Caskin2 results in baseline EC dysfunction 

but does not impair VSMC-mediated vasoconstriction and vasodilation. Determining 

the exact contribution of EC and VSMC function to the baseline BP phenotype will 

require conditional KO mice in which Caskin2 is knocked out only in ECs or only in 
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SMCs. Assays of vasoreactivity using isolated arterial rings may also be useful in 

defining EC-dependent and EC-independent roles of Caskin2.  

Our in vitro data suggest that Caskin2 regulation of eNOS may be one of the 

mechanisms responsible for Caskin2’s effects on both BP and metabolism. As discussed 

in the Introduction section, eNOS can regulate glucose homeostasis and weight gain as 

well as regulating vascular tone. Our data show that Caskin2 interacts with eNOS and 

that Caskin2 overexpression promotes phosphorylation of the activating residue S1177. 

We hypothesize that Caskin2 promotes phosphorylation of eNOS S1177 via PP1-

mediated dephosphorylation of T495.237, 238 However, phospho-regulation of eNOS is 

complex and there are numerous other potential explanations for this observation. It is 

also unclear at this time how (or if) the increase in eNOS S1177 phosphorylation affects 

NO synthesis and bioavailability. Our data show that Caskin2 and eNOS overexpression 

both reduce peroxynitrite levels in HUVECs; however, this could be due to effects on 

any step of the peroxynitrite production or degradation pathways and does not 

necessarily indicate that Caskin2 regulates NO production. Ongoing work seeks to 

determine if Caskin2 affects eNOS catalytic activity, NO production, and NO 

bioavailability. 
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