UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Signaling Scaffolds in Cardiovascular Development and Disease

Permalink
https://escholarship.org/uc/item/9ns2x7cd

Author
Spindler, Matthew

Publication Date
2011

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9ns2x7cc
https://escholarship.org
http://www.cdlib.org/

Signaling Scaffolds in Cardiovascular Development and Disease
by

Matthew J. Spindler

DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Pharmaceutical Sciences and Pharmacogenomics
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO




Copyright © 2011
By

Matthew J. Spindler



Acknowledgments

Publication Reprints

The text in Chapter 4 of this dissertation has been submitted to PLoS ONE and
at the time of this writing was being reviewed:

Spindler MJ, Huang Y, Hsiao EC, Salomonis N, Scott MJ, Srivastava D,
Conklin BR.

AKAP13 Rho-GEF and PKC-PKD Binding Domain Deficient Mice Develop
Normally Yet Fail to Induce a Functional Cardiac Response to §-Adrenergic

Stimulation. PLoS ONE (in press).

Personal Acknowledgments

My completion of this doctoral degree would not have been possible without the
continued support and guidance from past and present members of the Conklin
Lab, Gladstone Institutes, and UCSF. The support of family and friends helped
me focus on my goals during this long and difficult journey. | am indebted to
everyone that has helped me along my way.

| would first like to thank my advisor, Dr. Bruce Conklin, for being a very
supportive mentor and helping me grow into the scientist | have become. | am

grateful to Bruce for sharing his visions of the future of disease research with me



and introducing me to the exciting field of stem cell biology. Bruce gave me the
freedom to be an independent scientist and to pursue the biological questions |
found interesting even though they were difficult to address. For this, | am
grateful as it has tremendously aided my development as a scientist and made
me a clear and critical thinker. | would also like to thank the leadership of the
Gladstone Institutes and the Gladstone Institute of Cardiovascular Disease
especially Dr. Robert Mahley, Dr. Sandy Williams, and Dr. Deepak Srivastava for
providing a nurturing academic environment for training and research. | am also
very grateful to the greater Gladstone staff, especially Gary Howard of the
Editorial Department, whose thorough review of this dissertation, other
manuscripts, and grant applications are greatly appreciated. Finally, thank you to
the American Heart Association for their financial support of this research
through an AHA — Western States Affiliate Predoctoral Fellowship (#0715027Y)
and to the Grants Department, especially Cari Weishaar and Karina Fantillo, for
their assistance in submitting and managing this award.

The work presented here is the culmination of a collaborative endeavor with
my lab mates who have not only helped me grow professionally, but have made
my time in graduate school enjoyable. Dr. Edward Hsiao, you were not only a
great bench mate, but your continued guidance, support, critical analysis, and
technical assistance were essential for my success. Dr. Jennifer Ng, your time
and effort to help identify the meanings of my often contradictory results are
greatly appreciated. Dr. Whittemore Tingley and Dr. Alexander Zambon, thank

you for helping me learn to identify and formulate the key experiments that



address interesting biological questions. To Trieu Nguyen, your organizational
abilities, leadership, and biological knowledge are essential in maintaining an
efficient, smoothly running, and enjoyable work environment. Dr. Nathan
Salomonis, Dr. Alexander Pico, and Kristina Hanspers, thank you for your
assistance in analyzing genomic data sets with GenMAPP and other
bioinformatic tools as well as designing custom programs to aid experimental
design. Mark Scott, your mouse husbandry for my many mouse lines allowed me
to focus on the necessary experiments instead of the maintenance of these lines.
Special thanks to Taeryn Kim and Dr. Roland Russnak, who introduced me to the
wonders of embryonic stem cells and the constant attention they require. | would
also like to thank all of the members of the Gladstone Institute especially, the
Srivastava and Bruneau labs, for broad scientific support and for fostering a
tremendously collaborative and successful work environment. Gladstone is truly
a wonderful place to work.

| would especially like to thank my qualifying exam committee, Drs. Xin Chen,
Steve Hamilton, Su Guo, and Deepak Srivastava, and my thesis committee, Drs.
Mark von Zastrow and Deepak Srivastava. These committee members provided
valuable insight and advice during the planning and execution of this dissertation.
In particular, my thesis committee provided a significant contribution to the
direction, focus, and interpretation of my project. It has been an amazing
experience to work with such great scientists who care so much about the

success of their students.



| have built strong personal connections with many of these scientists and
highly value all of these friendships. | also met many wonderful people at
Gladstone, UCSF, and in San Francisco that provided a good work-play balance.
A special thank you to all of my classmates and fellow PSPG students, especially
Ryan Owens, Leslie Chinn, Eric Peters, Jason Gow, Ben Lauffer, Jim Shima, and
Jeff and Molly Kraft for all of the enjoyable kickball, softball, and volleyball games
and hiking excursions. | also would like to thank my great friends Nathan Wilson
and Matthew Wanat for introducing me to San Francisco and helping me
maintain my sanity during the many years of school.

| am especially grateful to my family; if it wasn’t for their love, support, and
sacrifices, | wouldn’t be where | am today. My parents, Charles and Linda, taught
me the importance of hard work and perseverance. By following their example, |
was able to successfully complete my doctoral degree despite the many ups and
downs along the way. To my sisters Erin and Holly, growing up on the farm with
you was a wonderful experience, and though we are all now far from home you
still provide levity when we return.

Finally, to the love of my life, Erin, thank you for all of your love and support
throughout my time here. | am truly indebted to you. You always had faith in me
and have shown incredible patience as | plodded through my research. | am so
lucky to have shared this time and this wonderful city with you and am excited to

conquer our next adventure together.

Vi



Abstract
Signaling Scaffolds in Cardiovascular Development and Disease

Matthew J. Spindler

Background: G-protein signaling pathways regulate many aspects of
cardiovascular development and disease. A-kinase anchoring proteins (AKAPS)
are scaffolding molecules that coordinate and integrate these signaling events
into specific physiological processes. One family member, AKAP13, integrates
Gs, Gg11, and Gqz13 signals through binding of protein kinase A, C (PKC), and D
(PKD) and encoding an active Rho-guanine nucleotide exchange factor (Rho-
GEF) domain. AKAP13 is required for mouse development as null embryos die
by E10.5 and exhibit cardiovascular defects. Additionally, the Rho-GEF and
PKC-PKD binding domains mediate cardiomyocyte hypertrophy in isolated
cardiomyocytes. However, the specific developmental processes regulated by
AKAP13 and the requirements for the Rho-GEF and PKC-PKD binding domains

during development and cardiac hypertrophy are unknown.

Methodology/Principal Findings: We used an RNAI, loss-of-function approach,
to determine if AKAP13 mediates differentiation of mouse embryonic stem (ES)
cells or angiogenic processes in human umbilical vein endothelial cells
(HUVECSs). We found that AKAP13 knockdown did not decrease ES cell
differentiation into Nkx2.5-GFP-positive cardiac mesodermal cells or functionally

beating cardiomyocytes. Similarly, the expression of endodermal, endothelial, or

Vii



cardiac structural marker genes was not affected. We also found that AKAP13-
deficient HUVECs had normal tube formation, VEGF-induced wound healing,
and VEGF-induced PKD phosphorylation. We then generated AKAP13-
truncation mutant mice to determine if the Rho-GEF and PKC-PKD binding
domains are required for development. Surprisingly, homozygous mutant mice
were born at normal Mendelian ratios and had normal survival, fertility, and
cardiac structure. Finally, to determine if these domains mediate p-adrenergic-
induced cardiac hypertrophy, we stressed the mice with isoproterenol. We found
that heart size increased normally in mice lacking the Rho-GEF and PKC-PKD
binding domains. However, these hearts failed to increase cardiac ejection

fraction or fractional shortening.

Conclusions: These results indicate that AKAP13 is not required for
differentiation into cardiovascular tissue, the formation of functional
cardiomyocytes, or angiogenic processes. They also indicate that the AKAP13
Rho-GEF and PKC-PKD binding domains are not required for mouse
development or the cardiac structural response to $-adrenergic-induced
hypertrophy. However, these domains are required for the proper cardiac

functional response to p-adrenergic stimulation.
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Chapter 1
Introduction: Using A-Kinase Anchoring Proteins (AKAPs) to Elucidate G-

Protein Signaling Events During Cardiovascular Development and Disease

1.1 G-protein signaling regulates many aspects of development and adult
physiology.

G-protein signaling pathways have been extensively studied in the context of
adult physiology and disease and are known to regulate a vast array of
physiological processes, including the senses of smell, taste, and sight, hormonal
and neurotransmitter signaling, cardiovascular function, chemotaxis, and
development [1,2,3]. The G-protein signaling pathways are activated by seven-
transmembrane G-protein-coupled receptors (GPCRs) that transduce
extracellular signals into intracellular events. The GPCR family contains over 800
genes, with about half encoding for odorant receptors [4], and GPCRs alone are
targeted by 30% of marketed small-molecule drugs with many additional drugs
targeting proteins downstream of GPCRs [5]. For example, drugs that target the
GPCR pathways for angiotensin |l (ACE inhibitors) and p-adrenergic (p-blockers)
receptors and have become common for treating hypertension and heart failure
[6]. Despite extensive research in identifying GPCRs and downstream signaling
pathways important for adult physiology and disease, little is known about the
pathways important for development. The enormous number of GPCRs and the
signaling redundancy between them present a problem for studying their specific

functions during development. However, a signaling bottleneck occurs



downstream of GPCRs as the receptors signal through four common pathways
by coupling to heterotrimeric G-proteins.

Heterotrimeric G-proteins consist of an a-, -, and y-subunit and the signaling
pathways activated are classically defined by the a-subunit in the complex
(Figure 1.1). The stimulatory and inhibitory Ga-proteins (Gas and Ga;) regulate
the production of cyclic AMP (cAMP), a second messenger, by adenylyl cyclase
(AC). Downstream cellular signaling then occurs by cAMP activation of cAMP-
dependent protein kinase A (PKA) and/or exchange proteins activated by cAMP
(Epac) [1,7]. The Gag11 proteins stimulate phospholipase C (PLC) to produce the
second messengers inositol trisphosphate (IP3) and diacylglycerol (DAG), which
stimulate the release of calcium (Ca*") and the activation of protein kinase C
(PKC), respectively [8,9]. Finally, the Gauy/13 proteins stimulate the Rho family of
small GTPases through the activation of Rho-selective guanine nucleotide

exchange factors (Rho-GEFs) [10,11,12].
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Figure 1.1. The classical G-protein signaling pathways. G-protein-coupled receptors
(GPCRs) activate heterotrimeric G-proteins to transduce extracellular signals into
intracellular events. Classically, the signaling cascade induced by the GPCR depends on
the specific a-subunit within the GPCR-bound heterotrimeric G-protein. The stimulatory
(Gas) and inhibitory (Ga;) G-proteins regulate the production of the second messenger
cyclic AMP (cAMP) through the regulation of adenylyl cyclase (AC). In turn, cAMP can
activate cAMP-dependent protein kinase A (PKA) and the exchange factor directly
activated by cAMP (Epac) to mediate cellular physiological responses. Gog11 proteins
stimulate phospholipase C (PLC) to hydrolyze phosphatidylinositol 4,5-bisphosphate into
the second messengers inositol trisphosphate (IP3) and diacylglycerol (DAG), which
stimulate the release of calcium (Ca™") and the activation of protein kinase C (PKC).
Finally, Gauy13 proteins activate Rho-specific guanine nucleotide exchange factors (Rho-

GEFs) that then activate the Rho family of small GTPases.



Interestingly, disruptions of the Ga-subunits for any of these four G-protein
signaling pathways cause embryonic death in mice, and three of them display
defects in cardiovascular development, with the fourth lacking a phenotypic
description [3]. It is not surprising that disruption of the ubiquitously important G-
protein signaling pathways would yield cardiovascular phenotypes, since the
cardiovascular system is the first to form during development and is required for
subsequent stages of development. These G-protein pathways are also
important for neuronal, bone, and adipocyte development, asymmetry, planar cell
polarity, and Wnt signaling [2]. Targeted disruption of the mouse Gas gene,
Gnas, results in death by embryonic day E10.5 of development [13,14], and an
ENU-induced mutation mapped to Gnas suggests that this gene regulates
cardiac development [15]. A double knockout for the Ga;genes, Gnai2 and
Gnai3, results in embryonic lethality; however, the cause of death has not been
reported [3]. A double knockout for the Gog11 genes, Gnaq and Gna11, results in
embryonic lethality at E10.5 and display myocardial hypoplasia, with a thin
ventricular myocardium, and edema [16]. Finally, knockout for the Gau12/13 gene,
Gna13, results in embryonic lethality at E9.5 from defective angiogenesis and the
mice lack properly formed blood vessels in the yolk sac and embryo [17].

In addition to these requirements for Ga-proteins, many of the signaling
molecules directly downstream of them play important roles during cardiac
development. A global increase in basal PKA activity results in mouse embryos
dying by E9.5 with reduced mesoderm formation and no heart tube [18], while a

cardiac specific increase causes embryonic death at E11.5 from heart failure and



these embryos display thin ventricular walls and reduced trabeculation [19].
Similar to the Ga/11 double knockout, inhibition of PKC in vitro prevents
differentiation of ES cells into functional cardiomyocytes [20,21]. Finally, RhoA, a
member of the Rho GTPase family, is required for heart-tube closure in the chick
[22], and cardiac specific inhibition of the Rho GTPase family (RhoA, Rac1, and
Cdc42) causes embryonic death at E10.5 and defects in cardiac morphogenesis,
ventricular maturation, and cellular proliferation [23]. Despite these studies
demonstrating the importance of G-protein signaling pathways for cardiovascular
development, little is known about the molecular mechanisms that control these
processes.

G-protein signaling pathways rely on second messengers (CAMP, IP3;, DAG,
and calcium) to propagate and amplify receptor stimulation. The second
messengers in turn induce intracellular signaling processes through the
activation of protein kinases (PKA and PKC), small GTPases, and ion channels.
However, these second messengers and downstream effecters are promiscuous
and can affect many cellular processes including metabolism, transcription, ion
channel activity, cytoskeletal organization, and contractility. Activation of specific
cellular processes by particular cell-surface receptors requires tight control of the
signal transduction pathway. Scaffolding molecules such as the A-kinase
anchoring protein (AKAP) family regulate the subcellular distribution of second

messenger signaling, thus providing signaling specificity [24].



1.2 AKAPs organize multiprotein complexes to provide signaling
specificity.

The AKAP family consists of a very diverse set of at least 22 genes that encode
for over 50 proteins [25]. This family of scaffolding molecules is classified by the
ability to bind the regulatory region of PKA [26]. However, these scaffolds can
bind many other important proteins, including protein kinases C and D (PKC &
PKD), phosphotases, phosphodiesterases, ion channels, GPCRs, cytoskeletal
components, and other signaling molecules and effectors, and localize them to
specific cellular compartments [27,28]. Thus, AKAPs coordinate the induction of
specific physiological effects by creating multiprotein complexes, controlling
subcellular localization and target specificity, and integrating multiple upstream
signals (Figure 1.2). This coordination of multiple proteins into a single signaling
complex creates a focal point for regulating cellular physiology. Thus, disrupting
these signaling focal points by mutagenesis of specific AKAPs can elucidate the
physiological effects controlled by these signaling complexes. In fact,
mutagenesis in model systems and cell culture indicates that AKAPs regulate
aspects of reproduction, fertilization, embryonic development, neuronal activity,
and cardiac structure and function [29].

AKAPs have been extensively studied in the cardiac system; however, much
of this work has been limited to cell culture. Thirteen AKAPs have cardiac
expression, and they regulate aspects of cardiac growth and remodeling,
excitation-contraction coupling, and calcium and potassium regulation (Table

1.1). Despite this work, very little is known about the role of these AKAPs during



cardiac development. Given the importance of G-protein signaling for embryonic
development and specifically cardiovascular formation, it is reasonable to
hypothesize that AKAPs are also required for these processes. Interestingly,
many of the signaling pathways involved in AKAP-mediated cardiac remodeling
are also important in the developing heart. Additionally, there are indications that
certain AKAP knockouts cause embryonic lethality; however, they have not yet

been described [29].
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Figure 1.2. Cartoon of AKAP-coordinated signaling complexes. AKAPs organize
multi-protein signaling complexes at specific subcellular locations to provide G-protein
signaling specificity. AKAPs are categorized by their ability to bind PKA, but they can
bind additional proteins such as PKC, PKD, and phosphodiesterases (PDE). This allows
AKAPs to integrate multiple upstream signaling pathways into a specific physiological
effect. These unique signaling complexes also provide a mechanism for common

second messengers (CAMP, IP3;, and DAG) to produce specific physiological effects.



1.3 Embryonic stem (ES) cell differentiation is an ideal model for studying
early cardiac developmental processes.

During mammalian development, the heart is the first organ to form and its
proper function is required for further development. The heart derives from
mesodermal cells that migrate out of the primitive streak and form the cardiac
crescent which then become cells of the primary and secondary heart fields
[30,31,32]. Complex signaling events involving the BMP, FGF, Wnt, Sonic
hedgehog, G-protein, and Notch pathways regulate the differentiation of these
heart field cells into the diverse set of cells in the mature heart [2,33]. In addition,
many of the elegant transcriptional networks involved in cardiac differentiation
and morphogenesis have been delineated [34,35].

Studying these early developmental processes in mice can be difficult.
However, ES cells can be used as a model for these processes because they
can differentiate into the three germ layers (endoderm, mesoderm, and
ectoderm) and can be driven into many cell types [36] (Figure 1.3). In particular,
ES cell differentiation through embryoid bodies (EBs) results in the formation of
functional cardiomyocytes that spontaneously contract [37]. These ES cell-
derived cardiomyocytes can form areas of rhythmically beating cells and display
the electrical properties of atrial-, ventricular-, and nodal-like cardiomyocytes [38].
The process of ES cell differentiation into cardiomyocytes faithfully models in vivo
cardiac development as the same genes, signaling molecules, and pathways
regulate both processes [39,40,41]. Additionally, the ES cell-derived

cardiomyocytes can model physiological processes and diseases including heart-



rate regulation [42], electrical activity [38], long-QT syndrome [43,44], and
hypertrophy [45]. Thus, the ES cell differentiation model offers an ideal system
for studying the role of G-protein signaling pathways and AKAPs in regulating
cardiomyocyte differentiation and disease.

Another advantage that ES cells provide over in vivo developmental systems
is that they are a very tractable cell system and can be easily mutated. Mouse
ES cell have long been used to introduce genetic mutations into mouse lines
through gene targeting for knockouts and knock-ins and random mutagenesis by
gene-trapping [46,47,48]. These approaches often affect only one allele and
require mating the mice to homozygosity for phenotypes to become apparent.
This takes lots of time, space, and resources to accomplish. However, the advent
of gene knockdown by RNA interference (RNAi) combined with lentiviral delivery
of short hairpin RNA (shRNA) to mediate RNAi have created a strategy to quickly
and efficiently reduce gene expression in ES cells [49,50]. Furthermore, this
lentiviral-mediated RNAI strategy has been used to assess gene function during
ES cell differentiation into cardiac tissue [51]. Thus, this RNAI strategy in ES cells
offers an ideal system for studying the function of genes during tissue

development and physiology.
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Pluripotent Mesoderm Cardiac Cardiomyocyte

ES Cells Precursor Mesoderm
B
OCT4 Brachyury Nkx2.5 p-MHC
/ \ \ Other Mesoderm
Ectoderm Endoderm Endot_hellal Cells
Adipocytes
Neurons Hepatocytes Hemangioblasts
Pancreatic Cells Osteocytes
Myocytes

Figure 1.3. Pluripotent ES cells can differentiate into all three germ layers as well
as functional cardiomyocytes. ES cells can differentiate into the three embryonic germ
layers that give rise to all cells of an adult organism: ectoderm (e.g. neurons), endoderm
(e.g. hepatocytes and pancreatic cells), and mesoderm (e.g. myocytes, adipocytes,
osteocytes, and cardiomyocytes). ES cell-derived cardiomyocytes form groups of cells
that rhythmically contract and express important structural proteins such as -myosin
heavy chain (B-MHC). The differentiation of functional cardiomyocytes from ES cells
progresses through a mesoderm precursor (marked by Brachyury expression) and
cardiac mesoderm (marked by the transcription factor Nkx2.5). The mesoderm precursor
cells can also differentiate into many other mesodermal cell types including endothelial

and smooth muscle cells.
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1.4 Many AKAPs are expressed in ES cells and are regulated during mouse
development and ES cell differentiation.

Since ES cell differentiation recapitulates early embryonic developmental
processes, we hypothesized that AKAPs up-regulated during both processes are
important for mammalian development. To identify candidate AKAP family
members important for development, we analyzed publicly available microarray
datasets for expression changes during mouse embryonic development [52] and
ES cell differentiation [53]. Our main interest was in cardiovascular development,
so we further hypothesized that AKAPs important for this process would be
expressed in cardiac tissue. Thus, we conducted a literature review to identify
AKAPs that are expressed in cardiac tissue and that are associated with cardiac
phenotypes. Finally, we identified the AKAPs expressed in mouse ES cells and
the available truncation mutant cell lines for these AKAPs that could be made
into mice. We did this by analyzing the gene-trap events for each AKAP gene
with the International Gene Trap Consortium sequence tag alignment track on
the UCSC Genome Browser [54,55].

The gene-trap constructs stably integrate into the ES cell genome in a
random fashion and generate protein truncation mutants. For ES cell selection of
the gene-trap insertional event, the endogenous gene needs to be expressed
and splicing from an endogenous exon to the splice acceptor of the gene-trap
cassette needs to occur [48]. Thus, the likelihood and frequency of a gene being
trapped using a splice acceptor cassette depends on gene length and ES cell

expression [56]. Therefore, the number of unique gene-trap events for a given

12



AKAP correlates with the genomic size and ES cell expression level of that AKAP
gene. The gene-trap event generates a truncation mutant by creating a fusion
protein that contains a portion of the amino-terminus for the endogenous protein
fused to the p-Geo cassette (f-galactosidase and neomycin resistance) from the
gene-trap construct [48]. These mutations are heterozygous in ES cells and can
produce phenotypes in cell culture [42]; however, the gene-trap cell lines are
mostly used to generate mutant mouse lines. Unlike traditional gene knockouts
that create null alleles, the gene-trap events often create hypomorphic alleles
that retain some functionality. Thus, a series of truncation mutant mice can be
generated if a gene has been trapped multiple times. This series of mutant mice
can then be used to identify the functional importance of specific domains for a
protein in vivo.

We found that many AKAPs are expressed and regulated during mouse
development [52] and mouse ES cell differentiation [53] (Table 1.1). Of the 22
AKAP genes, only seven had expression information for both data sets. We
found that only AKAP13 expression increased during mouse development and
ES cell differentiation. Conversely, three of these seven genes (i.e., AKAP1,
AKAP9, and Pericentrin) were down-regulated in both data sets. The remaining
three genes (i.e., AKAP8, AKAP11, and Wasf1) were down-regulated during ES
cell differentiation but were unchanged (AKAPS8) or up-regulated during mouse
development (AKAP11 and Wasf1). Unfortunately, there was no expression data
for nine of the AKAP genes, and six genes had expression data for only one of

the two data sets. Of these six AKAP genes, five had data for mouse
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development only; in this data set, AKAP12 expression increased, AKAP7,
AKAP10, and Ezrin expression decreased, and AKAP6 was expressed but this
expression was unchanged over the developmental time course. The remaining
gene, AKAP2, showed increased gene expression during ES cell differentiation.
The analysis of gene-trap events provided additional data on AKAP
expression in ES cells as well as information on mutant cell lines that could be
used to study gene function. Several genes that lacked expression data for the
ES cell differentiation data set were trapped (AKAP6, AKAP7, AKAP8I, AKAP10,
AKAP12, Map2, and Ezrin). Thus, these genes are expressed in ES cells.
Additionally, many of the AKAP genes have several unique gene-trap events
suggesting that these genes have a high level of expression in ES cells. In
particular, Pericentrin had 15 unique exons trapped and AKAP13 had 10. Both of
these genes are quite large with more than 40 exons in each and the high
number of gene-traps indicates that they are also highly expressed in ES cells.
The high level of Pericentrin expression in ES cells agrees with its functional role
as a critical component of the centrosome and required protein for general
mouse embryonic growth [57]. However, the reason for high expression levels of
AKAP13, a cytoskeletal associated protein, in ES cells is unclear. Finally, the
high number of uniquely trapped exons for Pericentrin and AKAP13 indicate that
multiple truncation mutant mice could be generated. These truncation mutant
mice could be used to dissect protein function and identify important protein

domains in vivo.
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The last piece of analysis we conducted was a literature review to identify
AKAPs expressed in cardiac tissue and those associated with cardiac
phenotypes either in cell culture or whole organisms. From this review, we
identified 13 AKAP genes that are expressed in cardiac tissue and seven of
these are associated with cardiac phenotypes. Most of the identified cardiac
phenotypes indicate that AKAPs function to control proper cardiac excitation-
contraction coupling and electrical activity through the regulation of cellular
calcium (AKAPS, 6, & 7) and potassium (AKAP9) levels. Moreover, human
mutations in several AKAPs cause changes in cardiac function, including AKAP9,
which leads to type 1 long-QT syndrome (LQT1) [58], and AKAP10, which
regulates heart rate and heart-rate variability [42,59]. AKAPs also regulate
cardiomyocyte structure and growth as three AKAPs (AKAP1, 6, & 13) function in
regulating cardiomyocyte hypertrophic processes. In particular, AKAP1 appears
to play a protective role in the heart by inhibiting hypertrophy in isolated
cardiomyocytes [60] and promoting mitochondrial function and cell survival in
vitro and in vivo [61]. Contrary to AKAP1, AKAPG6 [62] and AKAP13 [63,64]
regulate the induction of hypertrophy by multiple receptors including adrenergic
(AKAP6 & 13), angiotensin Il (Ang Il; AKAP13) and endothelin-1 (ET-1; AKAP13)
receptors in isolated cardiomyocytes. Furthermore, both AKAP6 and AKAP13 are
required for the induced expression of hypertrophic genes, such as atrial
natriuretic factor (ANF). Finally, we learned that Akap73-null mice die during

embryonic development and display cardiac hypoplasia [65]. However, this initial
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information came from a poster abstract and we did not have phenotypic data to

indicate what part of cardiac development was affected.
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Table 1.1. Analysis of cardiac and developmental expression and gene-trap
events for the AKAP family

Unique
Gene Aliases Cardiac Cardiac Mouse ES Cell Gene
! Expression Phenotype Development [52] Differentiation [53] Trapped
Exons
D-AKAP1, S-AKAP84,
AKAP1 AKAP121, AKAP149 +[66,67] Hyper [60,61] -8.70 -2.31 5
AKAP2 AKAP-KL, PALM2 3.97 3
AKAP110, FSP95,
AKAP3 SOB1 0
AKAP4 AKAP82, FSC1 0
AKAP75, AKAP79, 2+
AKAP5 AKAP150 +[67] Ca" [68] 0
+ Hyper [62],
AKAP6 mAKAP, AKAP100 67,69,70,71] Caze [72,73] P 1
AKAP7 AKAP15, AKAP18 +[74,75] Ca [76,77] -2.14 1
AKAP8 AKAP95 +[67,78] P -4.02 2
AKAPSI NAKAP95, HAP95 4
AKAP350, AKAP450,
AKAP9 Yotiao, Hyperion, +[79,80] K* [58,81] -2.26 -2.23 3
CG-NAP
AKAP10 D-AKAP2 +[82] A”'Ef;]m'a -2.40 5
AKAP11 AKAP220, Gm80 +[67,83] 217 -3.43 1
AKAP250, Gravin,
AKAP12 SSeCKS +[84,85] 2.16 5
AKAP-Lbc, BRX, LBC, Dev [65],
AKAP13 Ht31 +[86,87] Hyper [63,64] 1.88 3.69 10
AKAP14 AKAP28 0
Map2 Mtap2 1
Ezr Ezrin, Villin-2 -7.56 4
Pcnt Pericentrin, Kendrin -1.94 -4.73 15
Wasf1 WAVEH1, Scar 12.76 -2.04 1
Synm Synemin, Desmuslin +[88] 0
Cmyab5 Myospryn, Tims, Srfsd  + [89,90] 0
Sphkap SPHK1 interactor, Skip +[91] 0

A literature review identified AKAPs expressed in cardiac tissue and that have cardiac
phenotypes in cell culture or animals. The type of cardiac phenotype is indicated: Hyper
= hypertrophy, Ca®* = calcium regulation, K* = potassium regulation, Dev =
development. Publicly available microarray data sets were mined to determine the

expression of AKAPs during mouse development and embryonic stem (ES) cell
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differentiation. Absolute fold changes are reported when greater than 1.8, and
expressed, but unchanged, genes are marked as present (P). The number of uniquely

trapped exons for each AKAP gene is indicated.

1.5 Discussion: AKAP13 is our top candidate for regulating cardiovascular
development in mice.

We identified AKAP13 as our top candidate for regulating cardiovascular
development from our expression and literature analysis. The expression
analysis showed that AKAP13 is up-regulated during both mouse development
and ES cell differentiation. Additionally, AKAP13 appears to be highly expressed
in undifferentiated ES cells because it has multiple gene-trapped exons. From a
literature analysis, we found that AKAP13 is highly expressed in adult heart
tissue and has a much lower level of expression in other tissue types [86,87].
AKAP13 also functions in promoting cardiac growth by propagating hypertrophic
signals in isolated cardiomyocytes [63,64]. Finally, AKAP13 appears to be
required for proper cardiovascular development and mouse embryonic survival
[65].

AKAP13 coordinates signaling pathways that induce cardiomyocyte
hypertrophy and these pathways may also be important for cardiovascular
development. AKAP13 integrates multiple G-protein signaling pathways (Gas,
Gau2113, and Gagi1) by binding PKA, PKC, PKD, and the chaperon protein 14-3-3
and encoding for a RhoA-specific GEF domain [87,92,93,94] (Figure 1.4 A). In

isolated rat ventricular cardiomyocytes, AKAP13 integrates these signals to
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induce a hypertrophic response that increases cell size and turns on the
expression of hypertrophic genes (i.e., the “fetal” gene program). In these cells,
stimulation of the a1-adrenergic receptor (a1-AR) by phenylephrine (PE)
activates the Goag11and Gauz13 pathways which both signal through AKAP13 to
mediate the hypertrophic response [63,64]. The Goy11 pathway induces myocyte
enhancer factor 2 (MEF2) transcriptional activity through a PKC-PKD-class |l
histone deacetylase (HDAC) phosphorylation cascade [64]. The a1-AR-coupling
to the Gag11 pathway signals through PLC to activate PKC, which then
phosphorylates co-bound PKD to make it active. The activated PKD then
phosphorylates class || HDACs, and the phosphorylated HDACs translocate from
the nucleus to the cytoplasm and become bound to the chaperon protein 14-3-3.
This translocation of HDACs derepresses MEF2 transcriptional activity and turns
on the expression of MEF2 responsive genes. Additionally, coupling to the
Ga2/13 pathway activates the Rho-GEF domain of AKAP13 which in turn
activates RhoA, and this activation of RhoA appears to be important for
cardiomyocyte hypertrophy [63]. However, the molecular events downstream of
Ga213-AKAP13 activation of RhoA that lead to cardiac hypertrophy are
unknown. The GPCR agonists Ang Il and ET-1 also induce hypertrophy in
isolated cardiomyocytes through an AKAP13-dependent manner [63,64];
however, the specific AKAP13-mediated signaling events required for this are not
known.

AKAP13-bound PKA appears to modulate these two AKAP13-mediated

signaling pathways by regulating the phosphorylation state of AKAP13 (Figure
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1.4 B). AKAP13-bound PKA can be activated by isoproterenol (Iso) stimulation of
the Gas-coupled p-adrenergic receptor in isolated cardiomyocytes, and this
induces PKA phosphorylation of AKAP13 at the carboxy-terminal PKD-binding
domain [92]. This phosphorylation event appears to enhance the PKC-mediated
activation of PKD by decreasing the AKAP13 binding affinity for PKD and
potentially increasing the turnover rate of AKAP13-bound PKD. Conversely,
AKAP13-bound PKA inhibits Rho-GEF activity by phosphorylating the 14-3-3
binding site on AKAP13. This phosphorylation event allows 14-3-3 to bind to
AKAP13, and this binding inhibits AKAP13 Rho-GEF activity [93]. It is unknown if
PKA-mediated phosphorylation of the 14-3-3 binding site is also induced by the
B-adrenergic receptor. It is also unclear if AKAP13-bound PKA regulates any
additional signaling processes during cardiomyocyte hypertrophy or

cardiovascular development.
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Figure 1.4. Model of AKAP13-mediated signaling. (A) Extracellular signals such as

angiotensin Il (Ang Il), phenylephrine (PE), and endothelin-1 (ET-1) can activate G-

protein signaling pathways (Gai2/13 & Gogi1) by binding to GPCRs. The Gaiyz43 pathway

stimulates the RhoA-specific guanine nucleotide exchange factor (GEF) domain of

AKAP13 to activate RhoA. The Gag11 pathway stimulates PLC activity and leads to the
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activation of PKC. PKC initiates a phosphorylation cascade that activates PKD and then
PKD phosphorylates class || HDACs. The phosphorylation of HDACs causes them to
translocate into the cytoplasm and bind to 14-3-3; this de-represses MEF2
transcriptional activity (Tc) and allows expression of MEF2 responsive genes. Activation
of the AKAP13-mediated Rho-GEF and PKC-PKD signaling pathways induce
physiological effects including gene expression changes, hypertrophic responses, and
cytoskeletal organization in isolated cardiomyocytes. (B) PKA appears to modulate the
other two AKAP13-mediated signaling pathways, reducing Rho-GEF and enhancing
PKC-PKD signaling. The p-adrenergic ligand isoproterenol (Iso) activates the Gos,
pathway to increase cyclic AMP (cAMP) levels that in turn can activate AKAP13-bound
PKA in isolated cardiomyocytes. This activated PKA phosphorylates the 14-3-3 binding
site of AKAP13 to induce binding. The AKAP13-bound 14-3-3 reduces the Rho-GEF
activity of AKAP13. Activated PKA can also phosphorylate the AKAP13-PKD binding
domain. This enhances the PKC-mediated activation of PKD. These described AKAP 13-
mediated signaling events and their physiological consequences were identified in
isolated cardiomyocytes, but the physiological function of AKAP13 has not been well
characterized in vivo. We wanted to delineate the physiological role of AKAP 13-
mediated signaling during mouse development and in vivo physiology. From the
experiments dissecting AKAP13-mediated signaling events, it appeared that the Rho-
GEF and PKC-PKD pathways regulated the physiological effects controlled by AKAP13.
Thus, our experiments focused on identifying the physiological functions controlled by
AKAP13, specifically, the Rho-GEF and PKC-PKD binding domains.
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Surprisingly, many of the signaling molecules coordinated by AKAP13 are
required for cardiac development and differentiation. The three G-protein
signaling pathways upstream of AKAP13 (Gas, Gaii2/13, and Gag11) are required
for proper cardiovascular development and embryonic survival in mice
[14,16,17]. Downstream of the Gog11 pathway, PKD [95] and MEF2c [96] are
also required for early mouse development and proper cardiac formation.
Additionally, PKC is required for cardiomyocyte differentiation from mouse ES
cells [20,21], and class Il HDACs inhibit MEF2 transcriptional activity, blocking
cardiomyocyte differentiation of an embryonic carcinoma cell line, P19 [97,98].
Downstream of the Gauy/13 pathway, inhibition of the Rho family GTPases, which
includes RhoA, disrupts cardiac morphogenesis and proliferation in mice [23].
Moreover, AKAP13 is required for development as Akap13-null mice die during
development from cardiovascular defects [65]. Despite the indication that
Akap13-null mice are embryonic lethal, the phenotype was not initially available
to us. Nor was it clear if the lethality was due to cardiac or vascular defects.

Our analysis of AKAP expression during mouse development and ES cell
differentiation identified many expressed and regulated AKAP genes. Of the 22
AKAP genes, 12 were either present or regulated during mouse development
and eight were regulated during ES cell differentiation. We also found gene-trap
events in 15 of the 22 AKAP genes indicating that an amazing 68% of all AKAP
genes are expressed in ES cells. Surprisingly, only AKAP13 expression
increased in both data sets. We likely identified this up-regulation because of the

broad expression pattern of AKAP13 during development. As we will show in
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Chapter 4, AKAP13 is expressed in many tissues, including the heart, lung,
kidney, gut, muscle, and vasculature during embryonic development. Another
possible reason for identifying AKAP13 is that ES cell differentiation by the EB
method seems to be biased towards differentiation into mesoderm-derived cell
types, especially cardiomyocytes, which express high levels of AKAP13.

We likely missed the up-regulation of additional AKAP genes during
development. Mouse development and ES cell differentiation produce many cell
types, thus AKAPs with narrow expression patterns in differentiated tissues were
likely missed in this analysis. To identify these AKAPs, and other
developmentally important genes, future studies should conduct expression
analysis during directed differentiation of ES cells into specific cell types and on
specific tissues isolated from mouse embryos at various stages of development.
We also may have missing up-regulated AKAPs because the microarrays used
for these data sets did not probe for several of these genes. Ideally, future
studies will use RNA sequencing to identify expressed and regulated genes
during differentiation into specific tissue types. This approach will provide much
more detailed information on the changes in absolute expression levels and
alternative splicing events for all genes, including AKAPs. This information will
help guide future studies investigating the role of AKAPs in mediating
differentiation into specific cell types.

Several other AKAPs are up-regulated during mouse development, and these
could play important roles for general as well as tissue specific development.

Wasf1 (WAVE1) was the most highly up-regulated gene during mouse
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development. The WASP/WAVE family of proteins regulates actin cytoskeletal
dynamics important for cellular processes, such as cell shape changes and
motility [99]. Interestingly, WAVE1 is expressed throughout the mouse embryo at
E9 and becomes restricted to the central nervous system by E18 [100]. Despite
these findings WAVE1 mutant mice have a relatively normal embryonic
development but display post-natal lethality, growth defects, and neuronal
defects [100,101]. Other WASP/WAVE proteins might compensate for the loss of
WAVE1 during early embryonic development. For instance, N-WASP, which is
required for neural tube and cardiac formation [102], could have some redundant
functions with WAVE1. Another AKAP up-regulated during mouse development
is AKAP12 (Gravin). AKAP12 regulates actin cytoskeletal dynamics at least in
part through the coordination of PKA, PKC, and Raf signaling to control cell
shape changes and decrease cellular chemotaxis and invasion [103]. Moreover,
AKAP12 is required for proper extension of the mesoderm during zebrafish
gastrulation [104] and is expressed in mouse embryos [105]. It would be
interesting to determine if the function of AKAP12 during mesodermal extension
is conserved in mammals.

Finally, most of the AKAPs regulated during ES cell differentiation were down-
regulated (6 out of 8). As mentioned before, this could be due to the dilution of
AKAP expression levels during differentiation. Alternatively, this could indicate
that some AKAPSs play functional roles in ES biology and maintenance. This is an
interesting possibility because several AKAPs are expressed in sperm and

oocytes to regulate various aspects of gamete function, maturation and
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fertilization [29]. Some of these functions may be maintained during early
embryogenesis as the fertilized oocytes (i.e., zygotes) divide and develop into the
blastocyst, from which ES cells are derived. Of particular interest is the role
pericentrin (Pcnt) might play in mediating ES cell proliferation and self-renewal.
Pcnt is an important component of the centrosome and human mutations in this
gene lead to Microcephalic osteodysplastic primordial dwarfism type 1l [106].
Mutant mice also have dramatic growth defects and are embryonic lethal (for
review see [57]). Intriguingly, Pcnt is highly expressed in ES cells with over 15
unique exons trapped and is down-regulated over 4.5 fold during differentiation.
The competition assay described in Chapter 2 could provide an ideal system to
delineate the role of Pcnt and other AKAPs in ES cell maintenance and

proliferation.

1.6 Summary of our studies to investigate the role of AKAP13 during
cardiovascular development and pathology.

We used several approaches to identify the role of AKAP13 during
cardiovascular development and function, and these will be described in detail in
the following chapters. Since AKAP13 is highly expressed in ES cell and up-
regulated during differentiation, we first investigated its importance in ES cell
maintenance and differentiation (see Chapter 2). We used lentiviral mediated
RNAI to reduce AKAP13 expression and assessed the effects on ES cell
proliferation and expression of an Oct4-GFP reporter construct that marks

pluripotent cells. Despite the high level of AKAP13 expression in ES cells, we
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found that AKAP13 knockdown did not effect ES cell proliferation or expression
of Oct4-GFP. We then used RNAI to knock down AKAP13 expression during
differentiation by the EB method and looked for defects in the differentiation of
cardiac mesoderm, marked by an Nkx2.5-GFP reporter construct, and functional
cardiomyocytes as assessed by the appearance of spontaneously contracting
EBs. We found that AKAP13 knockdown did not effect differentiation into Nkx2.5-
GFP expressing cells or contracting EBs. We also found that AKAP13
knockdown had no effect on the expression levels of markers for endoderm,
endothelial cells, smooth muscle, or cardiac structural genes. These results
indicate that AKAP13 is not required for ES cell maintenance or differentiation
into multiple cell types, including cardiac and endothelial cells.

As we conducted the ES cell differentiation experiments, we initiated a
collaboration with the laboratory of Dr. James Segars at NICHD where the
Akap13-null mouse was developed. Through this collaboration, we learned more
about the phenotype of the Akap13-null mice. They die around embryonic day
E10.5 and display pericardial edema and a developmental delay [65]. Despite
this lethality, the mutant heart appears to have a relatively normal morphology,
as does the rest of the embryo. This indicates that differentiation into
cardiomyocytes and many other cell types can occur in Akap13-null mice. This
agrees with our findings that AKAP13 knockdown does not effect ES cell
differentiation into cardiac mesoderm and functional cardiomyocytes. This lab
suggested that the Akap13-null mice have a thin ventricular wall with fewer

cardiomyocytes and reduced trabeculation, as well as reduced expression of the
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transcription factors Mef2c and Tbx2 [65]. However, it is unclear if this analysis
was conducted on properly matched embryos since the mutant embryos appear
to be at an earlier developmental stage than the wild-type control embryos. This
age discrepancy between the mutant and wild-type embryos could explain the
observed cardiac structural and expression defects. This also leaves open the
possibility that the cardiac phenotype is a secondary effect and not the cause of
lethality. Due to these concerns, we wanted to further investigate the embryonic
phenotype of these Akap13-null mice and imported them into our mouse facility.

We invested a lot of time and energy in analyzing the imported Akap13-null
mice; however, we finally determined that the mice we were working with did not
contain the proper targeting event to disrupt AKAP13. We are unsure how or
when this mix-up occurred, and despite the amount of time spent on these mice,
we will not discuss these studies in detail here. Suffice it to say, we were unable
to detect decreased AKAP13 expression in the presumed heterozygous mice
and never detected homozygous mutant embryos even as early as E6.5 of
development. Moreover, we did not detect proper targeting of the AKAP13 gene
locus in these mice as determined by Southern blot analysis. From these
findings, we concluded that we were not working with the true Akap13-null
mouse line and decided to focus our efforts on other AKAP13 studies. Further
analysis of embryos with the proper targeting event remains to be done.

We decided to focus on two aspects of AKAP13-mediated signaling during
embryonic development. The first was to identify the cell types that express

AKAP13 and thus may require AKAP13-coordinated signaling during
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development. The second was to identify the specific AKAP13 protein domains
required for mouse development. To address these questions, we took
advantage of the available gene-trap events within the AKAP13 gene. These
gene-traps encode a -galactosidase cassette that can be used to report
AKAP13 expression during mouse development and in adult tissue by X-Gal
staining. Additionally, there are numerous gene-trap events throughout the
AKAP13 gene that can be used to generate a series of AKAP13 truncation
mutant mice. We generated mice from three of the 10 unique gene-trap events
within AKAP13. These gene-trap mutant mice were then used to determine the
expression pattern of AKAP13 during mouse development and in adult tissue
and to determine the requirement of specific protein domains for development
and cardiac hypertrophy.

We identified AKAP13 expression during mouse embryonic development and
in adult tissue by X-Gal staining of AKAP13-gene-trap heterozygous mice
(Chapters 3 & 4). Surprisingly, we found that AKAP13 was broadly expressed
during mouse development with high levels of expression in cardiac and
endothelial cells, as well as expression in the lung, kidney, gut, parts of the brain,
and muscle. AKAP13 was also expressed highly in the muscle and endothelial
cells of the adult heart, aorta, and pulmonary artery as well as in other vascular
tissue.

Since AKAP13 was expressed in endothelial cells, the cardiac outflow tract,
and vascular tissue during development and in adult mice, we decided to

investigate the function of AKAP13 in human umbilical vein endothelial cells
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(HUVECSs), a common model for endothelial cell biology and angiogenesis
(Chapter 3). Additionally, the Akap13-null mouse phenotype of edema could be
due to vascular dysfunction, instead of the proposed cardiac phenotype. We
were further intrigued by the dramatic similarity of VEGF-induced and AKAP 13-
coordinated signaling pathways. Specifically, VEGF induces a PKC-PKD-HDAC
cascade to activate MEF2 transcriptional activity and in parallel induces RhoA
activity. Both of these pathways play important roles during angiogenesis by
promoting endothelial cell migration and tube formation. Thus, we hypothesized
that AKAP13 coordinates signaling pathways downstream of VEGF to regulate
aspects of angiogenesis in HUVECs. To test this, we used RNAI to knock down
AKAP13 expression in HUVECs and assessed the ability of these cells to
perform processes important for angiogenesis. Contrary to our expectations,
AKAP13 knockdown did not affect aspects of angiogenesis, including cell
attachment, spreading, and morphology, tube formation, and VEGF-induced
wound healing. Moreover, AKAP13-deficient HUVECs had a normal activation of
PKD in response to VEGF stimulation. These results indicate that AKAP13 does
not regulate aspects of angiogenesis and is not required for VEGF activation of
PKD.

As discussed above, AKAP13 integrates multiple upstream signaling
pathways to activate a PKC-PKD signaling cascade or the GTPase RhoA. Both
of these pathways induce cardiomyocyte hypertrophy in vitro, and AKAP13
appears to be required for embryonic development. However, the requirement for

the AKAP13-coordinated PKC-PKD and RhoA signaling pathways during mouse
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development is unknown. Since the coordination of these pathways appears to
be the maijor function of AKAP13, we hypothesized that AKAP13 Rho-GEF and
PKC-PKD binding domain deficient mice would phenocopy the Akap13-null
mouse (Chapter 4). To determine if these pathways are required for
development, we generated a series of AKAP13 mutant mice from gene-trap
events that disrupt the PKC and PKD binding domains of AKAP13 or the Rho-
GEF as well as the PKC and PKD binding domains. Surprisingly, we found that
homozygous mutant mice from both of these mouse lines survive normally and
have no obvious phenotypes under normal conditions. These results indicate that
the AKAP13 Rho-GEF and PKC-PKD binding domains are not required for
mouse development. Furthermore, they suggest that the PKA binding domain of
AKAP13 may be sufficient for mouse development and survival. Alternatively, an
unidentified region of AKAP13 may be required for mouse development.

This lack of phenotype under normal conditions suggests that AKAP13
may function to regulate stress responses. In agreement with this, the AKAP13
Rho-GEF and PKC-PKD binding domains mediate hypertrophy in isolated
cardiomyocytes in response to multiple stimuli including adrenergic, angiotensin
II, and endothelin-1 receptor stimulation [63,64]. In addition, PKD is required for a
normal cardiac hypertrophic response to adrenergic and angiotensin Il receptor
stimulation in vivo [95]. Thus, we hypothesized that AKAP13 regulates cardiac
remodeling in response to p-adrenergic-induced cardiac hypertrophy in vivo. To
test this, we activated the f-adrenergic receptor by administering isoproterenol to

adult mice that lacked the AKAP13 Rho-GEF and PKC-PKD binding domains for
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14 days. We measured changes in cardiac structure and function by
echocardiograms and further analyzed heart size and morphology after
treatment. We found that the AKAP13 mutant mice had the same increase in
heart size and structural changes as wild-type mice in response to 3-adrenergic-
induced hypertrophy. Unexpectedly, these AKAP13 mutant mice did not display
the normal increase in ejection fraction or fractional shortening in response to
chronic p-adrenergic stimulation. These results indicate that the Rho-GEF and
PKC-PKD binding domains of AKAP13 do not regulate cardiac structural
remodeling in response to p-adrenergic-induced cardiac hypertrophy. However,
these domains are required for the cardiac functional response to chronic f3-

adrenergic stimulation.

1.7 Materials and Methods

Expression analysis of the AKAP gene family

Publicly available microarray datasets were analyzed by GC-RMA to determine
expression profiles during mouse development [52] and ES cell differentiation
[53]. Gene expression during mouse development was compared to expression
in a blastocyst (GEO series GSE1133). Gene expression during mouse ES cell
differentiation was compared to pluripotent mouse ES cells (GSE3749). The
largest fold change was reported when greater than an absolute fold change of
1.8. The data set containing mouse developmental time points also included a

large number of adult tissues. We considered a gene to be present (P) during
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mouse development if its expression was two-fold higher than the minimum

expression across all samples.

Identification of gene-trap events in AKAPs
Gene-trap events within AKAPs were identified from the International Gene Trap

Consortium (IGTC) database (at www.genetrap.org) and the IGTC Sequence

Tag Alignments track on the UCSC Genome Browser [54,55]. The sequence
tags were used to identify uniquely trapped exons and only gene-traps with
sequence aligning to exons were counted (i.e., intron traps were excluded and

duplicate traps effecting the same exon were not counted).
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Chapter 2
AKAP13 Knockdown Does Not Effect Embryonic Stem Cell Pluripotency or

Differentiation

2.1 Abstract

Background: G-protein signaling pathways regulate cardiovascular development
as disruption of the Gs, Gg1, or Giz/13 pathways cause embryonic lethality and
cardiovascular defects. However, the specific cellular processes controlled by
these pathways remain unknown. Scaffolding molecules, such as A-kinase
anchoring proteins (AKAPS), organize signaling complexes that integrate G-
protein signals into specific cellular processes. In fact, Akap13-null mice die
during embryonic development and appear to have cardiovascular defects.
Interestingly, the AKAP13 complex integrates Gs, Gg11, and G113 Signals to
induce cardiomyocyte gene expression and cellular growth, and many of the
AKAP13-coordinated signaling molecules regulate cardiomyocyte differentiation
and cardiovascular development. However, the developmental processes

regulated by AKAP13 remain unknown.

Methodology/Principal Findings: To determine if AKAP13 coordinates
signaling events required for cardiomyocyte differentiation, we used lentiviral-
mediated RNAI to knock down AKAP13 expression in mouse embryonic stem
(ES) cells and differentiating embryoid bodies (EBs). We developed a

fluorescence-based competition assay to quantify the effect of AKAP13
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knockdown on ES cell maintenance and differentiation. We found that ES cell
maintenance was normal in AKAP13-deficient cells. Surprisingly, we found that
AKAP13 knockdown did not decrease differentiation into Nkx2.5-GFP-positive
cardiac mesodermal cells or into functionally beating cardiomyocytes.
Additionally, AKAP13 knockdown did not affect the expression of markers for

endoderm, endothelial cells, or cardiac structural genes.

Conclusions: These results indicate that AKAP13 is not required for ES cell
maintenance or differentiation into functional cardiomyocytes or endothelial cells.
This suggests that AKAP13 may regulate other aspects of cardiovascular

development, such as morphogenesis, remodeling, or function in vivo.

2.2 Introduction
Heart disease is the leading killer of adults in the Western world. In addition,
congenital heart malformations are the most common birth defects, occurring in
nearly 1% of the population worldwide [1]. Understanding the molecular
pathways required for normal heart development will provide insight into the
mechanisms of cardiac malformation and new approaches to repair damaged
heart tissue.

G-protein signaling pathways have been extensively studied in the context of
adult cardiovascular physiology and disease and this has led to them becoming
major drug targets for the treatment of heart disease [2,3]. For example, drugs

that target the angiotensin Il (ACE inhibitors) and g-adrenergic (p-blockers)
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pathways have become common treatments for hypertension and heart failure
[4]. Interestingly, disruption of any of the four G-protein signaling pathways (Gs,
Gi, Ggn1, or Giz/13) in mice results in embryonic lethality, with the Gs, Gg11, and
G12113 pathways regulating cardiovascular development [5]. The Ggy11 pathway is
of particular interest because the double knockout of the Gaq and Gall genes
results in cardiomyocyte hypoplasia and embryonic death [6]. Despite the lethal
embryonic phenotypes identified for these ubiquitous signaling molecules, little is
known about the functions of specific G-protein pathways during cardiac
development.

There are several reasons for the lack of specific developmental functions
attributed to G-protein signaling. First, over 800 G-protein coupled receptors
(GPCRs) (about 400 non-olfactory GPCRSs) signal through the four common G-
protein signaling pathways [7]. Many of these GPCRs have overlapping and
complementary functions; thus, disrupting a single GPCR often has no functional
consequence. Additionally, GPCRs use common second messengers, such as
cyclic AMP (cAMP) and calcium to propagate their signaling events. However,
these second messengers are promiscuous, and disruption of these common
pathways can affect many cellular processes. Finally, the integration of multiple
G-protein and other signaling pathways can be required for proper downstream
signaling to occur. Thus, disrupting the focal points that coordinate signal
integration and downstream specificity should produce specific phenotypes
including developmental defects. Scaffolding molecules, such as AKAPS, create

signaling focal points by coordinating second messenger signaling specificity and
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integrating multiple upstream signaling pathways to control important
physiological processes [8]. This makes AKAPs ideal targets for disruption to
identify specific G-protein mediated developmental processes.

At least 22 AKAP genes have been identified, and they encode for more than
50 proteins [9,10,11,12,13]. AKAPs are classified by their ability to bind protein
kinase A (PKA) [14]. However, they can bind additional signaling proteins such
as protein kinases, phosphotases, phosphodiesterases, ion channels, GPCRs,
and other signaling molecules and effectors, to create signaling complexes
[10,12]. In addition to organizing signaling complexes, AKAPs also localize these
complexes to specific subcellular compartments, which aids in target specificity
[10]. Moreover, AKAPs regulate aspects of reproduction and development
including germ cell function, maturation, and fertilization [15] and zebrafish
gastrulation (AKAP12, Gravin) [16]. These properties make AKAPs ideally
situated to regulate G-protein-mediated cardiovascular development. In fact, we
found that many of the AKAP genes are expressed, and several of them are
regulated during mouse embryonic development and ES cell differentiation
(Table 1.1; Chapter 1). From the expression and literature analysis conducted in
Chapter 1, we identified AKAP13 (AKAP-Lbc) as our top candidate for regulating
cardiovascular development.

Multiple factors suggest that AKAP13 might regulate G-protein signaling
during cardiovascular developmental. First, AKAP13 was up-regulated in two
developmental time courses, mouse embryonic development and mouse ES cell

differentiation (Chapter 1) and is highly expressed in the adult heart [17,18].
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Second, AKAP13 organizes a signaling complex that mediates cardiomyocyte
growth in response to several hypertrophic stimuli, and many of these
coordinated signaling molecules are also important for cardiovascular
development (Figure 2.1). AKAP13 integrates signaling events from the Gas,
Gauons, and Gogi11 pathways by binding protein kinase A (PKA), C (PKC), and D
(PKD) and encoding for a RhoA-specific guanine nucleotide exchange factor
(GEF) domain [18,19,20,21]. In isolated cardiomyocytes, AKAP13 transduces
Gaga1 signals through a PKC-PKD-class Il histone deacetylase (HDAC) signaling
cascade to induce myocyte enhancer factor 2 (MEF2) transcriptional activity
[19,22,23]. AKAP13 also transduces Gauz13 signals through the encoded GEF
domain to activate RhoA [24]. The Gas signals transduced by AKAP13-bound
PKA modulate the other two pathways, enhancing the activation of PKD [19] and
reducing the activation of RhoA [20]. These AKAP13-mediated signaling
processes regulate multiple physiological effects including gene expression
changes (i.e., activation of the “fetal” gene program) and increased cell size.
Finally, Akap13-null mice die early during development and display
cardiovascular defects [25]. When we initiated this project, the Akap13-null
defects were not well described, and it was unclear what aspect of
cardiovascular development was affected. However, initial reports suggested that
lethality was due to defective cardiomyocyte development.

Interestingly, many of the AKAP13-coordinated signaling molecules are also
important for cardiovascular development. In mice, disruption of the G, pathway

[6], PKD [26], or MEF2C [27] all lead to embryonic lethality and cardiac defects.
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Similarly, disruption of the G123 pathway [28,29] or inhibition of Rho family
GTPases, which includes RhoA, [30] cause embryonic lethality and
cardiovascular defects in mice. Additionally, RhoA signaling is required for
cardiac morphogenesis and heart tube fusion in chick embryos [31].
Furthermore, PKC is required for cardiomyocyte differentiation in mouse ES
cells, and class Il HDACs inhibit MEF2 transcriptional activity, repressing
cardiomyocyte differentiation in P19 cells [32,33,34,35,36].

From this information, we hypothesized that AKAP13 is required for proper
differentiation into cardiomyocytes. To test this, we used lentiviral-mediated RNA
interference (RNAI) to knockdown AKAP13 in ES cells marked with either Oct4-
GFP, a reporter for pluripotent ES cells, [37] or Nkx2.5-GFP, a reporter for
cardiac mesoderm [38]. We then used flow cytometry to measure the effect of
AKAP13 knockdown on pluripotency and proliferation (via Oct4-GFP line) or
differentiation into cardiac mesoderm (via Nkx2.5-GFP line) as reported by GFP
expression. We also counted the number of beating embryoid bodies to
determine the effect of AKAP13 knockdown on the formation of functional
cardiomyocytes. Finally, we used real-time quantitative PCR to determine if
AKAP13 knockdown effected the expression of endodermal, endothelial, or
cardiac marker genes. Despite the high level of AKAP13 expression in ES cells
and embryoid bodies, we found that it was not required for ES cell maintenance,
differentiation into cardiac mesoderm or functional cardiomyocytes, or expression

of differentiation marker genes.
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Figure 2.1. Model of AKAP13 signaling during cardiac growth. AKAP13 organizes a
signaling complex by binding the protein kinases PKA, PKC, and PKD, and encoding for
a RhoA-specific guanine nucleotide exchange factor (GEF) domain. This AKAP13
complex can integrate signals from the Gas, Gauzis, and Gagii pathways. In isolated
neonatal ventricular cardiomyocytes, the AKAP13 GEF and PKC-PKD binding domains
mediate the induction of gene expression, at least in part through the transcription factor
MEF2, and cellular growth (hypertrophic growth). Many of these signaling molecules are
also important for cardiovascular development and cardiomyocyte differentiation.
Additionally, AKAP13 appears to be required for proper cardiac development and
cardiomyocyte formation. Thus, we hypothesized that AKAP13 creates a signaling

complex that mediates cardiomyocyte differentiation.
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2.3 Results

2.3.1 AKAP13 is highly up-regulated during ES cell differentiation.

From our analysis of AKAP expression during mouse embryonic development
and ES cell differentiation (Chapter 1), we identified AKAP13 as the only AKAP
up-regulated in both data sets. This suggests that AKAP13 may have an
important role in these processes. We also found that AKAP13 has 10 unique
exons trapped out of about 40 total exons, indicating that AKAP13 is highly
expressed in undifferentiated mouse ES cells. Furthermore, AKAP13 is highly
expressed in adult heart tissue [17,18] and appears to be required for proper
cardiac development in mice [25]. Thus, we decided to focus our experiments on
AKAP13. To verify that AKAP13 was indeed up-regulated during ES cell
differentiation, we conducted quantitative PCR for AKAP13 by the Sybr Green
method (Figure 2.2). AKAP13 expression was 10—20-fold greater in day 5-13
EBs than in undifferentiated ES cells. Additionally, AKAP13 expression in
undifferentiated ES cells was about 40% of that in the adult mouse heart, which
expresses very high levels of AKAP13. Finally, the atrial cardiomyocyte cell line,
HL-1, expressed AKAP13 at similar levels to day 7 and 13 EBs. These results
confirm that AKAP13 is highly expressed in mouse ES cells and this expression

is highly increased during differentiation.
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Figure 2.2. AKAP13 expression during ES cell differentiation. (A) Quantitative PCR
analysis of undifferentiated mouse ES cell (day 0) and day 5, 7, 10, and 13 differentiated
embryoid body RNA for AKAP13. (B) Quantitative PCR of undifferentiated ES cells
(ESC), adult mouse heart, and an atrial cardiomyocyte cell line, HL-1, RNA for AKAP13.
AKAP13 expression levels in A&B were measured by the Sybr Green method,
normalized to cyclophilin, and set relative to undifferentiated ES cell expression levels.

Mean values for eight technical replicates are graphed (n=1).
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2.3.2 AKAP13 is alarge gene that has multiple promoters and undergoes
alternative splicing events.

Despite a fair amount of research on the signaling events coordinated by
AKAP13 in cell culture and the finding that Akap13-null mice have embryonic
lethality, the mouse AKAP13 genomic locus is not well annotated. To better
annotate the mouse AKAP13 genomic locus, | used the RefSeq gene
NM_029332 as the reference exon structure. | then mapped additional exons and
splicing events using mouse and human GenBank mRNA and EST sequences
as well as the UCSC Genome Browser. The 5’ intron-exon and 3’ exon-intron
boundaries were identified by sequence comparisons of GenBank mRNAs and
ESTs to the genomic DNA (Table 2.1). The GenBank sequences used to identify
the specific intron-exon junctions are indicated by their accession numbers.
Analysis of mMRNA and EST splicing events revealed extensive alternative
splicing including seven possible alternative initiation exons, five alternative
termination exons (or bleeding exons), and four cassette exons. We were able to
map the initiation exons for three described AKAP13 transcripts, AKAP-Lbc
(Exon 1) [18], Brx (Exon Brx) [17], and Lbc (Exon Lbc) [39], and identified novel
candidate initiation exons: A, B, C, and D. We also identified possible alternative
termination, or bleeding, exons (indicated by a “b”) following exons 4, 6, 11, and
19. Finally, the mRNA and EST splicing data indicated that Exons 9, 10, 12, and
13 are cassette exons.

From this annotation, we determined that the mouse AKAP13 gene spans

about 300 kilobases (kb) of chromosome 7qD2 and contains at least 44 exons
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(Figure 2.3). This annotation indicates that the AKAP13 gene encodes for many
transcripts through the use of alternative promoters and alternative splicing
events. These promoters likely drive unique expression patterns for the AKAP13
transcripts as several different sized AKAP13 transcripts have been identified
with tissue specific expression patterns [17]. Additionally, the alternative initiation
exons and splicing events likely affect the biological functions of the resulting
protein isoforms by modifying the protein domains contained and the subcellular
localization of the protein isoforms. For example, the PKA-binding domain for

AKAP13 is present in the AKAP-Lbc transcript but not the Brx or Lbc transcripts.
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Table 2.1. AKAP13 gene structure, based on RefSeq NM 029332

Exon

5' Intron
Sequence

5' Exon
Sequence

3' Exon
Sequence

3" Intron
Sequence

Exon
Size

GenBank
Accession
Number

Alternative
Splicing Event

4b

6b

Brx

10

11

11b

12

13

ttggtttcag

tcttttccag

ctttctttag

ccgttcacag

ttgcttgcag

ttcctectag

ttcacttcag

tgtcttccag

tctttttcag

tctgttacag

tcattttcag

tcatctccag

GGCGCATGCG
GGGGACGCGC

TGTCCTGGGT

GGCGATTGTG

GTCACGACTG

GTGAGAAGCC
ACGGTGGCCC

GTCAGTCTCC

GGAAAATGCA

GTAAGGGAAA

AAAACAAACT

AGACGGCGTT

AAATGCCAGA

CCTTAACCCG

ATCAACCGAG

AATGCAGAAG

CCTGAAGAAG

GTAAGACAGG

TTCAATGCGA

TATGAGCTGG

GAGCCGCACG
GTCAAGCCGG

TCCATTATAT

ATTGCTCCTG

ACTTTGCATG

TCTAGTACTG
TTCTGACTGA

GGAGCCCCGC

GCAGCTGATG

TTATTTATTC

TCAGCACCAG

AGTCCGGAAG

GACCCAGGCG

GTTGCTGAAG

CAGAGCTCAG

CTTCCCAAAG

ACCAGCGGAG

ACTTACTGGT

ATAGGAGAAG

ATATCAGAAG

54

gtgagagcege

gtaaacactg

gtaagtaaat

gtaagtatct

gtgagaagcc

gtgagtgtct

gtgagtcatg

gtaagggaaa

gtaagcaagg

gtcagttgat

gtaagcagca

gtaagaaggg

gtatgtgtgt

gtactggatg

gtaagacagg

gtacagagtt

gtatagtatt

215
228

44

148

297

672
184

115

193

323

3064

608

128

241

76

137

374

83

54

66

AK157986
AK172125

AK006382

AK157986
AK172125
AK006382
AK157986
AK172125
AK006382
AK157986
AK172125
AK006382

AK006382

AK157986
AK172125
BB654464
CJ056095
AK157986
AK172125
BB654464
CJ056095
AK157986
AK172125
BB654464
CJ056095
AK149507
AY033771
AK162999
AK172678
AK149507
AY033771
AK162999
AK172678
AK135576
human mRNAs
AK315885
AK309805
AK149507
AY033771
AK162999
AK135576
AK149507
AY033771
AK162999
AK135576
AK149507
AY033771
AK162999
AK172678
AK135576
AK162999
AY033771
human mRNA
AB055890
AY033771
human mRNA
AF406992

Initiation Exon

Alt Initiation

Bleeding Exon

Alt Initiation

Bleeding Exon

Alt Initiation

Alt Initiation

Cassette Exon

Cassette Exon

Bleeding Exon

Cassette Exon

Cassette Exon
(Missing from
NM_029332)



GenBank

5' Intron 5' Exon 3' Exon 3' Intron Exon ; Alternative
Exon ) Accession L
Sequence Sequence Sequence Sequence Size N Splicing Event
AK149507
AY033771
ctgtgttca TTTCAGTCTG TGATCAGCAG taaggctaa
14 gtg g g e[¢} 193 AK172678
AK135576
AK149507
15 aattttgtag ACATGTTACA  GGATTGGACA  gtgagtatat 109 AY033771
AK135576
human RefSeq
Lbc ATCTAAAACT ~ GAGTTTTGTA gtaaataagc 60  NM-144767 A initiation
human mRNA
AF127481
AK149507
16 tgttttctag GTTCACGGCC  TGACCGAGAG gtacgaggag 43 AY033771
AK135576
AK149507
17 tttttttcag TATAACAGAA GAAGAGCAAA gtaagtacct 133 AY033771
AK135576
AK133803 e
D AGGAAGCAGG ACATGGGCAG gtaagagcct 227 AKO37815 Alt Initiation
AY033771
AK135576
tctttggca GAAAAGGAAA  ACGTGTGCAG taagagaca
18 ggcag g gag 175 AK133803
AKO037815
AK133803
19 tcctttccag GCTGTGGTGC CAAAATGAAG gtaagatagt 68 AKO37815
19b GTAAGATAGT  CTCAAAAATC 202 AKO037815 Bleeding Exon
20 ttctctttag CAGCCAAAAG  AGAAACAAGT  gtaagtagct 67 AK133803
21 tcccttgeag CTTCACAGCC  ACATCACTGG gtaagtgggg 136 AK133803
22 ctgtctttag AGTTGGCAAT ACTGATGAGG gtaagaggac 113 AK133803
23 gtattttgag GAGTAGGTAC  GTGATTTACG gtgaggtgct 153 AK133803
24 cttctcatag AGTTGATGCA TGTCAGTCAG gtgagcagcc 251 AK133803
25 tctcgagcag TTCTCAGGTG  CTTTGTGAAG  gtactgacct 126 AK133803
26 tcccttgcag  AAGAAGATGA  TGTACCAAAG  gtgagtctcc 118 AK133803
AK133803
27 ctctcccaag ACAATGAAGT AGGCTGAAAG gtatgactgc 249 CE745087
AK133803
tactttgca AGGTTCAAGC TGCATCCTTG taagctgaa
28 gcag gtaagetg " CF745087
AK133803
29 ctctgtccag GACCATAAGT TCAACTCCCT gtacgtgagc 182 CE745087
AK133803
30 gttatgtcag GAATAGAGAT GAGTTAAAAG gtaaaatgtt 83 CF745087
CF538167
CF745087
31 tgccctgceag AACAGCTTCA ATAAATGAAG gtaatttaca 195 CF538167
CA752442
CF745087
32 ttttttgcag TGGAAATCCT  GCTTCCAAAG  gtaaaccatc 162 CF538167
CA752442
CF538167
33 ttttgtttag GAGGTGAGAA  CCTGAAAAAG gtatgctctc 71 CA752442
CF538167
tattttgta GGTGGAAATG  AAACAGTGAG taal ttc
34 gtag gtaaggg 45 CA752442
CF538167
35 cctttgctag CAGGTTGTCC CATGCTGCAG gtacatgtgc 51 CA752442
BU919116
CF538167
CA752442
ccatgaca GGTGTCGTGC CCTTTGCCAG tacccaaga
36  gccatgacag 9 9a 450 Byogio116
CB245692
BU919116
37 acatgtgcag GTTTCAAATA CAGCCTGGTG gtgagttgtc 331 CB245692
CF742755
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5' Intron 5' Exon 3' Exon 3' Intron Exon GenBa_nk Alternative
Exon ) Accession L
Sequence Sequence Sequence Sequence Size N Splicing Event
CB245692 Terminati
38 acggttgcag ACGGCCCTGC — CTTTGAGATC 4032 CF742755 e”E”'”a fon
AK050038 xon

Annotation of the AKAP13 genomic locus was conducted using RefSeq gene
NM_029332 as a reference to identify the base exons. This RefSeq gene lacked exon
13, so the exons 13-37 in NM_029332 are relabeled to exons 14-38 in this table.
Additional GenBank mouse and human mRNA and EST sequences were used to
identify alternative exons and verify reference exons as listed. Reference exons are
numbered 1-38, alternative initiation exons are labeled with a letter (A, B, C or D) or with
Brx or Lbc, and bleeding exons are labeled with a “b” (4b, 6b, 11b, & 19b). Ten-bp
sequences upstream and downstream of intron-exon boundaries are given, and the

exon size is indicated in bp. Predicted alternative splicing events are indicated.
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Figure 2.3. AKAP13 genomic organization. The AKAP13 gene spans almost 300
kilobases (Kb) of genomic DNA on mouse chr7qD2 and encodes for at least 44 exons.
The exons for the RefSeq gene NM_029332, and exon 13, and the reference splicing
events are indicated in black. The locations of the exons are approximately to scale, but
the exon sizes are not to scale. Possible alternative initiation exons are in gray above
the reference exons with grey lines indicating the predicted splicing events. Possible
bleeding exons, predicted to result in transcript termination, are indicated in red with a

“b” and “*". Cassette exons are boxed.
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To identify the AKAP13 splicing events that occur in mice, we conducted RT-
PCR off of total RNA from undifferentiated ES cells, day 10 EBs, adult heart,
adult brain, and HL-1 cells. We verified many reference splicing events and
several alternative initiation and bleeding exon events (Table 2.2). We verified
splicing of the alternative initiation exons Brx into exons 9 & 10 and D into exon
18. We also verified the retention of bleeding exons 4b and 6b. Finally, we
verified that cassette exons 12 & 13 could be skipped. These results indicate that
many of the alternative splicing events predicted from the gene annotation can
occur in mouse tissue. This validation of AKAP13 splicing events is far from
comprehensive as only a few tissues were analyzed for a subset of the possible
alternative splicing events. Additional analysis of AKAP13 splicing events and
full-length AKAP13 clones is needed to better understand the expression

patterns of AKAP13 transcripts in mouse tissues and ES cells.
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Table 2.2. Validation of AKAP13 splicing events
Exon .
Junctions Forward Primer (5'-3') Reverse Primer (5'-3') Product Positive
Size Samples
Probed
1-2-3-4 MJS135 CCGCCTATTGTCCTTCTCC MJS175 GGTGTCTGAATGCCAGTGC 516 ESC
3-4b MJS181 TGCTTGCTGAAGAGGACAAA  MJS185 CTGCTTCCAACAACTCCACA 733 EESBCH?_lf
45 MJS139 GCACTGGCATTCAGACACC — MJS140 EGTAACAGGAACCATGTCAAC o Heart
Heart, ESC,
5-6b MJS143 AGCATCCACAACAAGGAAGG — MJS144 GCAAGATTCACTGGGTGAGG 339 =S
67 MJS145 GTGAACCCCATGGAGACAGC —MJS146 TACACTGGGCACACAAGACG 146 Heart, Brain
ESC, D10
Brx-9-10 MJS186 TCTCCAAGGTGGACAGGACT  MJS187 GCCTTCTTTTGAGGCACACT 173 -
11-14  MJS147 GGGGACCTGGGAAGAACG MJS148 GGATGGCTTATTTCCAACACC 98 Heart
11-12-13-14 MJS147 GGGGACCTGGGAAGAACG MJS148 GGATGGCTTATTTCCAACACC 218 Heart
13-14  MJS154 GGTGTCCCTCTGGTGTGC MJS153 GACGAGGATGGCTTATTTCC 112 Vregrh
151617  MISLSS ESTACATCAGCCATTTCTTCT MIS156 'IG'gTTATACTCTCGGTCAGGTT 123 Heart
CCGTTAAGAGTCTTTTTATCT
17-18  MJS158 AGGTTAGTCGCACCTTCAGC —MJISI59 +rrrcc 142 Heart, Brain
CCGTTAAGAGTCTTTTTATCT Heart,
D-18 MJS160 CCCGAAGTTCCTCTCATAACC MJIS159 +rrrcc 134 Brain, D10
EB
18-19  MJS161 GCAGCCAGTGCATGAAGC MIS162 SAGGAGGCTAGATTTTCTCTG e Heart
ESC, D10
24-25-26-27 MJS177 AGGGGATGTGCTTGTCAGTC  MJS178 GCCTTCCTGTTGTGCTCTTC 509 oo
Heart,
37-38  MJS163 CAAGCCAAAGGAAAAGAAGG  MJS164 ggTCCAGTGTAAGAGACTTGT G Brgllrg), Egc,
HL-1

AKAP13 splicing events were validated by RT-PCR off of total RNA from mouse ES cells
(ESC), day 10 EBs (D10 EB), HL-1 cells, or adult mouse heart or brain. The exon-exon
junctions probed, the primer pairs used, and PCR product sizes (in base pairs) are
indicated. The cell or tissue sample(s) that gave the proper PCR product size is
indicated. This analysis is not comprehensive, as all junctions were not probed for all cell
and tissue samples. Additionally, only a subset of all possible splicing events was

analyzed.
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2.3.3 pSicoR-EFla-mCh(-Puro) lentiviral constructs drive strong levels of
mCherry expression in ES cells and differentiated EBs.

To establish a method for assaying gene function during ES cell differentiation,
we modified an existing lentiviral-RNAI construct to strongly express the
fluorescent molecule mCherry in ES cells and during EB differentiation. To do
this, we replaced the CMV promoter in the pSicoR-mCherry lentiviral construct
[37,40] with an EF1la promoter to create pSicoR-EF1la-mCh (Figure 2.4A), to
drive stronger mCherry expression in ES and differentiated cells [41]. We also
wanted a method to select for a pure population of lentiviral-RNAI transduced ES
cells. For this, we cloned a T2A ribosomal skip motif [42,43], followed by the
puromycin-resistance gene in-frame with mCherry to create the antibiotic
selectable pSicoR-EF1a-mCh-Puro lentivirus (Figure 2.4B). The pSicoR-EFlao-
mCh lentiviral construct transduced ES cells with around 50% efficiency, and
mCherry fluorescence was readily detected by fluorescent microscopy (Figure
2.4C). The pSicoR-EFla-mCh-Puro lentivirus had similar transduction efficiency
and fluorescent intensity; additionally, stable ES cell clones and pools of
transduced ES cells could be selected for by puromycin treatment (data not
shown).

To determine if pSicoR-EF1a-mCh drives continuous expression during ES
cell differentiation, we differentiated transduced ES cells and measured
fluorescence by flow cytometry. Lentivirus-transduced ES cells were isolated by
fluorescent activated cell sorting (FACS) for mCherry expression. These mCherry

positive ES cells were differentiated by hanging drop into EBs and the percent of
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mCherry positive cells was determined by flow cytometry on day 0 (ESC), 5, 7,
and 12 of differentiation (Figure 2.4D). Over 90% of the cells at day 12 of
differentiation expressed mCherry when normalized to mCherry expression in ES
cells (the mCherry sorted cell sample is graphed in red). Additionally, the
mCherry fluorescent intensity was maintained during differentiation and the
mCherry-positive cells could be distinguished from mCherry-negative cells (black
histogram). These results indicate that the pSicoR-EF1a-mCh and pSicoR-EFla-
mCh-Puro lentiviral constructs can drive strong, detectable levels of mCherry
expression in ES cells as well as differentiating cells. Thus, mCherry expression
can be used to identify the lentivirus-transduced cells. Additionally, lentivirus-

transduced cells can be isolated by antibiotic selection.
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Figure 2.4. pSicoR-EFla-mCh(-Puro) lentiviral constructs drive strong levels of
mCherry expression in ES cells and differentiated EBs. (A) The CMV promoter for
pSicoR-mCherry was replaced with the EF1o promoter to create pSicoR-EF1a-mCh. (B)
A T2A, ribosomal skip motif, followed by the puromycin resistance gene (Puro) was
cloned in-frame with mCherry to create pSicoR-EF1a-mCh-Puro. The T2A motif allows
mCherry and Puro to be expressed as separate polypeptides from a single mRNA
molecule expressed under the control of the EF1lo promoter. The common pSicoR
lentiviral backbone contains a U6 promoter to express short hairpin RNAs cloned into
the Hpal-Xhol restriction sites [40]. (A&B) Unique restriction enzyme sites are indicated.
(C) Around 50% of ES cells could be transduced with concentrated pSicoR-EF1a-mCh
lentivirus and mCherry fluorescence was detected by fluorescent microscopy. (D)
mCherry-positive cells were isolated from pSicoR-EF1a-mCh transduced ES cells by
FACS. The isolated mCherry-positive cells were differentiated using the EB method and
mCherry fluorescence was measured by flow cytometry at day 0 (ESC), 5, 7, and 12 of
EB formation. Histograms of mCherry fluorescent intensity are shown for untransduced
cells (black) and mCherry-sorted cells (red). The percent of mCherry-positive cells for
the given gating cutoff is given. mCherry expression is stable during the differentiation

time course.
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2.3.4 A lentiviral-mediated RNAI competition assay was developed to study
gene function during ES cell differentiation.

To determine gene function during ES cell differentiation, we expanded on a
lentiviral-mediated RNAI competition assay developed to study the role of genes
in undifferentiated ES cells [37,44]. The differentiation efficiency of ES cells into
specific cell types, including cardiomyocytes, can vary from day to day and
between different cell lines. This makes it difficult to quantitatively compare the
differentiation potentials in wild-type and mutant cell lines in a high-throughput
manner. A co-culture of both lentiviral-RNAI transduced and wild-type cells
differentiated together, in competition, can control for this variability. This
competition assay ensures that the RNAi and wild-type cells are treated
identically, and it provides an internal control, wild-type cells, for differentiation. A
similar assay has been used to study the role of genes in maintaining ES cell
pluripotency and proliferation [37,44]; however, this approach has not been used
during ES cell differentiation.

A lentiviral-RNAIi competition assay can be used to assess gene function in
maintaining ES cell pluripotency and proliferation (schematic of this assay is
shown in Figure 2.5A). This assay uses an Oct4-GFP reporter ES cell line, Oct4-
GiP [45], to label pluripotent ES cells [37]. These GFP-labeled ES cells are
infected with pSicoR-EF1a-mCh lentivirus, which results in mCherry expression
in the infected, and shRNA producing, cells. The effect of gene knockdown on
ES cell pluripotency and proliferation can then be followed during ES cell

propagation by flow cytometry. There are several outcomes that could result from
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gene knockdown: no effect, blocked pluripotency, or inhibited proliferation. If a
gene knockdown does not effect ES cell pluripotency or differentiation, the
proportion of infected cells expressing mCherry (and the shRNA) will be
maintained over time (Figure 2.5A-2). However, if gene knockdown disrupts ES
cell pluripotency, the infected cells will lose GFP but will maintain mCherry
expression (Figure 2.5A-1); if knockdown inhibits proliferation, all the infected,
red, cells will be lost (Figure 2.5A-3).

A similar lentiviral-RNAI competition assay could be used to analyze gene
function during ES cell differentiation (schematic is shown in Figure 2.5B). In this
assay, a tissue-specific (ts) promoter is used to drive expression of GFP (ts-GFP
ESCs). These ts-GFP ES cells are infected with the pSicoR-EF1a-mCh lentiviral
construct, and the infected cells become mCherry positive and produce the
ShRNA to knockdown gene expression. The pool of infected and uninfected cells
is then differentiated and flow cytometry is conducted to measure GFP and
mCherry fluorescence. The effect of knockdown on differentiation into the tissue
type of interested, marked by the ts-GFP, is assessed by comparing the ratios of
infected GFP-positive cells (yellow, I+) versus infected GFP-negative cells (red, I-
) to uninfected GFP-positive cells (green, U+) versus uninfected GFP-negative
cells (grey, U-) at different time points. Some of the possible results from this
include:

1) §—+ _U+ RNAI knockdown does not effect differentiation (Figure 2.5B-2),

U

2) §—+ < U+ RNAI blocks differentiation (Figure 2.5B-1), or

U

63



3) §—+ > % RNAI promotes differentiation (Figure 2.5B-3).

In other words, if the lentivirus-infected, shRNA-producing, ES cells differentiate
into the GFP-expressing cells as efficiently as uninfected cells do, the gene does
not effect differentiation. Alternatively, if the differentiation efficiency of the
lentivirus-infected, mCherry-positive cells into GFP-expressing cells is different,
then the gene functions during differentiation into the specific cell type. In this
competition assay, the uninfected cells provide an internal control for
differentiation efficiency (U+/U-). Finally, the gene knockdown might inhibit
proliferation or general differentiation. In this case, all infected cells could be lost

during differentiation (similar to Figure 2.5A-3).
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Figure 2.5. Schematic of lentiviral-mediated RNAi competition assay.

(A) Model of the ES cell competition assay. Oct4-GFP labeled cells (green) are infected
with a lentiviral construct that expresses mCherry and an shRNA to knockdown gene
expression. Some of the Oct4-GFP ES cells will become virally infected (yellow). This
pool of infected and uninfected cells is propagated and assessed by flow cytometry. (A-
1) If gene knockdown blocks pluripotency, infected GFP-positive cells (yellow) would
lose GFP expression (become red only). (A-2) If gene knockdown causes no effect, the
ratio of infected (yellow) and uninfected (green) GFP-positive cells would remain
constant over time. (A-3) If gene knockdown inhibited proliferation, the infected (yellow
and red) cells would be lost. (B) Model of the differentiation competition assay.

Undifferentiated ES cells that contain a tissue-specific GFP (ts-GFP) reporter (grey) are
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infected with a lentiviral construct that expresses mCherry and an shRNA to knockdown
gene expression. Some of the ES cells will become virally infected (red). This pool of
infected and uninfected cells is differentiated, and mCherry and GFP fluorescence is
measured by flow cytometry. (B-1) If gene knockdown blocks differentiation, the infected
cells will not become GFP positive as efficiently as the uninfected cells. (B-2) If gene
knockdown has no effect on differentiation, both the infected and uninfected cells will
become GFP positive to the same extent. (B-3) If gene knockdown promotes
differentiation, the infected cells will become GFP positive more efficiently than

uninfected cells.
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2.3.5 AKAP13 is not required for ES cell proliferation, pluripotency, or
cardiac mesoderm differentiation.

To determine if AKAP13 is required for ES cell maintenance or differentiation into
cardiac cells, we designed shRNAs to knockdown AKAP13 expression and
conducted the ES cell and differentiation competition assays described above.
We selected RNAI target sequences and designed the shRNAs with
Psicoligomaker 1.5 and cloned the shRNAs into the pSicoR-EF1a-mCh lentiviral
construct. We verified that the AKAP13i-1 shRNA knocked down AKAP13
expression in HL-1 cells by 73%, compared to uninfected cells.

To determine if AKAP13 regulates ES cell maintenance, we infected Oct4-
GiP [45] ES cells with empty pSicoR-EF1a-mCh lentivirus or lentivirus
expressing the shRNAs GFPi, Oct4i, and AKAP13i-1. These pools of infected
and uninfected Oct4-GFP ES cells were passaged every other day for 12 days
and GFP, and mCherry fluorescence was measured at each passage (Figure
2.6). Representative flow cytometry plots show that 60—65% of the ES cells were
infected with pSicoR-EF1a-mCh lentivirus on day 2 (Figure 2.6A). The GFPi
shRNA knocked down GFP expression in infected cells, decreasing the
percentage of mCherry—GFP double-positive cells and increasing the percentage
of mCherry-positive—GFP-negative cells. The Oct4i shRNA targets the Oct4
gene, Pou5fl1, which is required for ES cell maintenance. Thus, as expected, the
Oct4i shRNA led to the loss of all infected, mCherry-positive cells by day 6.
However, the percentage of GFP—mCherry double-positive cells remained

constant for the AKAP13i-1 shRNA. The control shRNA constructs, GFPi and
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Octd4i, both gave the expected decreases in GFP and mCherry fluorescence,
respectively. These results indicate that this ES cell competition assay is
functioning as expected. Furthermore, AKAP13 does not regulate ES cell
maintenance.

We then quantified the percent of mCherry-positive, lentivirus-shRNA-infected
cells at each passage to determine the effect of the shRNAs on ES cell
proliferation (Figure 2.6B). Since each lentiviral transduction gave a different
percentage of infected cells, we normalized each series to the day 2 values.
There was a slight decrease in the percent of mCherry-positive cells over time for
the empty lentivirus sample. The GFPi and AKAP13i-1 shRNAs decreased the
percent of mCherry positive cells in a similar manner, and this decrease was only
slightly larger than that for the empty lentivirus. Finally, the Oct4i shRNA
dramatically decreased the percent of mCherry-positive cells by day 4 and,
mCherry cells were completely lost by day 8. These results indicate that the
lentivirus-infected cells are at a slight disadvantage in the competition assay
compared to the uninfected cells. Thus, lentivirus-infected cells expressing a
control shRNA are required for comparison with the experimental shRNA. In this
experiment, the GFPi and AKAP13i-1 shRNAs had the same curve for mCherry
positive cells. This indicates that AKAP13 is not required for ES cell proliferation.

Finally, to determine if AKAP13 was required for ES cell differentiation into
cardiac mesoderm, we infected Nkx2.5-GFP ES cells [38] with empty pSicoR-
EFla-mCh lentivirus or lentivirus expressing the AKAP13i-1 shRNA. We then

differentiated the pool of cells by the hanging-drop method [46,47]. Differentiation
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into Nkx2.5-GFP-positive cells was measured at day 5 of EB differentiation by
flow cytometry (Figure 2.6C). In uninfected Nkx2.5-GFP cells (No Virus), around
25% of undifferentiated ES cells were GFP positive and this to about 60% on day
5 of EB differentiation. Both the empty (ho shRNA) and AKAP13i-1 lentiviral
samples also had about 60% GFP-positive cells on day 5 of differentiation when
infected and uninfected cells were combined. Moreover, when analyzed
separately, 64% of the “no shRNA” infected cells became GFP positive, while
59% of the uninfected cells became GFP positive. Similarly, 63% of the
AKAP13i-1 shRNA-infected cells became GFP positive, while 51% of the
uninfected cells became GFP positive. These results show that the AKAP13i-1
shRNA did not effect differentiation into Nkx2.5-GFP-positive cells. Furthermore,
they indicate that AKAP13 is not required for ES cell differentiation into cardiac

mesoderm.
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Figure 2.6. AKAP13 is not required for ES cell proliferation, pluripotency, or
cardiac mesoderm differentiation. (A) Representative flow cytometry plots for
mCherry and GFP fluorescence are shown for empty, GFPi, Oct4i, and AKAP13i-1
pSicoR-EF1a-mCh lentiviral infected Oct4-GFP ES cells on days 2, 4, 6, and 10 of
propagation. The percent of cells in each quadrant is indicated. (B) Quantification of
cellular proliferation for empty, GFPI, Oct4i, and AKAP13i-1 shRNA-lentiviral infected
Oct4-GFP ES cells propagated for six passages. The percent of mCherry positive cells
at each passage was normalized to day 2 values for that sample. Means and std
deviations are graphed (n=4). (C) Representative flow cytometry plots for mCherry and
GFP fluorescence are shown for no virus (FACSed mCherry-negative pSicoR-EFla-
mMCh no shRNA), empty (mCherry-positive pSicoR-EF1a-mCh no shRNA), and
AKAP13i-1 (mCherry-positive pSicoR-EF1a-mCh AKAP13i-1) infected Nkx2.5-GFP ES

cells and cells from day 5 EBs. The percent of cells in each quadrant is indicated (n=1).
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2.3.6 AKAP13is not required for ES cell differentiation into functional
cardiomyocytes.
We next wanted to determine if AKAP13 is required for ES cell differentiation into
functional cardiomyocytes. To do this, mouse E14 ES cells were infected with
pSicoR-EF1la-mCh-Puro lentiviral constructs expressing shRNAs, infected cells
were selected for, and these pools of infected cells were differentiated into
embryoid bodies. Multiple shRNAs were used to knock down AKAP13 (AKAP13i-
1 & AKAP13i-3) expression, and an shRNA against Sox17 (Sox17i) was used as
a control to disrupt functional cardiomyocyte formation [48]. We also used
multiple negative-control shRNAs targeting GFP (GFPi), luciferase (Luci) and a
scrambled version of AKAP13i-3 (AKAP13i-3m). To verify that AKAP13 and
Sox17 expression was decreased by their respective shRNAs, we conducted
guantitative PCR with TagMan probes on ES cells and day-5 differentiated EBs
(Figure 2.7A). The two AKAP13 shRNAs, AKAP13i-1 and AKAP13i-3, reduced
expression by 70-80% in ES cells and 40-50% in day 5 EBs as compared to
uninfected E14 cells (No Virus). The negative-control shRNAs, GFPi, Luci, and
AKAP13i-3m, did not reduce AKAP13 expression levels. Likewise, the Sox17i
shRNA reduced Sox17 expression by 87% compared to E14 cells with no virus
at day 5 of differentiation. Expression of Sox17 is only shown for day 5 EBs
because Sox17 expression was not detected in ES cells.

To determine if AKAP13 knockdown effected ES cell differentiation into
functional cardiomyocytes, we counted the number of spontaneously contracting

EBs on day 10 of differentiation (Figure 2.7B). E14 cells without virus produced
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beating areas in 93% of EBs. The negative-control ShRNAs produced beating
EBs to a similar extent as no virus (72—-87%), and the Sox17i sShRNA, positive
control, dramatically reduced the percent of beating EBs to 11%. We found that
both AKAP13-specific sShRNAs produced beating EBs at the same percent as the
negative controls (83—86%). These results indicate that AKAP13 is not required
for the differentiation of functional cardiomyocytes from ES cells.

Finally, to determine if AKAP13 knockdown affected ES cell differentiation
into other cell types, we conducted quantitative PCR for tissue-specific markers
on day 5 and 7 of EB differentiation (Figure 2.7C). For this analysis, the three
negative control samples, GFPI, Luci, and AKAP13i-3m, were combined into the
control group. Likewise, both AKAP13 samples, AKAP13i-1 and -3, were
combined; the Sox17 control sample remained in its own group. AKAP13
knockdown did not effect expression of markers for endoderm (AFP), endothelial
cells (PECAML1), cardiac mesoderm (Nkx2.5), smooth muscle (Acta2) or the
second heart field (Hand2). In agreement with the formation of functional
cardiomyocytes, AKAP13 knockdown did not effect expression of the
cardiomyocyte structural genes cTnT or Myh7. As expected, Sox17 knockdown
decreased expression of the cardiomyocyte structural genes cTnT and Myh7 in
day 5 and 7 EBs. Sox17 knockdown also decrease expression of the endodermal
marker AFP at day 5 and 7 of EB differentiation. Additionally, Sox17 knockdown
decreased Nkx2.5 expression in day 5 EBs and Acta2 expression in day 7 EBs.
These results show that AKAP13 is not required normal expression of

differentiation markers for endoderm, endothelial cells, and cardiomyocytes. This
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suggests that AKAP13 does not mediate ES cell differentiation into endoderm,
endothelium, or functional cardiomyocytes. These results also confirm that Sox17
is required for differentiation into functional cardiomyocytes.

While conducting the above experiments, we noticed that antibiotic treatment
tended to decrease the efficiency of ES cell differentiation into beating EBs. To
determine if puromycin treatment decreases ES cell differentiation into functional
cardiomyocytes, we treated ES cells previously selected for the pSicoR-EFla-
mCh-Puro lentivirus with or without puromycin and differentiated the cells via the
hanging drop method. We then determined the number of beating EBs on day 10
of differentiation (Figure 2.8). Indeed, puromycin treatment decreased the
percent of beating EBs by 15-30%. However, the number of EBs formed was not
different. These results indicate that antibiotic treatment, including puromycin
selection, reduces the efficiency of ES cell differentiation into functional

cardiomyocytes.
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Figure 2.7. AKAP13 is not required for ES cell differentiation into functional
cardiomyocytes. (A) ES cells were infected with the pSicoR-EF1a-mCh-Puro lentivirus
expressing the indicated shRNAs, and infected ES cells were selected for with
puromycin. Quantitative PCR was conducted on ES cell and day 5 EB total RNA with
AKAP13 and Sox17 TagMan probes. Expression levels were normalized to Ubb and f-
actin and are relative to the No Virus ES or Day 5 EB sample. The mean of technical
triplicates is shown. (B) The percent of beating EBs were determined on day 10 of EB
differentiation. Total number of EBs assessed: No virus, 43; GFPi, 48; Luci, 46;
AKAP13i-1, 43; AKAP13i-3, 47; AKAP13i-3m, 43; Sox17i, 44. (C) Quantitative PCR was
conducted on day 5 and 7 of EB differentiation for marker genes with TagMan probes.
Expression levels were normalized to Ubb and g-actin. The values for the control
samples, GFPi, Luci, and AKAP13i-3m, were averaged to create the Control group;
similarly, AKAP13i samples -1 and -3 were averaged into a single group. Expression

levels are relative to the day 5 Control group values.
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Figure 2.8. Puromycin treatment decreased ES cell differentiation into functional
cardiomyocytes. ES cells previously selected for the pSicoR-EF1a-mCh-Puro lentivirus
were cultured with or without puromycin before differentiation. The percent of beating
EBs was determined on day 10 of differentiation. Total number of EBs assessed: No

Virus n=59; GFPi n=60; GFPi + Puro n=63; Luci n=63; Luci + Puro n=64.
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2.4 Discussion
Our study investigated the role of AKAP13 in maintaining ES cell proliferation,
pluripotency, and differentiation into cardiomyocytes. This study demonstrates
that, despite a large increase in AKAP13 expression during mouse ES cell
differentiation, it is not required for ES cell maintenance or differentiation into
functional cardiomyocytes. Additionally, we developed a lentiviral-mediated RNAI
competition assay that can be used to test gene function during differentiation
into any cell type of interest that can be labeled with a tissue-specific GFP
marker. We identified AKAP13 as being up-regulated during both mouse
embryonic development and ES cell differentiation and highly expressed in heart
tissue and ES cells (Chapter 1 and Figure 2.2). However knockdown of AKAP13
with shRNAs did not effect expression of an Oct4-GFP marker for pluripotency or
the proliferation of infected cells. Additionally, AKAP13 knockdown ES cells had
normal differentiation into Nkx2.5-GFP marked cardiac mesodermal cells and
functional cardiomyocytes, as determined by the percent of beating EBs. Finally,
AKAP13 deficient EBs expressed normal levels of tissue-specific markers for
endoderm, endothelium, and cardiac cells as well as cardiac structural genes.
The lentiviral-mediated RNAI competition assay developed in this study could
be used to identify genes required for differentiation into any specific cell type. To
make this assay functional during ES cell differentiation, we needed to replace
the original CMV-driven mCherry fluorescent reporter [37] because this gave
weak expression in ES cells and the fluorescent expression was lost during

differentiation. We chose to use the ubiquitous EF1o promoter to drive higher
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levels of mCherry expression in ES cells and differentiated cell types [41]. We
easily detected EF1la-driven mCherry expression by fluorescent microscopy and
flow cytometry in ES cells, and this expression was stable during differentiation.
This competition assay also requires a method for identifying specific cell types.
In our assay, we used an ES cell line that expresses a tissue-specific fluorescent
reporter, GFP driven by Nkx2.5 [38]. Similarly, any other ES cell line that
contains a tissue specific promoter driving a fluorescent marker could be used.
This approach is useful for identifying genes required for differentiation into a
specific cell type. However, it is limited because it requires ES cell lines that
contain the tissue specific reporter. One way to expand the scope of
differentiated cells analyzed would be to use an ES cell line that contains multiple
tissue specific promoters driving complementary fluorescent reporter molecules.
This would allow several cell types to be analyzed from a single RNAI
experiment. An alternative approach would be to use antibodies against cell-type
specific surface molecules in combination with the lentiviral-mediated RNAI
construct. As new cell-type specific surface molecules are identified, this
approach could become very useful because it would allow for the identification
of many differentiated cell types from a single RNAIi experiment.

There are several limitations with this lentiviral-mediated RNAiI competition
assay. One limitation is that the mCherry fluorescent reporter is cytoplasmically
expressed, and this makes it impossible to identify individual mCherry-positive
cells within the three-dimensional EB. Thus, the EBs need to be broken up into

individual cells and analyzed by flow cytometry. For the competition assay to be
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useful as a high-throughput assay, individual cells expressing the lentiviral
fluorescent marker, mCherry, need to be easily identified. This could be done by
targeting the fluorescent reporter to the nucleus through the use of a nuclear
localization sequence [49] or by fusion to the histone H2B [50]. This would
greatly improve the detection of individual cells and allow the transduced EBs to
be analyzed by high-content microscopy.

Another issue with the competition assay is that it only identifies cell-
autonomous functions. Wild-type cells are present during the competitive
differentiation, and they could express sufficient levels of the target gene to
maintain normal differentiation through non-cell-autonomous mechanisms. To
address this issue, we created a lentiviral-RNAI construct with antibiotic
resistance, pSicoR-EF1a-mCh-Puro, to select for a pure population of lentivirus-
infected ES cells. This approach was validated by knocking down Sox17, which
disrupted the formation of beating EBs and decreased the expression of cardiac
structural genes as expected [48]. Even with this selection for lentiviral infection,
we noticed that some mCherry fluorescence was lost during ES cell maintenance
and differentiation. Additionally, AKAP13 knockdown was less efficient in day 5
EBs than it was in ES cells. This silencing may be due to chromatin remodeling
that blocks lentiviral expression of both the mCherry fluorescence and shRNA.
However, we did obtain very efficient knockdown of Sox17 in EBs, so it is
possible that the EF1a promoter alone was silenced. It is unclear if the silencing
of mCherry expression occurs in random cells or specific cell types. We have

noticed that the EF1a promoter is silenced during differentiation in other settings
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as well. Thus, the EF1a promoter may not be ideal for driving ubiquitous
expression. The CAG promoter is likely a better alternative to EFla as it would
likely drive higher levels of mCherry expression more stably [51].

We initially identified AKAP13 as a prime candidate for regulating
cardiomyocyte differentiation: it was up-regulated during mouse development
and ES cell differentiation, was highly expressed in the adult heart, and
coordinated a hypertrophic signaling pathway to activate MEF2 transcriptional
activity in cardiomyocytes. Additionally, many of the signaling molecules in the
AKAP13 coordinated pathway have important roles during cardiac development
and differentiation. We also had insight that an Akap13-null mice die during
development and have an underdeveloped heart (cardiac hypoplasia) with fewer
cardiomyocytes [52]. Given this initial evidence that AKAP13 might regulate PKC
signaling and MEF2 transcriptional activity during cardiomyocyte development,
we were surprised that AKAP13 knockdown did not decrease differentiation into
cardiomyocytes or the formation of beating EBs. While these experiments were
being conducted, more information on the Akap13-null mouse phenotype
became available [25]. From these figures, we noticed that the Akap13-null mice
appear to form hearts with relatively normal structure and cardiomyocyte number,
but they fail to develop past day E9.5 of embryonic development. The
comparisons between wild-type and Akap13-null embryonic hearts made in the
publication do not appear to be from somite matched embryos. Thus, the
suggested decrease in cardiomyocytes, and ventricular wall thickness, in the

Akap13-null embryos could be due to the difference in developmental stage
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between these embryos. This reinterpretation of the Akap13-null embryonic
phenotype along with our ES cell differentiation results indicate that AKAP13 is
not required for differentiation into functional cardiomyocytes. Furthermore, our
results suggest that cardiomyocytes form properly and are able to contract in the
Akap13-null embryonic heart. This suggests that other developmental processes
are defective in the Akap13-null embryos.

There are several possible alternative explanations for the lethal Akap13-null
phenotype. One possibility is that vascular cells do not properly differentiate. Our
results indicate, however, that the expression of the endothelial (vascular) marker
PECAM1 is unaffected by AKAP13 knockdown. This suggests that endothelial
cells also differentiate normally in the absence of AKAP13. Another possibility is
that the embryonic death is due to morphological, structural, or functional
defects. The ES cell differentiation model is powerful for identifying defects in
cell-type differentiation, proliferation, and gene expression. However, this system
is not designed to identify morphological or structural defects, which are best
studied in the developing embryos. Additionally, identifying functional defects in
ES cell-derived EBs can be difficult since the EBs contain many cell types, and it
is unclear what cells may have defective functions. To manage this cellular
heterogeneity, future studies could use specific ES cell-derived tissue types to
study AKAP13 functions.

The AKAP13 gene locus is very large and complex with multiple alternative
initiation, termination, and cassette exons. Our annotation of the AKAP13 gene

identified multiple exons not included in the mouse RefSeq gene. We validated
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splicing for some of these exons, but many remain to be thoroughly tested. We
looked for exon-exon splicing in a small number of tissue and cell samples, and
we verified the use of at least three alternative initiation exons in ES cells, EBs,
and/or heart tissue. However, a survey of many more tissue types is needed to
better understand the expression patterns of these alternative exons and the
resulting AKAP13 transcripts. The increase in deep sequencing will likely bring a
better understanding of the exons expressed and splicing events used in specific
tissue types. In addition, analysis of the regulatory elements that drive the
expression of specific transcripts through the use of alternative initiation exons is
needed. Finally, none of the full-length transcripts for mouse AKAP13 have been
cloned. Cloned transcripts are essential for understanding the signaling
properties of and functional roles for these transcripts.

Our analysis of AKAP expression during mouse development and ES cell
differentiation identified many expressed and regulated AKAP genes.
Surprisingly, only AKAP13 expression was increased in both data sets. However,
we noticed that several AKAPs including AKAP1, 9, and Pericentrin were down-
regulated in both data sets. This down regulation could indicate that these
AKAPs are important for ES cell maintenance or proliferation. In fact Pericentrin
might be important in controlling stem cell self-renewal [53]. Thus, it would be
interesting to determine if any of these AKAPs are required for ES cell
maintenance or proliferation. The lentiviral-mediated RNAi competition assays

described in this study could be used to test for these functions. Furthermore,
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future studies could use a similar competition assay to screen all AKAP family
members for defects in differentiation.

In summary, we found that despite a large increase in AKAP13 expression
during mouse ES cell differentiation, it is not required for ES cell maintenance or
differentiation into functional cardiomyocytes. These results agree with the
Akap13-null mouse that is able to form the heart and produce cardiomyocytes
but fails to develop past embryonic day E9.5. This indicates that AKAP13 is not
required for cardiomyocyte differentiation but suggests that it is required for other
developmental processes in vivo, possibly morphogenesis, maturation, or
function. These results also suggest that additional AKAPs may compensate for
the loss of AKAP13 during cardiomyocyte differentiation. In this study, we
developed a lentiviral-mediated RNAi competition assay that can be used to
identify genes required for differentiation into any GFP-marked cell type. This
assay should be an ideal system for studying the requirement of any gene for
differentiation into any detectable cell type. Moreover, the modifications
discussed above should allow this method to be used in high-throughput

screening assays.

2.5 Materials and Methods

AKAP13 expression analysis

Mouse B-MHC-GFP ES cells (a transgenic E14 cell line) were differentiated by
the hanging drop method as described [46,47]. Total RNA was collected from ES

cells and EBs at days 5, 7, 10, and 13 of differentiation, adult mouse heart tissue,
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and HL-1 cells with Trizol (Invitrogen). Adult mouse heart tissue was
homogenized using a 4.5-mm Tissue Tearor (Research Products International) in
Trizol. RNA was cleaned with RNeasy columns (Qiagen), and cDNA synthesized
with SuperScript Il RT-PCR kit and random hexamers (Invitrogen) as described
by the manufacturer. Expression was assessed using Sybr Green primers for
AKAP13 (forward = 5-TGAAGAGCACAACAGGAAGG-3'; reverse = 5'-
GTCCAAGGATGCAAACACG-3") and Cyclophilin [54] (forward = 5'-
TGGAAGAGCACCAAGACAGACA-3'; reverse = 5'-
TGCCGGAGTCGACAATGAT-3'). AKAP13 primers were designed using Primer3
[55]. Real-time quantitative PCR (qPCR) was conducted using the Sybr Green
method (Applied Biosystems) on an Applied Biosystems 7900HT real-time
thermocycler. Samples were assayed in technical triplicates and AKAP13
expression levels were normalized to cyclophilin. Relative expression was
calculated against mouse ES cell samples. This expression analysis was

conducted on one set of samples.

Annotation of AKAP13 gene structure

The 300-kb genomic region of mouse AKAP13 (chr7gD2) was annotated with
Vector NTI (Invitrogen) with available mouse and human GenBank mRNAs and
ESTs and the UCSC Genome Browser. The RefSeq gene NM_029332 was used
as the reference exon structure, and additional mMRNA and EST sequences were
aligned to the genomic sequence to annotate the AKAP13 exons. Exon 13 was

not contained in NM_029332, and the subsequent exons were relabeled as 14-
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38. Sequences are reported for the 5' intron-exon and 3' exon-intron junctions.
Sequences for ten bp upstream and downstream of the 5'-splice acceptor (intron-
exon) and 3'-splice donor (exon-intron) are given. The size of each exon is listed
as are the GenBank accession numbers used to verify the exons. Finally, any

alternative splicing events identified are indicated.

AKAP13 splicing validation

AKAP13 splicing events identified by annotating the genomic locus were verified
by RT-PCR. Total RNA from mouse adult heart, brain, E14 ES cells, and day 10
EBs was extracted with Trizol. RT-PCR was conducted with SuperScript Il One-
Step RT-PCR kit (Invitrogen) using 25ng of total RNA. Additionally, cDNA was
synthesized from E14 ES cells, day 10 EBs, and HL-1 cells (atrial cardiomyocyte
cell line) [56] with SuperScript Il RT-PCR kit and random hexamers, an oligo dT
primer, or gene specific primers. PCR was then conduced using the synthesized
cDNA as the template. Exon-exon junctions that produced PCR products, the
primers used, PCR product size, and tissue sample that gave the PCR product

are listed in Table 2.2. All primers were designed with Primer3 [55].

Modification of pSicoR-mCherry to pSicoR-EF1a-mCh and pSicoR-EF1a-mCh-
T2A-Puro

The CMV promoter that drives mCherry in pSicoR-mCherry [37,40] was
exchanged for the EF1a promoter to create pSicoR-EF1a-mCh [57]. The CMV

promoter was removed from the pSicoR-mCherry plasmid by enzymatic digestion
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with Notl and Nhel (New England Biolabs; NEB). The linearized plasmid
backbone was gel extracted and treated with CIP (NEB) to dephosphorylate the
overhanging plasmid ends. The EFla promoter was PCR amplified with
PfuTurbo (Stratagene) to add Notl and Nhel restriction sites with forward primer
MJS103 (5'- ATAAGAATGCGGCCGC-GGATCTGCGATCGCTCCGGT-3') and
reverse primer MJS104 (5'- CTAGGCTAGC-GTAGGCGCCGGTCACAGCTT-3)).
The sequences preceding the hyphens in MJS103 & MJS104 added the
restriction sites while those following the hyphens are specific for the EFla
promoter. The PCR product was digested with Notl and Nhel restriction enzymes
and the Notl-EF1a-Nhel fragment was cleaned up with a PCR cleanup kit
(Qiagen). The linearized pSicoR-mCherry and Notl-EF1a-Nhel DNA were ligated
using T4 DNA ligase (NEB). Properly annealed pSicoR-EF1a-mCh plasmids
were sequence verified.

A T2A-Puro cassette was then added to pSicoR-EF1a-mCh to create pSicoR-
EFla-mCh-T2A-Puro so that lentivirally infected cells could be selected for by
puromycin treatment as described [58]. In brief, the pSicoR-EF1a-mCh plasmid
was linearized by BsrGl and EcoRI digest (NEB). A T2A-Puro cassette was PCR
amplified with PfuTurbo (Stratagene) to add BsrGl and EcoRl restriction sites
with forward primer MJS173 (5'- GAGCTGTACAAG-CCCCGGGAGGGCAGAG-
3') and reverse primer MJS174 (5'- CCGGAATTCTTA-
GGCACCGGGCTTGCGG-3'). The sequences preceding the hyphens in MJS173
& MJS174 added the restriction sites while those following the hyphens are

specific for the T2A-Puro cassette. The T2A-Puro cassette was digested with
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BsrGl and EcoRI restriction enzymes (NEB) and ligated into the linearized
pSicoR-EF1a-mCh plasmid as described above. Properly annealed pSicoR-

EFla-mCh-T2A-Puro plasmids were sequence verified.

RNAI of AKAP13 in embryonic stem cells
RNAI target sequences were selected from overlapping predictions by the

program pSICOLIGOMAKER 1.5 (http://web.mit.edu/jacks-

lab/protocols/pSico.html) and the Broad Institute mouse hairpin library

(http://www.broadinstitute.org/rnai/trc/lib) as described [58]. The 19-mer target

sequences were designed into short-hairpin RNAs (ShRNAs) with the program
pSICOLIGOMAKER 1.5. The shRNA sequences were split into two sense oligos
(of 23 and 32 bp) and two antisense oligos (of 28 and 31 bp). These four
overlapping oligos were phosphorylated, annealed together, and ligated into Hpal
and Xhol (NEB) double digested pSicoR-EF1a-mCh plasmids using standard
protocols. The AKAP13 RNAI target sequences are: AKAP13i-1:
GAATAGAGATGAAGATGAA, AKAP13i-2: GGATTCTCTTCTGTGAGAA, and
AKAP13i-4: GAAGAAAGATGTGGTCAAA. Published AKAP13 RNAI target
sequences were also used: AKAP13i-3: GCAAGTCGATCATGAGAAT and
AKAP13i-3m: GCATGTCGATCATGCGATT [24]. RNAI target sequences for
GFPi: ACAGCCACAACGTCTATAT, Oct4di: GAACCTGGCTAAGCTTCCA [37],
Sox17i: GCAGGTGAAGCGCATGAAG, and Luciferase (Luci):

CTTACGCTGAGTACTTCGA [48] were from published literature.
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Lentivirus was packaged in HEK293 cells cotransfected with a pSicoR-EFla-
mCh plasmid (3 ug) and 1 ug of each of the packaging plasmids: pVSV-G
(Clontech), pRSV-Rev [59], and pMDL-g/pRRE [59] with FUGENES6 (Roche).
Viral supernatant was collected from the transfected HEK293 cells at 48 hours
and filtered through a 45-um filter. Viral particles were concentrated with a
Beckman L8-70M Ultracentrifuge in a SW41 rotor spun at 25k rpm for 90 minutes
at 4°C. The supernatant was removed form the viral particles, and the viral

particles were resuspended in 100 ul of PBS.

Validation of gene knockdown

HL-1 cells (532k cells) were infected with 200 ul of unconcentrated viral
containing supernatant in a 6-well plate. Positive and negative mCherry-
expressing HL-1 cells were isolated by FACS 4 days after infection. Cells were
homogenized in Trizol (Invitrogen) and total RNA collected. cDNA was
synthesized with SuperScriptlll RT-PCR kit and random hexamers (Invitrogen).
Real-time quantitative PCR (QPCR) was conducted using the Sybr Green method
(Applied Biosystems) on an Applied Biosystems 7900HT real-time thermocycler.
Samples were assayed in technical triplicates (n=1) and AKAP13 expression
levels were normalized to cyclophilin. Relative expression was calculated against

mCherry-negative sorted cell samples.

Lentiviral-mediated RNAI competition assay
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Mouse Oct4-GiP [45] ES cells (150k cells in 1 mL of LIF medium) were infected
with 30 ul of fresh, concentrated, lentivirus on Day 0. Cells were incubated with
viral particles on a rotator for 3—6 hours at 37°C, plated onto gelatinized 12-well
plates, and cultured in ES cell medium with LIF. ES cells were analyzed with a
BD Biosciences LSR Il flow cytometer for Oct4-GFP and lentiviral-mCherry
expression every other day. During flow cytometry, cells were gated for single
cells and live cells. The percent of mCherry-positive cells during propagation
were normalizing to Day 2 mCherry-positive cells. The ES cell competition assay
was conduced in quadruplicate.

Mouse Nkx2.5-GFP [38] ES cells (200k cells in 1mL of LIF media) were
infected with 30ul of fresh, concentrated, pSicoR-EF1a-mCh lentivirus containing
no shRNA or AKAP13i-1 shRNA . Cells were incubated with viral particles on a
rotator for 4 hours at 37°C, plated onto gelatinized 6-well plates, and cultured in
ES cell medium containing LIF. Four days after lentiviral infection, infected
(mCherry-positive) and uninfected (mCherry-negative) Nkx2.5-GFP ES cells
were isolated by FACS. These sorted cells were differentiated by the hanging
drop method and analyzed by flow cytometry for GFP and mCherry expression at
day 0 (ES Cells) and day 5 (Day 5 EBs). The sorted cell populations used were:
No Virus = pSicoR-EF1a-mCh no shRNA mCherry negative, no ShRNA =
pSicoR-EF1a-mCh no shRNA mCherry positive, and AKAP13i-1 = pSicoR-EF1la-
mCh AKAP13i-1 shRNA mCherry positive. This differentiation experiment was
conducted once following this specific protocol. However, multiple differentiation

experiments using AKAP13-deficient ES cells obtained from puromycin selection
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(for pSicoR-EF1a-mCh-Puro) for clonal cell lines and pools of infected cells also

had no effect on differentiation into Nkx2.5-GFP positive cells.

AKAP13 RNAI with pSicoR-EF1a-mCh-Puro during ES cell differentiation
Mouse ES cells were infected with fresh, concentrated, lentivirus as described
above. Infected cells were selected with 2 ug/mL puromycin (InvivoGen). ES
cells were differentiated using the hanging drop method [46,47] and plated onto
gelatinized wells at day 5 of differentiation. The number of spontaneously
contracting, beating, EBs out of total EBs were determined on day 10 of
differentiation. Total number of EBs assessed: No virus, 43; GFPIi, 48; Luci, 46;
AKAP13i-1, 43; AKAP13i-3, 47; AKAP13i-3m, 43; Sox17i, 44.

Gene expression analysis was performed on total RNA isolated from ES cells,
day 5, and day 7 EBs. Samples were homogenized in Trizol (Invitrogen), and
cDNA was synthesized from DNase Turbo (Ambion) treated RNA with
SuperScriptlll RT-PCR kit and random hexamers (Invitrogen). Real-time qPCR
was conducted using TagMan probe sets (Applied Biosystems) on an Applied
Biosystems 7900HT real-time thermocycler. TagMan probe sets: AKAP13 E24-
25 (Mm01320086_m1), Sox17 (Mm00488363_m1), AFP (Mm00431715_m1),
PECAM1 (Mm00476702_m1), Nkx2.5 (Mm00657783_m1), Acta2
(MmO00725412_s1), Hand2 (Mm00439247_m1), cTnT/Tnnt2 (Mm00441922_m1),
Myh7 (Mm00600555_m1), Ubb (Mm01622233_g1), and B-actin
(MmO00607939_s1). Samples were assayed in technical triplicates and average

expression levels were determined from Ubb and -actin normalized values.
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Relative expression was calculated against the no virus ES cell and Day 5 EB
samples for AKAP13 and Sox17 expression (Figure 2.6A) or an average of day 5
EB expression for GFPi, Luci, and AKAP13i-3m samples (Control in Figure
2.6C). AKAP13i values were determined by averaging AKAP13i-1 and AKAP13i-

3 expression levels.

Effect of antibiotic treatment on ES cell differentiation

Mouse ES cell lines (E14 p34, GFPi p32, & Luci p32) previously selected for
lentiviral integration were thawed and cultured in LIF media without puromycin for
7-8 days. ES cells were then cultured in LIF media alone or LIF media with
puromycin for 4-5 days. ES cells were differentiated in 20% FBS medium without
puromycin by the hanging drop method and transferred to gelatinized 96-well
plates on day 5 of differentiation. The numbers of spontaneously contracting EBs
were counted on day 10 of differentiation. Total number of EBs assessed: No

Virus n=59; GFPi n=60; GFPi + Puro n=63; Luci n=63; Luci + Puro n=64.
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Chapter 3
A-Kinase Anchoring Protein 13 Is Not Required for Angiogenic Processes

in Human Umbilical Vein Endothelial Cells

3.1 Abstract

Background: Vascular endothelial growth factor (VEGF) regulates many
aspects of angiogenesis by activating multiple downstream signaling molecules,
including protein kinase D (PKD) and the small GTPase RhoA. VEGF induces
expression of MEF2 responsive genes, cell migration, and tube formation
through a protein kinase C (PKC), PKD, and histone deacetylase signaling
cascade. VEGF activation of RhoA is also required for endothelial cell migration
and tube formation. Interestingly, the scaffolding molecule A-kinase anchoring
protein 13 (AKAP13) coordinates these two signaling cascades in
cardiomyocytes and is expressed in endothelial cells. Additionally, Akap13-null
mouse embryos die during embryonic development and display edema, which
could be caused by vascular defects. However, it is unclear if AKAP13
coordinates the PKD and RhoA signaling cascades downstream of VEGF to

regulate angiogenic processes.

Methodology/Principal Findings: To determine if AKAP13 coordinates PKD
and RhoA signaling events during angiogenic processes, we knocked down
AKAP13 expression in human umbilical vein endothelial cells (HUVECS) by

RNAI. Surprisingly, we found that AKAP13-deficient HUVECs maintained normal
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cell size and shape, tube formation, and VEGF-induced wound healing.
Additionally, these HUVECs had normal levels of PKD phosphorylation in
response to VEGF stimulation. Finally, we found that the AKAP13 RhoA-specific
guanine nucleotide exchange factor (Rho-GEF) and PKC-PKD binding domains
were not required for mouse developmental angiogenesis or basal vascular

function.

Conclusions: These results suggest that AKAP13 does not coordinate
endothelial cell angiogenesis or VEGF-induced signaling. However, the roles of

AKAP13 in mediating endothelial cell responses to stresses remain unknown.

3.2 Introduction
Endothelial cells play important roles in development, physiology, and pathology
of the cardiovascular system. The formation of blood vessels during embryonic
development by vasculogenesis and angiogenesis requires proper endothelial
cell interaction with the extracellular matrix, migration, and formation of vascular
tubes. Vasculogenesis and angiogenesis are also important during wound
healing and tissue regeneration and can be hijacked to promote tumor growth
[1,2,3].

Vascular endothelial growth factor (VEGF) appears to be a master regulator
of these physiological and pathological processes [4,5]. For example, VEGF and
both the VEGF receptors, Flt-1 (VEGFR-1) and FIk-1 (VEGFR-2), are required

for proper blood vessel formation and embryo survival during mouse
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development [6,7,8,9]. VEGF activates multiple intracellular signaling molecules,
including protein kinase D (PKD) [10] and the small GTPase RhoA [11] in
endothelial cells (Figure 3.1 A). Furthermore, disruption of either the PKD or
RhoA signaling cascades reduces VEGF-mediated angiogenesis in vitro and in
vivo [11,12,13,14].

Similar to VEGF, PKD is required for mouse embryonic development [15],
and PKD mediates VEGF-induced endothelial cell proliferation, migration, and
tube formation [10,14,16]. VEGF activates PKD through a signaling cascade that
contains the receptor, VEFGR-2, phospholipase Cy (PLCy), and protein kinase C
(PKC) [10]. Activated PKD then phosphorylates class Il histone deacetylase 5
(HDACS5) and 7 (HDACY7) causing their association with the chaperone protein
14-3-3 and relocation out of the nucleus into the cytoplasm [12,17]. This
decrease in nuclear class Il HDACs is required for VEGF-induced endothelial cell
migration and tube formation, as well as the induced expression of myocyte
enhancer factor-2 (MEF2)-responsive genes [12,17].

The Rho family of small GTPases also regulates multiple aspects of
angiogenesis and vascular barrier integrity by regulating cytoskeletal changes
[18,19]. RhoA, one member of this family, is required for embryonic development
[20] and regulates multiple aspects of angiogenesis including barrier function,
interaction with the extracellular matrix, migration, proliferation, and
morphogenesis [19]. Moreover, RhoA signaling is required for normal VEGF-
induced endothelial cell migration and tube formation through Rho-associated

kinases (ROCK) [11,13,21]. Thus, it appears that PKD and RhoA have
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complementary functions during angiogenesis, possibly by regulating gene
expression and the cytoskeleton, respectively.

Despite the requirement for PKD and RhoA signaling in propagating VEGF-
induced angiogenesis, little is known about the molecules that regulate and
control these signaling cascades. It is also unclear if the PKD and RhoA
pathways interact during angiogenesis. Proper control of these signaling
pathways is essential for downstream specificity. Scaffolding molecules, such as
A-kinase anchoring proteins (AKAPS), provide this needed specificity by
organizing multi-protein signaling complexes at specific locations within the cell
[22]. The diverse AKAP family is defined by the ability to bind protein kinase A
(PKA); however, these scaffolds also bind many other signaling molecules,
including PKC and PKD [22,23]. Furthermore, the signaling complexes organized
by AKAPs regulate a wide variety of processes, including development, fertility,
learning and memory, and cardiac physiology [23]. Additionally, AKAPs can
regulate cytoskeletal organization at least in part by regulating the activity of
small GTPases [24,25]. Finally, AKAPs are important in regulating endothelial
cell migration and barrier function in response to specific stimuli [26,27]. This
suggests that AKAPs could regulate VEGF-induced angiogenesis.

The signaling molecules used by VEGF during angiogenesis could be
organized into a signaling complex by AKAP13. AKAP13 binds PKC, PKD, and
the chaperone protein 14-3-3 [28,29] and coordinates a PKC-PKD-HDAC
signaling cascade to regulate MEF2 gene expression and hypertrophy in

cardiomyocytes (Figure 3.1 B) [30]. This AKAP13 coordinated signaling pathway
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is strikingly similar to the cascade induced by VEGF in endothelial cell. AKAP13
also functions as a Rho-specific guanine nucleotide exchange factor (Rho-GEF)
to activate RhoA [31,32], which can then induce stress fiber formation in
fibroblasts [31] and hypertrophy in cardiomyocytes [33]. Finally, Akap13-null mice
die during embryonic development and exhibit hemorrhaging, which could be due
to vascular defects [34]. Thus, AKAP13 could coordinate the VEGF-induced
PKC-PKD and Rho signaling pathways during angiogenesis.

In this study, we hypothesized that AKAP13 coordinates PKD and RhoA
signaling pathways downstream of VEGF to regulate endothelial cell processes
important for angiogenesis. To test this hypothesis, we used RNA interference
(RNAI) to knockdown AKAP13 expression in HUVECs. We then assessed these
AKAP13-deficient HUVECS for the ability to attach to several extracellular
matrices, “heal” a scratched wound, spread on matrices, and form tubes. We
also assessed these cells for their ability to activate PKD in response to VEGF

treatment.
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Figure 3.1. Models of VEGF-induced angiogenesis and AKAP13-coordinated
signaling pathways. (A) VEGF signals through a PLC-PKC-PKD-HDAC-MEF2
signaling cascade and RhoA to induce endothelial cell migration, tube formation, and
angiogenesis. (B) AKAP13 organizes the same signaling molecules into a complex in
cardiomyocytes to regulate hypertrophy. AKAP13 binds PKA, PKC, PKD, and 14-3-3 to
regulate HDAC localization and MEF2 transcriptional activity and functions as a RhoA-

specific GEF. P = phosphorylation event; LZ = leucine zipper.
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3.3 Results

3.3.1 AKAP13 is expressed in endothelial cells of embryonic and adult
mice.

To determine if AKAP13 is expressed in endothelial cell types of the mouse, we
conducted X-Gal staining on three AKAP13 gene-trap mouse lines derived in our
lab (see Chapter 4). The gene-trap construct uses a strong splice acceptor to
fuse endogenous AKAP13 mRNA with the trapping cassette [35]. This gene-trap
event creates a fusion protein that contains the amino-terminus of AKAP13 fused
to the pGeo cassette (B-galactosidase and neomyocin resistance). Thus, the
gene-trap mouse lines report the expression pattern of AKAP13 because the
endogenous AKAP13 promoters drive expression of the fusion protein. All three
AKAP13 gene-trap mouse lines generated had strong X-Gal staining throughout
the embryonic heart, including the endocardium, trabeculea, aorta and
pulmonary artery (Figure 3.2 A), as well as in peripheral vasculature, umbilical
cords, and yolk sac (not shown). In the adult heart, the atrial-ventricular and
aortic valves, as well as the aorta and pulmonary artery, were X-Gal positive
(Figure 3.2 B). Finally, the vasculature surrounding the adult brain clearly showed
X-Gal staining (Figure 3.2 C). These results show that AKAP13 is expressed in
endothelial cells of the developing heart and vasculature of mouse embryos.
They also show that AKAP13 is expressed in endothelial cells of the adult mouse

heart and vasculature.
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Figure 3.2. AKAP13 is expressed in mouse embryonic and adult endothelial cells.
(A) A transverse section of an E14.5 mouse (CSJ306) showing a four-chamber view of
the heart stained with X-Gal (in blue). X-Gal staining was evident in the myocardial and
endocardial layers of all four chambers of the heart: right atrium (ra), right ventricle (rv),
left atrium (la), and left ventricle (Iv). Additionally, the aorta (a) and pulmonary artery (pa)
stained positive. All three gene-trap mouse lines gave the same staining pattern; a
representative image is shown. (B) An adult mouse heart (CSJ288) was stained with X-
Gal in whole mount and sectioned. The leaflets of the aortic (arrows) and atrial-
ventricular (arrowheads) valves were X-Gal positive. The aorta (a) was also positive, as
were the right and left atria (ra and la, respectively). Unlike the adult hearts from CSJ288
mice, hearts from both the AG0213 and CSJ306 mice had ventricular myocardial
staining (see chapter 4). (C) A view of the base of a whole-mount X-Gal-stained adult
brain (AG0213). The vasculature surrounding the brain stained positive (arrows) and the

same staining pattern was seen in all three mouse lines.
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3.3.2 AKAP13 can be efficiently knocked down in HUVECs with RNAI.
Despite the expression of AKAP13 in endothelial cells, nothing is known about its
function in these cells. Since AKAP13 binds multiple protein kinases (PKA, PKC
& PKD) and encodes for a Rho-GEF domain, it could regulate endothelial cell
physiology, such as angiogenesis, migration, or cytoskeletal organization
[10,11,14,18]. To determine if AKAP13 is important for regulating endothelial cell
physiology, we knocked down AKAP13 expression in HUVECs using small
interfering RNAs (siRNAs). Silencer siRNAs 1475 & 1569 (from Ambion) knocked
down AKAP13 mRNA expression in HUVEC cells to 30% and 33% of control
levels, respectively (Figure 3.3). This shows that both siRNAs knock down

AKAP13 expression to the same level in HUVECSs.
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Figure 3.3. siRNA knocked down AKAP13 expression in HUVECs. Quantitative PCR
using TagMan probe sets showed that siRNAs targeting AKAP13 (1475 and 1569)
efficiently decreased expression as compared to a negative control, SiRNA #1 (-). Means
and standard deviations are graphed (n=2). One-way ANOVA and Tukey’s multiple

comparision tests were conducted (Prism 5; GraphPad). ***, p<0.001.
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3.3.3 AKAP13 is not required for HUVEC attachment or wound healing.
Many cellular processes are necessary for angiogenesis, including the
attachment and detachment of cells to extracellular matrix, cell-cell adhesion,
proliferation, migration, and cytoskeletal organization. Both RhoA and PKD are
required for VEGF-induced angiogenesis [11,14], and AKAP13 coordinates
signaling pathways to activate both molecules [28,32]. In addition, RhoA
signaling is required for normal levels of VEGF-induced wound healing in human
microvascular endothelial cells [21]; however, the upstream Rho-GEFs involved
are unknown. Thus, we investigated the role of AKAP13 in mediating aspects of
endothelial cell angiogenesis and wound healing in AKAP13 knockdown
HUVECs.

To assess the ability of AKAP13-deficient HUVECSs to attach to various
extracellular matrices, we plated them onto tissue-culture wells coated with
Matrigel, fibronectin, or gelatin, and counted the number of cells attached after
15, 30, and 60 minutes. AKAP13-deficient HUVECs had normal numbers of cells
attached to these extracellular matrices at all time points (Figure 3.4). These
results show that AKAP13 is not required for HUVEC attachment to multiple
extracellular matrices.

To determine if AKAP13-mediated signaling regulates VEGF-induced
proliferation and migration, we used a scratch, wound healing, assay. In this
assay, serum-starved HUVEC monolayers were scratched to create a wound,
treated with VEGF, and assessed for wound closure. AKAP13 siRNA did not

affect HUVEC proliferation and migration into the wound as the scratches closed
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normally (Figure 3.5). This result shows that AKAP13-mediated RhoA signaling is

not required for VEGF-induced wound healing in HUVECs.
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Figure 3.4. AKAP13 is not required for HUVEC attachment to extracellular
matrices. HUVECSs, transfected with negative control (Control) or AKAP13 (1475)
siRNA, were plated onto tissue-culture wells coated with Matrigel, fibronectin, or gelatin.
The number of cells attached to each extracellular matrix was counted at 15, 30, and 60
minutes. HUVECSs transfected with AKAP13 siRNA 1475 attached to the matrices in the

same manner as the Control sSiRNA. Means and standard deviations are graphed (n=2).
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Figure 3.5. AKAP13 is not required for HUVEC wound healing. Representative
images of scratched HUVEC monolayers cultured in VEGF-containing medium at 0, 6,
24, and 48 hours post-scratch. HUVECs transfected with the AKAP13 siRNA 1475
closed the scratch similarly to the no transfection (No Trans) and negative control

(Control) samples (n=2).
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3.3.4 AKAP13is not required for HUVEC spreading or tube formation.

To determine if AKAP13-mediated RhoA signaling regulates basal cell spreading
in endothelial cells, AKAP13-deficient HUVECs were cultured on fibronectin or
Matrigel and stained with phalloidin to mark actin. RhoA activation causes
cytoskeletal rearrangements that lead to endothelial cell contraction [18]. Thus,
we expected that AKAP13 knockdown would lead to larger cellular areas.
Despite equal levels of AKAP13 knockdown, only the 1475 siRNA, but not the
1569 siRNA, increased the cellular area of HUVECSs attached to fibronectin and
Matrigel by 34% and 26%, respectively, compared to a control siRNA (Figure
3.6). Additionally, the 1475 siRNA-transfected cells (Figure 3.6 B) appeared to be
less polarized as fewer cells displayed the elongated cell shape seen in the
control cells (Figure 3.6 A). In contrast, the second AKAP13 siRNA, 1569, did not
change cellular area on these matrices, and the cell shape remained normal
(Figure 3.6 C & D). These results indicate that the 1475 siRNA has off-target
effects that change cell size and shape, since the second AKAP13 siRNA, 1569,
did not reproduce these phenotypes. Thus, the 1569 siRNA results show that

AKAP13 does not regulate basal HUVEC cell spreading or shape.

110



A. Control (-)

D. 3000~ ** 3000
NE | i
5 2000 2000
©
2
<
< 10004 1000+
(&)
0- 0-
- 1475 1569 - 1475 1569
Fibronectin Matrigel

Figure 3.6. AKAP13 is not required for normal HUVEC cell spreading or shape. (A—
C) Representative images of HUVECs plated onto fibronectin and stained with
rhodamine-phalloidin to mark actin (orange) and DAPI to mark nuclei (blue). (D) Cell
area (in square micrometers) was quantified for HUVECs transfected with a negative
control siRNA (-) or AKAP13 siRNAs 1475 or 1569. The 1475 siRNA increases cell area
on both fibronectin and Matrigel; however, 1569 does not. Means and standard
deviations are graphed (-, n=10; 1475, n=8; 1569, n=4). *, p<0.05; **, p<0.01.
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We then asked if AKAP13 was required for proper tube formation. To address
this, we plated AKAP13-deficient onto a thick layer of Matrigel and monitored the
tube formation process by microscopy. Tube formation was slightly delayed by
the 1475 siRNA as compared to the control sSiRNA sample (Figure 3.7). At 24
hours, these tubes lacked cellular bodies at the nodes and appeared to have
clumps of cells attached to the tubes. Again, the second AKAP13 siRNA, 1569,
did not confirm this phenotype; the tubes that formed from the 1569 siRNA
sample were indistinguishable from the control. Similar to the cell spreading
results, these results indicate that the 1475 siRNA has off-target effects on
HUVEC tube formation. Thus, the 1569 results show that AKAP13 is not

necessary for HUVEC tube formation.
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Figure 3.7. AKAP13 is not required for HUVEC tube formation. HUVECs were
transfected with a negative control siRNA (Control) or siRNAs against AKAP13 (1475 &
1569). 48-hours post-transfection, these cells were resuspended, counted, and plated
onto a thick layer of Matrigel. Tube formation was monitored by microscopy at 2, 4, 8,
and 24 hours post-plating. Tube formation was identical in the Control and 1569 siRNA

samples. Representative images are shown (control and 1475, n=4; 1569, n=2).
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3.3.5 AKAP13 does not coordinate VEGF activation of PKD in HUVECSs.
The experiments and results described above indicate that AKAP13 is not
required for angiogenic processes or VEGF-induced wound healing in HUVECs.
However, they did not directly test whether AKAP13 mediates VEGF activation of
PKD. To determine if VEGF signals through AKAP13 to activate PKD, we
conducted a VEGF signaling assay in AKAP13-deficient HUVECs. Control and
1475 siRNA-transfected HUVECs were serum starved overnight and stimulated
with a vehicle control (0), 5, or 20 ng/mL of VEGF-165 or the positive control,
phorbol 12-myristate 13-acetate (PMA; 100 nM) for 15 minutes. Total and
phosphorylated PKD was then measured by western blotting. The
phosphorylation of PKD in response to VEGF stimulation was unaffected by
AKAP13 siRNA (Figure 3.8). PKD was not phosphorylated in HUVECS treated
with vehicle control (0) at either the PKC phosphorylation site (S744/748) [36] or
the autophosphorylation site (S916) [37]. VEGF treatment increased
phosphorylation at both of these sites in a dose-dependent manner, and the
extent of phosphorylation was equivalent in control and AKAP13-deficient
HUVECSs. Similarly, PMA treatment increased PKD phosphorylation to similar
levels in both control and AKAP13-deficient HUVECSs. Finally, total PKD and o-
actin expression was equivalent in all samples. These results show that AKAP13
does not coordinate VEGF-induced phosphorylation of PKD in HUVECSs.
Furthermore, they suggest that VEGF does not signal through AKAP13 to

activate PKD.
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Figure 3.8. AKAP13 does not coordinate VEGF activation of PKD in HUVECs.
HUVECSs were transfected with negative control (Control siRNA) or AKAP13 (#1475)
siRNA. Cells were serum starved over night and treated with vehicle control (0), 5 or 20
ng/mL VEGF-165, or 100 nM PMA (positive control) for 15 minutes. Total cell lysates
were probed for phospho-PKD (p-PKD) at S744/748 and S916, total PKD, and a-Actin.
VEGF-165 and PMA increased p-PKD to the same extent in Control and 1475 siRNA
HUVECs. Total PKD and a-Actin blots show that equivalent amounts of protein

were loaded into each lane.
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3.4 Discussion
In this study, we investigated the role of AKAP13 in coordinating PKD and RhoA
signaling pathways downstream of VEGF to regulate endothelial cell processes
important for angiogenesis. Our results show that AKAP13 is not required for
processes important for angiogenesis, including basal HUVEC physiology, tube
formation, or VEGF-induced wound healing and PKD activation. We found that
AKAP13 is strongly expressed in endothelial cells of the developing and adult
mouse cardiovascular system, as well as in HUVECs. However, knockdown of
AKAP13 in HUVECSs did not affect the ability of these cells to attach to various
extracellular matrices, proliferate and migrate into a scratched cell monolayer, or
maintain normal cell size and shape. Additionally, AKAP13-deficient HUVECs
formed tubes and activated PKD in response to VEGF stimulation normally.
Contrary to our expectations that AKAP13 coordinates PKD and RhoA activity
to mediate aspects of developmental angiogenesis, we found that AKAP13 is not
required for these processes in vitro or in vivo. Akap13-null mice die during
embryonic development around E9.5 and display pericardial edema [34].
However, it is unclear if the cause of death is due to cardiac or vascular defects
since AKAP13 is expressed in both tissues. Given the edema phenotype, the
vasculature of these developing embryos might be defective. In agreement with
this, RhoA [11] and PKD [14] signaling events are required for angiogenesis.
Since AKAP13 can coordinate both of these signaling pathways, we expected
that AKAP13 knockdown would disrupt angiogenesis. However, our results show

that AKAP13 is not required for multiple angiogenic processes or tube formation
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in HUVECSs. Furthermore, mutant mice that lack the Rho-GEF and PKC-PKD
binding domains of AKAP13 develop normally and are viable (see Chapter 4).
These results indicate that AKAP13 does not regulate developmental
angiogenesis or basal vascular function. However, AKAP13 might function during
pathological or regenerative angiogenesis, and it would be interesting to test for
AKAP13 function in these models.

We also found that AKAP13 was not required for VEGF-induced closure of a
scratched wound or activation of PKD. The VEGF-induced wound healing assay
was used as a surrogate for proliferation and migration. This disproves our
hypothesis that AKAP13 regulates RhoA and PKD signaling events downstream
of VEGF. This finding was surprising because AKAP13 coordinates signaling
pathways in cardiomyocytes that are very similar to those activated by VEGF in
endothelial cells (Figure 3.1). Thus, AKAP13 was a prime candidate for
regulating PKD and RhoA signaling pathways in endothelial cells as well. Since
VEGF-induced proliferation and migration were resistant to AKAP13 knockdown,
other Rho-GEFs must activate RhoA to induce these processes. One of the Rho-
GEFs that mediate VEGF signaling is the synectin-binding guanine exchange
factor, Syx. Syx regulates angiogenesis in zebrafish and mice [38,39] and was
required for VEGF-induced migration and tube formation in rat fat-pad endothelial
cells [39]. Other Rho-GEFs likely have similar and redundant functions in
endothelial cells, since the Syx mutant mice survive normally and display a
specific, but not complete, decrease in secondary artery and capillary numbers.

Further investigation is needed to identify the additional Rho-GEFs that regulate
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developmental angiogenesis. It also is unclear if scaffolding molecules are
required to mediate VEGF-induced PKD activation. A more complete
assessment of the AKAPs and other signaling scaffolds expressed in endothelial
cell is required to identify potential proteins that could regulate this process.
Finally, it is unclear if VEGF-induced migration requires the interaction of RhoA
and PKD signaling pathways or if these pathways regulate independent
processes.

The lack of an in vitro angiogenesis or motility phenotype or an obvious in
vivo developmental defect indicates that AKAP13 is not required for normal
vascular development. Additionally, AKAP13 mutant mice that lacked the Rho-
GEF and PKC-PKD binding domains did not display vascular leak or
hemorrhaging (see Chapter 4), indicating that AKAP13 does not regulate
endothelial cell-cell junctions or barrier function under normal conditions. These
results suggest that AKAP13 might function in regulating endothelial cell
responses to extracellular signals and stresses.

One of the most intriguing roles AKAP13 might play in endothelial cell
signaling and stress responses is in regulating cell-cell junctions and vascular
permeability. Rho GTPases dynamically regulate endothelial cell barrier
formation and permeability, and RhoA signaling can strengthen or disrupt
endothelial barriers depending on the signaling context [18]. Thrombin is a well-
known inducer of endothelial permeability through the activation of RhoA
signaling [40], which mediates endothelial cell contraction and disruption of cell-

cell junctions [41]. The thrombin receptor, protease-activated receptor-1 (PAR1),
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couples to the G-protein pathways Gaz/13 and Gogi1 to activate Rho-GEFs and
calcium signaling which interact to coordinate the multiple processes required for
endothelial permeability [42]. Interestingly, AKAP13 is a convergence point for
Gauons [31,33] and Gag1 [28] signaling in cardiomyocytes, and it could organize
this interaction in endothelial cells as well. It would be interesting to determine if
the AKAP13 Rho-GEF and PKC-PKD deficient mice have reduced vascular
permeability in response to thrombin treatment. AKAP13 might also function to
regulate crosstalk between RhoA [21] and PKC-PKD [14] signaling during VEGF-
induced endothelial permeability. Thus, it would also be interesting to determine
the level of VEGF-induced vascular permeability in AKAP13 mutant mice.

We identified AKAP13 expression in the vasculature of the mouse and
focused this study on the roles of AKAP13 in endothelial cell biology. Given the
vascular expression, it is intriguing to consider the broader roles AKAP13 might
play in mediating signaling events that regulate vascular biology and disease.
The signaling molecules endothelin-1 (ET-1) and angiotensin Il (Ang Il) regulate
physiological vasoconstriction and inflammation, as well as pathological
endothelial dysfunction and vascular disease [43,44,45]. The signaling pathways
induced by ET-1 and Ang Il are transduced by AKAP13 in isolated
cardiomyocytes to activate hypertrophic gene expression [30,33]. Thus, these
signaling pathways could also be transduced by AKAP13 in endothelial and
vascular smooth muscle cells. Future experiments should focus on the role of
AKAP13 in coordinating ET-1 and Ang Il signaling in these cell types. In addition,

the mutant AKAP13 mice described in Chapter 4 could be used to delineate the
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role of AKAP13 in regulating vasoconstriction and endothelial dysfunction in vivo.
These studies might be confounded because of the high level of AKAP13
expression throughout the cardiovascular system and additional tissues; thus,
tissue specific disruption of AKAP13 may be required.

In conclusion, we found that AKAP13 is not required for processes important
for angiogenesis, including basal HUVEC physiology, tube formation, or VEGF-
induced wound healing and PKD activation. We also found that mice lacking the
Rho-GEF and PKC-PKD binding domains of AKAP13 have normal survival (see
Chapter 4). These findings suggest that other scaffolding molecules regulate
endothelial cell physiology and developmental angiogenesis under normal
conditions possibly in redundancy to AKAP13. They also suggest that other Rho-
GEFs and scaffolding molecules coordinate VEGF-induced RhoA and PKD
activation. Finally, the role of AKAP13 in coordinating endothelial cell responses
to specific signaling events remains unknown. The HUVEC system described
here and the mouse models described in Chapter 4 are ideal systems to
investigate the possible functions of AKAP13 in mediating endothelial cell and

vascular responses to stresses, including thrombin, VEGF, ET-I, and Ang I
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3.5 Materials and Methods

X-Gal staining of gene-trap embryos and adult tissue

To identify AKAP13 expression patterns during development and in adult tissue,
cryosectioned E14.5 embryos and whole adult organs were stained with X-Gal.
E14.5 embryos were bisected and fixed in 4% paraformaldehyde (PFA; Sigma)
and 0.2% glutaraldehyde (Sigma) in PBS (Mediatech) for 1 hour at 4°C. The
embryos were sucrose protected and frozen in Tissue-Tek OCT (Sakura
Finetek). Cryostat sections were stained with X-Gal (Fermentas, AllStar
Scientific, and Invitrogen), mounted, and imaged with an upright Leica DM4000B
microscope with a Qlmaging Retiga EXi Fast 1394 camera and Image-Pro Plus
software.

Adult organs were obtained from euthanized 17-18-week-old mice.
Euthanized mice were perfused with 10 mM KCI (Sigma), then PBS, and finally
4% PFA. Heart and brain samples were bisected, and organs were fixed in 4%
PFA for 1 hour at 4°C. Organs were permeabilized in 2 mM MgCl, (Sigma),
0.01% sodium deoxycholate (Sigma), and 0.02% Nonidet P-40 Substitute (Fluka)
in PBS at 4°C overnight. Samples were stained in 5 mM potassium ferricyanide
(Sigma), 5 mM potassium ferrocyanide (Sigma), 2 mM MgCl,, 0.01% sodium
deoxycholate, and 0.02% Nonidet P-40 Substitute, and 1 mg/mL X-Gal in PBS at
37°C. Organs were post-fixed in 4% PFA at 4°C overnight. The heart sample was
embedded in paraffin, sectioned, counter stained with neutral red, and imaged
using an upright Leica DM4000B microscope with a QImaging Retiga EXi Fast

1394 camera and Image-Pro Plus software. The brain sample was imaged using
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a Leica MZ FLIII dissecting microscope with an AxioCam (Carl Zeiss) camera

and Openlab 4.0.4 software.

HUVEC culture

HUVECs were purchased from ScienCell and cultured following the
manufacturer’s protocols with slight modifications. In brief, cells were seeded
onto 0.1% gelatin (Sigma) coated tissue culture plates and cultured in complete
ECM medium: endothelial cell medium (ECM; ScienCell Cat. #1001)
supplemented with 5% FBS (Cat. #0025), endothelial cell growth supplement
(ECGS; Cat. #1052; containing 10 ug/mL BSA, 10 ug/mL apo-transferrin, 5
ug/mL insulin, 10 ng/mL EGF, 2 ng/mL FGF-2, 2 ng/mL VEGF, 2 ng/mL IGF-I, 1
ug/mL hydrocortisone, and 10 M retinoic acid), and penicillin/streptomycin (P/S:
Cat. #0503). Cells were detached from culture plates with TrypLE (Gibco) and

passaged at a 1:10 dilution every 3—4 days.

Transfection of HUVECs with Stealth RNAI

The day before transfection, HUVECs were seeded into gelatinized 6-well plates
at 3 x 10° cells per well and cultured in complete ECM. RNAi Max transfection
reagent (Invitrogen) was used to transfect HUVECs with Silencer siRNAs
(Ambion) that target AKAP13: siRNA IDs 1475 (5'-GGA GAA GGA GAA AGA
UUC Utt-3') and 1569 (5'-GGA GAA AGA UUC UAA AGA Ctt-3') or Silencer
Negative Control #1 siRNA (Ambion; Cat. #AM4611) as reported [46]. In brief, 5

uL of RNAiI Max and 64 pmol of Silencer siRNA were mixed with OptiMEM |
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Reduced Serum Medium (Invitrogen) for a total volume of 2.5 mL, and this was
added to the previously seeded HUVECs (at about 90% confluency). HUVECs
were incubated in the Silencer SIRNA-OptiIMEM medium for 6—8 hours at 37°C
and subsequently fed with complete ECM. All assays were conducted 48 hours

post-transfection of Silencer siRNAs.

Quantitative PCR analysis

Gene expression analysis was preformed on total RNA isolated from HUVEC
cultures. Samples were homogenized in Trizol (Invitrogen), and cDNA was
synthesized from DNase Turbo (Ambion) treated RNA with SuperScript Il RT-
PCR kit and random hexamers (Invitrogen) as described by the manufacturers.
Expression was assessed using TagMan probesets (Applied Biosystems) for
AKAP13 (Hs00180747_m1), p-Actin (Hs00963193_m1), GAPDH
(Hs99999905 m1), and TATA-binding protein (TBP; HsOO427620_m1).
Reactions were run on an Applied Biosystems 7900HT real-time thermocycler.
Samples were assayed in technical quadruplicates and average AKAP13
expression levels were determined from p-Actin, GAPDH, and TBP normalized
values. Relative expression was calculated against HUVECSs transfected with
negative control #1 siRNA. Means =* standard deviations were reported for two
transfections of each siRNA. One-way ANOVA and Tukey’s multiple comparison

tests were conducted to determine significant differences (Prism 5; GraphPad).

Cell-attachment assay
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The ability and kinetics of HUVEC attachment to extracellular matrices was
measured by plating cells onto 6-well tissue-culture plates coated with various
extracellular matrices, and the number of attached cells were measured at 15,
30, and 60 minutes. Six-well tissue-culture plates were coated with Matrigel (BD
Biosciences) diluted 1 to 100 in basal ECM (containing no FBS or growth
factors), 5 ug/ml fibronectin (R&D Systems) diluted in PBS, or 0.1% gelatin and
incubated at room temperature for 1 hour. Excess extracellular matrix was
removed, and the wells were washed with basal ECM. Cells were seeded at 7 x
10* cells per well and incubated at 37°C for 15, 30, or 60 minutes in complete
ECM. At the desired time points, non-adherent cells were washed off the plate
using PBS and cells were fixed using 4% PFA in PBS at room temperature for 10
minutes. Cells were then permeabilized with 0.1% Triton X-100 (Sigma) in PBS
at room temperature for 10 minutes and blocked with 1% normal goat serum
(Sigma) and 1% BSA (Sigma) in PBS at room temperature for 15 minutes.
Vectashield Hard Set with DAPI (Vector Laboratories) was added to the cells and
a square cover slip was overlaid onto the cells. Images of DAPI-positive adherent
cells were obtained using an inverted Axiovert 200M microscope, AxioCam (Carl
Zeiss) camera, and AxioVision Software for multiple fields of view per well. The
number of DAPI-positive adherent cells was quantified using Velocity 5.3. Means
+ standard deviations were reported for two transfections of each siRNA. Student
t-tests were performed for each time point comparison and no significant

differences were identified (Excel).
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Wound healing / Scratch assay

The ability of HUVECSs to migrate into a wound in the presence of VEGF was
monitored over time. HUVECSs (at 1 day post-transfection with SIRNA) were
serum starved with 0.1% FBS in basal ECM overnight. The cell monolayer was
then “scratched” using P200 pipet tips to create denuded areas and washed with
PBS to remove non-adhered cells. Four scratches were made per well. Basal
ECM supplemented with 0.1% FBS was added to the cells and the scratches
were imaged for the O time point. Cells were then fed with basal ECM
supplemented with 0.1% FBS and 50 ng/mL of VEGF-165 (R&D Systems). The
scratches were imaged after 6, 24, and 48 hours of culture using an inverted
Axiovert 200M microscope, AxioCam (Carl Zeiss) camera, and AxioVision
Software. Two siRNA transfections were conducted and representative images

are shown.

Cell-spreading assay

The extent of HUVEC spreading and organization was measured by plating cells
onto cover slips coated with 1:100 Matrigel or 5 ug/ml fibronectin (as described
above) in 12-well tissue-culture plates. HUVECs were seeded at 4 x 10* cells per
well and incubated at 37°C for 2 hours in complete ECM. Cells were then fixed
and permeabilized as described above and blocked with 1% BSA in PBS. The
actin cytoskeleton of the cells was stained with rhodamine-phalloidin (Invitrogen),
according to manufacturer’'s recommendations, and the cover slips were

mounted using Vectashield Hard Set with DAPI. Images were obtained using an
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inverted Axiovert 200M microscope, AxioCam (Carl Zeiss) camera, and
AxioVision Software for multiple fields of view per cover slip. Technical triplicates
were done per siRNA transfection and extracellular matrix. Cellular area was
guantified using Velocity 5.3. In brief, the total area of rhodamine-phalloidin
fluorescent staining minus any fluorescent area on the edge of the field of view
was determined. The number of DAPI-positive nuclei was then counted within the
rhodamine-positive area. Finally, cellular area was calculated by dividing the total
area of rhodamine fluorescence by the number of nuclei. Means + standard
deviations were reported for multiple independent transfections of each siRNA
(negative control #1 siRNA, n=10; AKAP13 siRNA #1475, n=8; and AKAP13
SIRNA #1569, n=4). One-way ANOVA and Tukey’s multiple comparison tests

were conducted to determine significant differences (Prism 5; GraphPad).

Tube formation assay

To assess the ability of HUVECs to form capillary-like tubes, cells were seeded
onto a thick layer of Matrigel in complete ECM and imaged at several time points
after seeding. The tube formation assay was conduced in 48-well tissue culture
plates. A thick layer of Matrigel (150 uL per well) was allowed to set for 1 hour at
room temperature. HUVECs (4 x 10* cells in 0.5 mL complete ECM) were
seeded onto the Matrigel and incubated at 37°C. Bright field images were
obtained at 2, 4, 8, and 24 hours post-seeding using an inverted Axiovert 200M
microscope, AxioCam (Carl Zeiss) camera, and AxioVision Software. Technical

triplicate wells were analyzed per siRNA transfection (negative control #1, n=4;
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AKAP13 siRNA #1475, n=4; and AKAP13 siRNA #1569, n=2). Representative

images are shown.

VEGF signaling assay
VEGF-induced phosphorylation of PKD was observed by western blotting of total
cell lysis from negative control #1 and 1475 siRNA-transfected HUVECS.
HUVECSs (at one day post-transfection with siRNA) were serum starved with
0.1% FBS in basal ECM overnight. Cells were stimulated with vehicle
(appropriate volume of 0.1% BSA in PBS), 5 ng/mL and 20 ng/mL of VEGF-165
(in 0.1% BSA-PBS; R&D Systems), and 100 nM PMA (Sigma) in 0.1% FBS-
basal ECM for 15 minutes at 37°C. Cells were then washed with PBS and lysed
with protein lysis buffer: 50 mM Tris-HCI (Mediatech), 150 mM NaCl (Teknova), 5
mM EDTA (Teknova), 5 mM EGTA (Sigma), 1% Triton-X 100 (Sigma), 1% DOC
(Sigma), and 0.1% SDS (Teknova), supplemented with Complete Protease
Inhibitor (Roche) and Phosphatase Inhibitor Cocktail A & B (Santa Cruz Biotech).
Cellular DNA was sheared by running the lysis buffer through a 25-gauge needle,
and the sheared lysis was incubated on ice for 30 minutes. Cell debris was
pelleted by centrifugation, and the supernatant harvested for western blot
analysis. Protein levels were quantified using Bio-Rad D¢ Protein Assay (Bio-
Rad).

Western blots were conducted with 15 ug of total cell protein mixed with 4x
Tris-Glycine sample buffer and 10x Reducing Agent (Invitrogen) and boiled at

100°C for 5 minutes. Protein samples were run on an 8% Tris-Glycine gel
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(Invitrogen) in 1x Tris-Glycine running buffer (Invitrogen) at 30 volts (constant) for
30 minutes, then 125 volts (constant) for 2 hours. Protein was transferred to a
PVDF membrane (Invitrogen) in Tris-Glycine transfer buffer (Invitrogen)
containing 20% methanol (Sigma) at 100 volts (constant) and 4°C for 2 hours.
PVDF membranes were blocked with 5% BSA in TBS-T, then probed with 1:1000
rabbit phospho-PKD (S744/748) (Cell Sig Tech; #2054), phospho-PKD(S916)
(Cell Sig Tech; #2051), and pan-PKD (Cell Sig Tech; #2052) for 24 hours at 4°C.
Membranes were then incubated with 1:5000 dilution of donkey anti-rabbit 1gG-
HRP (Amersham Biosci; NA934V) secondary antibody for 2 hours at room
temperature. Membranes were also probed using 1:5000 mouse a-Actin (Cal
Biochem; Ab-1, JLA20) overnight at 4°C, then 1:10,000 goat anti-mouse IgG-
HRP (Jackson Immuno Research Labs) secondary antibody for 2 hours at room
temperature. Protein blots were detected with West Pico Substrate (Thermo) and

exposed to Kodak Biomax Light film.
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4.1 Abstract

Background: A-kinase anchoring proteins (AKAPs) are scaffolding molecules
that coordinate and integrate G-protein signaling events to regulate development,
physiology, and disease. One family member, AKAP13, encodes for multiple
protein isoforms that contain binding sites for protein kinase A, C (PKC), and D

(PKD) and an active Rho-guanine nucleotide exchange factor (Rho-GEF)
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domain. In mice, AKAP13 is required for development as null embryos die by
E10.5 with cardiovascular phenotypes. Additionally, the AKAP13 Rho-GEF and
PKC-PKD binding domains mediate cardiomyocyte hypertrophy in cell culture.
However, the requirements for the Rho-GEF and PKC-PKD binding domains

during development and cardiac hypertrophy are unknown.

Methodology/Principal Findings: To determine if these AKAP13 protein
domains are required for development, we used gene-trap events to create
mutant mice that lacked the Rho-GEF and/or the protein kinase C—PKD binding
domains. Surprisingly, heterozygous matings produced mutant mice at
Mendelian ratios that had normal viability and fertility. The adult mutant mice also
had normal cardiac structure and electrocardiograms. To determine the role of
these domains during p-adrenergic-induced cardiac hypertrophy, we stressed the
mice with isoproterenol. We found that heart size increased normally in mice
lacking the Rho-GEF and PKC-PKD binding domains. However, the mutant
hearts failed to develop the expected increase in ejection fraction and fractional

shortening.

Conclusions: These results suggest the Rho-GEF and PKC-PKD binding
domains of AKAP13 are not required for mouse development, normal cardiac
architecture, or f-adrenergic-induced cardiac hypertrophy. However, the domains
are necessary for a proper cardiac functional response to -adrenergic

stimulation.

135



4.2 Introduction

A-kinase anchoring proteins (AKAPs) organize multi-protein signaling complexes
to control a wide range of signaling events, including those important for
development [1,2], fertility [3,4], learning and memory [5,6,7], and cardiac
structure and physiology [8,9,10,11]. The diverse AKAP family members all bind
protein kinase A (PKA) as well as a wide variety of other signaling proteins, such
as protein kinase C (PKC) and D (PKD), to create unique signaling complexes
[12,13]. Many of these signaling proteins are activated by common intracellular
second messengers (e.g., cyclic AMP (cAMP) and calcium), which activate PKA
and PKC, respectively. If the activated signaling proteins are left uncontrolled,
they could nonspecifically affect multiple downstream proteins. However, AKAPs
provide signaling specificity by anchoring multi-protein complexes in close
proximity to specific downstream substrates. Thus, AKAPs integrate multiple
upstream signals into specific downstream events by organizing multi-protein
signaling complexes at specific cellular locations.

In the heart, the signaling events coordinated by AKAPs control aspects of
cardiac growth, remodeling [9,14,15], and physiology, including
excitation/contraction (EC) coupling and calcium regulation [16,17]. The
physiological roles of several AKAPs in coordinating EC coupling have been
studied in isolated cardiomyocytes and whole organisms [18]. However, the roles
of AKAPs in coordinating cellular growth and remodeling during cardiac

hypertrophy have been limited to studies in isolated cardiomyocytes [9,14,19,20].
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Interestingly, many of the signaling pathways involved in cardiac remodeling are
also important in the developing heart.

We studied AKAP13 in mice because of its expression pattern, null mouse
phenotype, and the well-characterized signaling pathway it coordinates in
isolated cardiomyocytes. We first identified AKAP13 because its expression is
up-regulated during mouse fetal development [21] and mouse embryonic stem
(ES) cell differentiation [22] (Table 1.1; see Chapter 1). In addition, AKAP13 is
highly expressed in the adult heart [23,24]. Second, a null allele of AKAP13
causes embryonic death and exhibits cardiac defects [11]. Finally, AKAP13
coordinates a signaling complex that transduces cardiac remodeling signals
induced by G protein-coupled receptors (GPCRSs) into hypertrophic responses in
isolated cardiomyocytes [14,20].

AKAP13 is a large gene that encodes for three main transcripts, AKAP-Lbc
[23], Brx [24], and Lbc [25], through the use of alternative promoters. The protein
isoforms encoded by these three transcripts share a common carboxyl-terminal
region that contains a guanine nucleotide exchange factor (GEF) domain and
PKC and PKD binding domains (Figure 4.1). The unique amino-terminus of
AKAP-Lbc encodes the PKA binding domain [23,26,27]. The roles these AKAP13
protein domains play during hypertrophic signaling have been well studied in
isolated rat cardiomyocytes. Several GPCR ligands that signal through the G-
protein pathways G12/13 and G4 can activate the GEF domain of AKAP13 and
AKAP13-bound PKC, respectively [14,20]. Once activated, the GEF domain

activates RhoA, which leads to cardiomyocyte hypertrophy [20]. Activated PKC
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activates co-bound PKD, which, through several additional steps, activates the
transcription factor MEF2C and leads to hypertrophy [14,26,28].

The same signaling pathways coordinated by AKAP13 to regulate isolated
cardiomyocyte hypertrophy could be required for cardiac development. Despite
the finding that Akap13-null embryos die, likely from cardiovascular defects [11],
the protein domains and coordinated signaling pathways of AKAP13 required for
development remain unknown. Both the G12/13and G signaling pathways, which
can signal upstream of AKAP13, are required for development of the mouse
cardiovascular system [29,30]. In addition, proteins downstream of AKAP13 are
required for proper development since mutant MEF2C and PKD mouse embryos
die from heart formation defects and unknown causes, respectively [31,32].

In this study, we asked if the signaling events coordinated by AKAP13 in
isolated cardiomyocytes were important for cardiac development and remodeling
in mice. We hypothesized that the AKAP13 protein domains for Rho-GEF activity
and PKC-PKD binding are required for mouse development. To test this
hypothesis, we mated AKAP13 gene-trap mutant mouse lines and assessed
them for viable offspring. Unexpectedly, we found that mice lacking the Rho-GEF
and PKC-PKD binding domains had normal viability. These mice also had normal
cardiac electrical activity, as assessed by 6-lead electrocardiograms (ECGs), and
cardiac structure.

We then hypothesized that the Rho-GEF and PKC-PKD binding domains of
AKAP13 are important for cardiac remodeling in response to f-adrenergic-

induced cardiac hypertrophy. To test this hypothesis, we treated mice with
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isoproterenol for 14 days, measured cardiac structural and functional changes by
echocardiography, and analyzed heart size and structure by morphology and

histology. Surprisingly, we found that AKAP13 Rho-GEF and PKC-PKD deficient
mice failed to increase cardiac ejection fraction and fractional shortening despite

a normal increase in heart size.

4.3 Results

4.3.1 Gene-trap events disrupt AKAP13 in multiple locations

Complete loss of AKAP13 causes embryonic death in mice, possibly from
cardiac defects [11]. However, AKAP13 contains multiple protein domains, and it
is unclear which domains are required for development. In addition, the AKAP13
gene locus utilizes alternative promoters to drive expression of at least three
different isoforms, AKAP-Lbc, Brx, and Lbc.

To determine if the AKAP13 Rho-GEF and PKC-PKD binding domains are
required for mouse development, we generated AKAP13 mutant mice from gene-
trapped ES cells. The gene-trap construct uses a strong splice acceptor to create
a fused mRNA of the upstream AKAP13 exons with the trapping cassette [33].
The resulting fusion protein contains the amino-terminus of AKAP13 fused to
BGeo, which confers -galactosidase activity and neomyocin resistance. These
fusion proteins create truncation mutants that can be used to dissect the role of

AKAP13 protein domains in vivo.
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We used the International Gene Trap Consortium (IGTC) database (at

www.genetrap.org) [34] and the IGTC Sequence Tag Alignments track on the

UCSC Genome Browser [35] to select three gene-trap events at different
positions of the AKAP13 gene, ABrx (from ES cell line AG0213), AGEF
(CSJ306), and APKC (CSJ288), for further analysis (Figure 4.1A). We confirmed
the splicing of upstream AKAP13 exons into the gene-trap cassette (Figure 4.1B)
by RT-PCR and sequencing from total ES cell RNA. We also identified the
insertion site of each gene-trap event by long-range PCR and designed
genotyping strategies for these mutant lines (Figure 4.1B, D). These three gene-
trap events create a mutational series that affects specific AKAP13 isoforms and
protein domains (Figure 4.1C). The ABrx mutation creates a fusion of the AKAP-
Lbc and Brx isoforms with fGeo that disrupts the Rho-GEF and PKC-PKD
binding domains for these two isoforms. However, the Lbc isoform should be
normally expressed. The AGEF mutation is expected to be the most severe as it
creates a fusion of all three isoforms that disrupts the Rho-GEF and PKC-PKD
binding domains. Finally, the APKC mutation disrupts the PKC-PKD binding
domains of all three isoforms while the Rho-GEF domain remains intact. Male
chimeric mice were generated from these three gene-trap ES cell lines and
crossed to female C57BI/6 mice to generate heterozygotes. We used these mice

to study the roles of AKAP13 Rho-GEF and PKC-PKD binding domains in vivo.
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Figure 4.1. Gene-traps disrupt AKAP13 in multiple locations. (A) Schematic of the
AKAP13 genomic locus. Exons are depicted with black bars, cassette exons with a grey
box, and alternative promoters with arrows. The three gene-trap insertions are indicated.
(B) Diagram of the gene-trap constructs (blue boxes) integrated between AKAP13 exons
(open boxes with exon numbers). The gene-trap vector contains a strong splice acceptor
(SA), pGeo cassette (p—galactosidase and neomyocin resistance genes), and stop
codon as well as a polyadenylation (pA) sequence. The splicing events indicated were
confirmed by RT-PCR and sequencing. Primers used to genotype the wild-type and
gene-trap alleles are shown (black arrows). (C) Resulting protein fusions of AKAP-Lbc,
Brx, and Lbc isoforms with pGeo for the gene-trap mutational series. PKA = protein
kinase A binding domain, GEF = Rho-guanine nucleotide exchange factor domain, PKC
= protein kinase C binding domain, PKD = protein kinase D binding domain, LZ = leucine
zipper domain. (D) Sample genotyping of mouse tail clips for the AKAP13 gene-trap

mutations using primers in (B). WT=Wild-type, Het=Heterozygote, Hom=Homozygote.
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4.3.2 AKAP13 is broadly expressed during mouse development and in adult
tissue

Despite the requirement of AKAP13 for mouse development, its expression
pattern during this process is unknown. In addition to disrupting the AKAP13
protein, the gene-trap events report the expression pattern of AKAP13 because
the endogenous AKAP13 promoters drive expression of the AKAP13-fGeo
fusion proteins.

To determine the expression of AKAP13 during mouse development, we
conducted X-Gal staining of AKAP13*“°EF embryos at E8.5, E9.5, E10.5, and
E14.5 (Figure 4.2). We found X-Gal staining in the head folds, notochord, and
somites of E8.5 embryos but little to no staining in the looping heart (Figure 4.2A,
B). At E9.5, the staining pattern was broadly expanded with higher levels of
expression in the heart (Figure 4.2C). There was also staining in the vasculature,
eye, ear, somites, gut and brain. E10.5 embryos had a staining pattern similar to
that of E9.5 embryos (Figure 4.2D). However, there was stronger staining
throughout the heart (Figure 4.2D, E). E14.5 embryos had high levels of staining
in the atrial and ventricular myocardium and endocardium, trabeculae, and
outflow tract (Figure 4.2F-H). There was also staining in skeletal muscle, tongue,
gut, kidney, lung, urinary system, and the choroid plexus of the brain (Figure
4.2F). Finally, the yolk sac and umbilical cord of mouse embryos stained positive
with X-Gal (Figure 4.21). We found the same staining patterns in AKAP13"/2B™
and AKAP13*PXC embryos, and no staining in wild-type embryos was detected.

These results show that AKAP13 is broadly expressed during mouse
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development with increasing levels of expression in the heart and outflow tract.
They also show that AKAP13 is expressed in skeletal and smooth muscle
throughout the developing embryo.

Previous studies using Northern blot analysis found AKAP13 to be highly
expressed in human heart tissue with less expression in other tissues, including
the lung and kidney [23,24]. However, the expression patterns of AKAP13 within
these organs remain unknown. To determine the expression pattern of AKAP13
within adult mouse organs, we conducted X-Gal staining of AKAP13*2CEF heart,
kidney, and brain samples (Figure 4.3). We found X-Gal staining throughout the
entire heart and in the pulmonary arteries and aorta (Figure 4.3A). In the kidney,
the cortex, arteries and ureter stained positive (Figure 4.3C). The vasculature of
the brain, olfactory bulb, and part of the cerebellar cortex stained positive (Figure
4.3D). The same staining patterns were seen in kidney and brain from
AKAP 1328 and AKAP13*2PKC adult mice. Surprisingly, AKAP13*4PKC hearts
lacked staining in the ventricles; however, there was still staining in the atria,
pulmonary arteries, aorta, and ventricular vasculature (Figure 4.3B). These
results show that AKAP13 is highly expressed in the adult heart and vasculature
and is expressed in specific regions of additional organs, including the kidney

and brain.
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Figure 4.2. AKAP13 is broadly expressed during mouse development. (A-D)
Whole-mount AKAP13*2CEF embryos stained with X-Gal (in blue) to identify AKAP13-
pGeo expression at (A&B) E8.5, (C) E9.5, and (D) E10.5. (A&B) E8.5 embryos showed

expression in the head folds, notochord, and somites. (C) Right side view of E9.5

embryo showed expression in the heart (ht), brain, eye (arrow), otic pit (arrowhead), gut,
and somites. (D) Right side view of E10.5 embryo showed similar expression as in (C)
with higher expression in the heart (ht). (E) Frontal view of an E10.5 heart showed high
levels of expression in the ventricle (v), bulbous cordis (bc), and outflow tract (oft). (F)
Sagittal and (H) transverse sections of E14.5 embryos stained with X-Gal and nucleofast
red. E14.5 embryos showed expression in the heart (ht), tongue (t), lung (1), gut (9),
kidney (k), skeletal muscle, brain (arrow), and urogenital region (arrowhead). (G&l)
Close ups of the hearts boxed in F and H, respectively, showed expression in atrial (at),
and ventricular (v) myocardium, endocardium and trabeculae. The right and left atria (ra
& la) and ventricles (rv & Iv) all showed expression with higher levels in the left ventricle
(Iv). There was also expression in the aorta (a). (J) X-Gal staining of E9.5 embryos with
the yolk sac attached showed expression in the yolk sac (ys). Black scale bars are 0.5

mm.
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Figure 4.3. AKAP13 is expressed in adult heart, kidney, and brain. Adult
AKAP13"2CEF organs were bisected and stained with X-Gal (in blue) to determine
AKAP13-fGeo expression in heart (A), kidney (C) and brain (D). (A) The AKAP13-AGEF
hearts showed strong staining throughout the entire heart, including the left (Ia) and right
(ra) atria, left (Iv) and right (rv) ventricles, pulmonary artery, and aorta. (B) AKAP13-
APKC hearts had staining in the atria pulmonary artery, and aorta, as expected, but
lacked staining in the ventricles. The blood vessels of the ventricles stained positive. (C)
The kidney cortex (c), ureter (u), and arteries (ar) stained positive. (D) The interior of the
right hemisphere of the brain showed staining of the olfactory bulb (ob), vasculature

(arrow), and part of the cerebellum (cbx). Black scale bars are 1 mm.
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4.3.3 AKAP13 Rho-GEF and PKC-PKD binding domains are not required for
mouse development

Recently, an Akap13-null mouse was reported to die at E9.5-E10.5 during
embryonic development and it was proposed that this was due to a loss of Rho-
GEF signaling [11]. Since AKAP13 also encodes for PKA, PKC, and PKD binding
domains, we asked whether the AKAP13 Rho-GEF and PKC-PKD binding
domains were required for mouse development. To answer this question, we
conducted heterozygote crosses for the three mutant mouse lines and assessed
the matings for viable offspring. We found that all of these matings produced
homozygous mutant offspring at the expected Mendelian ratios (Table 4.1). In
addition, the homozygous mutant mice lacked gross abnormalities, were fertile,

and had normal viability.

Table 4.1. Genotypes of pups from heterozygous AKAP13 mutant matings

Genotype Expected Observed Ratios % (Number of Pups)
Mendelian Ratio %
ABrx AGEF APKC
WT 25 23 (n=39) 25 (n=52) 25 (n = 64)
Het 50 54 (n=91) 56(n=116) 54 (n=141)
Hom 25 23(n=39) 19 (n=39) 21 (n = 55)

WT = Wild-type, Het = Heterozygote, Hom = Homozygote

To verify that the gene-trap mutations disrupt full-length AKAP13 expression,
we conducted quantitative PCR on total RNA from newborn pup heart and lung
tissue (Figure 4.4). We used TagMan probes to measure relative expression of
the E4-5, Brx-9, and E37-38 exon-exon junctions (Figure 4.4A). As expected, we

found that none of the gene-trap mutations changed the expression of the
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AKAP13 E4-5 junction, which lies upstream of the three gene-trap insertion sites
(Figure 4.4B). The expression of the Brx-9 junction was reduced in a dose-

dependent manner only in ABrx mice, and AKAP132B/AB

mice completely
lacked expression at this location (Figure 4.4C). These results were also
expected because the ABrx insertion site lies between the Brx specific exon and
exon 9, and the other two gene-trap insertions are downstream of this exon-exon
junction. Finally, all three gene-trap mutations decreased expression of the E37-
38 junction in a dose-dependent manner, as expected (Figure 4.4D). The AGEF
mutation was particularly effective at reducing expression, as the
AKAP134CEFACEF mice completely lacked expression.

Contrary to our expectations, these results indicate that the AKAP13 gene-
trap mutations do not affect development or viability. Specifically, the ABrx
mutation eliminates expression of the Brx-9 exon-exon junction indicating that the
Brx isoform of AKAP13 is not required for development or viability. Likewise, the
AGEF mutation completely eliminates expression of E24-25 (data not shown)
and E37-38. This region encodes for the AKAP13 Rho-GEF and PKC-PKD
binding domains. Thus, these results show that the Rho-GEF and PKC-PKD

binding domains are not required for development or viability.
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Figure 4.4. Full-length AKAP13 mRNA levels are reduced by the gene-trap events.
(A) TagMan gene expression assays were used to measure the expression of AKAP13
transcripts at the indicated exon-exon junctions (E4-5, Brx-9, & E37-38). (B) Quantitative
PCR analysis of wild-type (WT), heterozygote (Het) and homozygote (Hom) neonatal
mouse heart and lung RNA for AKAP13 showed that none of the gene-trap mutations
affected expression of the E4-5 exon-exon junction. The ABrx gene-trap dose
dependently decreased expression of the Brx-9 exon-exon junction. Expression of the

Brx-9 junction was eliminated in the AKAP 134848

mice. All three gene-traps
decreased expression of the E37-38 exon-exon junction in a dose-dependent manner.
Expression of the E37-38 junction was eliminated in the AKAP13CFF/ACEF mice. The
means and standard deviations are graphed for six mice per genotype. One-way
ANOVA and Bonferroni’s multiple comparison tests were conducted (Prism 5;
GraphPad).

T, p<0.10; *, p<0.05; **, p<0.01.
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4.3.4 Cardiac electrical activity and structure is normal in AKAP13 mutant
mice

Since AKAP13 is highly expressed during cardiac development and throughout
the adult heart (Figure 4.2 & 4.3) and regulates cardiomyocyte physiology
[14,20], we asked whether the AGEF mutation affected adult cardiac electrical
activity or structure. To address this, we conducted 6-lead ECG analysis and
then harvested hearts from 16—18-week-old male homozygous mutant and wild-
type control mice.

ECG analysis showed that heart rate (HR), PR interval, P wave duration,
QRS interval, and corrected QT interval (QTc) of AKAP13*CEF/ACEF mice were
indistinguishable from wild-type littermates (Table 4.2). Gross morphology
showed that the AGEF hearts had normal atrial and ventricular structures (Figure
4.5A) and a properly formed pulmonary artery and aorta. Additionally, the wild-
type and AGEF hearts were the same size as assessed by the heart weight to
tibia length (HW/TL) ratios (Figure 4.5B). Hearts from AKAP13B™4B™ gnd
AKAP134PKCIAPKC mice also had normal morphology and size (data not shown).
Histological analysis of AGEF hearts by hematoxylin and eosin (H&E) staining
showed proper cardiomyocyte organization and structure (Figure 4.5C). Finally,
the AGEF hearts had normal levels of Masson’s trichrome staining, indicating no
change in cardiac fibrosis (Figure 4.5D). These results indicate that the loss of
AKAP13 Rho-GEF and PKC-PKD binding domains does not affect cardiac

electrical activity or structure under normal physiological conditions.
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Table 4.2. Six-Lead ECG analysis of AKAP13-AGEF mutant mice

Genotype Heart Rate PR (ms) P (ms) QRS (ms) QTc (ms)
WT 462.3+30.6 384+32 916+1.14 113+£1.3 522 +3.5
AGEF 4371+179 39123 93012061 11.5+£1.0 554 +57

Heart rate is in beats per minute, ms = milliseconds
Values are given as the mean * standard deviation for six mice in each genotype.

- = =
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HWI/TL (mg/mm)

N O

WT AGEF

Figure 4.5. AKAP13-AGEF mutant mice had normal cardiac structure.
(A) Hearts isolated from six wild-type (WT) and six AKAP13*CEF/2CEF (AGEF) adult male

mice at 16—18 weeks of age had normal gross morphology; representative images
shown. White scale bar is 1 mm. (B) WT and AGEF hearts were the same size as
measured by heart weight to tibia length (HW/TL) ratios (in milligrams per millimeter).
Means and standard deviations are graphed for six hearts of each genotype. Hearts
were sectioned for histology and stained with (C) H&E or (D) Masson’s trichrome. The
bottom panels of C&D are higher magnifications of the boxed regions in the top panels.
(C) Cardiac structure was normal in AGEF hearts (top), and cardiomyocytes had proper
organization (bottom). (D) AGEF hearts had normal levels of fibrosis as assessed by

Masson’s trichrome staining. Black scale bars in C&D are 1 mm (top), 50 um (C bottom),

and 250 ym (D bottom).
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4.3.5 AKAP13 AGEF mice have a normal structural but not functional
response to f-adrenergic induced cardiac hypertrophy
We then asked whether the AKAP13 Rho-GEF and PKC-PKD binding domains
are required for a p-adrenergic induced cardiac hypertrophic response in mice.
These AKAP13 domains transduce hypertrophic signaling events in isolated
cardiomyocytes [14,20]; however, it is unclear if they are required for the
hypertrophic response in mice. To answer this, we implanted mini-osmotic
pumps into 22—32-week-old wild-type and AKAP132CEF/ACEF Jittermate mice to
infuse PBS vehicle (Veh) or isoproterenol (Iso; 60 mg/kg per day) for 14 days
[36]. Iso activates p-adrenergic receptors to induce cardiac hypertrophy [37]
partially through PKD signaling [31]. To assess the cardiac structural and
functional response to f-adrenergic-mediated cardiac hypertrophy, we conducted
echocardiography on mice in a blinded fashion. We recorded echocardiograms
before pump implantation to obtain a baseline value and on day 13 of treatment.
We then isolated the hearts from these mice on day 14 of treatment to further
analyze cardiac structural changes.

M-Mode echocardiogram recordings on day 13 showed that Iso treatment

3AGEF/AGEF mice.

increased left ventricular wall thickness in wild-type and AKAP1
However, the degree of cardiac contraction was lower in the Iso-treated AGEF
mice than wild-type mice (Figure 4.6A). Cardiac structural and functional

changes were quantified from the echocardiogram recordings (Figure 4.6B-E).

Iso treatment increased left ventricular mass (LV Mass) in both wild-type (51%)

and AGEF (60%) mice from baseline values (Figure 4.6B). Left ventricular
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anterior wall thickness at diastole (LVAW;d) increased in both wild-type (43%)
and AGEF (34%) mice treated with Iso (Figure 4.6C). Left ventricular posterior
wall thickness was increased similarly to LVAW (data not shown). There was no
difference in LV Mass or LVAW;d between the wild-type and AGEF mice at
baseline or after Iso treatment.

Despite normal structural changes, cardiac contractility did not increase in
AGEF mice treated with Iso as compared to Veh controls (Figure 4.6D, E). Left
ventricular fractional shortening was calculated from M-Mode echocardiogram
recordings (Figure 4.6D). Fractional shortening (FS) was 15% greater in wild-
type mice treated with Iso than Veh-treated controls. However, there was no
change in FS between AGEF Veh- and Iso-treated mice. Similar results were
obtained for left ventricular ejection fraction (EF), which was calculated from B-
Mode echocardiogram recordings (Figure 4.6E). EF was 22% greater in wild-type
mice treated with Iso than Veh-treated controls; however, EF did not change in

the AGEF mice treated with Iso.

152



AT NN WA

WT

-

A

o
1

LV Mass (mg)

100

Iso: 0 - + 0 - +
WT AGEF

60 1

50 1

ns

40-

30 1

Fractional Shortening (%)U

Iso: 0 - + 0 - +
WT AGEF

Figure 4.6. AKAP13-AGEF mutant mice failed to induce the expected cardiac
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functional response to p-adrenergic-induced hypertrophy.

(A) Representative M-Mode echocardiogram images showed a thicker left ventricular
wall in wild-type (WT) and AKAP13*CEFACEF (AGEF) male mice treated with isoproterenol
(Iso; 60 mg/kg per day for 13 days) than in those treated with PBS vehicle (Veh). Iso
treatment increased the magnitude of contraction in WT mice but not in AGEF mice. The

horizontal black scale bar is 200 ms; the vertical black scale bars are 1 mm. (B-E)
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Quantification of echocardiography data for left ventricle structural and functional
changes in response to Iso treatment. Echocardiograms were recorded the day before
mini-osmotic pumps were implanted for baseline levels (0) and after 13 days of Iso (+) or
Veh (-) treatment. (B) Both WT and AGEF mice increased left ventricular (LV) mass to
the same level with Iso treatment. (C) LV anterior wall thickness at diastole (LVAW;d)
was increased to the same level in both WT and AGEF mice treated with Iso. (D) The
percent of fractional shortening (FS) increased in wild-type mice treated with Iso
compared to baseline or Veh treatment. AGEF mice did not increase FS with Iso
treatment. (E) The percent ejection fraction (EF) also increased in wild-type mice treated
with Iso compared to baseline or Veh treatment. AGEF mice did not increase EF with Iso
treatment. The means and standard deviations are graphed in B—E for seven WT and
nine AGEF mice at baseline (0), three WT and three AGEF mice with Veh treatment, and
four WT and six AGEF mice with Iso treatment. One-way ANOVA and Bonferroni’s

multiple comparison tests were conducted (Prism 5; GraphPad). t, p<0.10; *, p<0.05; **,
p<0.01; ***, p<0.001.

Morphological analysis of whole hearts verified that Iso treatment induced

3ACEF/AGEF mice to a similar

cardiac hypertrophy in both wild-type and AKAP1
extent (Figure 4.7A). HW/TL increased in wild-type mice treated with Iso from a
Veh-treated value of 11.97 £ 0.81 (mean = SD, n=3) to 16.07 £ 2.01 mg/mm
(n=4; p=0.022). Similarly, HW/TL increased in AGEF mice from a Veh-treated
value of 12.47 + 3.49 (n=3) to 15.58 + 2.12 mg/mm (n=6; p=0.133). H&E staining
of histological sections of these hearts showed that Iso treatment increased left
ventricular wall thickness in both sets of mice (Figure 4.7B, top). Closer
examination of the cardiomyocytes at the top of the left ventricular wall showed
increased interstitial cells between the myocytes and a looser myocyte

configuration in Iso-treated than Veh-treated hearts (Figure 4.7B, bottom). Iso

treatment also increased fibrosis in the myocardium of both wild-type and AGEF
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hearts as assessed by Masson’s trichrome staining (Figure 4.7C). This fibrosis
was interspersed within the myocardium. Qualitative analysis of these heart
sections suggested that there was more fibrosis in the AGEF than wild-type
hearts. Quantification of Masson’s trichrome staining also suggested a trend for
increased fibrosis in the AGEF hearts (10.11 £ 8.42%, n=6, for AGEF vs. 5.63 +
2.10%, n=4, for wild-type; p=0.336). Interestingly, one of the Iso-treated AGEF
hearts had a large area of fibrosis at the top of the right and left ventricular walls
(>25% of myocardial area).

The echocardiography results showed that AKAP13*CEF/ACEF mjce did not
increase cardiac contractility in response to -adrenergic stimulation. However,
they did have a normal structural response to -adrenergic-mediated cardiac
hypertrophy. Thus, these results indicate that the AKAP13 Rho-GEF and PKC-
PKD binding domains are not required for the structural changes induced by f3-
adrenergic-mediated cardiac hypertrophy. However, they are required for a

proper cardiac functional response to -adrenergic stimulation.
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Figure 4.7. AKAP13-AGEF mutant mice induced cardiac hypertrophy in response
to chronic isoproterenol treatment. (A) Hearts from wild-type (WT) and
AKAP132CEFIAGEF (AGEF) male mice showed hypertrophy with isoproterenol (Iso)
treatment (60 mg/kg per day for 14 days). Three WT and three AGEF mice were treated
with PBS vehicle (Veh) and four WT and six AGEF mice were treated with Iso;
representative images are shown. White scale bar is 1 mm. Hearts were sectioned for
histology and stained with (B) H&E or (C) Masson’s trichrome. (B) WT and AGEF left
ventricular walls were thickened by Iso treatment (top). Higher magnification of the upper
left ventricular wall (box) showed disruption of myocyte organization in Iso-treated hearts
(bottom). (C) Fibrosis increased throughout the WT and AGEF hearts as assessed by
Masson’s trichrome staining. Iso-treated AGEF hearts appeared to have more fibrosis
than Iso-treated WT hearts. Higher magnification of the left ventricular wall (box) showed
fibrosis within the myocardium (bottom). Black scale bars in B&C are 1 mm (top), 50 ym
(B bottom), and 250 uym (C bottom).
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4.4 Discussion
In this study, we investigated the roles of the Rho-GEF and PKC-PKD binding
domains of AKAP13 in mouse development, adult cardiac physiology, and
hypertrophic remodeling. Contrary to our expectations, our results show that
these AKAP13 domains are not required for mouse development, normal adult
cardiac architecture, or $-adrenergic-induced cardiac hypertrophy. Unexpectedly,
the AKAP13 Rho-GEF and PKC-PKD binding domains are required for the
proper cardiac functional response to -adrenergic stimulation. In developing
mice, AKAP13 was broadly expressed with high levels in the cardiovascular
system, and in the adult heart, expression remained high. Despite the disruption
of the AKAP13 Rho-GEF and PKC-PKD binding domains in AKAP13CEF/AGEF
mice, we found that these mice were born at a normal Mendelian ratio and had
normal viability. Additionally, the mutant adult mice had normal ECGs, heart size,
structure, and growth response to chronic isoproterenol treatment. However, the
mutant adult mice did not increase fractional shortening or ejection fraction in
response to chronic isoproterenol treatment.

Contrary to our expectations that the AKAP13-AGEF mutation would

phenocopy Akap13-null mice, we found that AKAP13CEF/AGEF

mice developed
normally. A previous study reported that Akap713-null embryos die at E9.5-10.5,
display a thinned myocardium and loss of trabeculation, and have decreased
expression of cardiac developmental genes [11]. The authors proposed that

these phenotypes were due to the loss of AKAP13 Rho-GEF activity in the heart

[11]. However, AKAP13 also coordinates a PKC-PKD signaling pathway, and
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both the Rho-GEF and PKC-PKD pathways regulate cardiomyocyte hypertrophic
growth [14,20]. We expected that eliminating both the Rho-GEF and PKC-PKD
binding domains of AKAP13 would cause embryonic lethality and phenocopy the
Akap13-null mutation. However, our results show that AKAP13-mediated Rho-
GEF and PKC-PKD signaling are not required for mouse development. These
results, combined with the published Akap73-null mouse phenotype, indicate that
other AKAP13 protein domains are required for mouse development.

The PKA-binding domain of AKAP13 is an intriguing candidate for the
developmentally required AKAP13 protein domain. The AKAP13-AGEF mutation
used in this study fuses the amino-terminus of AKAP13, including the PKA
binding domain, to the fGeo cassette. We confirmed that this mutation eliminates
full-length AKAP13 mRNA but maintains expression of mRNA upstream of the
gene-trap insertion. Thus, the AKAP13 region upstream of the AGEF mutation
seems to be sufficient for mouse development, possibly through binding PKA.
Currently, AKAP13-bound PKA is known to inhibit AKAP13-Rho-GEF activity [38]
and enhance PKC-PKD signaling [14,26] in isolated cardiomyocytes. If PKA
binding to AKAP13 were required for development, it would suggest a novel
AKAP13-mediated signaling pathway. The requirement for AKAP13-PKA binding
during development would not be unprecedented since proper regulation of PKA
signaling is required for mouse development [39]. Moreover, the cardiac-specific
disruption of a regulatory subunit of PKA, which holds the kinase in an inactive
state until cyclic AMP activation, results in a thinning of the myocardium and loss

of trabeculation [40]. Interestingly, the phenotype observed after cardiac
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disruption of PKA regulation [40] is very similar to the phenotype described for
the Akap13-null mouse [11]. Alternatively, an unappreciated AKAP13 protein
domain could be required for development. Additional mutational analysis of the
AKAP13 gene locus is required to fully investigate these possibilities.

AKAP13 is expressed in many tissues during mouse development, and we
were surprised that the AKAP132CE7/ACEF mjce did not have any obvious
developmental phenotypes. This suggests that additional proteins compensate
for the loss of AKAP13-mediated Rho and PKC-PKD signaling. Several
additional AKAP family members are expressed or up-regulated during mouse
development. Two that might have compensatory roles are AKAP6 (mMAKAP) and
AKAP12 (Gravin). AKAPG is expressed developmentally and becomes highly
expressed in cardiac and skeletal muscle [41] to coordinate PKA, small GTPases
[19], and calcium signaling events [42,43]. AKAP12 is broadly expressed in
mouse embryos and in the adult heart [44] and is required for gastrulation in
zebrafish [2]. AKAP12 coordinates PKA, PKC, and Raf signaling events to
regulate cellular shape changes and movement [45]. Additionally, Rho signaling
may be compensated for by the large Rho-GEF containing structural protein,
Obscurin, which is required for proper cardiac, muscle, and brain development in
zebrafish [46]. The roles of AKAP6, AKAP12, and Obscurin during mouse
development are unknown, and disruption of these proteins may produce
developmental defects. It would also be interesting to determine if these scaffolds
provide redundancy for the loss of AKAP13 protein domains by creating double

mutant mice.
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AKAP134CEF/ACEF mice had normal viability, and their adult cardiac structure
and electrical activity were indistinguishable from wild-type littermates despite
high levels of AKAP13 expression in the heart. These results indicate that
AKAP13 Rho-GEF and PKC-PKD binding domains are not required for mouse
survival or normal cardiac physiology. They further suggest that additional
proteins provide redundancy in controlling Rho, PKC, and PKD signaling during
heart maturation and normal physiology. The scaffolding molecules AKAP6 and
AKAP12, as well as Obscurin, could again provide this redundant function.
Additional Rho-GEF proteins, including p115RhoGEF and p63RhoGEF, are
expressed in cardiomyocytes and could provide redundancy for RhoA signaling
[47]. AKAP13 is also expressed in other organs such as the vasculature, kidney,
lung, gut and brain. Since we did not detect gross phenotypes in these tissues,
other proteins likely compensated for the loss of AKAP13 Rho-GEF and PKC-
PKD signaling in these tissues as well.

We then decided to test the role of the Rho-GEF and PKC-PKD binding
domains for cardiac remodeling in response to p-adrenergic-mediated cardiac
hypertrophy. These AKAP13 domains are important for the induction of isolated
cardiomyocyte hypertrophy in response to adrenergic, angiotensin, and
endothelin receptor signaling [14,20]. Additionally, PKD is required for the cardiac
hypertrophic response to several stresses, including isoproterenol activation of -
adrenergic receptors in vivo [31]. Thus, we were surprised that AKAP132CEF/AGER
mice induced a normal structural response to -adrenergic-mediated cardiac

hypertrophy. This indicates that the Rho-GEF and PKC-PKD domains of AKAP13
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are not required for p-adrenergic-mediated cardiac growth in mice and that
another AKAP regulates these changes. AKAPG6 could regulate the changes in
vivo because it transduces adrenergic signaling events, such as isoproterenol
stimulation, into cardiomyocyte hypertrophy in vitro [9]. Despite the normal
cardiac structural response to isoproterenol, the AKAP13 Rho-GEF and PKC-
PKD binding domains might be important for regulating phenylephrine,
angiotensin Il, and endothelin-1-induced cardiac structural changes. The
pathways activated by these molecules signal through AKAP13 to induce
hypertrophy in isolated cardiomyocytes [14,20]. Thus, the series of mutant mice
described in this study provide a great resource to investigate the role of specific
AKAP13 protein domains in regulating cardiac hypertrophy induced by these
molecules in vivo.

Surprisingly, AKAP13*¢EF/ACEF mice did not increase cardiac fractional
shortening or ejection fraction in response to isoproterenol treatment. This
indicates that the AKAP13 Rho-GEF and PKC-PKD domains are important for
the cardiac functional response to chronic p-adrenergic stimulation. There are
several possible models why the AGEF mouse hearts fail to increase cardiac
contractility. One model might be that the signaling pathway regulating cardiac
functional adaptation to chronic isoproterenol treatment may require the AKAP13
Rho-GEF or PKC-PKD binding domains for signaling. In agreement with this,
increased cardiac contraction by isoproterenol treatment requires the f+-
adrenergic receptor, which activates Ca®*/calmodulin-dependent kinase |I

(CaMKIl) signaling [48,49]. Furthermore, PKC appears to activate CaMKII
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signaling in response to a4-adrenergic receptor signaling in cardiomyocytes [50].
Thus, AKAP13-bound PKC may be required for 3-adrenergic activation of
CaMKIl and increased cardiac contractility. Additionally, isoproterenol might
activate AKAP13-RhoA signaling to induce the formation of myofibrils in a
manner similar to angiotensin Il [51], thus increasing contraction. An alternative
model might be that the Rho-GEF and PKC-PKD domains are required for
signaling through compensatory pathways, including additional adrenergic or
angiotensin pathways, activated during cardiac hypertrophy. Measuring cardiac
contractility during acute stimulation of a- and p-adrenergic and angiotensin
pathways in AKAP13 mutant mice could help delineate between these two
models. Finally, the effect of disrupted AKAP13-Rho-GEF and -PKC-PKD
signaling on heart failure remains unclear. The AKAP13-AGEF mice might reach
heart failure at an earlier point than the wild-type mice. In agreement with this,
the mutant mice seem to have a slightly higher level of fibrosis than wild-type
mice after chronic isoproterenol treatment. Future experiments will likely require
a stronger hypertrophic induction and continual monitoring of cardiac function
until full heart failure is reached.

The regulatory elements that control expression of AKAP13 isoforms in
specific tissues remain unknown. APKC mice lacked AKAP13-$Geo expression
specifically in ventricular cardiomyocytes of adult hearts. This suggests that the
APKC mutation disrupts a cis-regulatory element required for AKAP13
expression in ventricular cardiomyocytes. Furthermore, there are several

conserved elements within the APKC-disrupted intron that could function as
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ventricular myocyte enhancer elements. A detailed analysis of these possible
enhancer elements would be required to test this possibility. Additionally, a more
detailed characterization of the AKAP13 isoforms expressed during development
and in adult tissues could aid in designing future studies. Evidence of additional
splicing events from GenBank cDNAs and ESTs suggests alternative termination
and cassette exons that could result in functionally important protein isoforms for
development or adult physiology. In fact, the main AKAP13 isoforms appear to
localize to different subcellular sites with AKAP-Lbc localizing to the cytoplasm
and cytoskeleton and Brx localizing to the cytoplasmic and nuclear
compartments [11,24,52]. A closer examination of all the transcripts expressed
from the AKAP13 gene locus is needed to better understand the effects of certain
mutations on AKAP13 protein structure. Since AKAP13 undergoes extensive
alternative splicing to produce multiple protein isoforms, it may be necessary to
add back specific transcripts in an Akap13-null background to identify the unique
roles played by each isoform during mouse development and disease.

Finally, the mice created in this study should prove valuable for investigating
AKAP13 functions in additional tissues and diseases as well. Since AKAP13 is
highly expressed in the vasculature, it may transduce angiotensin Il, or
endothelin-1 signals into vascular responses. Genome-wide studies have linked
AKAP13 to corneal thickness of the eye [53] and Alzheimer’s disease-associated
tau phosphorylation [54]. Since we found AKAP13 expression in the eye and
specific regions of the brain during development, further investigation into the

role of AKAP13 in these processes is warranted. Additionally, AKAP13 may
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function in regulating immunity as it mediates glucocorticoid signaling in
lymphocytes [55] and Toll-like receptor 2 signaling in epithelial and leukemia cell
lines [52]. Finally, AKAP13 has been associated with several types of cancer,
including leukemia [25], breast cancer [24,56,57], and colorectal cancer [58].
From these studies, AKAP13 appears to have diverse functions in a multitude of
tissues. Despite this, we do not see an obvious phenotype in unstressed mice
that lack the Rho-GEF and PKC-PKD binding domains of AKAP13. Thus, we
propose that these domains function to transduce acute signaling events in
response to stresses.

In summary, we found that the Rho-GEF and PKC-PKD binding domains of
AKAP13 are not required for mouse development, normal adult cardiac
architecture, or p-adrenergic-induced cardiac hypertrophy. Surprisingly, we found
that the AKAP13 Rho-GEF and PKC-PKD binding domains are required for the
proper cardiac functional response to $-adrenergic stimulation. These findings
suggest that additional AKAP13 protein domains are sufficient for regulating
normal mouse development, but that AKAP13 is critical for transducing signaling
events that regulate stress responses, such as regulating cardiac function during
hypertrophy. The mice generated in this study provide an ideal system to
investigate the roles of specific AKAP13 protein domains in mediating these
stress responses. They could also be used to investigate the roles of AKAPs in
pathological responses to injury, particularly in tissues expressing AKAP13, such

as blood vessels, the eye, and the brain.
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4.5 Materials and Methods

Ethics statement

All mouse studies were conducted in accordance with protocols approved by the
Institutional Animal Care and Use Committee and the Laboratory Animal
Research Center at the University of California, San Francisco. Protocol ID:

ANO080925-02B.

Characterization of AKAP13 gene-trap ES cells

Gene-trap events within AKAP13 were identified from the International Gene
Trap Consortium (IGTC) database (at www.genetrap.org) and the IGTC
Sequence Tag Alignments track on the UCSC Genome Browser [34,35]. From
the sequence tag alignments, we identified ten uniquely trapped exons for
AKAP13. We then mapped these trapping events onto the AKAP13 protein to
identify the domains affected by the traps. The following cell lines were obtained
from the Mutant Mouse Regional Resource Centers: AG0213 (for AKAP13-ABrx),
CSJ306 (for AKAP13-AGEF), & CSJ288 (for AKAP13-APKC) (Figure 4.1). The
feeder free gene-trap ES cell lines were cultured in normal growth media
supplemented with murine leukemia inhibiting factor as described [33]. Correct
splicing of AKAP13 exons into the gene-trap construct was verified by RT-PCR
and sequencing. Total RNA was extracted from ES cells with Trizol (Invitrogen),
and RT-PCR was conducted using the SuperScript Il One-Step RT-PCR kit

(Invitrogen). Forward primers for RT-PCR were designed using Primer3 (Table
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4.3A) [59]. The resulting products were sequence verified and confirmed the
expected AKAP13—gene-trap splicing events.

The genomic insertion sites for the gene-trap events were identified by long-
range PCR of genomic DNA using Phusion High-Fidelity DNA Polymerase
(Finnzyme). In summary, Primer3 was used to design ~25mer forward and
reverse primers with melting temperatures of 62-68°C throughout the introns
containing the gene-trap insertions. These designed primers were used with
common primers within the gene-trap construct to amplify genomic DNA (Table
4.3B). The PCR products were cloned into pCR-XL-TOPO (Invitrogen) and

sequenced to identify the genomic insertion sites.

Mouse studies

Chimeric mice were generated by the Gladstone Transgenic Gene-Targeting
Core by injecting C57BI/6 blastocysts with the gene-trapped ES cell lines
AG0213, CSJ306 and CSJ288. Male chimeric mice (NO) were backcrossed to
C57BI/6 (National Cancer Institute, National Institutes of Health) females and the
resulting progeny (N1) were genotyped to identify heterozygotes carrying the
gene-trap allele. Mice were genotyped from tail clips with a REDExtract-N-Amp
Tissue PCR Kit (Sigma Aldrich) and the primer pairs listed in Table 4.3C.
Heterozygous mice were inter-crossed to obtain homozygous mice,

AKAP 134848 (from AG0213), AKAP132CEFACEF (from CSJ306),
AKAP134PKCIAPKE (from €SJ288), for the three gene-trap mutational events, and

litters were analyzed for Mendelian ratios at 3 weeks of age. All studies
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performed in this report used littermate and age-matched control and mutant
mice generated from heterozygous crosses.
These mouse lines will be available through the Mutant Mouse Regional

Resource Center (MMRRC).
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Table 4.3. Primer Sequences

A. RT-PCR primers for AKAP13-gene trap splicing

Primer Name Location (Mutant) Sequence (5’-3’) Size (bp)
MJS218 Exon 8 (ABrx For) ACACCCAAGATGAAGCAAGG 441
MJS219 Exon Brx (ABrx For) AATTTCGGACCTGTGTGAGC 573
MJS220 Exon 21-22 (AGEF For) TGGAGTTGGCAATGATGAGA 674
AKAPIbc-F1_MS Exon 27 (APKC For) TGAAGAGCACAACAGGAAGG 432
MJS213 Gene Trap (Univ. Rev) TAATGGGATAGGTCACGT

B. Long-Range PCR primers in the gene trap construct

Primer Name Location Sequence (5’-3’)

MJS236 BGal (Rev) CCCTGCCATAAAGAAACTGTTACCC
MJS237 Neo (For) GTGGAGAGGCTATTCGGCTATGACT

C. Genotyping primers

Primer Name  Allele Identified Sequence (5’-3’) Size (bp)
MJS299 Univ. ABrx (For) TGGCATCTACCCAGGATCTC

MJS390 WT ABrx (Rev) CAAAGGCCATCTGCACACC 1697
MJS284 GT ABrx (Rev) GTGAGGCCAAGTTTGTTTCC 1275
MJS274 Univ. AGEF (For) TACCAAATAACAGTGCCTGCTCTCC
MJS253 WT AGEF (Rev) ATCTTGAGTGTGCGGATGTGATGTA 1533
MJS214 GT AGEF (Rev) AGTATCGGCCTCAGGAAGATCG 1182
MJS339 WT APKC (For) TGTCTCTGGCCTGTTTGTGA 1112
MJS340 WT APKC (Rev) TCGGAAGAGGTTAAGGGACA

MJS272 GT APKC (For) ACATTTCCCCGAAAAGTGC 435
MJS260 GT APKC (Rev) GGCTCACACTGGGTTCAATC

(A) RT-PCR primers for verifying AKAP13 gene-trap splicing events are listed. The

primer locations and mutant line verified are indicated. The size of the RT-PCR product

is given in base pairs (bp). (B) The common long-range PCR primers within the gene-

trap construct are listed. These primers were used with AKAP13 specific genomic DNA

primers to identify the gene-trap insertion. (C) The genotyping primers used to identify

the wild-type and mutant allele for the three mutant mouse lines are listed. The primer

direction is also given: forward (For) and reverse (Rev). The size of the PCR product is

given in base pairs (bp).
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X-Gal staining of gene-trap embryos and adult tissue

To identify AKAP13 expression patterns during development, whole-mount
embryos at E8.5, E9.5, and E10.5 and cryosectioned E14.5 embryos were
stained with X-Gal. To determine embryonic ages, the morning a post-coital plug
was identified was designated as E0.5. Whole embryos (E8.5, E9.5, and E10.5)
were fixed in 2% formaldehyde (Sigma), 0.2% glutaraldehyde (Sigma), 0.02%
sodium deoxycholate (Sigma), and 0.01% Nonidet P-40 substitute (Fluka) in PBS
(Mediatech) for 15 to 45 min, depending on age, at 4°C. Embryos were
permeabilized in 0.02% sodium deoxycholate and 0.01% Nonidet P-40 substitute
in PBS at 4°C overnight. Embryos were stained in 5 mM potassium ferricyanide
(Sigma), 5 mM potassium ferrocyanide (Sigma), 2 mM MgCl, (Sigma), 1 mg/mi
X-Gal (Fermentas, AllStar Scientific, or Invitrogen), 0.02% sodium deoxycholate
and 0.01% Nonidet P-40 substitute in PBS at 37°C for 5 hours. Embryos were
post-fixed in 4% paraformaldehyde (PFA) at 4°C overnight. Images were
obtained on a Leica MZ16F dissecting microscope with a Leica DFC500 camera
and Leica Application Suite software.

E14.5 embryos were bisected and fixed in 4% PFA and 0.2% glutaraldehyde
in PBS for 1 hour at 4°C. The embryos were sucrose protected and frozen in
Tissue-Tek OCT (Sakura Finetek). Cryostat sections were stained with X-Gal
and mounted. Mosaic images of entire sagittal and transverse sections were
obtained using an inverted Axiovert 200M microscope and AxioCam HRc (Carl
Zeiss) camera. Individual images were stitched together to create a mosaic

image using AxioVision Software. Higher magnification images of specific
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regions of interest were obtained using an upright Leica DM4000B microscope
with a Qlmaging Retiga EXi Fast 1394 camera and Image-Pro Plus software.
Adult organs were obtained from euthanized 17—-18-week-old mice. Mice
were perfused with 10mM KCI (Sigma), followed by PBS, and finally with 4%
PFA. Heart, kidney, and brain samples were bisected and organs were fixed in
4% PFA for 1 hour at 4°C. Organs were permeabilized in 2 mM MgClz, 0.01%
sodium deoxycholate and 0.02% Nonidet P-40 substitute in PBS at 4°C
overnight. They were stained in 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 2 mM MgCl,, 1 mg/ml X-Gal, 0.02% sodium deoxycholate and
0.01% Nonidet P-40 substitute in PBS at 37°C for 5 hours. Organs were post-
fixed in 4% PFA at 4°C overnight. Images were obtained on a Leica MZ FLIII
dissecting microscope with an AxioCam (Carl Zeiss) camera and Openlab 4.0.4

software.

Quantitative PCR analysis

Gene expression analysis was performed on total RNA isolated from neonatal
mouse heart and lung tissue. Wild-type, heterozygous, and homozygous
samples were collected from six mice each for the three mouse lines. Heart and
lung samples were homogenized (4.5 mm Tissue Tearor, Research Products
International) in Trizol (Invitrogen). cDNA was generated from 1 ug of
TurboDNAse-treated (Ambion) total RNA with the SuperScript Ill First Strand
Synthesis kit and random hexamers (Invitrogen) as described by the

manufacturer. Expression was assessed using TagMan probesets (Applied
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Biosystems) for AKAP13 exon-exon junctions E4-5 (Mm01320101_m1), Brx-9
(MmO01318390_m1), and E37-38 (Mm01320099_m1) as well as GAPDH
(Mm99999915 g1) and p-actin (Mm00607939_s1). Reactions were run on an
Applied Biosystems 7900HT real-time thermocycler. Samples were assayed in
technical triplicates and average AKAP13 expression levels were determined
from GAPDH and B-actin normalized values. Relative expression was calculated
against wild-type mouse samples. Means + standard deviations were reported for
six mice of each genotype. One-way ANOVA and Bonferroni’s multiple
comparison tests were conducted to determine significant differences (Prism 5;

GraphPad).

Electrocardiographic analysis

Six-lead ECG analysis was conducted on 16—18-week-old wild-type and
AKAP134CEFAGER (AGEF) littermate male mice anesthetized with inhaled
Isoflurane, USP (Baxter and Phoenix Pharmaceutical) [60]. In brief, anesthetized
mice were placed on a heating pad, and body temperature was continually
monitored to maintain at 36—37°C. Needle electrodes were implanted
subcutaneously at each limb and ECGs were recorded for leads |, 11, 1ll, aVR,
aVL, and aVF using the AD Instruments system: Dual BioAmp (ML135),
PowerLab 4/30 (ML866) and Chart5 Pro (v5.4.2). ECG data were acquired for
15-45 seconds for each lead. The ECG recordings were analyzed using the
mouse preset option in Chart5 Pro. The ECG signals were averaged within each

lead and the temporal locations of P Start, P Peak, P End, QRS Start, QRS Max,
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QRS End, T Peak, and T End were identified and manually adjusted as needed.
Values were calculated for heart rate, PR interval, P wave duration, QRS interval,
and corrected QT interval (using the provided Mitchell et. al calculation). These
calculated values were averaged across all leads for a given mouse. Means +
standard deviations were reported for six mice of each genotype. Two-tailed

student’s t-test was conducted to determine significant differences (Excel).

Cardiac structural analysis

Hearts were isolated from the six wild-type and six AGEF littermate mice used for
ECG analysis. Mice were weighed and euthanized and their hearts were
collected and weighed. Hearts were washed with heparin (5 ug/ml) and PBS to
remove the blood and incubated in 25 mM KCI to relax the cardiac muscle. The
hearts were fixed in 4% PFA at 4°C overnight. The right tibia was removed and
the length was measured using calipers (Scienceware). Hearts were imaged
using a Leica MZ FLIII dissecting microscope with an AxioCam (Carl Zeiss)
camera and Openlab 4.0.4 software. The hearts were then embedded in paraffin
for sectioning. Five-micron sections were cut, deparaffinized, rehydrated, and
stained with hematoxylin and eosin (H&E) and Masson’s trichrome following
standard protocols. Mosaic images of entire heart sections were obtained using
an inverted Axiovert 200M microscope and AxioCam HRc (Carl Zeiss) camera.
Individual images were stitched together to create a mosaic image using

AxioVision Software. Higher magnification images of specific regions of interest
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were obtained using an upright Leica DM4000B microscope with a Qlmaging

Retiga EXi Fast 1394 camera and Image-Pro Plus software.

Isoproterenol-induced cardiac hypertrophy
Cardiac hypertrophy was induced in 22—-32-week-old wild-type and
AKAP134CEFAGER (AGEF) littermate mice [36]. Mice were treated for 14 days with
isoproterenol (60 mg/kg per day; Sigma) diluted in PBS (Iso) or PBS alone
(vehicle; Veh) using mini-osmotic pumps (Alzet Model 2002) implanted
subcutaneously into the peritoneum. Three wild-type and three AGEF mice were
Veh-treated, four wild-type and six AGEF mice were Iso-treated. On day 14 after
initiating treatment, mice were weighed and euthanized. Their hearts were
collected, weighed, and processed for structural analysis as described above.
Sections were stained with H&E or Masson’s trichrome. Fibrosis was quantified
from mosaic images of Masson’s trichrome stained sections using Image-Pro
Plus software. Means + standard deviations were reported. Two-tailed student’s
t-test was conducted to determine significant differences (Excel and Prism 5;
GraphPad).

One additional AGEF mouse was treated with Iso and died on the fourth day
of treatment. Baseline echocardiography indicated that this mouse had enlarged

right and left atria.

Echocardiography

173



Baseline (before implantation of mini-osmotic pumps) and end-point (day 13)
echocardiograms were recorded for each mouse as described [61]. M-Mode and
B-Mode echocardiograms were recorded using the Vevo 770 Imaging System
and RMV707B probe (VisualSonics). M-Mode measurements were taken for
diastolic and systolic left ventricular anterior wall (LVAW;d & LVAW;s), internal
diameter (LVID;d & LVID;s), and posterior wall (LVPW:;d & LVPW;s). Corrected
left ventricular mass (LV Mass; mg) was calculated from these measurements:
LV Mass = 0.8 x (1.053 x (LVID;d + LVPW;d + LVAW;d)’ - LVID;d%))

Left ventricle fractional shortening (FS) was also calculated from these

measurements: FS (%) =100 x (LVID;d _LVID;S)

LVID;d

Measurements were made on three separate heartbeats for each mouse.
B-Mode measurements were taken for endocardial area and major axis at

diastole and systole (End Area;d, End Area;s, & End Major;d, End Major;s

respectively). These B-Mode measurements were used to calculate endocardial

volume at diastole and systole (End Vol;d & End Vol;s), left ventricular stroke

volume (End SV), and left ventricular ejection fraction (EF):

2
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One set of B-Mode measurements were made per mouse.
Means * standard deviations were reported. One-way ANOVA and Bonferroni’s
multiple comparison tests were conducted to determine significant differences

(Prism 5; GraphPad).

Statistical analysis
Two-tailed student’s t-tests were performed using Excel or Prism 5 (GraphPad)
software. One-way ANOVA followed by Bonferroni’s multiple comparison tests

were performed using Prism 5 software (GraphPad).
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Chapter 5

Summary and Discussion

5.1 A summary of our results studying the physiological functions of
AKAP13

This dissertation was designed to elucidate specific G-protein-signaling cascades
that regulate cardiovascular development and physiology. Since G-proteins can
activate multiple signaling cascades, we focused on the scaffolding molecules A-
kinase anchoring proteins (AKAPs), which organize signaling complexes to
integrate G-protein signals into specific physiological effects [1].

Through analysis of gene expression studies and literature, we identified
AKAP13 as a top candidate to regulate aspects of cardiovascular development
and physiology. Expression analysis revealed that AKAP13 is up-regulated
during developmental processes and is highly expressed in mouse embryonic
stem (ES) cells (Chapter 1). Literature analysis revealed that AKAP13 is highly
expressed in the adult heart [2,3], coordinates signaling cascades that induce
hypertrophic growth in isolated cardiomyocytes [4,5], and appears to be required
for cardiovascular development [6]. To identify the developmental processes
regulated by AKAP13, we used RNA interference (RNAI), a loss of function
technique, to knock down AKAP13 expression (Figure 5.1 A-1) Despite our
expectations, we found that AKAP13 knockdown did not affect mouse ES cell
differentiation into functional cardiomyocytes or expression of endodermal or

endothelial marker genes (Chapter 2). Additionally, AKAP13 knockdown did not
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affect angiogenic processes, such as wound healing, tube formation, and VEGF-
activation of protein kinase D (PKD), in human umbilical vein endothelial cells
(HUVECSs) (Chapter 3). We used AKAP13 truncation mutant mice, derived from
gene-trap events, to determine the developmental functions of the Rho-guanine
nucleotide exchange factor (Rho-GEF) and protein kinase C- (PCK) PKD binding
domains (Chapter 4). Although these domains mediate the only known signaling
processes downstream of AKAP13, they were not required for embryonic
development or mouse survival and the mutant mice lacked obvious phenotypes
under basal conditions (Figure 5.1 A-2). Finally, we used the AKAP13 truncation
mutant mice to determine the physiological functions of these domains during p-
adrenergic-induced cardiac hypertrophy (Chapter 4). These protein domains are
not required for the increase in heart size, but are required for normal cardiac

functional response to chronic p-adrenergic stimulation (Figure 5.1 B).
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Figure 5.1. Summary of our AKAP13 loss of function and truncation mutant
studies during cardiovascular development and physiology. (A) We tested the role
of AKAP13 in mediating cardiovascular development by (1) loss of function and (2)
truncation mutant approaches. (A-1) Akap13-null (i.e., Knockout) mice were reported do
die at about embryonic day 9.5 and they appeared to display cardiovascular defects [6].
We obtained these mice to further investigate the phenotype, but were unable to obtain
homozygous mutant mice. We found that the mice we were working with did not contain
the proper Akap13-targeting event. We knocked down AKAP13 expression with RNAI in
mouse ES cells and HUVECs. Reduced AKAP13 expression did not affect mouse ES
cell differentiation into functional cardiomyocytes or the expression of endodermal,
endothelial, or cardiac structural marker genes. Reduced AKAP13 expression did not
affect angiogenic processes, such as wound healing, tube formation, or VEGF-mediated
activation of PKD in HUVECs. (A-2) We breed AKAP13 Rho-GEF and PKC-PKD binding
domain deficient mice (i.e., Truncation Mutant) to homozygosity and found that they
developed normally, had normal adult survival, cardiac structure and function, and
lacked obvious phenotypes under basal conditions. (B) We then treated the wild-type
and truncation mutant mice with isoproterenol (Iso) to induce p-adrenergic-mediated
cardiac hypertrophy. (B-1) Wild-type mice displayed an increase in heart weight and size
as well as an increase in the cardiac functional parameters, fractional shortening and
ejection fraction. (B-2) Truncation mutant mice displayed the same increase in heart
weight and size. However, these mice did not increase the cardiac functional
parameters. Fractional shortening and ejection fraction were the same in Iso and vehicle

treated truncation mutant mice.

185



Embryonic development requires the orchestration of multiple biological
processes, including cellular differentiation, cell migration and tissue
morphogenesis, and the incorporation of properly functioning tissue. Despite the
indication that AKAP13 is required for cardiovascular development, the specific
biological processes it regulates are unknown. Two lines of evidence suggested
that AKAP13 might regulate differentiation into functional cardiomyocytes. First,
the initial description of Akap13-null embryos indicated that these embryos die
early during development and display underdeveloped hearts with fewer
cardiomyocytes than normal [7]. Second, the AKAP13-bound signaling molecule,
PKC [8,9], and the downstream class Il histone deacetylase (HDAC)—myocyte
enhancer factor 2 (MEF2) signaling cascade [10,11] regulate cardiomyocyte
differentiation.

To determine if AKAP13 regulates differentiation into functional
cardiomyocytes, we developed an RNAI assay to disrupt gene expression during
mouse ES cell differentiation (Chapter 2). A similar assay has been very useful
for identifying genes required for ES cell maintenance [12,13], and our assay
should have similar utility for identifying genes involved in early developmental
process (i.e., cellular differentiation). We used our assay to assess the
differentiation and maturation of certain cell types and the ability of functional
cardiomyocytes to form and create areas of rhythmically contracting cells.
AKAP13-deficient ES cells were differentiated into embryoid bodies (EBs) and
analyzed for Nkx2.5-positive (i.e., cardiac mesodermal) cells, functionally

contracting cardiomyocytes, and expression of cell-type marker genes. From
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these studies, we found that AKAP13-deficient ES cells had normal
differentiation into Nkx2.5-positive cells and expression of marker genes for
cardiomyocytes, endothelial cells, and endoderm. Additionally, these cells formed
areas of contracting cardiomyocytes at normal levels. These results indicate that
AKAP13 is not required for differentiation into cardiac or endothelial cells or for
the formation of functional cardiomyocytes. Furthermore, they suggest that the
Akap13-null mouse phenotype is not due to defective cellular differentiation or
cardiomyocyte function. However, the ES cell differentiation model is not ideal for
studying developmental processes that require cellular migration or tissue
morphogenesis. Thus, defects in these processes could cause the Akap13-null
embryos to die.

Cellular migration and tissue morphogenesis during development are best
studied in an in vivo system. Thus, we initiated a collaboration with Dr. James
Segars (at the NICHD) to further investigate the Akap13-null developmental
phenotype. The goal of this collaboration was to compare age-matched embryos
and to identify the defects that block further development and lead to embryonic
death. Despite much time and effort, we never obtained Akap13-null embryos
from the mice imported from the Segars Lab. Subsequently, Southern blot
analysis indicated that the mice we were working with did not have the proper
Akap13 targeting event. Thus, we discontinued our work on this mouse line and
focused our in vivo studies on the AKAP13 gene-trap mutant mice we generated.

Further analysis of embryos with the proper targeting event remains to be done.
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Since AKAP13 knockdown did not effect cellular differentiation and we were
unable to obtain Akap13-null embryos to identify the defected tissues, we did not
know which tissues and cell types could require AKAP13 for development. To
identify these tissues and cell types, we determined the expression pattern of
AKAP13 with the gene-trap encoded p-galactosidase reporter cassette [14]
(Chapters 3 & 4). From this analysis, we found that AKAP13 is broadly
expressed during embryonic development with expression in the heart, brain,
lung, gut, kidney, muscle, and vasculature. Since Akap13-null embryos appear to
die early during development, around embryonic day E9.5, the vascular
expression of AKAP13 was very intriguing. This is because the cardiovascular
system is the first functioning organ system required for embryonic survival and
defects in this system can cause early embryonic death. Additionally, both
cardiac and vascular defects can give rise to edema as seen in the Akap 13-null
embryos [6]. Thus, the Akap13-null phenotype could be caused by either cardiac
or vascular defects.

To determine if AKAP13 mediates vascular development or function, we
conducted RNAIi in HUVECs, a common in vitro model for endothelial cell biology
and angiogenic processes (Chapter 3). We used the HUVEC model system to
investigate the role of AKAP13 in endothelial cell attachment to extracellular
matrices, cytoskeletal organization, wound healing, tube formation, and the
signaling response to vascular endothelial growth factor (VEGF). Despite the
indications that AKAP13 may regulate aspects of angiogenesis, we found that

AKAP13-deficient HUVECs had normal cellular properties, tube formation, and
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VEGF-induced wound healing and activation of PKD. These results indicate that
AKAP13 does not regulate normal endothelial cell biology or angiogenic
processes. Furthermore, they suggest that AKAP13 is not required for vascular
formation during embryonic development.

AKAP13 integrates three upstream G-protein signaling pathways to induce at
least two downstream signaling cascades, and the complete loss of AKAP13
results in embryonic death. However, the specific AKAP13-coordinated signaling
pathways required for development are unknown. The AKAP13 signaling
complex induces two downstream signaling cascades by activating the small
GTPase RhoA [3] or a PKC—protein kinase D (PKD) cascade [15]. Since Akap13-
null mouse embryos die, we wanted to identify the specific AKAP13-mediated
signaling cascade required for development. To determine this, we generated
truncation mutant mice from gene-trap mutations that disrupt specific AKAP13
protein domains (Chapter 4). One of these truncations eliminates the PKC and
PKD binding domains and the second truncation eliminates the Rho—guanine
nucleotide exchange factor (GEF) domain, as well as the PKC and PKD binding
domains. We mated these mutant mice to determine if these AKAP13-domain
deficient mice recapitulate the Akap13-null phenotype. Surprisingly, we found
that both sets of truncation mutant mice survive normally and do not show
phenotypes under normal conditions. These results indicate that the AKAP13
Rho-GEF and PKC-PKD binding domains are not required for embryonic
development or survival. Furthermore, they suggest that an unknown AKAP13-

coordinated signaling pathway may be required for embryonic development.
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Since the AKAP13 Rho-GEF and PKC-PKD binding domains are not required
for mouse development or survival, we were able to investigate the role of these
AKAP13 protein domains in adult mice. We looked at the gross morphology of
organs and conducted an in-depth analysis of cardiac structure and electrical
activity by electrocardiography (ECG). The organs from Rho-GEF and PKC-PKD
binding domain—deficient mice were morphologically normal. Additionally, these
mice had normal cardiac structure and ECGs. Finally, we investigated the role of
AKAP13 in mediating a cardiac hypertrophic stress response. The AKAP13 Rho-
GEF and PKC-PKD binding domains regulate cardiomyocyte hypertrophic growth
in vitro [4,5], and we wanted to know if they also regulate cardiac hypertrophic
responses in vivo. To determine this, we treated AKAP13 Rho-GEF and PKC-
PKD deficient mice with the common hypertrophic-inducing drug isoproterenol to
stimulate the p-adrenergic receptor (Iso; Chapter 4). We found that these
AKAP13-mutant mice had a normal increase in heart size in response to chronic
B-adrenergic stimulation by Iso. Unexpectedly, these mice did not display a
normal increase in cardiac ejection fraction or fractional shortening in response to
chronic Iso treatment. These results indicate that the AKAP13 Rho-GEF and
PKC-PKD binding domains do not mediate -adrenergic-induced cardiac
hypertrophy. However, these domains are required for proper cardiac functional

responses to hypertrophic signals.

5.2 A systematic approach to identify the developmental and physiological

functions of AKAP13
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These studies were designed to provide a systematic analysis of AKAP13
function during development and physiology. Initially, our aims were twofold: (1)
to identify the specific developmental processes regulated by AKAP13 and (2) to
identify the AKAP13-mediated signaling cascade(s) required for development.
We conducted multiple studies to try and identify the developmental
processes regulated by AKAP13. We were initially surprised that the AKAP13-
deficient ES cells had a normal differentiation potential and were able to
differentiate into functional cardiomyocytes. However, when we obtained more
information about the Akap13-null embryos, we noticed that they form a heart
that contains cardiomyocytes and does not have gross structural abnormalities
[6]. Combined, the ES cell and Akap13-null embryo results indicate that AKAP13
does not regulate differentiation into cardiomyocytes or other important cell
types, such as endothelial cells. Additionally, the relatively normal cardiac
structure of Akap13-null embryos indicates that AKAP13 is not required for early
cardiac morphogenesis. This suggests that AKAP13 may be required for
morphogenesis of other tissues or for proper cardiovascular function.
Unfortunately, the mice we were working with to study the Akap13-null
developmental phenotype did not contain the proper targeting event. Thus, we
were unable to analyze age-matched mutant embryos to identify the defects
caused by the loss of AKAP13. Furthermore, the embryos compared in the
published Akap13-null paper appear to be at different developmental stages (i.e.,
contain different numbers of somites) [6]. This could explain the decreased

expression of cardiac markers in the Akap13-null embryos and suggests that
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these expression changes are secondary to the primary Akap13-null defect.
Thus, a much more detailed analysis of somite matched Akap13-null and wild-
type embryos needs to be conducted to identify the true cause of embryonic
lethality.

The Akap13-null mouse line has a global disruption of AKAP13, so the cell
and tissue types that require AKAP13 during development are unknown. Our
expression analysis showed that AKAP13 is broadly expressed during
development and is highly expressed in the heart as well as endothelial cells and
the vascular system. The cardiovascular system is the first functional organ
system required for embryonic development, and either heart or vascular defects
could result in the early lethality seen in Akap13-null embryos. We determined
that AKAP13 was not required for ES cell differentiation into functional
cardiomyocytes or endothelial cells. Additionally, we determined that AKAP13
was not required for endothelial cell biology, angiogenic processes, or VEGF-
induced signaling in HUVECs. These results suggest that AKAP13 does not
regulate cardiac or vascular differentiation or morphogenesis. However, our
experiments did not investigate the role of AKAP13 in cardiovascular function.
Thus, the Akap13-null embryos might die from defective cardiac or vascular
function. Since AKAP13 mediates RhoA signaling, one possible role could be
regulating vascular barrier integrity. To investigate this, future studies should
determine if AKAP13 regulates the formation and maintenance of endothelial
cell-cell junctions under normal conditions. Additionally, AKAP13 may transduce

signaling events that regulate these cellular junctions and modulate vascular

192



integrity. Finally, a conditional Akap13-null allele is needed to identify the tissue
type(s) that requires it for development. This will help focus future experiments to
delineate the tissue-specific developmental processes mediated by AKAP13.

The second aim of our study was to identify the AKAP13-mediated signaling
cascade(s) required for development. AKAP13 organizes multiple signaling
molecules into a complex to integrate upstream G-protein signaling events and
activate downstream pathways. In isolated cardiomyocytes, AKAP13 coordinates
the activation of two signaling cascades that can induce cardiomyocyte growth
and hypertrophy. One of these pathways transduces Gau12/13 signals through the
AKAP13 Rho-GEF domain to activate RhoA [4]. The other pathway transduces
Gog11 signaling to activate AKAP13-bound PKC and PKD, which induce gene
expression changes at least in part through the de-repression of the transcription
factor MEF2 [5]. The activation of these two signaling pathways is believed to be
the main function of AKAP13 and the Gas-PKA signaling pathway modulates
these two pathways [15,16]. Intriguingly, each of the three upstream G-protein
pathways (Gas, Goaui213, and Gagq1) are required for cardiovascular development
and embryonic survival in mice [17,18,19]. Similarly, many of the signaling
molecules in the AKAP13-coordinated complex also regulate aspects of
cardiovascular development. For instance, the Rho family of GTPases is required
for cardiac morphogenesis and cardiomyocyte proliferation in mice [20], and
more specifically, RhoA is required for cardiac morphogenesis in chick embryos
[21]. Additionally, PKD is required for embryonic survival [22], and MEF2 is

required for cardiac morphogenesis, myogenesis, and vascular development
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[23,24]. These facts suggest that either of the AKAP13-coordinated signaling
pathways (Rho-GEF or PKC-PKD) could be required for mouse development.
Since the Akap13-null mouse is believed to eliminate all protein and signaling
events, this mouse does not provide any information on the specific AKAP13-
mediated signaling cascades required for development.

The AKAP13-truncation mutant mice we generated from gene-trap events
were used to determine if the AKAP13-mediated PKC-PKD cascade alone or
both the GEF-RhoA and PKC-PKD cascades are required for development (see
Chapter 4). These gene-trap events disrupt the AKAP13 PKC and PKD binding
domains (APKC mouse line) or the Rho-GEF and PKC-PKD binding domains
(AGEF mouse line). Thus, if the function of AKAP13 is solely to active the GEF-
RhoA and PKC-PKD signaling cascades, then the AGEF mouse line should
phenocopy the Akap13-null mouse line. Similarly, if the AKAP13-mediated PKC-
PKD signaling cascade is required for development, the APKC mouse line should
have embryonic lethality. Additionally, comparing the embryonic phenotypes of
the AGEF and APKC mouse lines could provide information on the
developmental processes regulated by the two pathways. Contrary to our
expectations, the AGEF and APKC mutations did not phenocopy the Akap13-null
mouse line as they had normal development and survival. This indicates that the
GEF-RhoA and PKC-PKD signaling cascades are not required for mouse
development. Furthermore, this suggests that an additional AKAP13-mediated
signaling cascade is required for mouse development. A top candidate for this

required signaling cascade is AKAP13-mediated PKA signaling which could
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regulate developmental processes through an unidentified pathway. Future
studies will need to determine if the loss of AKAP13 binding to PKA phenocopies
the Akap13-null mouse line.

The lack of any developmental or structural defect in the AGEF mice casts
some doubt on the described Akap13-null mouse line. As mentioned previously,
the mice we obtained to further investigate the Akap13-null phenotype did not
contain the correct targeting event. It is possible that the mouse line we analyzed
was not the same as the Akap13-null line described. Thus, validation of the
phenotype in embryos that contain the proper targeting event remains to be
done. Despite this, if the AGEF mice eliminate all of the AKAP13-mediated
signaling pathways, then the phenotypic disparity between the two mouse lines
suggest that the Akap13-null described embryonic lethality and cardiovascular
defects may not be due to the loss of AKAP13. Thus, future studies need to
validate the finding that AKAP13 is required for cardiovascular development and
embryonic survival.

Since mice lacking the AKAP13 Rho-GEF and PKC-PKD binding domains
survived normally and did not display obvious phenotypes under normal
conditions, we developed a third aim: to determine if these protein domains are
required for cardiac hypertrophy in vivo.

Both of the AKAP13-mediated GEF-RhoA and PKC-PKD signaling cascades
induce hypertrophy in isolated cardiomyocytes [4,5]. However, it is unknown if
AKAP13 is required for the induction of cardiac hypertrophy in a mouse. Cardiac

hypertrophy can be induced in mice through several pathways, including
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pressure overload by thoracic aortic constriction (TAC) or chronic activation of
the angiotensin Il (Ang Il) or adrenergic pathways. Interestingly, all three of these
pathways require PKD expression in cardiomyocytes to induce the full cardiac
hypertrophic response [22]. To determine if AKAP13-mediated signaling was
required for the cardiac hypertrophic response, we chronically stimulated the p-
adrenergic receptor with Iso. We chose to activate this pathway because it gives
a quick and very robust cardiac hypertrophic response, is easier and quicker than
TAC, and generates a larger effect than Ang Il treatment. If AKAP13 mediates
signaling events downstream of the -adrenergic receptor to induce hypertrophy,
we expected the AGEF mice to display a reduced growth response to Iso
treatment. Contrary to this expectation, Iso treatment increased heart size
similarly for wild-type and AGEF mice. Unexpectedly, however, the AGEF mice
did not increase cardiac functional parameters in response to Iso treatment. This
indicates that AKAP13 does not regulate the growth response but does regulate
the functional response to $-adrenergic induced cardiac hypertrophy. It is not
clear if the lack of a functional response indicates that the AGEF mice are more
or less likely to progress to heart failure. Future studies will need to further
investigate the role of AKAP13 in the physiological and pathological response to
hypertrophic stimuli. Additionally, the AGEF and APKC mice offer an ideal
mutational series to investigate the importance and unique functions of the
AKAP13-mediated GEF-RhoA and PKC-PKD signaling pathways during f-
adrenergic induced hypertrophy. Future studies should also use these mice to

delineate the functions of AKAP13 during cardiac hypertrophy induced by other
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pathways, including TAC, Ang Il and endothelin-1. These studies will improve our
understanding of the signaling processes involved in mediating cardiac
hypertrophy and could lead to the identification of new therapeutic targets for the
treatment of pathological hypertrophy.

My studies reveal the importance of conducting thorough and systematic
investigations of the physiological functions of complex genes. Through these
studies, we determined that AKAP13 does not regulate differentiation into cardiac
or endothelial cells. Additionally, AKAP13 is not required for the formation of
functional cardiomyocytes or for endothelial cells to mediate angiogenic
processes. We also determined, to our surprise, that the known AKAP13-
mediated signaling pathways, GEF-RhoA and PKC-PKD, are not required for
development. Finally, we found that these AKAP13 domains are not required for
the structural response to p-adrenergic induced cardiac hypertrophy. However,
they are required for the proper cardiac functional response to $-adrenergic
stimulation. A much more complete assessment of the Akap13-null phenotype
and an independent Akap13-null mouse line are required to better understand
the developmental processes regulated by AKAP13. In-depth analysis of the
AKAP13 AGEF and APKC mouse responses to multiple cardiac hypertrophic
stimuli is also required to understand the physiological processes mediated by

AKAP13.

5.3 Future directions for delineating AKAP13 function
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The work described in this dissertation can be used as a starting point for many
studies to further investigate the functions of AKAP13 during development and in
adult physiology. Future work will need to verify that AKAP13 is required for
development and identify the affected processes and tissues that cause lethality.
Once the affected developmental processes are better understood, additional
mutagenesis can be conducted to dissect out the AKAP13-mediated signaling
cascades required for them. Future studies should also take advantage of the
AKAP13 gene-trap mutant mice developed in this work. These truncation mutant
mice can be used to determine the specific AKAP13-mediated signaling
cascades required for the physiological responses to stresses.

Our results that AKAP13 Rho-GEF and PKC-PKD binding domain—deficient
mice survive are in discordance with Akap13-null embryonic lethality. There are
two possible reasons for this discordance: (1) AKAP13 is not required for
embryonic development or (2) AKAP13 coordinates an unidentified signaling
process that is required for development. The best way to distinguish between
these two possibilities is to generate a novel Akap13-null allele through gene
targeting and determine if homozygous embryos die during development. If the
second Akap13-null allele confirms the embryonic lethal phenotype, then
additional studies to identify the affected developmental processes and required
protein domains are warranted. However, if this second set of Akap 713-null
embryos survive, then the original lethal phenotype is not due to the loss of

AKAP13 but to some confounding effect.
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The tissue types that require AKAP13 for development and the processes
regulated by AKAP13 will need to be further understood. We found that AKAP13
is broadly expressed during embryonic development with high levels of
expression in the heart, endocardium, and endothelial cells. This suggests that
AKAP13 could be required in cardiomyocytes and/or endothelial cells for
cardiovascular development and function. To determine which of these cell types
requires AKAP13 during development, a floxed Akap 13 conditional allele will
need to be generated. This floxed Akap13 allele could then be crossed to Cre-
expressing mouse lines to eliminate AKAP13 specifically in cardiomyocytes with
Nkx2.5-Cre [25,26] or endothelial cells with Tie2-Cre [27,28]. These studies will
aid in identifying and characterizing the developmental processes regulated by
AKAP13.

The AKAP13 protein domains required for development need to be identified.
Our annotation of the Akap13 gene locus revealed that this is a very complicated
gene that encodes for multiple transcripts, and these transcripts encode for
different sets of protein domains. This complexity needs to be kept in mind when
creating mutations and interpreting phenotypic results. The three major AKAP13
transcripts (i.e., AKAP-Ibc, Brx, and Lbc) encode for a common set of protein
domains, including the Rho-GEF and PKC-PKD binding domains. Our results
indicate that these common domains are not required for development. This
suggests that the PKA binding domain, which is specific to the AKAP-Ibc
transcript, is required. The requirement for the PKA binding domain could be

tested for using a gene-trap truncation mutant (i.e., AE0301) or targeted
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disruption of the AKAP-Ibc transcript. If these mutants phenocopy the Akap13-
null embryos, it indicates that the PKA binding domain is required for
development. However, these mutants may not phenocopy the Akap13-null
embryos because of redundancy provided by the Brx and Lbc transcripts. If this
is the case, it may be necessary to add back specific AKAP13 transcripts into an
Akap13-null background to identify the transcripts and protein domains sufficient
for development.

The gene-trap mutant mouse lines we generated should provide very useful
reagents for studying the roles of AKAP13 in mediating responses to stresses.
We found that despite a normal increase in cardiac size, mice lacking the Rho-
GEF and PKC-PKD binding domains of AKAP13 (AGEF mouse line) do not
increase cardiac ejection fraction or fractional shortening in response to f3-
adrenergic stimulation by Iso. This indicates that these AKAP13 protein domains
are not required for f-adrenergic-induced cardiac hypertrophy but are required
for a proper cardiac functional response to p-adrenergic stimulation. Cardiac
hypertrophy is a complex process that involves multiple signaling pathways,
feedback loops, and cellular processes. Thus, it is unclear if f-adrenergic
receptors signal directly through AKAP13 or if compensatory signaling pathways
require AKAP13 to increase these functional parameters. To determine the
signaling pathway(s) that requires AKAP13, the cardiac functional response to
acute stimulation of g-adrenergic and other signaling pathways could be
measured. Another possibility is that the g-adrenergic-stimulated AGEF mice

may be at a more advanced stage of heart failure than the wild-type mice. To
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determine if the AKAP13-AGEF mice progress to heart failure more quickly than
wild-type mice, the effect of p-adrenergic stimulation on cardiac functional
parameters could be monitored over a time course of heart failure. Finally, to
identify which AKAP13-mediated signaling cascade (i.e., Rho-GEF or PKC-PKD)
is required for the cardiac functional response to -adrenergic stimulation,
AKAP13-APKC mice could be analyzed for their -adrenergic-induced cardiac
hypertrophic response.

The set of AKAP13 gene-trap mutant mice can also be used to dissect the
functional roles of specific AKAP13 protein domains during other stresses. The
Rho-GEF and PKC-PKD binding domains of AKAP13 transduce Ang Il and
endothelin-1 (ET-1) signals into cardiomyocyte hypertrophy in vitro [4,5]. The
AKAP13 mutant mouse lines could be used to test the hypothesis that Ang Il and
ET-1 require the AKAP13 Rho-GEF and PKC-PKD protein domains to induce
cardiac hypertrophy in vivo. AKAP13 may also play important roles in mediating
stress responses in other tissues as we found expression in endothelial cells,
vasculature, kidney, lung, and brain. This expression pattern suggests that
AKAP13 could mediate vasoconstriction in response to Ang Il and ET-1
stimulation. The AGEF and APKC mice could be used to investigate the role of
AKAP13-mediated signaling in regulating this vascular response. These mice
could also be used to study the importance of AKAP13 signaling in maintaining
vascular integrity and inducing vascular leak in response to thrombin. AKAP13
has also been associated with leukemia [29], breast [2,30,31], and colorectal [32]

cancers. AKAP13 might have a cell autonomous role in cancer formation, but
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AKAP13-mediated signaling in the vasculature might also help to promote tumor
growth. Future studies should look at the importance of AKAP13-mediated
signaling in promoting tumor formation and growth. In conclusion, these studies
should provide valuable insight into the many functions of AKAP13 in the

mammalian system.

5.4 A perspective on the future of mouse and ES cell mutational studies
The pace of technological advances for studying gene function and disease in
mice [33] and pluripotent (ES and induced pluripotent stem, iPS) cell systems
[34] has been incredibly quick. Just over 20 years ago, the first gene targeting
events by homologous recombination were conducted in mouse ES cells [35,36].
The isolation of mouse ES cells [37,38] was incredibly important because these
cells could be used to generate an entire adult mouse, and thus, mice could be
generated from mouse ES cells containing the targeting events [39]. Since then,
the generation of gene knockouts by targeted homologous recombination has
become the standard technique for studying gene function in mice.

The traditional gene knockout approach generates a null allele for the
targeted gene throughout the entire mouse. This technique is great for studying
the general functions of a gene, but there are a couple of caveats to this
approach. First, studying the tissue specific functions of a widely expressed gene
can be difficult because of confounding defects in other tissues. Second, the
adult functions of a gene cannot be studied if the gene is required for

development. Conditional knockout strategies (i.e., Cre/loxP and Flp/FRT)
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alleviate these issues by allowing researchers to control the disruption of a gene
in a tissue and temporal manner [40,41,42,43]. This approach allows for a more
detailed analysis of gene function in specific cell and tissue types and can be
used to avoid embryonic lethal phenotypes that prohibit studying gene function in
adults. The generation of gene knockouts has been greatly sped up by large-
scale international collaborations, including the mouse knockout project (KOMP;

www.knockoutmouse.org) and the international gene trap consortium (IGTC;

www.genetrap.org), which are working towards the goal of knocking out every

gene in the mouse genome. These resources will make it much easier to study
the overall function of any gene and the KOMP strategy even includes a method
for generating conditional knockouts.

The generation of null alleles through gene knockouts gives a global picture
of gene function. However, studying specific protein isoforms and domains is
necessary to truly understand the biological processes mediated by certain
genes. As my project demonstrates, this method can reveal new and unexpected
results that are missed using a global knockout mouse. Many genes encode for
multiple transcripts and protein isoforms through the use of alternative promoters
and splicing events, and these unique isoforms can regulate distinct physiological
processes. Additionally, many proteins contain multiple protein domains, and
these domains could regulate unique functions. Finally, most diseases do not
result from the complete loss of a gene’s function but from the loss, gain, or mis-

regulation of a portion of the genes activity. Thus, future research will need to
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use truncation and hypomorphic alleles in conjunction with null alleles and tissue
specific knockouts to systematically study gene function.

The IGTC is a great resource for obtaining truncation and hypomorphic
alleles. This consortium has used gene-trap constructs to generate random
mutational events in ES cells [44]. In this technique, the gene-trap construct
randomly integrates into the ES cell genome [14,45]. If this integration occurs
within an expressed gene, the gene-trap construct uses its strong splice acceptor
to create a fused mRNA with the upstream exons of the endogenous gene. The
fused mRNA is then translated into a fusion protein that contains the amino-
terminus of the endogenous gene fused to pGeo, which confers -galactosidase
activity and antibiotic resistance. This fusion produces a truncation of the
endogenous protein and, depending on the affected protein domains and severity
of the truncation, can result in a variety of mutant alleles including nuill,
hypomorphic, and dominant negative alleles. The gene-trap construct used for
most of the IGTC resource requires ES cell expression of the endogenous gene
for antibiotic selection of the gene-trap event. In fact, the probability of a gene
being trapped can be modeled using gene length and ES cell expression levels
[46]. Thus, large, highly expressed genes, such as AKAP13, are often trapped
multiple times throughout the gene locus. These multiple gene-trap lines can be
used as a series of truncation mutants to delineate the role of specific protein
domains in mediating the gene’s function(s). Genes not expressed in ES cells will
not be trapped, but the same methodology can be applied to these genes. In this

case, a series of targeting constructs can be used to generate specific truncation
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mutants. This method of using multiple mutant alleles will be very powerful in
delineating the function(s) of specific protein domains, dissecting apart
complicated protein complexes, and modeling disease in vivo.

Additional strategies are likely to play complementary roles in delineating the
functions of specific transcripts and their encoded protein isoforms in mediating
biological processes. RNAIi has great potential for identifying the functions of
specific isoforms in regulating biological processes [47]. RNAI can be used to
decrease the expression of a specific protein isoform by targeting a unique
region of the mRNA transcript [48]. Additionally, a lentiviral-mediated RNAI
approach has been used to study gene function in the epithelium of developing
mice [49]. This approach allows for a very rapid assessment of gene function in
vivo and alleviates the need for time and resource intensive gene-targeting
methods. The results from this study suggest that lentiviral-mediated RNAi could
also be used to study gene function in the whole mouse embryo. For this to be
possible, lentiviral transduction into the embryo will need to be optimized. Finally,
combining embryo-wide lentiviral transduction with a Cre-regulated RNAI
expression system could be used to knock down gene or transcript expression in
a specific tissue [50].

An additional strategy that has great promise for studying gene and transcript
expression and function in vivo is the generation of tagged protein isoforms.
Again, as my project showed, identifying the expression pattern of AKAP13
during development and in adult tissues has suggested possible roles AKAP13

might play during development, in adult physiology, and during disease.
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Determining the expression pattern of a gene is often the first step in identifying
gene function. The gene-trap construct encodes for -galactosidase activity and
faithfully reports endogenous gene expression patterns by LacZ staining [14].
Thus, the gene-trap ES cells [51,52] and derived mice [53] can be used to
determine the tissue expression pattern of any trapped gene. Similarly, the
targeting construct being used by most of the KOMP project also includes a f3-
galactosidase reporter cassette to report tissue expression [54,55]. However,
LacZ staining for the p-galactosidase reporter cannot be used for in vivo imaging
and does not report the subcellular localization of trapped proteins. Thus, it would
be ideal to have all mammalian proteins tagged with a fluorescent or luciferase
molecule similar to the yeast resource [56]. This would allow investigators to
follow the expression of a gene in vivo, identify the subcellular distribution of
proteins, and determine if different protein isoforms of the same gene localize to
unique subcellular regions. Determining the subcellular distributions of proteins
will help identify the potential cellular processes regulated by these proteins. A
large set of the current gene-trap ES cell lines can be modified to generate a
fusion of the endogenous protein with a fluorescent protein or a different tag by a
floxin approach [57]. The fusion proteins can then be used to reveal the
subcellular localization of the tagged proteins and for other biochemical
techniques such as co-immunoprecipitation. These assays could be performed in
ES cells, ES cell-derived cell types, or mouse lines. This strategy for modifying

the gene-trapped loci should also be applicable to the loci targeted by KOMP. In
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summary, these methods should further aid in identifying the functions of these
gene-trapped genes and proteins.

Both the KOMP and IGTC resources disrupt a single allele in mouse ES cells
and these ES cells are used to generate mouse lines where the homozygous
mutant phenotypes can be studied. The generation of mouse lines from these
heterozygous ES cells takes a significant amount of time and money. However,
an increasing number of studies have used ES cells, ES cell differentiation, and
ES cell-derived cell types to study gene function during developmental processes
and physiology. These approaches offer several advantages over the generation
of mouse lines. First, studies in ES cells can be done much quicker and more
cheaply than studies in mice. Second, these properties allow for a larger number
of genes to be studied and for more high-throughput analysis to be conducted.
Finally, human ES and iPS cells, which cannot be used to make a whole
organism, can be used to study gene functions and disease processes in human
cell types.

There are several methods that can be used to disrupt gene expression and
function in pluripotent ES and iPS cells. RNAi has become the “go-to” approach
for disrupting gene expression in these cells because it is quick, easy, and
inexpensive [58]. As described in Chapter 2, lentiviral-mediated RNAI is a great
method for obtaining continued gene knockdown in ES cells and has been used
to disrupt gene expression in undifferentiated ES cells [12,13] as well as during
ES cell differentiation [59]. Additionally, lentiviral-mediated RNAi can be used to

dissect the functions of unique transcripts and protein isoforms from a single
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gene because RNAI is very specific and only requires a target sequence of 19
nucleotides [48]. Lentiviral-mediated RNAIi can also been conducted efficiently in
human ES and iPS cells, while gene targeting by homologous recombination has
proven quite difficult in these cells [60]. There are several caveats to the use of
RNAI knockdown techniques. First, RNAi reduces but does not completely
eliminate expression of the target gene. Second, the lentivirus used to express
the short hairpin RNA (shRNA) can be silenced as the ES cells differentiate thus
reducing the level of knockdown. Finally, RNAi methods alone do not replace the
need for truncation or disease mutations to conduct a systematic analysis of
protein function. Thus, additional techniques are needed to compliment the RNAI
approach.

An ideal method for complete, stable, and rational mutagenesis in ES cells is
to generate homozygous gene targeted ES cells. As previously mentioned,
mouse ES cells have been extensively used for gene targeting. Gene targeting
can also be conducted in human ES [61] and iPS [62] cells, and methods, such
as the use of zinc finger nucleases, have been developed to increase the low
targeting efficiency and the selection of targeting events in these cells [63,64].
Several methods have been used to generate homozygous mutant ES cell lines.
One method used in mouse ES cells is to select for cells that underwent loss of
heterozygosity by increasing the antibiotic concentration [65,66]. This selects for
cells that contain two copies for the resistance gene instead of just one and have
become homozygous for the mutational event. This approach could be used for

the randomly generated gene-trap events for which specific targeting constructs
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do not exist. However, this approach could create deleterious effects and loss of
heterozygosity at other genomic loci especially in human ES and iPS cells, which
are heterozygous at many loci. Another method that has been used in both
mouse and human ES cells is to serially target both alleles. In this approach, a
conditional knockout cell line can be made using the same targeting construct
and antibiotic resistance gene to target both alleles [54,67]. Alternatively, the
same targeting construct containing different antibiotic resistance genes can be
used to target both alleles [68]. This serial targeting method can use the targeting
constructs designed by KOMP and should be applicable to most other targeting
constructs as well. Homozygous gene targeted ES and iPS cells will be great
resources for systematically studying gene function during development,
physiology, and disease. Furthermore, the gene targeting strategies will be
incredibly valuable for introducing human disease mutations into a controlled
genetic background (i.e., into a normal human ES or iPS cell lines) and for
verifying the role of disease associated mutations in the molecular or cellular
defect (i.e., rescue experiments in disease-specific human iPS cell lines).

In summary, these strategies offer many advantages and provide more
efficient and systematic methods for conducting disease- and physiological-
centric as well as gene-centric research. In vitro and in vivo RNAi approaches
have and will continue to be an efficient method for identifying genes that
functionally regulate disease and physiological processes. Additionally, human
ES and disease-specific iPS cells will greatly enhance our understanding of

disease processes and provide insight into novel disease associated pathways.

209



These disease-specific cell lines should also provide a great system for
identifying drug targets to treat the disease. Moreover, truncation mutant mice
and homozygous pluripotent cell lines will allow for a much more systematic
dissection of gene functions and will provide a detailed description of the

physiological and molecular processes regulated by specific protein domains.
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