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CHAPTER |
INTRODUCTION

Organisms experience several types of stress.

Stress occurs when homeostasithreatenedcausingohysiological and
pathological changes (Jaggial, 2011). Organisms can experience acute or chronic
stress from internal or external sour¢egurel). Acute stress is shelived and
typically experienced once, such as a suddaickimmersion in cold water or a single
dose of ingested poisoBlfatia et al., 2001 Chronic stress is lonlived, reoccurring
several times subsequently or persisting, sugir@enged exposure to an erorimental

toxin or extreme temperatureBh@atia et al., 2011 Internal stressors are those that come

g/

Example Example Example Example
animal — temporary animal — short cold animal — continuous animal — continual
blood loss exposure anemia heat exposure
cell — short burst of cell — single dose cell— consistent cell — persistant
ROS environmental protein exposure to toxin
toxin misfolding

Figure 1. Types of stress and stressorsStress can either be acute (sHwed) or
chronic (longlived, continuous). Both acute and chronic stress can be induced
internal or external stressors.



from within the organism, such as toxic metabolic byproducts. External stressors are
those from the environment, such as heat or physical trauma.

The physiological and pathological changes within an organn stressccur in
an attempt to maintain or restore homeostsgenhance thgrobability of survival
(Jaggiet al, 2011) These changes aellectivelyknown aghestress responseil|
organisms experience various stressors at the whole animal and cellular levelarsStress
at the animal levahcludelack of food, predatiorpoison, infection, and extreme
temperatures. The whol-er-f & h iprmadute fesdormrds s r e s
Afgener al a d a pforahronio stressogre tiypicaliy eootrolled by hormonal
changes within the animal (Charmand2005).

Stress also occurs at the cellular level, dhdedls experience various stressass
part of their mrmal physiology Cellular stress typically involvebe damage or defect
of one or more typeof macromolecules within the cell, such as DNA or proteiigtg,
2005. For this reason, molecular chaperones such as heat shock proteins (Hsps) are key
compnents in several stress response mechaniémsther common type of cellular
stress is the generation of reactive oxygen species (ROS) or other oxidative damage
(Pastorj 20@®). Common stressors include heat shock, oxidative conditions, viral
infection, hypoxia, mitochondrial stressnfolded proteindDNA-damaging agents,

pharmaceuticalgndirradiation(Kolobovaet al, 2009;Kedershand Anderson2007)

Cells have several mechanisms for stress response.
Cells muste able to respond to stressamgl have developed several mechanisms

to do so The response to stress is tailored depending on the type and level of stress



(Fuldaet al, 2010). Cells have stress responsiest can directly counterastress

induced damage&(iltz, 2005. Other mechasms cartemporarily increase cell
tolerancefor stressinduced damageAll stress responsesm for protection of the basic
cellular functions and components such as DNA repair and stability, cell cycle control,
and protein quality controK(ltz, 2005.

Some mechanisms of stress response aid in cell survival and recovery, while other
mechanisms induce cell dedffuldaet al, 2010) Response mechanisms to enhance cell
survival are employed to maintain and repair otherwise healthy Kéilliz (2005 Fulda
et al, 201Q. Mechanisms to induce cell death are necessary to remove unhealthy cells
that arebeyond recoveryKiltz, 2005 Fuldaet al, 201Q. Cells initially employ
response mechanisms to aid in cell recovery, but if the stressor perdistsiantage is
too great, cells then activate death signaling pathways (Etiaa 2010).

When cells undergo cell death as a stress response, theeyaradifferent
pathways: apoptos{&err et al, 1972) autophagic cell deatClark, 1957) andnecrosis
(Gulliver, 1838) Apoptosis, or programmed cell death, is a common stress respanse
involves nuclei rounding and fragmentation, cell shrinkage and blebbing, and
phagocytosis of cell fragmentérr et al, 1972;Elmore, 200]. Apoptosis is dighly
conserved process throughout evolution and a common target for therap€hiscs.
process of cell death plays critical roles in embryonic development and aging in addition
to stress responskElfmore 2007). There are two major apoptotic pathwaysnammals
(Kiltz, 2005 Elmore, 200Y. The intrinsic apoptotic pathway involves the release of
cytochrome c¢ and other facsoirom mitochondrialmore, 200). This is described in

more detail below.The extrinsic apoptotic pathway is induced by spetdgands



binding to cell surface receptoestivatinga signaling cascad&lmnore, 200}. Both
pathways involve the activation of caspase profarfamily of cysteine proteasemd
this largely accounts for the morphological changes seaméglietal., 1999. Distinct
caspases are activated during intrinsic versus extrinsic signgiamguharwet al, 20139.
Apoptosis has now also become known as caspagsendent programmed cell death
(Samaliet al, 1999.

Autophagic cell death is another progwaed cell death pathway, and it involves
the process of autopfg or self eatingile and Klionsky, 2000 During autophgy,
longr-lived proteins and organelles in the cytoplasm are sequestered in vesicles and
degraded. The dble-membraned vesicle thasuls is termed an autophagosorfike
and Klionsky, 2009 It remains controversial whether the process of autophagy is toxic
or protective for cells. One role of autophagy is to rid the cell of unhealthy mitochondria
through a specific process calledophagy Ashrafi and Schwarz, 2@). There is
evidence of crostalk between apoptosis and autophagic cell dettin{izuet al, 2004;
Yu et al, 2004; Ulimaret al., 200§

Necrosis idraditionally consideredon-programmedell death, instead associdte
with loss of ionic balance control that leads to swellingraedhbrane rupture, resulting
in cellular lysis Festjenst al, 200§. Recently, evidence has mounted suggesting the
process of necrosis is regulated by signaling pathwaysed necroptosis
(Vandenabeelet al,, 2010) Evidence also suggests the mechanisms that promote
necrosis can function to inhibit apoptodi®étjenset al, 200§. Necrosis induces an

immune response due to the release of cellular cor(feegienset al, 2009.
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Figure 2. Stress granule formation and dispersalUpon stress, translation
initiation f aacnflated stalihgfRh® Ditiation complexes.pThis
leads to coalescence of stalled initiation complexes. Through an unknown
mechanism, other mMRNAs and proteins are recruited and sequestered in the si
granule. When the stress is relieved, stress tgraxmmponents disperse into the
cytoplasm through an unknown mechanism.

Stress granule formation is ondype of stress response.

One typeof stress response is the formation of stress granules (Ntaler1989).
The formation of stress granules is induced by many types of stress, including heat shock,
UV irradiation and oxidative conditions (Anderson and Kedersha, 2006). Other
stressors, such as DNddamaging agents, do not induce stress granule formation
(Kedersha and Anderson, 2007). Typically, the assemblyexfssggranules is triggered

by stressinduced phospihr y 1 at i on of transl RBguredn initiat



(Kedersha and Anderson, 2007). This phosphorylation event prevents the recycling of
GDPbound el FRdund e&TRP2U, whi ch trdndatiohs t o a
initiation complex (Srivastavet al, 1998). These stalled initiation complexes then
coalesce to form stress granules, the exact mechanism of which remains u(fkigome
2). Stress granules are geally composed of stalled initiation complexes, other mRNA
translation machinery, mRNAs, proteins involved in mRNA regulatiomaeiébolism,
and other signaling proteins that have no known link to RNA (Kedersha and Anderson,
2007).

Stress granules sert@ spatially and temporallsequestemRNAS and proteins
during stresgFigure?2) (Kedersha and Anderson, 200Proteins and mRNAs that are
needed during stress response, such as heat shock proteins (Hsjpd)seqgeestered.
Stress granuleslsoact as triage centers, sorting mRNAs for sequestration or decay
during times of cellular stress (Andersamd Kedersh&006). For this reason, the
composition of stress granules can be highly dyna®icess granuleomponents have
diverse localizations and functions when cells are not experiencing sh@s® stress
granule proteins are known to interact with mRNAs and possibly recruit additional
MRNAS to stress granules. One of these proteins is GRBSFGAP SH3 domain
binding protein) which is a major component of stress gran(ilesirriéreet al, 2003.
Caprinl (cytoplasmic activation/proliferatieassociated proteih) is also a mMRNA
associated stress granule protein (Soloetaal., 2007). G3BP, Caprifh, or other
critical stress granule components can-agljregate and trigger stress granule formation
when overexpressed, independently of €lpRosphorylationedershaet al, 1999.

Once stress is no longer present, stress granules disperse, and the sequestered mMRNAs



can be immediately translatetlowever, if the stress signal does not allow for stress
granule dispersal, cells undergo ast, or programmed cell degtkedersha and

Anderson, 2007)

Mitochondria are highly involved in cellular stress response.

Mitochondria were first identified over a century ago (Henle, 1841 paewital
organelledo the cell Mitochondria haverarious crucial functions within cells, including
metabolism, ATRgeneration, redox biochemistry, and calcium homeostasis (Horbinski
and Chu, 2005). Mitochondria also play a role in calcium signaling, in concert with and
independently of the ER (Dorn agdorrano, 2010; Guntet al, 2000). Because of
their many roles, mitochondria are critical locations for signal integration.

Mitochondria arealsocrucial organelles in regulat of stress responsend
decisions between cell survival and deatls mentioned, cell death is one response to
stress.Mitochondria are responsible for releasing severalgpaptotic factors, and
mitochondria are acted upon by many other apoptegslating proteins (Kanamaeat
al., 2012). Every pathway to apoptosis carges upon the mitochondria, the site of
activation and release of caspases, cysteinyl aspartate proteases. When cytochrome C is
released from mitochondria into the cytoplasm, it triggers a signaling cascade that
ultimately leads to apoptosis (Sanetld., 1999. Recently, studies show mitochondria
also play several roles in necroptosis, and the disruption of mitochondrial membranes is
key to the execution of necroptosisapdenabeelet al, 201Q. Mitochondria also play

roles in whetheracellundesge s aut ophagy, or fAself eat.i

ng
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Figure 3. Mitochondria are highly dynamic organelles. AMitochondria
(green) undergo fission and fusion. During fission, active Drp1 (blue) is recrui
to mitochondrisouter membranes where it oligomerizes and promotes fission.
During fusion, mitofusins 1 and 2 (red and orange, respectively) interact on
mitochondria outer membranes to bring mitochondria in close proximity to one
another. Mitofusins facilitate outer menane fusion, while Opal facilitates innei
membrane fusionB) Mitochondria normally maintain a balance between fissiot
and fusion. Several factors can cause mitochondria fragmentation, such as
increased fission. Mitochondria hyperfusion and elongatgmalso be caused by
several factors, includingnincreasedate offusion.



Mitochondria themselves undergo mitophagy, a form of autophagy specifically
associated with mitochondriaghrafi and Schwarz, 2013 Mitochondria experience
various stresses due to the production of stressors, suehcise oxygen species
(ROS), during metabolic processes (Kanansral, 2012). Due to this constant
exposure to stressors, mitochondria have continuous quality control mechanisms.
Dysfunction of mitochondria can resultarioss of membrane potent@overproduction
of ROS, and other metabolic products, which then become cytotoxic (Nunnari and
Suomalainen, 2012). Mitophagyasemethod to remove damaged mitochondria from
the cell(Kissova et al., 2004; Lemasters, 200bpss of membrane potentialone
trigger for mitophagy, recruiting the E3 ubiquitin ligase, Parkin, to the mitochondrial
outer membrane to degrade specific outer membrane profahsati and Schwarz,

2013.

Mitochondria are highly dynamic, constantly undergoing fission andrfuesid
maintaining a balance betweenghevo processe@~igure3) (Chen and Chan, 20Q9)
Fusion serves as a quality control mechanism because it allows mixing of mitochondrial
contentgKanamartwet al,, 2012) If one mitochondrion has a mutation in a specific
mMtDNA gene mitochondrial @ision allows for the chande acquire a version that is not
mutated. Various events, such as cellular stress, can induce a shift in the balance between
fission and fusiorfFigure3) (Chan 2012). When the balance is shifted towards increased
fusion or decreased fission, mitochondria become elongated and hyp¢Figsed3)

(Chen and Chan, 20097 his is protective against apoptosis, partially due to limiting the
release of prapoptotic factors from the mitochondria (Nunnari and Suomalainen, 2012).

Hyperfused mitochondria are also protected from mitoph&dlyen the balance is



shifted towards d®eased fusion or increased fission, the mitochondria become
fragmentedFigure3) (Chen and Chan, 20Q9This is preapoptotic, in part due to an
increase in mitochondrial outenembrane permeabilization (Nunnand Suomalainen,
2012). Fragmented mitochondria are smaller and more readily removed via mitophagy

(Kanamartwet al, 2012).

Inadequatestressresporseleads to diseasdevelopment or progression

Inadequate omiappropriate stress respomstuencesdisease in several ways.
Cells can respond to a stressor too strongly, not strongly enough, or inappropriately.
First, the stressor could be too prolonged or strong, but not to the point of inducing cell
death, and it coul d platetydeeoverto oenalstatus(Falda a b i |
et al, 2010). This would allow unhealthy cells to survive and possibly develop into a
diseasd state For example, a mutated gene or ldivgd protein could remain within a
cell causing it to become transformeddaacquire tumemitiating characteristics
Second, while ira disease state cells may have either a strengthened or weakened stress
response, both of which could have detrimental effects (Faildg 2010). For instance,
cancer cells with a strerfggned stress response could be more resistant to treatment. In
contrast, diseased neurons with a weakened stress response could éecsnpomeak
stress episodeThe importance of proper stress response is apparent in the high degree of
conservation fbasic stress response pathways throughout evolution (Euéda2010).

The ability orinability of a cell to respontb stress is highly associated with several
disease states. There is a growing body of literature that suggests progression of

neundegenerative diseases involves alteetular stress responsé/¢lozin, 2012;
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Roussel et al., 2013; Lagouge and Larsson, ROCABronic stress has been linked to the
development of depression and the progression of neurodegenerative and other diseases
(Jaggiet al, 2011). The loss of proper stress response in neurons has been implicated as
a common factor across all neurodegenerative diselagkemét al, 2010.

Parkinsonds disease is the second most ¢
charaterized by the degeneration of dopaminergic neurons in the substantia nigra pars
compacta.Commonly mutated proteinsn s ome ¢ as edseasdarePar ki nson
associated with mitochondrial function and resistance to oxidative,siressamon
feature of Pa k i n s o n {Dodsahiarsd &aos20P70ther mutated proteins include
those involved in degradation of misfolded or damaged prot®odspn and Guo,

2000. Par ki nsonds di sease htiarsof Severalstress sesponse at ed
pathwaysincluding heat shock response and unfolded protein resfBaserjeeet al,

2009). Similarly, proper stress response is also important for related neurodegenerative

di seases such as Al Goremanm®0B6s and Huntingto

Proper stress responsalsovital to the maintenanocef myocardial function, and
improper stress response can lead to cardiovascular disease and myocardial infarction
(Cooket al, 1999; von Harsdorét al, 1999. Cardiovascular disease is a group of
disorders, and imany @sescardiomyocyte deatbccuss via necrosis and apoptosis.

During ischemia/reperfusiemduced injury, ROS are produced and cause oxidative
damage to cardiomyocytegop Harsdorkt al., 1999. If mitochondrial function can be
maintained, oxidative stresnduced cardiomyocyte death is prevented (Netss,

2001). Therefore, cardiomyocytes must maintain a robust response mechanism to

oxidative stress.
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Stress response is also a critical factor in the development, progression, and
treatment of cancdtowe and Lin, 2000; Hanahan and Weinberg, 2000; Letad,
2004. Tumor formation occurs when the balance between cell proliferation and cell
death is disrupted within a tissue. If cells respond inappropriately to stress, unhealthy
cells can avoid cetleath This can result in cells witlpenetic instability, whiclthen
accumulate mutations that lead to cancerous gravetivé et al, 2004. Resistance to
cell death and enhanced stress response also contributes to the development of-treatment
resistamn cancers. Chemotherapy, irradiation, and immunotheaspyneant to stress
cancer cells to the point of triggering cell de@takin and Dive, 2001; Johnstone et al.,
2002; Fulda and Debatin, 2004Cancer cells that are resistant to the stress ofpibetia

treatments hinder remission of the disease.

Stress response is a complex, highly regulated process.

Because stress respomsaliterally determine the difference between life and
death, cellulartsess response is a highly regulated prac&sh intrinsic and extrinsic
apoptotic pathways are highly regulated by-aned antapoptotic signals and cascades
(Kiltz, 2005. A critical antirapoptotic pathway is the BIK (phosphatidyl inositol 3
kinase)/AKT (M-Akt murine thymoma viral oncogene hofag) pathway Kultz, 2005.

The p53 pathway is critical for many papoptotic signals dastransactivates many
proteins in preapoptotic cascadeK{ltz, 2005. Autophagy is also a highly regulated
processaand a family of autophagnelated proteins gulates each aspeuft the

autophagic proceg&anamartwet al, 2012) The most upstream regulators of autophagy

aretheUnc5Zlike kinases 1 and 2 (ULK1/2), which are recruited to autophagosome
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formation sites upon starvation (Kanamatual, 2012). The elongation and closure of

the autophagosome is partially regulated by the-pli@sphatidylethanolamine
conjugate.Selective autophagy events, such as mitophagy, also have unique regulators.
Mitophagy-specific regulators include PINK (PTENduced putate kinase 1) and

Parkin (E3 ubiquitin ligase) (Kanamaetial, 2012).

As described above, mitochondrial dynamics, specifically the balance between
fission and fusion, is vital to the role of mitochondria in stress response (Youle and van
der Bliek, 2012. Both mitochondrial dynamics and stress responséighly regulated
processesand potein kinase A (RA) has emerged as important regulator of
mitochondrial dynamics (Rambold and LippineStthwartz, 2011)Both mitochondrial
fission and fusion teins have been identified as substrates for PKA phosphorylation.
Themitochondria fission proteirpl (dynaminrelated protein 1)s inactivated by
PKA phosphorylation Thisresulsin adecreasedate of fission, which leads to
increased mitochomi elongation, a process that promotes cell sur¢figlure3)

(Chang and Blackstone, 200Muring starvation,le elongated mitochondria resulting
from Drpl inhibition do not undergo mitophagy, and help sté@sells maintain ATP

levels (Gomeet al, 2011). During hypoxia, the phosphorylation of Drpl is suppressed,
which leads to mitochondrial fragmentation and induction of cell death €Ki,

2011). Mfn2, a mitochondrial fusion proteirg also phosphglated by PKA, andhis
promotes cell survival (Chest al, 2004). PKA signaling at the mitochondria regulates
mitochondrial dynamics and stress response, as well as many other cellular processes

The complete details of signal integration at mitochiangemain unclear.
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AKAPSs provide signal integration.

One way to integrate these signaling pathways is through scaffolding proteins in
close proximity. A-Kinase Anchoring Proteins (AKAPg)e a largediversefamily of
functionally similarscaffolding poteins that associate with a variety of signaling proteins
( Tr "etgak 2012). AKAPs were discovered as PK@rotein kinase Aanchors that
provide localized cAMRcyclic AMP)PKA signaling(Sarkaret al, 1984; Lohmanet
al., 1984) Cyclic AMP is asecond messenger molecukadbs and Fischer, 1956; Rall
et al, 1957; Sutherland and Rall, 1958; Wosilait and Sutherland,) 19&{7activates
PKA by causing dissociation of the catalytic subufridsn the regulatory subunits
(Beavo and Brunton, 2002 he PKA holoenzyme is a tetrameric complex that consists
of two catalytic (G, G, or G) and two regulatory (RyR sR 1, or R ) subunits.

AKAPs associate with PKA via binding the regulatory subunits (Scott, 19933t

AKAPs bind the R, gegulatory subunits of PKA, but there are some AKAPs that bind

R g sybunits or bth R yapd R | known as duaspecificityAK AP s ) étdalr " ger
2012). Duatspecificity AKAPs include AKAP1, AKAP2, AKAP3, AKAP4, AKARY
AKAP10, AKAP11, BIG2, Ezrin, PAP7SFRS17A and cTnT(Tablel). Thaugh these
dualspecificity AKAPs have the ability to bind bofh y apdR, | subunits, the

affinities can vary drasticallfdarnaesst al, 2008) SKIP is an AKAP that specifically

binds only R  sgbunits (Meanst al, 2011).

Though AKAPs were ientified as PKA anchorg, has since been shown they play
many other roles as wellheurkaufand Vallee 1982 Lohmannet al, 1984 Skroblinet
al, 2010; Greenwald and Saucerman, J0JKAPs function as anchors for targeting

proteins to specific subellular locations, and the localization and composition of AKAP
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Plasma membrane

AKAP9

Mitochondria

AKAP1

Golgi
apparatus

Figure 4. AKAPs scaffold PKA and other proteins to various subcellular
locations. Some examples are showere For details, see text aficblel.

complexes is dynami@-igure4). Several AKAPs, includindKAP1, AKAP7, AKAP9,

AKAP10, BIG2, MTGS8, and MTG16b, can localize to more than moreedlidar
location with this localization dependent on a variety of factéigufe4 andTablel).
AKAPs associate with both signaling enzymes and their substratesdahmin
components of signaling cascades in close proximity (Michel and Scott, 2802).
AKAP can interact with components of various signaling pathways/cascades

simultaneously (Greenwald and Saucerman, 20Thjs allows AKAPs to provide

spatiotemporal igulation of cAMP/PKA signalingas well as serve as signal integration

centerdT r = gtalr2013.
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Table 1. Summary ofcurrent AKAP protein knowledge. For each protein the
following information is given: 1) all names fdre protein; 2) the most well

documented subcellular localizations; 3) the most-detlumented cellular processes the
protein is implicated in playing a role; 4) diseases in which the protein has been shown to

have a directole, and 5) references for tigata in the table.

Protein name(s) | Localization(s) | Cellular Disease References
process(ep association(s)
AKAP1, D- Mitochondria Nuclear Female infertility | Lin et al, 1995;
AKAP1, endoplasmic envelope hypoxia Trendelenburgt
AKAP121, reticulum, maintenance; al., 1996;Steen
AKAP149, nuclear envelopg reverse et al, 2003;
AKAP140, transcription; Newhallet al,
AKAP84, S mitochondrial 2006;Lemayet
AKAP84 function al., 2008;Rogne
et al, 2009 Kim
etal., 2011
AKAP2, AKAP- | Apical surface, | Actin Cataracts Donget al,
KL plasma cytoskeleton; 1998 Goldet
membrane cell polarity, al., 2012
aguaporir0
stabilization
AKAP3, Sperm flagella | Sperm motility | Male infertility; Vijayaraghavan
AKAP110, fibrous sheath ovarian cancer etd., 1999;
FSP95, Turneret al,
Fibrousheathirl 2001, Hasegawa
et al, 2004
AKAP4, Sperm flagella | Sperm motility | Male infertility; Turneret al,
AKAPS82, FSC1 | fibrous sheath cervical cancer 1998; Turneret
al., 2001 Saini
etal, 2013
AKAPS5, Plasma Neuronal ion Altered synaptic | Sarkaret al,
AKAP79, menbrane transport transmission 1984 Xie and
AKAP150, primary cilia pepsinogen Timothy Raufman, 2001,
AKAP75 secretion syndrome Chengetal.,
polycystic kidney | 2011;Choi et
disease al., 2011;Gold,
2012
AKAPG, Nuclear Cardiomyocyte | Cardiac McCartneyet
MAKAP, envelope, contractility hypertrophy al., 1995 Yang
AKAP100 sarcoplasmic etal., 1998; Fink
reticulum etal., 2001;
Baumanret al,
2007
AKAP7, Plasma lon transport Fraseret al,
AKAP18/150 / f membrane 1998; Grayet
al., 1998 Trotter
etal., 1999
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Table 1. (continued)

AKAP7, Cytosol, nucleus| lon transport Trotteretal.,
AKAP18/15 1999
AKAP7, Endoplasmic lon transport Heart failure Hennetal.,
AKAP18/150 reticulum, 2004; Lygrenret
cytosol vesicles al., 2007; Lygren
and Taskén,
2008
AKAPS, Nucleus Transcription Eideet al, 1998;
AKAP95 condensed regulation; Collaset al,
chromatin chromatin 1999;
condensation Akileswaranet
al., 2001
AKAP9, Yotiao | Plasma Cardiac Long QT Lin et al, 1998;
membrane repolarization Syndrome; Chenet al,,
ion transport; cardiac 2007; Piggotet
NMDA receptor | arrhythmias al., 2008
regulation
AKAP9, Centrosome, Cell cycle; Schmidtet al.,
AKAP350, Golgi apparatus | microtubule 1999; Laroccat
AKAP450, stress granules | dynamics; al., 2006;
CG-NAP, canaliculi Kolobovaet al,
hyperion devebpment; 2009; Mattaloni
stress granule et al, 2012
formation
AKAP10, D- Mitochondria, Receptor Breast cancer; Huanget al,
AKAP2 vesicles recycling cardiac diseases | 1997a; Wanget
al., 2001
Tingleyet al,
2007;
Wirtenbergeret
al., 2007; Eggers
et al, 2009
AKAP11, Vesicles, Cell cycle cell Oral Lesteret al,
AKAP220 centrosome migration carcinogenesis | 1996; Reintoret
peroxisomes al., 2000; Garnis
et al, 2005
Logueet al,
2011
AKAP12, Cytosol, actin Cell migration; | Prostate Gordonet al,
Gravin, cytoskeleton cytoskeletal hyperplasiaacute | 1992;Akakuraet
AKAP250, structure myeloid leukemia | al., 2008; Liuet
SSeCKS colorectal al., 2011;
carcinoma Akakura and
Gelman, 2012;
Mostafaetal.,
2013
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Table 1. (continued)

AKAP13, Cytosol, actin Guanine Breast cancer; Toksoz and
AKAP-Lbc, cytoskeleton nucleotide cardiac diseases | Williams, 1994;
Ht31, Rt31, Brx exchange Sterpettiet al,
1 cytoskeletal 1999;
dynamics Wirtenbergeet
al., 2007;Smith
and Scott, 2013
AKAP14, Cilia Cilia beat Kultgenet al,
AKAP28, frequency 2002
TAKAPS80
MAP2 Microtubules Cytoskeleton Prion diseases Dhamodharan
stabilization; and Wadsworth,
microtubule 1995; Zhang anqg
bundling Dong, 2012
Ezrin, AKAP78, | Actin Tubulogenesis | Polycystic kidney | Orellanaet al.,
Villin -2 cytoskeleton disease 2003
Rab32 Mitochondrig Mitochondria Gastric and Alto etal., 2002;
mitochondria dynamics; endometrial Shibateet al,
associated enzyme adenocarcinomas| 2006; Wasmeier
membranes trafficking et al, 2006;Bui
(MAM), vesicles et al, 2010
GSKIPR, cytosol Wnt signaling Chouet al,
C140RF129, 2006;
HSPC210 Hundsruckeet
al., 2010
BIG2, Golgi apparatus,| Vesical autosomal Tanakaet al,
ARFGEF2, cytosol trafficking recessive 1989;
ARFGEP2 periventricular Shinotsukeet al,
heterotopia 2002 Li etal.,
2003 Bui etal.,
2009
SPHKAP, SKIP | Cytosol Apoptosis Lacanéet al,
mitochondria 2002; Mean®t
al., 2011
MyRIP, SlaC2c | Secretory Vesicle Griscelli El-Amraouiet
vesicles, actin trafficking syndrome al., 2002;
cytoskeleton Fukuda and
Kuroda, 2002;
Goehring et al.,
2007; Van Gele
et al., 2009
Pericentrin Centrosome Microtubule Microcephalic Doxseyet al,
kendrin organization; osteodysplastic | 1994; Divianiet
cell division primordial al., 2000; Rauch
dwarfismtype et al, 2008;
II; schizophrenia | Numataet al,
2010
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Table 1. (continued)

Neurobeachin | Golgi apparatus,| Neuronal Autism; synaptic | Gilbertet al.,
postsynaptic membrane function 1999; Wanget
plasma trafficking al., 2000;
membrane Castermanst
al., 2003
WAVE-1, Scar | Actin Actin Miki et al, 1998
cytoskeleton organization;
cytoskeleton
MTGS, Nucleus, Golgi | Transcription Acute myeloid Miyoshi et al,
RUNX1T1 apparatus regulation leukemia 1993 Fukuyama
et al, 2001;
Rochfordet al,
2004
Myosin VIIA Actin Cellular Usher syndrome | Weil et al, 1995
cytoskeleton trafficking type 1B
MTG16b, Golgi apparatus | T cell activation | Leukemia Calabi and Cilli,
CBFA2TS3, plasma 1998;Schillace
ZMYND4 membrane etal., 2002
Asirvathamet
al., 2004; Fiedler
et al, 2010
Synemin, Z-discs, Cell junctions Glioblastoma Granger and
desmuslin intermediate Lazarides, 1980
filaments Russellet al,
2006; Lundet
al., 2012; Pitrest
al., 2012
PAP7 mitochondria Cholesteol Li et al, 200%
transport steroid Hauetet al,
transport 2002
Myospryn Z-discs Muscle Muscular Bensoret al,
perinuclear contraction dystrohpy 2004
Kouloumentaet
al., 2007;
Reynoldset al,
2008
SFRS17A, XE7 | nucleus Splicing Ellisonet al,
1992; Jarnaess
al., 2009
Merlin, Actin Cell Neurofibromatosis Rouleauet al,
schwannomin, | cytoskeleton, proliferatior type 2; 1993; Sainzt
neurofioromin2 | adherens motility Schwannomas al., 1994;
juntions Lutchman M,

Roulgay, 1995
Pel-Ghaus
2013
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Table 1. (continued)

Moesin Cytosol, plasma | Cytoskeleton ; | Glioma Lankesand
membrane migration Furthmayr,
cytoskeleton 1991 Emery and
interface Ramel, 2013;

Zhuet al, 2013

AKAPS5, Golgi apparatus,| Motility Jivanet al, 2009

RSPH3 motile cilia

RSK1 Cytosol, nucleus| Cell survival, Richardset al,

proliferation 1999 Romeoet
al., 2012
cTnT, cardiac Sarcomere Contractility Cardiomyopathy | Long and
troponin T Ordahl, 1988;
Tardiff, 2005;
Sumandeat al,
2011
Cypher, ZASP | Sarcomere Cytoskeleton Myofibrillar Faulkneret al,
myopathy; 1999; Arimuraet
cardiomyopathy | al., 2004; Kraya
et al, 2013;Lin
et al, 2013

SMAKAP Plasma Burgerset al,
membrane 2012

Myomegalin Golgi apparatus,| Cytoskeleton, Verdeetal.,
centrosome contractility 2001; Uyset al,

2011; Roubiret
al., 2013

AKAPs comprise a very diverse family of proteins, and over 50 AKAPs have been

identified to date in human3#blel) with many orthologues found in other species

(Wong

and

S c o tetal, 2023). 0Adleast dne AKAP is found in every tissue

in the body (Welclet al, 2010). The importance of AKAP function is evident in the

lethality and severe phenotypes of many AKAP knockout mice (Caratgle 2009;

Skroblinet al, 2010). Lethality is observed in knockout mice for AKAP6, AKAP10,

AKAP13, WAVE-1, Ezrin, and Neurobeachin (Skrobéhal, 2010). Knockout of

AKAP1 and AKAP4 results in infertility in female and male mice, respectively. Severe

phenotyps are seen in many knockout mice, including prostate hyperplasia (AKAP12),

neurological deficits (MAP2 and AKAP13), and primordial dwarfism (Pericentrin)
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(Skroblin et al., 2010). In many cases, diseases associated with AKAP proteins result
from an alterabn in specific AKAP complexes rather than a global cAMP/PKA
signal i ng cthabh 20§2e Many AKABshave loose associations with many
diseases, but for simplicity only those diseases with a clear connection to an AKAP are

included in Table 1Select AKAPs fromlablel are discussed below.

AKAP1

AKAP1 (also knowras DAKAP1, AKAP121, AKAP149, AKAP140, AKAP84,
and SAKAP84) was first identified in mammalian spermatozoa, and localizes to the
outer mitoclondrial membrane (Liet al, 1995)(Figure4 andTablel). An amino
terminal mitochondrial targeting sequence targes\P1 to mitochondrigHuanget al.,
199M). Dispuing thebeliefthat only PKA type Il is scaffolded, AKAP1 was identified
as the first duaspecificity AKAP associating with both \Rnd R, subunits(Huanget al,
199b; Ma and Taylor, 2008 It was later discovered that AKARilso has dual
localizationto both the ER and mitochondriachieved by alternatively splicing the
amino terminus (Huanet al, 1999)andvia a bifunctional element that is required for
targeting to both organelles (Ma and Taylor, 2002)calization of AKAP1 to the
nuclear enviepe has also been observed, though the targeting domain is not identified
(Steeret al,, 2000).

Due to the various subcellular localizations, AKAP1 also has several functions
within the cell. AKAP1 at the nuclear envelope scaffolds PKA, protein phasehat
(PP1), and lamins and functions to stabilize the nuclear lamina (&taén2000).

Nuclear envelop¢argeted AKAP1 serves to maintain the integrity of the nuclear
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envelope (Steeet al, 2003). AKAP1 also contains an RNAinding KH domain
(Trencklenburget al, 1996)and has been shown to play a role in translation regulation
(Ranganathan et al., 2002AKAP1 alsoanchors proteins and RNAs at the mitochondrial
outer membrangGinsberget al, 2003) andthis RNA-tethering is important for

maintaning the mitochondrial network (Rogmt al, 2009) Mitochondrialtargeted

AKAP1 regulates cytochrome c release from the mitochondria, with overexpression of
AKAP1 protecting cells from apoptosis (Affaitati et al., 200B)itochondrial oxidative
metabdism is also partially regulated by AKAPScaffolded proteins (Livigret al,

2006). When AKAP1 is displaced from the mitochondria it induces mitochondrial
dysfunction, resulting in an increase in ROS, and therefore, induced oxidative stress in
cardiomyaytes, smooth muscle cells, and hypertrophic mouse heaiig (Perrinoet

al., 2010). AKAP1 alsoplaysa protectiverole in stress response in cardiomyocytes
(Rogneet al, 2009; Perrinet al, 2010). During cellular hypoxia, the proteolytic
degred#ion of AKAP1 is upregulated to alter the cCAMP/PKA signaling at the
mitochondria (Carluccaet al, 200®). Loss of AKAP1 expression leads to

cardiomyocyte hypertrophy while increased expression protects cells against hypertrophy
(Abrenica et al., 2009 Interestingly, AKAP1 has also been linked to oocyte maturation
and female infertility, though it remains unclear which subcellular fpp@itions in these
processegNewhallet al, 2006). The full functionality of AKAP1 is an ongoing

investigation thawill likely yield more correlations to human disease.
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Rab32

As the name suggests, Rab32 was originally identifiedRebaGTPase involved in
cellular trafficking (Bacet al, 2002)(Tablel). Melanocytes, f@telets, and mast cells
express the highest levels of Rab32 (Ce8etalet al, 2003) most likely due to the
critical role of Rab32 in the formation of granules, such as dense granules in platelets
(Ambrosioet al, 2012) and pigmentation granules in amglcytes (Cohefolalet al,
2003) Rab32 is important fggostGolgi trafficking andthe vesicular trafficking
required for pigmentatioWasmeieet al, 2006) The traffickingfacilitated by Rab32
is also criticako the lysosomal degredation of prots (Bultemaet al, 2012). Down-
regulation of Rab32 occurs in coloancers (Moret al, 2004) and gastric and
endometrial adenocarcinomas (Shibkettal, 2006),but the cause or effect of this has not
been further investigatedSome evidence suggeftab32 plays a role in tumor
progression, invasion, and metastasis (Hefstl, 2008).

It was quickly discovered that Rab32 also functions as an AKAP by scaffolding
PKA with Ry subunits (Altoet al, 2002). Rab32localizes to mitochondrjavhere it
plays a rolen mitochondrial dynamics regulation. More specificaRab32 localizeso
mitochondriaassociated membranes (MAM#)e junctions between mitochondria and
the endoplasmic reticulum (ER) (Bet al, 2010). Tlere it serves to regulate MAM
propertiesand ERmitochondria crosstalk. To regulate mitochondrial dynamics, Rab32
interacts with Drpla mitochondrial fission protef{iBui et al, 2010). Rab32 also has
roles in the regulation of ER calcium release andritiection of apoptosisHigh

expression levels of Rab32 delay apoptosis, while low expression levels of Rab32
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accelerate apoptodiBui et al, 2010) Further investigations are needed to fully

understand the complex functions of Rab32 within the cell as well as in human disease.

Pericentrin

Pericentrin(also known as kendrinyas first identifiedas a protein found in the
pericentriolar material and at acentriolar microtubariganization centers (Deryet al,
2004 Floryet al, 2000 (Tablel). Antibodies against pericentrin can disrupt cell
division, which suggests a role for pericentrin in microtubule organization. It is theorized
that pericentrin and gamntabulin associate with one another and form a reticular lattice
at the centvssome that is distinct from the gamitudoulin ring complex Rictenberget
al., 199§. This latticechanges as a cell progresses through the cell cycle. Pericentrin
also interacts with dynein intermediate light chain, and this interaction is necessary for
proper microtubule organization (Puroeital, 1999). Pericentrin is a cargproteinfor
dynein, and this interaction traffics pericentrin to the centrosomes (Yeilaig 2000).

It was later discovered that pericentrin is also an AKAP (Diveéamil, 2000). The
pericentrin and AKAP centrosomtrgeting (PACT) domain was then identified
(Gillingham and Munro, 2000).

The crucial role of centrosomes in cell cycle regulation and microtubule
organization is evidenced by the many diseases associdtedentrosomal defects. For
example, truption of proper centrosomal function and localization is common in tumor
cells, which gives rise to genetic instabiliBoyeri, 1929; Piharet al, 1999. Because
pericentrin is a critical component of centroganpericentrin is also associated with

various human diseaseMlany tumors have increased pericentrin expression or defects
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in pericentrin localization or organization (Pihainal, 1998). Mutations in the

pericentrin gene have been directly linkedvtajewski/microcephalic osteodysplastic
primordial dwarfism type 1l (MOPDII), in which all patients have laggunction

pericentrin mutationgRauch et al., 2008)Patients with MOPDII have an extremely
shortened stature of roughly twenty inches and laaveich smaller brain for their body
size (microcephaly). The pericentrin mutations result in disorganized mitotic spindles
and missegregation of chromosomes (Raetchl., 2008). Because the pericentrin gene

is located on chromosome ,2&searchers halegun investigating whether pericentrin
plays a rol e in Detaln2dk3). Fiyharaareo simgle nuckatidlee mi
polymorphisms (SNPs) within the pericentrin gene have been linked with schizophrenia
(Numataet al, 2010). There are also refof pericentrin mutations or SNPs being
associated with other neurological problems such as major depressive diSordatg

et al, 2009. It is likely number of diseases associate with pericetrin mutations will

continue to increase.

AKAP9 gene products

| am specifically interested in proteins encoded by the AKAP9 gene. The multiply
spliced gene contains 50 exons and is located on chromosom@Z ¢8¢hmidet al,
1999; Witczaket al,, 1999). There are several splice variants, including yotiao,
AKAP350A, AKAP350B, and AKAP350CHigure5). AKAP350A and yotiao are the
most weltstudied splice varian{§ablel). We have previously identified AKAP350B
and AKAP350C isafrms as potential splice variants, but their functions have not been

studied further (Shanlet al, 2002a) Figure6).
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Yotiao

YHR

RIl B Golgi
N pACT B isoform

Figure 5. AKAP350 isoforms. Eachisoform is determined bthe carboxw
terminusof the protein. Yotiao only contains ong &main (binding site of
PKA regulatory subunit type 11)Otha domains include YHR (Yotiao homology
region), Golgi (Golgitargeting domain), and PACT (pericentrin and AKAP350
centrosomatargeting domain).

Yotiao (AKAP9)

Yotiaois the shortest splice variant and was the first AKAP9 gergupto
discovered (Liret al, 1998)(Figure5 andTablel). It ishighly expressed in the brain
andskeletal muscleespecially at neuromuscular junctionéotiao associas with the
NMDA (N-methylD-aspartatejeceptor imeuronsand may assist in the cytoskeletal
attachment of the receptor (Lin et al., 19@dyure6). The anchoring of protein
phosphatase 1 (PP1) and PKA byigotfacilitates the regulation of the NMDA receptor
(Felicielloet al, 1999;Westphalket al, 1999). The NMDA receptor is also regulated by
Traf2 and NcK interacting kinase (TNiK), which is scaffolded near the receptor via
yotiao (Cobeet al, 2012). Proper yotiaeanchoring of PP1 and other proteins is essential

to dopamindnduced calcium flux (Tang and Bezprozvanny, 2004)the brain, yotiao
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also binds to and regulates various adenylyl cyclase isofamiboimg isoforms 1, 2, 3,
and 9with an inhbitory effect on isoforms 2 and(®iggottet al, 2008)

Yotiao is also highly expressed in the heart and other muscle tissues élin
1998). Yotiao interacts with KCNQL1 via the leucine zipper region in the carboxyl
terminus of yotiao (Maret al, 2002). Yotiao anchors PKA, PP1, and InsP3R1 (inositol
1,4,5 trisphosphate receptor typearitlose proximity to KCNQ1 to regulate the ion flow
through the potassium channel (Matal, 2002; Tuet al, 2004; Cheret al, 2007;

Piggottet al, 2008). A mutation in yotiao disrupting the anchoring of KCNQ1 by Yotiao

Yotiao AKAP350A AKAP350C AKAP350B

Localization | Plasma membrane Centrosome ? ?
Golgi apparatus
Stress granules

Interacting = KCNQ1 channel, CLIC, CIP4 ? 2
partners NMDA receptor Caprin-1, G3BP
Normal | Cardiac repolarization, Cell cycle, microtubule ? ?
function ion flow dynamics
Stress Cardiac stress Stress granule ? ?
function response formation
Associated Long-QT syndrome ? ? ?

disease

Figure 6. Summary of current knowledge for AKAP9 gene products. AKAP9
gene productsiclude yotiao, AKAP350A, AKAP350B, and AKAP350&or each,
this diagram lists the major suwellular localization, select interacting partners, th:
normal function during nestress conditions, the function during stress, and dise
directly associatkwith mutations and/or dysregulation of the protein. For more
information, see the text.
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leads to long QT syndrome, a potentially fatal heart arrhythmia (€tredn 2007)
(Figure6). Yotiao also scaffold®KA, PP1 (Chert al, 2005), and adenylyl cyclase 9
(Li et al, 2012)to control the phosphorylation state of the I(Ks) (slowly activating
potassium current) channel. The phosphorylation state of I(Ks) channel is a critical
regulator of cardiac cell response to stimulatigriie sympathetic nervous system. The
yotiao-mediated regulation d{Ks) channel functions regulated by the PK#nediated
phosphorylation of seriné3 in yotiao(Chenet al, 2005) These studies suggest yotiao
not only acts to scaffold proteins in seproximity to the I(Ks) channel, but also has an
active role in regulating channel function (Chen and Kass, 200®).yotiacanchored
complex of PKA andrisP3R1alsoworks in concert with the EGFR (epidermal growth
factor receptor) toegulate calciunflux by sensitizing cells to epidermal growth factor
(EGF) (Huret al,, 2005). Due to its regulation of ion flow,ofiao iscritical for
repolarization of cardiomyocytes, and its dysregulation can lead to chronic heart failure
( T r "egak 2012). Thezfore, yotiao is an important regulatomarmal cardiac

function as well asardiac stress respongadqure6).

AKAP350A (AKAP9)

AKAP350A (also known as AKAP450/AKAP9/CBIAP) was identified shortly
after yotia (Schmidtet al, 1999; Witczalet al, 1999; Takahaslat al, 1999)(Tablel).
AKAP350A localizes to the centrosomi the pericentrin and AKAP centrosomal
targeting (PACT) domain (Gillingham and Munro, 20Q@gure5 andFigure6). In
polarized MDCK (MadirDarby canine kidney) cells the localization was asymmetrically

on one pole of the centrosome (Schneidal, 1999 Witczaket al, 1999. Localization
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of AKAP350A to theGolgi apparatusvas also observgd akahashet al, 1999) and a
Golgi-targeting domain was identified (Shardtsal, 2002a)Figure5 andFigure6).
There are currently two PKA,Roinding sites identified in the AKAP350A protein.

Several interacting partners for AKAP350A have been identifiedgh the
functions of some interactions have not been elucidateansfoming acidic coileecoil-
containing protein 4 (TACC4) interacts wilnd is possibly sequestered AigAP350A
at the centrosomgsteadmaret al,, 2002) AKAP350A interacts witlCLIC4 (chloride
intracellular channel 4) at the centrosome (Berryman and Gatge2003)and CLIC5B
at the Golgi (Shankst al, 200d) (Figure6). Thefunction of the CLIC proteins remains
ambiguous, and th&gnificance of these interactions has not yet been discovéhez.
association oAKAP350A with protein kinase C delta (PKds modulated by the PKA
phosphorylation of serin@70 in PCK;, but the exact function of this interactimmnot
well known (Giama®t al, 2007) AKAP350A also associates with protein kinase N
(PKN) (Takahashet al, 1999) protein phosphotase 2A (BR) (Takahashet al, 1999)
protein kinase C epsilon (PKI(Takahashet al, 2000) casein kinase 1 delta/epsilon
(CK1y ) ¢Sillibourneet al., 2002) pituitary tumor transforming gene 1 (PTTG1)/securin
(MorencMateoset al, 2011) CDK5RAP2 (Wanget d., 2010) and Miki (Ozakiet al,
2012) The exact functions of these interactions haveyatiheen elucidatednd require
further investigation

AKAP350A is involved in severalellularprocesses including the cell cycle
(Schmidtet al, 1999) andnicrotubuledynamics (Laroccatal., 2006). The presence of
AKAP350A is required for proper centrosomal function and maintenamzkwen

AKAP350A is dissociated from centrosomes, centriole duplication and progression of the
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cell cycle is significantly irpaired (Keryeet al. 2003a). Some research suggests Cep72
may be responsible for recruiting AKAP350A to the centrosome (Oshehali 2009).
AKAP350A recruits cyclin E/cdk2 to the centrosome to regulate centrosome
amplification (Nishimureet al, 20(%). The interaction between AKAP350A and
calmodulin likely regulates the structure and composition of the centrosomal matrix
(Moisoi et al, 2002; Takahaskt al, 2002). AKAP350A also anchors PDE4D3
(phosphodiesterase 4D3) at the centrosome, andthraction is involved in regulation
of cCAMP signaling at the centrosome and cell cycle progression (Taskén2001;
McCahill et al, 2005; Terriret al, 2012). In conjunction with pericentrin, AKAP350A
anchors the gammabulin ring complex at theentrosome and helps create the
microtubule nucleation center (Takahashal, 2002). Cyclin G2 is potentially
scaffolded with PP2A by AKAP350A to regulate microtubule stability and cell cycle
progression (Arachchiget al, 2006). The small GTPase, Ra(Keryeret al., 2003b)
and CM1 (CMmyomegalin) (Roubiret al, 2013) areanchored at the centrosome by
AKAP350A, and tlese interactiors function inmicrotubule organizatian

AKAP350A is also important for microtubule organization at the Golgi appsra
as well as maintenance of the integrity and structure of the G@algccaet al, 2006
Riveroet al, 2009. These effects are partly throuijte interaction of AKAP350A with
CIP4 (Cdc42interacting protein 4fLaroccaet al, 2004)(Figure6). AKAP350A
localizes to the Golgi in a microtubutkependent manner through interactions with the
dyneindynactin complex, specifically via the p150(Glued) subunit (Ktral, 2007).
Once there, AKAP350A is anchoraalthe Golgi via interaction with gm130, a-€®lgi

protein (Rivercet al, 2009). Overexpression of gm130 increases the amount of Golgi
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localized AKAP350A, and this increases the size of the Golgi @Ray, 2012).
AKAP350A is required for properrsicture, positioning, and function tife
pericentrosomal Golgi ribbon, whichasitical for directional migration and ciliogenesis
this structurgHurtadoet al, 2011)

Some celspecific functions of AKAP350A have also been identifi&drst,
AKAP350A normally localizes at the centrosome and Golgi apparatuselilg,; but
upon activation of Icell migration AKAP350A is redistributed along microtubules in
trailing cell extensions (El Din El Homasaayal, 2005). There, AKAP350A localizes
with tubulin, PKC, and LFA1 integrin, an activator of-€ell migration to partially
regulate TFcell migration AKAP350A also serves to organize and regulate the activation
of receptor proteins at the immune synapse durheglTactivation (Roble¥/aleroet al,
2010). Second,n cerebellar granule cells, AKAP350 scaffolds PKA and phosphotases in
proximity to InsP3R1 to regulate calcium flg&olladoHilly and Coquil, 2009).Third,
in epithelial cells, AKAP350A regulates the formation of new adhesions byateduhe
activity of Epael (exchange protein directly activated by cANIP(Sehrawaeét al.,
2011). Finally, AKAP350A is critical for the formation of canaliculi in hepatocytes
(Mattaloniet al, 2012). Knockdown of AKAP350A in hepatocytes disrupts the
organization of filamentouactin and inhibits the formation of canaliculihese data
show AKAP350A has both ubiquitous and egtlecific functions during normal
conditions.

AKAP350A is also involved in cellular stress response, specifiedlj stress
granule formation (Kolobovat al, 2009) Figure6). There is a cytosolic pool of

AKAP350A that relocates to stress granules upon cellular sttésger normal and
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stressed condition&,KAP350A associatewith other stress granule proteisgch as
Caprinl (cytoplasmic activation/proliferatieassociated proteih) and CCAR1 (cell

cycle and apoptosis regulatory proteifdlobovaet al, 2009)(Figure6). AKAP350A
alsoassociates with mRNAs the absence and presence of stress, suggesting
AKAP350A also functiosto bring mRNAs into stress granulies sequestration
(Kolobovaet al, 2009). Upon stress, there is also a loss of AKAP350A from the Golgi
andfragmentatiorof the Golgi. A decrease in the expression of AKAP350A leads to
smaller, incomplete stress granules, suggesting AKAP350A is necessary for complete
stress granule formation (Koloboeaal, 2009; Masoret al, 2011). AKAP350A

appears to serve many furmts within cells, during stressed and fsbressed conditions.

AKAP9 and disease

The AKAP9 gene isssociated with many diseas@$ie only direct functional
connection of an AKAP9 protein to disease is yotiao mutations in patients with long QT
syndome (Cheret al, 2007)(Figure6 andTablel1). However, there are several indirect
associations of AKAP9 gene products with various diseases that require further
investgation. An AKAP9-BRAF fusion has oncogenic effects by activating the MAPK
(MAP kinase) pathway inadiatiorassociatedhyroid papillarycarcinomaCiampiet al.,
2005 Fuscoet al, 2005. This fusion occurs via a paracentric inversion of the
chromosomé long armleading to a fusion of exons8.of AKAP9 and exons-28 of
BRAF. This fusion causenstitutive BRAF serine/threonine kinase actiigcause it
removes the aminterminal autoinhibitory portion of BRAF (Ciampt al, 2005) The

role, if any, of the AKAP9 portion of this fusion protein in the development and
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progression of thyroid cancer remains unclesingle nucleotide polymorphisms (SNPs)
occurring in the AKAP9 gene have besssociated witlan increased risk of lung (Rudd

et al, 2006 Truonget al, 2010)and breast (Frangét al, 200&; Milne et al,, 2011
cancersas well as metastatic melanoma (Kabbatadl., 2010) An increased risk of
alcohol dependence has been associated with SNPs occurring in the AKAP9 gene in
European Amecans (Kendleetal., 2011). Most recently, AKAP9 SNPs have been
linked to an increased risk for schizophrenia (Costad, 2013). The validity and
mechanism of these associations remain unclikEAP9 SNPs have also been linked to
colorectal cancefWebbet al, 2006), though other studies refute those findings (Feank
al., 2008b). There is also a role for AKAP9 proteins in the formation of lung fibrosis that
requires further investigation (Okunigtial, 2011). Knockout mouse studies haveals
shown that AKAP9 is essential for spermatogenesis and the maturation of sertoli cells
(Schimentietal., 2013). Further investigations are needed to identify more roles for

AKAP9 proteins in disease, as well as to clarify the associations alreadyetsdov

Rationale and Aims

As demonstrated iRigure6, many aspects of the AKAP9 gene products remain
to be investigatedOf the AKAP350 splice variants, AKAP350A is the most studied.
However, the literatre on AKAP350A is eclectic and implies many different interacting
proteins and many different roles within the cell. Further data is needed to begin
connecting the pieces of literature togeth@iven the many potential roles of
AKAP350A within the cell a greater understanding of AKAP350A would provide a

greater understanding of mastegulatory proteins and the interconnectedness of various
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signaling pathwaysThe role of AKAP350A in stress response is a relatively new area of
research, and the exanechanisms and roles require further definitidihis knowledge
would provide a better view of proteins with dual functions during stressed and non
stressed conditions, as well as the molecular switch that occurs to activate stress
responsesAlso, AKAP350A has yet to bdirectly linked to a disease though a

connection likely existéFigure6).

Two very obvious gaps in AKAP9 knowledge are the AKAP350B and
AKAP350C splice variants, of which nothing is knovigure6). To begin, the
complete sequence of each splice variant remains unidentified, as does¢héisab
localization. Once these are known, work can begin on elucidating the roles of both
splice variants.Investigating these splice variants will allow us learn the similarities and
differences among the AKAP9 splice varianBoth yotiao and AKAP350A have
distinct roles during nostress and stress conditiofsgure6). | hypothesizehat all
AKAP9 splice variants have dual roles within cells, with distinct roles duringstress
and stressed conditions.

To test thishypothesisl developed several aims. Firstutther investigatd the
mechanism of involvemeror AKAP350A in stress granule formation, maintenance, and
dispersd Second, Elucidate the roles of AKAP350C during nestressed and stssed
conditions. Third, Hevelogda mouse to knockut or conditionally knoclout all
known AKAP9 gene produs. This mouse will be a tool to investigate the roles of
AKAP9 splice variants in wholerganism development and disease.

This body of work further investigates the roles of AKAP9 splice variants

stress response. Chaptefulither investigates thmechanisms of stress granule
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formation, maintenance, and dispergatluding the localization of AKAP350A during
these processed.his work also details the use of Darinapattsgatment as a tool to

further study the role of AKAP350A in stress granpilecessesin Chapter Il] we

complete cloning of AKAP350C and characterize its targeting and association with
mitochondria. AKAP350C plays a role in regulation of mitochondrial dynamics, and this
adaptive system is important in regulating the mitochiahcesponse to streséndeed,
AKAP350C also serves as a regulator of stiedsiced apoptosisThe importance of the
AKAP9 gene products in cellular stress response is evident, and it is important to learn as
much as possible about these proteinsthad roles within those responses. Chapter IV
detailstwo stories ophosphorylation datgathere throughout our investigations.

Caprinl is phosphorylated within the AKAP350A complex in response to ultraviolet
light irradiation. Also, a third, nové&KA-binding site within the AKAP350 splice

variants was discovereds it is integral to study the function of a protein withm a
organism as a whole, Chaptédetails the development and partial characterization of
AKAP9-null and AKAPS"mice. Thesemice are tools for studying the roles of AKAP9
proteins in organism development and disease. In conclusion, AKAP9 splice variants
play dual roles in cells during neatress and stressed conditions, and are required for

proper stress response
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CHAPTER I1

DARINAPARSIN IS A MULTIVALENT CHEMOTHERAPEUTIC WHICH
INDUCES INCOMPLETE STRESS RESPONSE WITH DISRUPTION OF
MICROTUBULES AND SHH SIGNALING

Appears as: Mason TA, Kolobova E, Liu J, Roland JT, Chiang C, and Goldenring JR.
(2011) Darinaparsin is a multikat chemotherapeutic which induces incomplete stress
response with disruption of microtubules and Shh signalfigS Ong6, e27699

Introduction

All cells experience various stressors during their physiological processes. Stress
is a ubiquitous probta and can trigger a range of responses within cells. Common
stressors include heat shock, oxidative conditions, viral infection, hypoxia, mitochondrial
stress, DNAdamaging agents, and ultraviolet irradiati&olpbovaet al, 2009;
Kedersha and Anderso2Q07). Chemotherapeutic drugs and other pharmaceuticals are
other common sources of cellular stress

Arsenicals are one category of chemotherapeutics undergoing continual
investigation. Organic and inorganic arsenicals have been used in the treatment of
disease for thousands of ye@verstovselet al, 2006;Tsimberidouet al., 2009.
However, arsenicals are typically very potent and their toxicity typically limits their use
(Tsimberidouet al, 2009;Campasand Castafie009) Currently, arsenic wiide
(ATO, As203), an inorganic arsenical, is used for treatment in cases of recurrent acute
promyelocytic leukemié@Mannet al, 2009) This drug is limited by its toxicity on the
liver and cardiovascular system. Because of these toxicity issuegyvilement of
less toxic arsenicals has become an area of great interest
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Darinaparsin (ZIGL01, Sdimethylarsineglutathione) is an organic arsenical that is
currently in Phase Il clinical trials as a chemotherapeutic §gampas an€astafer
2009;Wuetal,2010) Whi | e darinaparsin shows clinical
mechanism of action continues to be investigated. A series of in vitro and in vivo studies,
coupled with observed differences in toxicity and potency, suggest darinaparsin employs
a metanism of action that is different from that of ATO. Darinaparsin appears more
potent than ATO as some ATK@sistant cells are sensitive to the drug. Moreover, other
cell types have shown an increased sensitivity to darinaparsin compared {€CAMPas
andCastafier2009;Mannet al, 2009;Diaz et al, 2008;Matulis et al., 2009.

Importantly darinaparsin does not demonstrate the same level or type of toxicity as ATO
with no apparent toxicity to the liver or cardiovascular system.

Previous studies hawhown that both ATO and darinaparsin cause apoptosis and
cell cycle arrest at G2/M in tumor ce(lBsimberidouet al, 2009;Mannet al, 2009.

This effect is thought to occur in part through the disruption of mitochondrial functions,
which leads to in@ased production of reactive oxygen species (RQ8nhtasCardama
et al, 2008) An increase in ROS, if great enough, can trigger a cellular stress response.
Recent preclinical studies of darinaparsin have showraagipgenic activity in vitro
and in wo through controlling several signal transduction pathways and that
darinaparsin is more potent than ATO under hypoxic condi{idiasinet al., 2009;Tian
et al, 2010)

One critical mechanism in the cellular stress response is the formation of RNA
stress granules. Stress granules function to sequester mMRNAs and proteins during

cellular stress. Importantly, stress granules are not stable structures, but are dynamic with
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a constant flux of proteins and mRNAs. Stress granules are generally compased of
variety of preinitiation and translationelated factors, proteins linked to mMRNA
metabolism, MRNAs, and RNBinding proteins, as well as signaling proteins with no
known link to mRNA(Kedersha and Anderson, 2Q07Typically, proteins and mRNAs
necessyy for cell survival during stress, such as heat shock proteins, are not sequestered
in stress granules. The mRNAs are sequestered in stress granules until the cell is no
longer stressed or undergoes apoptPRwmaset al, 2011) Once stress is no Iger
present, stress granules disperse, and the sequestered mRNAs can be translated. Other
RNA granules also exist in cells without stress, such as processing botiasi€B)
(Kolobovaet al, 2009. The different RNA granules do contain unique comptsien
with stress granules containing components specialized for adaptation to dynamic
stressors. Though stress granule formation appears to be a ubiquitous cellular response,
the mechanisms regulating formation, maintenance, and dispersal remain lasgehgob

In this study, we examined both the mechanism of action for darinaparsin and the
dynamics of stress granules formation, maintenance, and dispersal. We propose that
darinaparsin is a potent chemotherapeutic because it initiates a stress resptaksonh
stalling the completion of the stress response by simultaneously depolymerizing
microtubules. The depolymerization of microtubules causes the stress granules to form
incompletely, preventing the coalescence of stress granule components. When
dainaparsin is withdrawn, stress granules progress to final coalescence as microtubules
repolymerize and disperse only after complete granule formation. In addition, likely due

to microtubule depolymerization, darinaparsin causes a loss of primary ciléa and
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reduction in Shh signaling. These findings support the concept that darinaparsin is a

multivalent chemotherapeutic affecting several critical processes in neoplastic cells.

Results
Darinaparsin and sodium arsenite induce stress granule formation.

Sinee darinaparsin is an organic arsenical, we first sought to evaluate whether
darinaparsin could elicit RNA stress granules. To determine the effect of darinaparsin on
cells, we treated cells with darinaparsin and compared its effects to those of sodium
arenite. Treatment of HelLa cells with 0.05 mM darinaparsin for 30 minutes induced
stress granule formation, detected withilaodies against G3BRFigure7). A titration of
darinaparsin for short incubations showeésgrgranule formation was induced in a
majority of cells at 0.03 mM. Sodium arsenite treatment at 0.5 mM induced stress
granule formation, as previously reported (Kolobetal, 2009; Kedersha and
Anderson, 2007). Nevertheless, the stress granulesaddwy darinaparsin appeared
smaller and were significantly greater in number when compared to sodium arsenite
induced stress granules, and the granules were more dispersed throughout the cytoplasm
(Figure7E).

As noted above, stress granule formation is a dynamic process. Upon initial stress
granule induction, many small granules form throughout the cytoplasm. As stress
continues, the smaller granules coalesce near the nucleus to form large, complete stress
grandes (Koloboveet al, 2009). The large, complete stress granules generally have
similar compositions, but the smaller granules can vary in composition (Kolebala

2009). Because stress granules can vary in composition, we evaluated the stress granul
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Figure 7. Darinaparsin and sodium arsenite induce RNA stress granuleddela
cells were treated with 0.5 mM Sodium arsenite or 0.05 mMhajpairsin for 45
minutes at 37°C. Cells were fixed with supplemented 4% PFA. All cells are sta
for DNA with Dapi (blue) andA) G3BP (green) and GW¥82 (red) B) AKAP350
(green) and G3BP (red},) Caprinl (green) and G3BP (red)) CCAR1 (green) anc
G3BP (red).E) The number of granules in sodium arsergied darinaparsireated
cells was quantified using ImageJ software. Results are mestardard error.
*p<0.0001 vs. sodiurarsenite (Scale bars: 20 pM)

40



induced by darinaparsin in HeLa cells compared with stress granules induced by sodium
arsenite, and cells that received no treatment served as a cBiguoe{). We first

studied the association of markefd?oocessing bodies (P bodies) with induced stress
granules. Pbodies serve as RNA degradation centers and are present in the absence or
presence of cellular strefsolobovaet al, 2009;Anderson and Kedersha, 2Q06tress
granules andBodies are gmrate entities, but they do communicate with one another

and are dynamically linke(Kedersheet al, 2005) To ensure the granules induced by
darinaparsin were notBodies, we compared staining of do&dy marker, GW182, and a
stress granule marker, 8B (Figure7A). In untreated cells, GW18&ained Fbodies

were small and distributed throughout the cytoplasm, while G3BP was diffuse throughout
the cytosol. Sodium arsenite treatment induced large &B&ERiNg stess granules that
clustered in the perinuclear region. Only a few of the larger stress granules showed dual
immunostaining with both G3BP and GW182. Similarly, there was little overlap

between the smaller darinaparsmduced granules and GW1-&tbelledP-bodies.

We next examined the presence of proteins previously found in stress granules in
the granules induced by darinaparsin. AKAP350A, a large scaffolding protein, localizes
to stress granules and is important for their complete formé@iolobovaet al, 2009.
Knockdown of AKAP350A with siRNA results in smaller stress granules upon treatment
with sodium arsenite. AKAP350A colocalized with G3BP in stress granules induced by
sodium arseniteRijgure7B). After darinaparsin treatment, some granules contained both
AKAP350A and G3BP, while others contained only one of the components. Granules
containing only one component were typically smaller and in the periphery of the

cytoplasm. AKAP350A interacts with RNBinding proteins Caprid and CCARL1, both
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of which are also present in stress gran(kedobovaet al.,, 2009;Solomonet al, 2007;
Rishiet al, 2003) Caprinl colocalized with G3BP in stress granules induced by both
sodium arsenite and darinapardtigure7C). CCAR1 and G3BP colocalized in stress
granules induced by sodium arsenkeg(re7D). However, as with AKAP350A, in
darinaparsirtreated cells some stress granules @iorboth CCAR1 and G3BP, but many
smaller granules stained for only one of the components.

Darinaparsin inhibits microtubule polymerization.

In previous studies, we have shown that microtubules are necessary for complete
stress granule formatiqiKolobovaet al, 2009. Pretreatment of cells with nocodazole,
which inhibits microtubule polymerization, prior to treatment with sodium arsenite, leads
to the formation of stress granules which are smaller and greater in number. The smaller
granules suggest inmplete stress granule formation. The similarity between
darinaparsirinduced and nocodazole/sodium arsemtiiced stress granules led us to
hypothesize that darinaparsin induces incomplete stress granule formation due to
microtubule depolymerizationmmunofluorescence in HelLa cells demonstrated that
treatment with darinaparsin did induce microtubule depolymerization along with
inducing stess granule formatiorrigure8A). In cells treated with darinaparsin,
microtubules were almost completely depolymerized, showing mainly cytosolic alpha
tubulin staining. In contrast, sodium arsenite treatment had no demonstrable effect on
microtubules.

To verify the effects of darinaparsin on microtubules, we assessed in vitro
microtubule polymerizationHigure8B). Darinaparsin inhibited GFBtimulated

microtubule polymerization in a concentratidependent manner. Darinaparsin also
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Figure 8. Darinaparsin inhibits microtubule polymerization. A) HelLa cells were
treated with 0.5 mM Sodium arsenite or 0.05 mM darinaparsin, or 33 nM
Nocodazole/ 0.5 mM Sodium arsenite. Cells are stained for DNA (Dapi, blue),
tubulin (red), and Capri (greenstress granule marker). GHifltiation of
microtubule polymerization in the presence of darinapdBjand sodium arsenite
(C) was measurenh vitro. (Scale bars: 20 uM)

inhibited polymerization of microtubules stimulategthxol, a microtubule stabilizer, at
similar concentrations (data not shown). These results suggest that darinaparsin
sequesters free tubulin monomers, similar to the action of nocodazodt éKu2002).
In contrast, sodium arsenite had only minirefiéct on microtubule polymerization at
concentrations up to 1 mkFigure8C). Importantly, darinaparsin had no ability in vitro
to depolymerize already polymerized microtubules (data not shown).
Stress granules mustomplete formation before dispersal.

We have previously shown that stress granules initially form as small granules in
the cytosol, that then coalesce into the final, complete stress granules in the perinuclear
region (Koloboveet al, 2009). We now solng to evaluate stress granule dynamics

further by investigating their dispersal once stress is relieved. Because darinaparsin,
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Figure 9. Stress granules must complete formation befe dispersal. HeLa cells
were treated with 0.5 mM Sodium arsenite or 0.05 mM darinaparsin. The 0 ho
timepoint was taken at the end of treatment. For recovery, cells were incubate
complete RPMI media. Cells were fixed at timepoints with supplesdet?o PFA
and stained for Caprifh andU-tubulin (A). B) Granule size was quantified for ea
hour of recovery using ImageJ software. There were no granules at 2 hours of
recovery from sodium arsenite. Results are meastatidard error. +p<0.000%.v
sodium arsenit¢reated. *p<0.0001 vs. darinaparsin O hours of recovery.
**p<0.0001 vs. darinaparsin 1 hour of recovery. (Scale bars: 20 puM)

sodium arsenite, and nocodazole/sodium arsenite have differing effects, we monitored the
dynamics of stress granule fortime and dispersal during each treatment.

We assessed the course of recovery of HelLa cells after treatment with 0.05 mM
darinaparsin, 0.5 mM sodium arsenite, or a combination of 33 nM nocodazole and 0.5
mM sodium arsenite. Cells were fixed at the endeztment for 45 minutes and after
periods of recovery without treatment for up to threark in complete medid&igure9).

At the end of treatment, sodium arsestitated cells had large, complete stress granules
ard intact micotubules, as expecteBigure9). After recovering without drug for one

hour, the sodium arseniteeated cells showed fewer stress granules, and by two hours of
recovery, the stress granules had completispersed into the cytoplasm. The

microtubules remained unaffected by the sodium arsenite treatment for the duration of the
experiment.

In cells treated with darinaparsin, the microtubules were depolymerized and stress
granules were significantly snhat than sodium arseniieduced stress granulesthe
end of treatmentHigure9). After one hour of recovery in the absence of drug, the
microtubules in cells treated with darinaparsin were repolymerized, and $aregss
granules were now observed, especially in the perinuclear region. After three hours of
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recovery, darinaparsin treated cells fully recovered with dispersal of stress granules.
Similar results were obtained in recovery from the combination dfiezd with both
nocodazole and sodium arsenite, but recovery occurred more slowly (data not shown).
The dynamics of stress granule formation are more clearly seen in continuous live cell
imaging. Similar to data shown iRigure9, live cell imagingdemonstratethat

following removal of darinaparsin, small G3B&beled stress granules first coalesced in
the perinuclear region and then disper@ata not shown)These results suggest that
stress granules must coraf@ formation by coalescence along microtulzldpendent

tracks before they can disperse into the cytoplasm.

Darinaparsin affects Sonic Hedgehog signaling.

Recent investigations have reported that ATO inhibits hedgehog signaling
(Beauchampet al, 2011;Kim et al, 2010) We sought to investigate whether
darinaparsin also affects hedgehog signaling. Previous studies have shown that ATO
does not affect primary cilium formation in mouwesabryonic fibroblasts (MEFs)
(Beauchampet al, 201). To test the décts of darinaparsin on primary cilia, NIH 3T3
cells were grown and induced to form primary cilia. The cells were treated with 100 nM
Smoothened Agonist (SAG) with or without600nM @ M dar i naparsin for
(Ehteshanet al, 2007) The concentration of darinaparsin needed for long incubations
was titrated, and 600 nM was the optimal concentration to have an effect while not
causing cell death. Fixed cells were stained for Arkb3mark primary cilia. Unlike
cells treated with ATO, cells treated with 600 nM darinaparsin had a significant decrease

in the number of primary cili a. There was
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Figure 10. Darinaparsin inhibits Sonic Hedgehog signaling and primary cilia
formation. NIH 3T3 fibroblasts were treated with 100 nM SAG (Shh agonist) v
or without 0.6eM or 1eM darinaparsin (ZI@101).A) Cells were fixed with 4%
PFA and stained for DNA (Dapi; blue), primary cilia (Arl13b; green), @nd
tubulin (red). B) The number of primary cilia was determined from 6 samples
genotype (1830 cells per sample)C) The length of primary cilia was determinec
using Image J software. P values were calculated using unpaastdatith ni 1
degree of freedom (GraphPad). **p<0.005, **p<0.00D]).. Luciferase assays
were performed in the absence or presence of dargiapdScale bars: 20 uM)

darinaparsin, suggesting a concentratiepenént decrease in primary cili&igure10).

In darinaparsittreated cells that did form primary cilia, the primary cilia were shorter in
length. Similar to ATO (Beauchangb al, 2011), darinaparsin treatment did atier the
intracellular localization of Glil (data not shown). Given the loss of primary cilia
observed with darinaparsin treatment, we
signaling through an assay of Glil activatidgfigure10 demonstrates that darinaparsin
elicited a concentratiedependent inhibition of Shh signaling, as seen with ATO (&im

al., 2010). These results indicate that darinaparsin has broad effects on stress granule
formation, microtubule dynams and Shh signaling.

Darinaparsin effects are independent of Mdrl expression.

Darinaparsin is a multivalent drug that appears to be more potent than similar
drugs, such as ATO. Therefore, we tested its efficacy in cells with multiple drug
resistance. Mitiple drug resistance transporters are often a limiting factor on the
practical efficacy of chemotherapeutic agents, especially in recurrent cancerg{@han
2006)While ATO is used to treat hematological malignancies, its use is limited in
cancers pressing the multiple drug resistance protein, MRPiaz et al., 2008.

MRP1-expressing cells are resistant to ATO treatment, but are sensitive to treatment with
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Arsenite Control

Darinaparsin

Figure 11. Darinaparsin is effective in Mdr-1-expressing cells.ME-SA and ME
SA/Dx5 cells were untreated or treated with 0.5 mM Sodium arsenite or 0.05 r
darinaparsin for 30 minutes at 37°C. Cellseviixed with supplemented 4% PFA
and stained for G3BP

darinaparsin (Diaet al, 2008). This prompted us to examine another major drug

resistance protein, Mdrl, which can rapidly pump drugs out of resistant cancer cells.
Previous investigations have shown that ATO is not a substrate for Mdrl, and

thus is effective in Mdrexpressing cells (Chaatal., 2006). We evaluated the effects of

darinaparsin on stress granule formation in uterine sarcoma cells lines with or without

expression of MdrlFigurell demonstrates that darinaparsin and sodium arsenite

induced stress granules in both M cells, whch do not express Mdrl, and ME

SA/Dx5 cells, which strongly ovesxpress Mdrl. Indeed, the MdoVerexpressing

cells appeared to be more susceptible to darinaparsin treatment as shown by the rapid

rounding up of these cells after treatment. Along widvjpus studies, these results
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demonstrate that darinaparsin effects are not altered by expression of rulitgple

resistance transporters.

Discussion

Arsenic salts are one of the oldest pharmaceutical classes (VerstbaseR006).
Treatment witharsenicals has been utilized for both infectious diseases and cancer.
While ATO is approved for treatment of refractory leukemias, its toxicity limits its use
(Mannet al, 2009). In contrast, darinaparsin, an organic arsenical, shows a wide range
of patency against many cancer cells and has low toxicity when administered in humans
(Mannet al, 2009. While darinaparsin induces apoptosis and G2/M arrest in a number
of cell lines, the exact mechanism responsible for theraaplastic effects of the
compound seem to vary according to cell tyfdannet al, 2009. The present
investigation indicates that darinaparsin acts as a multivalent pharmaceutical that induces
a stress response, but does not permit its completion due to its influence aswaboierot
polymerization inhibitor. Microtubule depolymerization by darinaparsin also causes loss
of primary cilia and Shh signaling. The effect on Shh signaling is probably due to the loss
of Smoothened presentation on primary cilia. Inhibition of micrdaupalymerization
by darinaparsin likely accounts for the arrest of cells in G2/M noted in previous studies
(Mannet al, 2009. The G2/M arrest is characteristic of microtubule depolymerization
inhibitors such as nocodazdl&rdaret al, 1992) Togetler these effects make this
organic arsenical drug a potent chemotherapeutic with multiple mechanisms that target

key regulators of neoplasia.
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Formation of RNA stress granules following various cellular stressors is considered
a critical adaptive mechanisim cell survival. Stress granules accumulate translational
intermediates including critical MRNAs that are important for reestablishment of cell
function after the release of str¢E®dersha and Anderson, 2Q0Darinaparsin induces
stress granule formian and simultaneously inhibits microtubule polymerization. This
scenario leads to incomplete formation of stress granules. The inability to form stress
granules or incomplete stress granule formation likely leads to apoptosis in affected cells
(Thomaset al, 201). Importantly, the unique property of darinaparsin to stimulate
incomplete stress granule formation has allowed us to investigate the process of stress
granule processing after removal of the blockade. Removal of darinaparsin led to
completbn of stress granule formation, with coalescence of smaller granules into larger
perinuclear granules, coincident with the repolymerization of microtubules. These results
are consistent with our previous results that stress granules form initially ielithe c
periphery and then coalesce after centripetal transport along microtubule tracks
(Kolobovaet al, 2009. Following withdrawal of darinaparsin, stress granules only
dissipated after completion of granule formation. These findings indicate that stress
granules must complete their full program of formation and coalescence prior to
subsequent disassembly.

Recent investigations have noted that arsenic trioxide can inhibit Shh signaling
(Beauchampet al, 2011;Kim et al, 201Q. Similarly, we have obseed that
darinaparsin also strongly inhibits Shitduced Glil expression. Nevertheless, in
contrast with arsenic trioxide, darinaparsin also causes the loss of microtubules and the

primary cilium, the site of Smoothened presentaf®eauchamget al, 2011 Kim et al,,
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2010. Since Shhis considered a major driver in multiple cancers, it appears that
darinaparsin has the ability to dismantle key aspects of Shh signaling machinery
necessary for the proliferative drive in neoplastic cells.

Darinaparsin appesto be more potent but less toxic than ATO. Previous studies
have noted that darinaparsin and ATO both induce an increase in ROS, but darinaparsin
produces a greater increg3asimberidouet al, 2009) Darinaparsin is a potent inhibitor
of microtubulepolymerization while the effects of ATO on microtubules can vary. Some
studies have reported that ATO is a strong microtubule polymerizing agent that
synergizes with taxol, while others have shown ATO inhibition of the effects of taxol
(Carréet al, 20@2; Duanet al, 2010;Ling et al,, 2002) Also, darinaparsin is effective
in cells with ATGresistancéDiaz et al, 2008;Matulis et al, 2009. Part of this latter
difference may be due to the ability of some multiple drug resistance transporteiss such
MRP1, to transport ATO out of cel{iMatulis et al, 2009. In contrast, the expression of
MRP1 does not alter the effects or potency of darinapépsaz et al, 200§. As noted
previously for ATO Chanetal., 2009, effectiveness of darinaparsginot altered in
Mdrl-expressing cells. In clinical trials, darinaparsin appears less toxic thar{Mdith
et al, 2009. In general, organic arsenicals, such as darinaparsin, are typically less toxic
than inorganic arsenicals, such as AlMatuliset d., 2009. The lower toxicity of
darinaparsin may seem a bit counterintuitive given its broad range of activities, including
strong action against microtubule polymerization. Indeed, the differences in practical
therapeutic effects of darinaparsin magrae from a relative therapeutic index of
multiple specific target activities impacting neoplastic cells versusspenific

generalized effects of arsenicals affecting mitochondrial func{idasnet al, 2009.
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In any case, the range of actions of daparsin against multiple drivers of neoplastic
cells may make this organic arsenical an effective therapy for multiple resistant solid and

hematological malignancies.

Methods
Cell Culture

HelLa cells (American Type Culture Collection, ATCC) were mainthete37°C in
5% CO2 using complete RPMI media supplemented with 10% fetal bovine serum (FBS).
Polyjet was used for transfections accordi
NIH 3T3 fibroblasts were maintained in higlhucose Dulbecco's modifidghagle's
(DMEM) medium supplemented with 10% FBS. To induce cilia formation, 3T3 cells
were grown on pohL-lysine coated coverslips and maintained in DMEM medium
supplemented with 0.5% calf serum. MEA and MESA/Dx5 cells (American Type
Culture Collectim, ATCC) were maintained at 37°C in 5% CO2 using complete
McCoyod6s media supplemented with 10% FBS.
Cell stress and recovery

For stress induction, HeLa cells were incubated at 37°C for 45 minutes (fixed cells)
or 30 minutes (live cells) with a final conceation of either 0.5 mM sodium arsenite
(Riedel de Haen) or 0.05 mM darinapargiit(from Ziopharm). For microtubule
depolymerization, cells were first incubated on ice for 30 minutes. Then, cells were
treated with 33 nM nocodazole (Calbiochem) fom@ilutes at 37°C. In recovery
experiments, cells were washed twice with seftee media after treatment, and

incubated in complete RPMI media at 37°C for duration of recovery. For primary cilia
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staining, 3T3 cells were treated with100 nM Smoothened Af¢8BAG) Ehteshanet
al., 2007, and with or without darinaparsin 18 hours before staining.
Fluorescence microscopy and analysis

For stress and recovery studies, HelLa cells grown on coverslips were fixed at room
temperature for 15 minutes using 4% panai@idehyde (PFA) supplemented with 0.1%
Triton X-100, 80 mM KPIPES pH 7.2, 1 mM EGTA, 1 mM MgS04, and 30% glycerol.
Cells were permeabilized with 0.25% TritorRIR0 and blocked with 5% normal serum
for one hour at room temperature. The cells were inedbaith primary antibodies for
one hour at room temperature: rabbit #&HKAP350A (1:200), rabbit arCaprinl
(1:100Q gift from John Schradgrmouse antl+tubulin (1:5000, Sigma), rabbit anti
CCAR1 (1:1000), goat an6W182 (1:100, Santa Cruz), and mouse-&8&BP (1:800,
BD Transduction). This was followed by incubation at room temperature for one hour
with speciesspecific fluorescent sendary antibodies (1:500; Invitrogen or Jackson
Immunoresearch). Coverslips were mounted using Prolong Gold with DAPI
(Invitrogen). Cells were imaged using a 60x oil immersion lens on Olympu)BY
confocal fluorescence microscope (Vanderbilt Cell Imggshared Resource). The
number and average size of granules in sodium arsanitiedarinaparsireated cells
were determined using ImageJ software (NIH). At least ten cells were used per
calculation. Changes in granule number and size were analyzedhug a $Sestudent 0s
Changes in granule size over time in darinaparsiated cells were analyzed using a
oneway analysis of variance (ANOVA). Liveell imaging was performed using a 60x
oil immersion lens on the DeltaVision Deconvolution microgcOganderbilt Epithelial

Biology Center Imaging Resource).
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For primary cilia staining, 3T3 cells grown on coverslips were fixed for 20 minutes
in 4% paraformaldehyde and permeabilized for 15 minutes in PBS with 0.3%-Xriton
100. The cells were incubatadprimary antibodies overnight at 4°C: rabaitti
Arl13b (1:2000; gift from Tamara Caspary, Emery University) and mansié-tubulin
(1:5000; Calbiochem). This was followed by incubation at room temperature for one
hour with speciespecific fluoresent secondary antibodies (1:1000; Invitrogen). DAPI
was included in the final washes before the samples were mounted in Fluor Saver
(Calbiochem) for microscopy. Images were taken with -@Gptdl Confocal microscope.

Cilia frequencies were determined from¥8b/DAPI stained cells from 6 samples per
treatment (180 cells per sample). Ciliary length was measured using NIH ImageJ
software. Bases and ends of immunolabeled individual cilia were marked in the confocal
z-stack images and outlined, and the caltad length was recorded. P values were
calculated using unpairedést (GraphPad).
Microtubule polymerization

The effects of darinaparsin on microtubule polymerization were assayed using a
fluorescencébased polymerization assay (Cytoskeleton, Inc). rddidule
polymerization was initiated by GTP or GTP/Taxol (1 uM) in the presence of increasing
concentrations of either darinaparsin (0.3 uM to 300 pM) or arsenite (1 pM to 1 mM).
Polymerization was monitored each minute by fluorescence measuremetuatédrod
one hour in a Biotek Fluorescence plate reader.
Luciferase reporter assay

NIH3T3 cells were plated at 1.0X1@®8lls/ml (24well plate) 16 hours before

transfection. Cells were @pansfected with 0.3 pg 8XGliluciferase reporter construct
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and 003 pg Renillaluciferase control construct in each well. At 8 hours after

transfection, cells were fed low serum medium (0.5% calf serum + DMEM), and then
treated with Shh agonist (10 nM SAG) with or without darinaparsin for an additional 20
hours. Lucifease assays were performed with the Bilal Luciferase System
(Promega) according to the manufactureros
triplicate and the results are presented as the relativéniolelase (normalized to Renila

luciferase actiity) over nonSAG-treated cells.
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CHAPTER 1lI

AKAP350C TARGETS TO MITOCHONDRIA VIA A NOVEL DOMAIN AND
AFFECTS MITOCHONDRIAL MORPHOLOGY

Partially appears as: Mason TA, Goldenringdiy Kolobova E. (submitted
AKAP350C targetso mitochondria via aovel domain and affects mitochondrial
morphology.

Introduction

Mitochondria have cruciableswithin cellsregulatingmetabolism, decisions
between cell survival and death, redox biochemistry, and calcium home@dtafimski
and Chu2005) Mitochondia also play a role in calcium signaling, in conaeith and
independently of the endoplasmic reticulum (EByrnand Scorrano, 201Gunteret
al., 2000) Because of their amy roles, mitochondria are critidakations for signal
integration. Mitoclbndria also exhibit localized cyclic AM@AMP)/ProteinKinaseA
(PKA) signaling and AMP is involved in many aspects of cell function and survival
(Carlucciet al, 200&). Decisions between cell survival and cell death, through
apoptosis or autophagare largely regulated by mitochondria (Fultal., 2010).
Mitochondrial biogenesis and activity can be regulated by changes in CAMP/PKA
signaling. PKAregulated ion channels also exist in the mitochondrial membranes
(Nishidaet al, 2009) Some cAMP/KA -regulated calcium and potassium channels play
roles cardioprotectio(Nishidaet al, 2009.

Mitochondria are highly dynamic, constantly undergoing fission and fusion and

maintaining a balance between the two proce&Slesn and Chan, 20R9Various
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events, such as cellular stress, can induce a shift in the balance between fission and fusion
(Chan 2012) When the balance is shifted towards increased fusion or decreased fission,
mitochondria become elongated and hyperfy§&¥en and Chan, 20Rp9Whenthe
balance is shifted towards decreased fusion or increased fission, the mitochondria become
fragmentedChen and Chan, 20R9This dynamic nature of mitochondria morphology
also affects nearly every aspect of mitochondrial function.

The importance gbroper mitochondrial dynamics is evident in the various
diseases associated with defects in mitochondrial dynamics. Mutations in mitofusin 2
(Mfn2), a mitochondrial outer membrane fusion protein, are known to cause Gharcot
Marie-Tooth type 2A(Zluchneretal., 2004) Autosomal dominant Optic Atrophy is
caused by mutations in optic atrophy 1 (Opal), a mitochondrial inner membrane fusion
protein(Eiberget al, 1994) Defects in mitochondrial dynamics have also been
associated with Panki Risaho s g(ClehandeChahime e as e s
2009 Liesaet al, 2009) When mitochondrial dynamics are disrupted, this can lead to
oxidative stress which has been foandhd to p
Hunt i ngt o (Sosamaniame €essaleR013 Jinet al, 2013.

Because of the importance of mitochondrial dynamics, the processes of fission
and fusion are highly regulate®KA is an important regulator of mitochondrial
dynamics(Ramboldand LippincottSchwartz2011) Drpl (dynaminrelated protein 1),
a mitochondria fission protein, is inactivated by PKA phosphorylation, resulting in
decreased fission and increased mitochondria elongatiprocess thagtromotes cell
survival(Changand Blackstone2007) Mfn2 is also phgshorylated by PKA, andgain

promotes cell survivglChenet al, 2004). PKA signaling at the mitochondria regulates
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mitochondrial dynamics, but it also is involved in other signaling pathways as well. The
completedetails of signal integration at mitomhdria remain unclear.

A-Kinase Anchoring Proteins (AKAPs) were diseoed as PKA anchors that
establishocalized cAMP/PKA signalinghrough sequestration of PKAut they play
manyotherrolesin protein scaffoldingTheurkauf and Vallee, 1982phmannet al.,

1984). AKAPs function as anchors for targeting proteins to specific subcellular
locations, and the localization and composition of AKAP complexes is dynamic. AKAPs
comprise a very diverse family of proteimgth over 50 AKAPs identified to dai&Vong

and Scott, 2004 The importance of AKAP function is evident in the embryonic lethality
of most AKAP knockout mic€Carnegieet al, 2009. At least one AKAP is found in

every tissue in the bodyVelchet al, 201Q.

Previous studies have idemidi AKAPs involved with the mitochondria.

AKAP149 (also known as IAKAP1 and AKAP121 in mouse) localizes to both the ER
and mitochondria and plays a role in stress response in cardiomy@dgtaad Taylor,
2008 Rogneet al, 2009 Perrinoet al, 2010. When AKAP149 is displaced from the
mitochordria it induces mitochondrial dfunction(Perrinoet al, 201Q. This causes an
increase in reactive oxygen species, ancefoee induced oxidative stress
cardiomyocytes, smooth muscle cells, and hypenitomouse hearis vivo (Perrinoet

al., 2019. AKAP149 anchors proteins and RNAs at the wit@ndrial outer membrane
andplays an important role in cAMP signaling. Overexpression of AKAP149 reduces
apoptosigAffaitati et al, 2003) Rab32, also an AKP, interacts with the ER and
mitochondria. Rab32 localizes to mitochoneagsociated membranes (MAMs), where it

serves to regulate MAM propertiaad interacts with DrpBui et al, 2010) High
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expression levels of Rab32 delay apoptosis, while lowession levels of Rab32
accelerate apoptosis. It is possible other AKAPSs localize to mitochondria and serve as
regulators of their dynamics and functions.

We haveinvestigatedhe function of a splice variant BKAP350, also known as
AKAP450, AKAP9, and CG-NAP (Schmidtet al, 1999;Witczaket al, 1999;Takahashi
et al, 1999. There are sever&hown splicasoforms of AKAP350: yotiao,

AKAP350A, AKAP350B, and AKAP350C. Yotia@ssociated with plasma membranes
in excitable cellsand AKAP350A assaiated with centrosomes and the Golgi apparatus,
are the most studied isoforms. We previously identified AKAP350B and AKAP350C
isoforms as potential splice variants, but their functions have not been studied further
(Shankset al, 2002).

In this study we completed cloning of AKAP350C and identified it as a
mitochondriatargeted AKAP. AKAP350C lacks the centroscraed Glgi-targetng
domains found in AKAP350AAKAP350C has a unique mitochdrial targeting
sequence in itsarboxyl terminus consistingf an amphipathic alpha helix. This alpha
helix is necessary and sufficient for mitochondrial localization of AKAP350C.
Overexpression of fullength AKAP350C induces a collapse of mitochondria towards
the nucleus. AKAP350C interacts with Mff (mitoclria fission factor) and mitofusins
1 and 2and overexpression of AKAP350C is associated with increased apgeptosir
results suggest that AKAP350C is responsible for coordination of mitochondrial

structural dynamics
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Figure 12. Characterization of AKAP350C. A) The AKAP350 splicevariant is
determined by the ending of the protein (red). Both variants contain two Pk#& R
binding domainsyellow). AKAP350A contains one leucine zipper region (green),
while AKAP350C contains only one. Other domains include YHR (Yotiao homol
region; grey), Golgi (Golgiargeting domain; purple), and PACT (pericentrin and
AKAP350 centrosomalargeting domi; blue). B) AKAP350C has ainique 55
amino acidsequence, which contains a predicted alpha helix (Prot€nlhe alpha
helix predicted is amphipathi®) HeLa cells were stained fedogenous
AKAP350C (green), MTCO2 (mitochondria; blue), and cérdin (ER; red). (Scale
bars: 20 um)

Results
Characterization of AKAP350C.
AKAP350C was pr evi o-apid amplificdtiennof cDNAeedd u s i n
(RACE) inahuman lung cDNA (Schmidit al, 1999; Shankst al, 2002). We have
now completed cloning of AKAP350C from CaCo2 (human colorectal adenocarcinoma)

RNA. The AKAP350C cDNA is 9.5 kb and codes for a protein of 3184 amino acids.
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+ blocking peptide

Figure 13. Specificity of AKAP350C antibodies.HeLas cells were grown on
collagencoated coverslips. Cells were stained for AKAP350C (green),
mitochondria (MTCO2, red), and nuclei (DAPlub). The AKAP350C antibody
was preincubated with either PBS or 20 uM blockiagtigenpeptide. (Scale bars:
20 pum)

AKAP350C is missing the carboxygrminal region containing centrosomahd Golgi
targeting domains found in AKAP3504igure12A) (Schmidtet al, 1999; Gillingham
and Munro, 2000; Shanlet al, 2002). Instead, the carboxyl terminus of AKAP350C
contains a unigue 5&8mino acid sequenc€ifure12B). An amphipathic alpha helix is
predicted in the firshalf of this sequencd-{gure12B and C). AKAP350C is
ubiquitouslyexpressed among tissues and cell lines (data not shown).

To examinethe endogenous localization of AKAP350@ made two isoform
specific antibodie against different epitop@sthe AKAP350Gspecific carboxyl

terminal sequeceand validated the specificity of these antibodiegire13 and data
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not shown).In immunofluorescence staining, bathtibodies showenhitochondrial
localization of AKAP350C in all cells and tissues we examitfriégufe13 and data not
shown).

The amphipathic alpha helix is required and sufficient for targeting to
mitochondria.

The AKAP350C sequenceontains no known mitochondrigdrgeting motifs, so
determining its targeting domain could shed light on a previously unknown targeting
motif or mechanism. Theadboxykterminal 55 amino acids the only sequence unique
to AKAP350C, so we hypothesizélht the mitochondriatargeting domain isontained
within that unique sequence. The only identifisditeicturalfeature wvithin the unique
sequence was amphipathic alpha heli{gure12B andC). Therefore| evaluated
whether the amphipathic alpha helix wesjuired for mitochondrial localization of
AKAP350C, usingsynthetic constructs to overexpress Gagyed AKAP350C
fragments | creded several mutant constructs ®8FRchimeras of amino acids 2680
3184 ofAKAP350C(AKAP350CGF3) andGFRAKAP350CG-C55 thelast 55 amino
acids 313@8184) folowing the schematic ikRigure1l4. The overexpressed GFP
AKAP350GF3 (Figurel5) and GFRPAKAP350GC55(Figurel?) localizein a
distribution that overlaps witmitochondria, suggesting that the carbd&&lamino acids
canspecify targeting.

Several truncation and point mutants were examinethérahility to targetto
mitochondria. The truncation mutant FB3136X, which only contains 6f the 55 amino
acids, abolishethrgeting to the mitochondri&igure15), supporting the importance of

the unique AKAP350C@arboxyl terminus in specifying mitochondrial targetifiyoline
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GFP | Wildtype frag 3

GFEP | F3-H3170X

GFP |F3-13154X

GEP | F3-L3136X

GEP | F3-L3139P

GEP | F3-v3143p

GFP | F3-13154X-L3139P I.
GFP F3-I3154X-V3143P.I

GFP | F3-Deletion I\/-

WT C55 GFP

cs55-H3170x| GFP

c55-13154x | GFP

cs55-L3136X | GFP

c55-13139P | GFP

C55-v3143P| GFP

GFP | Wildtype full length

GFP | FL-H3170X

GEP | FL-13154X

GFP FL-L3136X

GFP |FL-L3139P

GFP |FL-V3143P

GFP | FL-Deletion

Figure 14. Schematic of GFPAKAP350C constructs for mitochondrial
targeting. Quickchange sitelirected mutagnesis was used to create truncation
and point mutants. Synthetic AKAP350C sequence was used as template.
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F3-L3136X F3-13154X F3-H3170X F3

F3-deletion

GFP-AKAP350C MTCO2 Calreticulin Merge

Figure 15. The AKAP350C carboxyktterminal amphipathic alpha helix is
required for targeting to mitochondria. Hela cells vere grown on collagen
coated coverslips. Cells were transfected with various AKAP350C constru
using Polyjet and stained for MTCO2 (mitochondria; blue) and calreticulin
(ER; red). (Scale bars: 20 um)
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F3-13154X-L3139P F3-V3143P F3-L3139P

F3-13154X-V3143P

GFP-AKAP350C ___MTCO2 Calreticulin Merge

Figure 16. The structure of the AKAP350C carboxyktterminal

amphipathic alpha helix is required for targeting to mitochondria. HeLa
cells were grown on collagesoated coverslips. Cells were transfected with
various AKAP350C point mutant constructs using Polyjet and stained for
MTCO2 (mitochondria; blue) and calreticulin (ER; red®cale bars: 20 pyjn
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GFP-AKAP350C MTCO2 Calreticulin Merge

C55-13154X C55-V3143P C55-L3139P C55-L3136X C55

C55-H3170X

Figure 17. The AKAP350C carboxykterminal amphipathic alpha helix
is sufficient for targeting to mitochondria. HelLa cells were grown on
collagencoatedcoverslips. Cells were transfected with various AKAP35
C55 constructs using Polyjet and stained for MTCO2 (mitochondria; bl
and calreticulin (ER; red)The red arrow indicates mitochondrial staining
(Scale bars: 20 pm)
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substitutionrmutantsF3-L3139P and F3/3143P, which disrupt the alpha helical
structure, also abolished mitochondteigeting of AKAP350CKigurel6). The
truncation mutant FB3154X, which removes the amino acids after the alpha,helix
retained mitochondrial targetingigurel5). Thismutant appears to have enhanced
targetng to the mitochondria when compared with wildtype. Double mutants F3
L3139RI13154X and F3v3143RI3154X no longer targed tothe mitochondriaKigure
16). As expected, the proline disrupting the alpha helix abedishe enhanced targeting
seen in F43154X. Interestingly, the truncation mutantH3170X has a mixed
localization, localizing partially to mitochondria apdrtially to the cytosolRigurel15).
This suggestdhe possibility of another domain in the last 30 amino acids that could
target another organelléinally, removal of the alpha helix (Ffletion) also blocked
targeting to the mitochondr{&igurel5). Thus, anynutation that deleted or disrupted
the alpha helix abolished mitochondrial targeting of AKAP350C.

Next, | examinedvhether the alpha helix is sufficient for targetingoufitondria.
As mentiored above, C5%vildtype localizedhear the mitochondria, similés F3
wildtype. The C55 constructs are small and do not target as well as the larger F3
constructs. However, a pattern can still be obserdsdpredicted, C5%.3136X, C55
L3139P, and C5%3143P all have aytosoliclocalization(Figure17). The C55
H3170X has a mixed localization, similar to that of#f3170X Figurel?). As shown
in Figurel7, C5513154X localizes to the mithondria. This 24 amino acid fragment,
mostly comprised of the 17 amiagid amphipathic alpha helix, wasfficient to target
GFP to the mitochondriaTherefore, the alpha helixiisquired and sufficient for

mitochondrial targeting of AKAP350C.
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GFP-F3 wildtype GFP-F3-13154X GFP-F3-deletion

1 2 3 1 2 3 1 2 3
GFP C—_— p— - ——
MTCO2| e - ———
Calreticulin — — D =——— -—

Figure 18. Biochemical confirmation that the amphipathic alpha helix is
required for AKAP350C association with mitochondria. Mitochondria were
isolated from HEK293 cells transfected with GFRKAP350C constructsin each
caselane 1 contais the mitochodrial fraction;Lane 2 contains the microsomal
fraction (pellet of 100,000 x g ctifugation); and_ane 3 contains the supernatant
the 100,000 x g centrifugation. In each lat25 pgof protein werdoaded.
Membranes were probed for MTCO2 (mitoctdn), calreticulin (ER), and GFP
(AKAP350C construct). The GFP westerns shown were taken at different expo
due to differences in level of expression.

Biochemical confirmation that the amphipathic alpha helix is required for
association with mitochondria.

| next utilized abiochemical approado evaluatehe subcellular distribution of
the various AKAP350C mutants. Mitochondria were isolated from eefiessing the
AKAP350C mutantandcompared with othesub-cellular fractions. As paicted based
on data irFigure15 andFigure16, mutantswvhich deleted or disrupted tlaenphipathic
helix, including F3L3136X, F3L3139P, and Raleletion,abolished association with
mitochondria andhese construcigartitionedin the microsomalractionand 100,000 x g
supernatanfFigure18 and da& not shown).AKAP350C constructs thaetained an
intact amphipathic helilocdized with mitochondria, including F3 anfé3-13154X
(Figure18). Wildtype F3 locakedin both mitochondrial and micsomal fractios,

which may belueto the high level of overexpressiohthis construct These
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GFP-AKAP350C MTCO2 Calreticulin Merge

FL-13154X FL-L3136X FL

FL-H3170X

Figure 19. Overexpression of AKAP350C disrupts mitochondria morphology.
HeLa cells were grown on collageonated coverslips. Cells were transfected witl
various AKAP350C constructs using Polyjet and stained for MTCO2 (mitochon
blue) and calreticulin (ER; red). (Scale bars: 20 pum)
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results confirm that the amphipathic alpha helix is required for AKAP350C association
with the mitochondria.

Overexpression of AKAP350C localizing to mitochonda disrupts mitochondria
morphology.

When full length AKAP350C protein (GFRKAP350CFL) was overexpressed,
the mitochondrial structure was disrupted and GKAP350CG-FL localized in a
distribution overlapping with mitochondria and the endoplasmic reticfigure19).

This disruption of mitochondrial morphology was not observed with overexpression of
GFRAKAP350GF3 (Figurelb). | next examined whether targetidgficiert mutants

of AKAP350GFL would have a similar affect. Overexpression of ¥ ¥AP350CGFL-
L3136X did not alter mitochondrial morphology as dramatically and distributed in the
cytosol. In contrasGFRAKAP350CFL-13154X associated with mitochondria and
cawsed mitochondrial collaps€&igurel9). Additionally, GFRAKAP350C-FL-H3170X
partially associated with mitochondria and caused mitochondrial colldjsse studies
suggested that an increased amount of AKAP3&0@itochondria disrupted the
mitochondrial morphology, causing a structural collapse.

To investigate further the nature of the mitochondrial morphology changes,
imaged cells using transmission electron microscopy. HBKT cells expressing GFP
AKAP350GFL, GFRAKAP350GFL-13154X, or GFP were flovsorted for GFP
positive cells. The GFPBositive cells were then embedded and imaged. Control cells
expressing only GFP exhibited normal mitochondria distributed throughout the cell
(Figure20). Cells expressing AKAP350€EL or FL-13154X displayed clustering of
mitochondria in the perinuclear region. The mitochondria did not appearfugeet.

Rather, a number of abnormal morphologies were observed including mitioichaith
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membranous protrusions lacking internal cristeigyre20). Preliminary studies indicate

this is not due to the process of mitophagy (data not shown). These differing

morphologiesuggested that AKAPBE plays a role in regulating mitochondrial

dynamics and/or morphology.

AKAP350C does not target mitochondria by direct association with lipids.
Determining how the amphipathic alpha helix targets AKAP350C to

mitochondria is important for understandimgstnew targeting domain. | examined

whether AKAP350C associated with lipids through the amphipathic alpha helix. | made

GFP control GFP-AKAP350C-FL GFP-AKAP350C-FL-13154X

e
4

Figure 20. Overexpression of AKAP350C localizing to mitochondria
induces clustering and disrupts mitochondria morphology.HEK-293T cells
were transfected with various AKAP350C constructs or -GRly control. Cells
were flowsorted and GFpositive cells were colleet. The cell pellets were
fixed, embedded, and processed for imaging with transmission electron
microscopy.(Scale bars: 2 microns)
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Figure 21. AKAP350C does not target mitochondria by direct association
with lipids. A) Diagramof AKAP350C fragments in pET30a wecs. The End
fragments are 10@minoacids. B) PIP strips (lipiddotted membranes) were
probed with bacterially expressed, purified AKAP350C fragments. Protein w

detected using-protein antibodies conjugated torkeradish peroxidase (HRP)
secondary.

constructs of the carboxgrminal 102 amino acids of AKAP350C in bacterial
expression vectors containingt&ys Figure21A). Purified protein was used to probe
lipid-dotted membranes. Purified wildtyped&rEndC, StagEnd-C-V3143P, and S
tagEnd-C-deletion all show a positive interaction with phosphatidic acid (Fijufe
21B and data not shown). Because there is no difference between the wildtype

interactions and those of the mutant proteins, it is not likely that AKAP350C targets

mitochondria viairectlipid interaction
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AKAP350C associates with mitochondrial fission and fusion proteins.

Given that AKAP350C is scaffolding PKA, which is well known regulator of
mitochondrial fission/fusion dynamics (Rambold and LippinSuahwartz, 2011),
sought to determine whether AKAP350Gg&sociated with fission regulator proteins
such as Mff and fusion regulator proteins such as Mfnl and Mfn2xdiminethose
interactionswe overexpressedfP>-AKAP350C together witmyc-Mff, myc-Mfnl1 or
myc-Mfn2 in HEK cells and then used Gfihding prdein-conjugated beads tsolate
complexes (Rothbauet al, 2006). Weound thatboth GFRPAKAP350G-FL andGFP
AKAP350GF3-13154X specifically isolated Mff, Mfn1 and MfnFigure22).

We nextexamined immunostaing of endogenous AKAP350C inda cells,
overexpressingiCherryMff, mCherryMfnl or mCherryMfn2 (Figure23). As
described previousl{Oteraet al, 2010; Otera and Mihara, 2011), Mff overexpression
resulted in Bort, fragmented mitochondria, whereas overexpression of mitofusins
induced a spectrummf mitochondrial fusion leading to eventual mitochondrial collapse
and formation of perinuclear clusters with enlarged mitochondria (Szrdagl 2003,
Pichet al, 2005). We observed substantial-tmcalization of AKAP350C with Mff
(Figure23A), Mfnl (Figure23, B and C) and Mfn2Higure23, D and E).

It should be noted that the extent of mitochondrial fusion, and therefore
mitochondrial shape, varied depending on the level of mitofusiteinexpression. Low

levels of mitofusinoverexpression resulted emelongatedfused mitochondrial reork
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Figure 22. AKAP350C associates with mitochondrial fission and fusion
proteins. GFRtagged AKAP350C or empty pEGHRPL vectors were co
expressed with either mytagged Mff, myetagged Mfnl omyc-tagged
Mfn2 in HEK-293T cells. Proteins isolated using GlsiRding protein
conjugated beads were probed for Agg (to detect Mff, Mfn1, Mfn2) and
for GFP (to detect AKAP350C). Empty pEGHR. vector was used as a
negative control. Dual detection svperformed on the same membrane fo
both GFP and myc using OdysseyQ@or system.
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AKAP350C

Cherry-Mff MTCO2 Merge AKAP350C/Mff

AKAP350C Cherry-Mfn1 ‘ MTCO2 Merge AKAP350C/Mfn1

~

AKAP350C

Cherry-Mfn2. MTCO2 Merge AKAP350C/Mfn2

Figure 23. Endogenous AKAP350C cdocalizes with overexpressed
fission/fusion proteins (Mff/Mitofusins). HelLa cells were transfected with eithe
CherryMff (A), CherryMfnl (B, C), or CherryMfn2 (D, E) and duaistained for
endogenous AKAP350C (green) and mitochondria marker MTCO2 (blue). Nt
that higher levels of expression of mitofusins (C and E for Mfn1l and Mfn2,
respectively) change the path of endogenous AKAP350C stainifidghe cegree

of co-localization between endogenous AKAP (green) and overexpressed
Mff/Mfn1/Mfn2 (red) were quantified using Pearson's Correlation Coefficient
(PCC). PCCs were determined using JACOP qohugf ImageJ softare. PCC: (A)
0.918; (B) 0.908; (C) 0.920; (D) 0.938; (E) 0.88&cale bars: 20 um)
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with extensive cdocalization ofendogenous AKAP350C (séggure23B andFigure
23D for Mfn1 and Mfn2, respectively).

Higher levels of mitofusins oveexpression encouragéormation of further
fused mitochondrial clusters (segure23C andFigure23E for Mfnland Mfn2,
respectively) thagventually collapsed aroun@mnuclear region (data not shown). We
also noted that overexpression of mitofusins changed the pattern of endogenous
AKAP350C staining, with emmenous AKAP350C accumulating withme fused
mitochondria Figure23, C and E). The association of AKAP350C with both
mitochondria fission and fusion proteins supports the concept of a dynamic organization
of AKAP350C scaffolding complexewhich may scaffold fission/fusion proteiasthe
mitochondria.

Overexpressed GFRKAP350GF3-13154X construct also significantly
overlapped with overexpressed Chelff, Cherry-Mfnl and CherryMfn2 and
demonstrated the same spectrdrmahochondrial morphologiedepending on levels of
mitofusins overexpression that we observed wittogedous AKAP350CHigure24A).
Finally, the GFRAKAP350CGF3-13154X construct also greatly overlapped with
endogenous AKAP350C on mitochondria, whereasl&ation thenontargeting
mutant, see above) was complgteytosolic Figure24B).

Overexpression of AKAP350C induces apoptosis as well as potentiates both TRAIL
and NaBuwinduced apoptosis onset.

Mitochondrial fission and fusion balance is highly related to thetylbiicell to
adapt to various cellular stresses and contributes in quality control by eliminating

damaged material by mitophagy amgbptosis (Oterat al, 2013). Becausef possible
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Figure 24. Overexpressed AKAP350C cdocalizes with fission/fusion

proteins (Mff/Mitofusins). (A) Hela cells were transfected with GIF3-

13154X (green) and either Cherff, Cherry-Mfn1, or CherryMfn2 (red) and
then stained for the mitochondrial marker MTCO2 (blu®) F3-13154X, but not
F3-delition mutant cdocalizes with endogenous Mff. HelLa cells were transfec
with GFRAKAP360C (F313154X or F3delition)(green) and duatained with
ant-Mff antibody (red) and mitochondrial marker MTCOZ2 (blue). The degree
co-localization between AKAP (green) and Mff/Mfn1/Mfn2 (red) were quantif
using Pearson's Correlation Coefficient (PCC)CB@ere determined using
JACOP plugin of ImageJ software. PCC were 0.943 (&3P13154X with
CherryMff), 0.775 (GFRF3-13154X with CherryMfn1), 0.970 (GFFF3-13154X
with CherryMfn2), 0.932 (GFF3-13154X with endogenous Mff, red), whereas
F3-deletion nutant of AKAP350C exhibited uniform cytosolic stainin@cale
bars: 20 um)

role of AKAP350C in fission/fusion balance, we evaldat®verexpression of full
length of AKAP350C or F33154X would influence apoptosis. To test this, we
transfected HEK cells with full length GFRKAP350C, GFPF3-13154X or empty
pPEGFP vector. To induce apoptqgsislls were either treated with 500 ng/ml of TRAIL
for 4 hours or with 5 mM Sodium Butyrate (NaBu) for 24 hours. After treatments cells
were collected in SD$ontaining lysis buffer and analyzed Wegstern blot Figure25).
We assessed PARffeavage as it is alrable and established apoptosis indicator
downstream of caspase activation. Overexpression of AKAP350C induced PARP
cleavage in untreated HEK cells as well as increased Fodd#ivage in both TRAH.and
NaButreated cells, which suggests increased leviedgpoptosigFigure25). The
increased PARIeleavage in cells overexpressing GIFBRI3154X compared to full
length AKAP350C may be due to the higher levels of expression offi3HB154X

compared to wild typ€rigure25). These results suggest that overexpression of
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Figure 25. Overexpression of AKAP350C promotes apoptosisHEK cells
were transfected with empty pEGFP vector (1), full length-BRRP350C
(2) or GFRF3-13154X (3). After transfection cells were treated with either
500 ng/ml of TRAIL for 4h or 5 mM sodium butyrate (NaBu) for 24,
harvested in lysis buffer, and then analyzed by Western blot for PARP
act i v atwbulio staining was used as an interoalding control. The
same membrane was probed for cleaved PARP and for tubulin
simultaneously, and then-peobed for GFP.
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AKAP350C induces apoptosis as well as potentiates both TRaxd NaBuinduced

apoptosis

Discussion

In this study, we identified a novel AKAP35plge variant AKAP350C, which
localizes to mitochondria and disrupts mitochondrial morphology. We completed
cloning of AKAP350C, which contains 55 amino acids of unique protein sequence
relative to other splice variant§ his relatively small unique seence greatly
differentiates AKAP350C from AKAP350A iterms of subcellular distribution and role.
| also identified a novel mitochondritdrgeting domain within AKAP350C. The
carboxyktterminal 55amino acids contain an amphipathic alpha helix thadsired and
sufficient for mitochondrial targeting &KAP350C. Since AKAP350C also associated
with Mff and mitofusins, the results suggest that AKISO0C likely participates in
regulation of mitochondrial fusion and fission dynamics

While it is clear hat the amphipathic alpha helix in the unique carboxyl terminal
of AKAP350C is required for targeting to the mitochondria, the interacting partner for
this helix remains unclear. We have determined that AKAP350C can associate with Mff
and mitofusins, buthese proteins cannot account for the targeting to the mitochoridria
is possible that AKAP350C can interact wiiids on the mitochondrial outer membrane
througheitherhydrophobic interactions @lectrostatic chargeln preliminary studiesd,
havenot been able to identify any direct interactions with either phospholipids or
phosphatidyinositides(Figure21). Protens such as hexokinase | contdomains of

chargel and hydrophobic regions that lay uptwe surface of the outer membrane (Gelb
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et al, 1992, Sui and Wilson, 1997Additionally a similar complex binding mechanism
has beemproposed foD-AKAP1 localization to mitochondriéMa and Taylor, 2002).
Further investigations will be required to deténe thediscretemolecular mechanisms
responsible for AKAP350C association with mitochondria

Mitochondria are critical signaling integration cestend AKAPS serve to
scaffold many proteins in close proximftyr sequestration of coordinated signaling
within cells thereby allowinggreater spatial and temporal control of signaling cascades.
Loss of an AKAP protein, and subsequently the signal integration it provides, is typically
embryonic lethal in knockout mice (Carnegteal, 2009). AKAP350C likly serves as a
signaling focal point for the regulation of mitochondrial dynamics, scaffolding PKA and
mitochondria fission and fusion proteins in close proximity. Upon Mfn1 or Mfn2
overexpression, AKAP350C colocalizeghvimitofusins This scaffoldingcould lead to
local coordination of phosphorylation and dephosphorylation of fusion and fission
proteins

Interestingy, overexpressio of full-length AKAP350C causemhitochondrial
structural collapse. One possible explanatidhasthe increased regitment of
mitochondrial fission and fusion proteiassociated with AKAP350C caused
imbalance between fission and fusionitefnatively,the overexpression of AKAP350C
maysaturate a receptor protein on the mitochondrial surfBgeelectron microsquy,
mitochondria in cells oveexpressinlAKAP350C showed abnormal morphologies with
outer membrane blebbing without internal christae. These abnormal morphologies were
not associated with any markers of miophagy (data not shown). Thus, it appears likely

that AKAP350C may act as a regulator of mitochondrial structure.
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Mitochondrial dynamics and the balance between fission and fusion is an
important process in regulating cellular stress response (Youle and van der Bliek, 2012).
Our data showethatAKAP350C associates with mitochondrial fission/fusion proteins
and likely aids irregulatingmitochondrial dynamics. Additionally, overgsession of
AKAP350C exacerbate@iRAIL-induced apoptosis. These results suggest that
AKAP350C is involved in the regulatiasf mitochondrial dynamics under natress
conditions, but also plays a role in the regulation of mitochondria during stress response.
Another splice variant, AKAP350A, also serves dual roles, localizing to the Golgi
apparatus (Shanlet al, 2002) andcentrosome (Schmidit al, 1999) during noistress
conditions, while rdocalizing to RNA stress granules during stress response (Kolobova
et al, 2009).

Other AKAP proteins are known to localize to mitochondria, including AKAP149
and Rab32. Seeminglydendant, these AKAPs likely function uniquely under steady
state conditions. For example, AKAP149 is involved in mitochondrial RNA processing,
but there is no known role for Rab32 or AKAP350C involving RNA. It is possible these
mitochondriatargeted AKAR are both redundant and distinct, meaniragthey play
different roles when all are presebtit can compensate at least partially if one is lost.
Mitofusins 1 and 2 are one example of this distinct and redundant strategy employed for
mitochondrial dyamics (Cheret al, 2003). Mfnl and Mfn2 are 60% homologous
(Santelet al, 2003) and have shared functions, but each mitofusin also functions
uniquely. When Mfnl is knocked down or knocked out, Mfn2 can only partially
compensate, and vice verdaiventhe crucial role for mitochondria in cell survival, this

redundancy could account for the localization of multiple AKAPs at mitochondria
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Since mitochondrial fission and fusion proteins participate in neurodegenerative,
cardiovascular, and other diseasgtefleret al. 2013, Josepht al 2012), AKAP350C as
a signal integration center could provide an important future therapeutic target for

regulation of mitochondrial function in stress and disease

Methods
Cloning of AKAP350C

We previousl-egndadl| ofn eAlK A hFERRAE® striategy usingpa 3 6
human lung cDNA$chmidtet al, 1999 Shank=t al, 2002). To amplify the complete
sequence, we synthesized a cDNA from 5 ug of GaCell total RNA using an anti
sense primer specific for AKAP350C (AS1:
CGTAGCTGTTTAAACCAATTAGACAATCCTC). The resulting cDNA was then
used for as template for amplification using Advantage Tag polymerase (Clontech) of the
AKAPA350C sequence with a nested AKAP350C -geinse primer (AS2:
CTAACCCCTAGAGTAATTAATATAGATTGTATC) ard Sense primers from all 50
exons of the knowAKAP9 gene. The largest polymerized fragment was obtained with
a sense primer from Exdn(Exon 5S: CTGAACAAGGAGCACAAGACAGTCCGAQ
and AS2. To compl ete the 5-8ACEdjarskRNA e, we
from CaCe2 RNA (AmbionRLM-RACE) andsynthesized cDNA printewith ASL.
The 50 ends were then amplified WIRAGE a uni
inner) and an antisense primer against Exon 5. The resulting PCR fragments were cloned
into pTOPO and sequenced to determine authe

sequence was then assembled using DNASTAR softWidre.resulting sequence was
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deposited in Genbank as an-cDVAGegtieaceof t he o
AFR247727.
Expressionanalysis

Tissue cDNAs used were supplied (Qiagen). Cell line cDNAs were made from
total RNA extracted from cell pellets.
AKAP350C-specific antibodies

Two AKAP350Gspecific antibodies were made. The first antibody was
produced again§SHSHNVKDTIYINYSRG (Antibody Facility at the University of
Georgia). The second antibody was produced agaDELOVLHKQVKRFHFV
(Covance). The peptide used for antibody production was used to block the antibody
during staining to show specificity of antibodies.
Cell culture

HelLa cells (American Type Culture Collection, ATCC) were maintained at 37°C
in 5% CQ using complete RPMI media supplemented with 10% fetal bovine serum
(FBS). HEK293 cells (American Type Culture Collection, ATCC) were maintained at
37°C in 5% CQusing complete DMEM media supplemented with 10% fetal bovine
serum (FBS) . Polyjet was used for transfe
(SignaGen).To induce apoptosis cell were treated either with 500 ng/ml of TRAIL
(Recombinant HumamRAIL/Apo2 ligand; BioVision)for 4 hours or with 5 mM
Sodium Butyrate (NaBu) for 24 hours.
GFP-AKAP350C assembly

Synthetic constructs of AKAP350C fragments were ordered from GeneART.

Amino acids 11400 were received as fragment 1 (F1) in a modified pEGFPrvecto
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missing the Hindlll site normally in the multicloning site. Amino acids 13600 were
received as fragment 2 (F2) in pMA vector. Finally, amino a2&803184 were
received as fragment 3 (F3) in pMA vector. AKAP35B&was subcloned into pEFGP
C3 usng Xhol and BamHI restriction site. Assembly of full length AKAP350C was
achieved via triple ligation at 16C overnight using pE¥AP350CG-F1 (cut with
Hindll and BamHI), AKAP350€F2 (cut from pMA with Hindlll and Xhol), and
AKAP350GF3 (cut with Xhol ad BamHI).
Mutagenesis

Point mutations were created using Quickchange PCR techniques (Agilent
Technologies). Primers were designed using the Quickchange primer design tool. The
synthetic sequence of AKAP350C (GeneART) was used for all mutagenesis.
Plasmd construction

Human Mff was amplified from human heart tissue cDNA using primers 5'
GAGCGTCGACATGAGTAAAGGAACAAGCAGTGACAGS3' and &
GAGCGGATCC CTAGCGGCGAAACCAGAGE3' and was ligated as a Sall/BamHI
fragment into Sall/BamHI sites of pmChei@1 (a gift fran Dr. Roger Tsien, University
of California, San Diego) and pMy€1. Human Mfnl and Mfn2 were also amplified
from human heart tissue cDNA using primerSRAGCGAATTC
ATGGCAGAACCTGTTTCTCCACT3 and 5GAGCGGATCC
TTAGGATTCTTCATTGCTTGAAGG3' (Mfnl) or 5
GAGCGAATTCATGTCCCTGCTCTTCTCTCGAT&' and &
GAGCGGATCCCTATCTGCTGGGCTGCAGGTAGRS' (Mfn2) and were ligated in

EcoR1/BamH1 sites of pmCheryl and pMyeC2.
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Fluorescence microscopy and analysis

HelLa cells grown owgollagencoatedcoverslips were fixed at roomngerature for
15 minutes using 4% paraformaldehyde (PFA) supplemented with 0.1% Trit00,X80
mM K-PIPES pH 7.2, 1 mM EGTA, 1 mM MgS@and 30% glycerol. Cells were
permeabilized with 0.25% Triton-X00 and blocked with 5% normal serum for one hour
atroom temperature. The cells were incubated with primary antibodies for one hour at
room temperaturerabbitantrAKAP350C serum (1:30), mouseantrMTCO2 (1:400,
Abcam), chickeranttcalreticulin(1:750, Abcam), mouseanti-Mfnl (1:200, Abcam),
mouseanti-Mfn2 (1:200, Abcam), and rabkgint-Mff (1:200, PTG Lajp This was
followed by incubation at room temperature for one hour with spspiesific
fluorescent secondary antibodies (1:500; Invitrogen or Jackson Immunoresearch).
Coverslips were mounted ag Prolong Gold with DAPI (Invitrogen). Cells were
imaged using a 60x oil immersion lens on OlympusI®@0 confocal fluorescence
microscope (Vanderbilt Cell Imaging Shared Resource).
Mitochondria preparation and analysis

HEK-293 cells were transfectedth AKAP350C constructs. Mitochondria were

isolated using the Qproteome Mitochondria Isolation Kit (Qiagen) following the protocol
for high-purity preparations. An additional 100,000 x g centrifugation step was
performed on the microsomal fraction frahe kit to further separate the ER and
cytosolic fractions. Proteins from the ER and cytosol fractions were precipitated using
the protein precipitation method in the Qproteome Mitochondria Isolation kit handbook.
Protein concentrations of each fractiware taken using the BCA Protein Assay kit

(Pierce), and.2.5ug protein from each fraction was run in a 10% polyacrylamide gel.
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Proteins were transferred to nitrocellulose membrane. Primary antibodies used for
western blotting were mousat-MTCO2 (11,000; Abcam), rabbiainti-careticulin
(2:1,000, Abcam)andrabbitant-rGFP (1:5000, Abcam) Secondary antibodies were
donkeyantirmouseHRP (1:5000) and donkewntirabbitHRP (1:5000)from Jackson
Signal was detected using ECL Western Blottings$tate (Pierce).
Flow-sorting and EM analysis

HEK-293T cells were transfected with GFP and G¥AP350C constructs.
Cells were flowsortedand GFPpositive cells were collectgavith assistance from Dr.
Jim Higginbotham) The cell pellets were then givéo the Vanderbilt Cell Imaging
Shared Resource core for fixation, embedding, and procggssingesy of Dr. Janice
Williams). Transmission electron microscopy images were taken asthgips/FEI T-
12 electron microscope.
Protein expression and purifcation

AKAP350C fragments were cloned into pET30 vectors. Constructs were used to
transform BL-:21-DE3-RIL bacteria. Autoinductiomedia(Studier 200bwasused to
induce protein expression in the bacteria during overnight groBdlbteria were then
pelleted and sonicated. Expressed protein was purified usiNr/Niagarose beads and
eluted from the beads with high concentration of Imidazole.
Lipid -binding assay

Purified protein was used for overlay onto PIP strips (Echelon). The overlay was
performed according to company protocol for blocking and protein incubafer the
protein incubation, the membranes were washed with PBS in the company protocol,

but then also washed with TBIS as per protocol for the antibody used for detection.
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Protein was detected usinggBoteinrHRP-conjugate antibodyNovagen according to
company protocol Signal was detected using chemiluminescence.
GFP pull-down and western blotting

HEK-293T cells were ctransfected with GRRagged AKAP350C or empty
pPEGFP-C1 vectors with either mytagged Mff, Mfnl or Mfn2. 24 h &r transfection
cells werdysed with celP buffer (1% digitonin, 120 mM NacCl, 50 mM HEPES, pH 7.5,
supplemented with protease inhibitors and phosphatase inhibitors) for 15 min at 4°C and
lysates were centrifugated at 16,0009 for 10 min. Clarified lysates were diluted with lysis
buffer lacking digitonin to bring final concentration of digitonin to 0.5%.The-goWns
were performed using GHBInding proteirconjugated agarose beads for 2h°& 4
(Rothbaueet al, 200§. Beads were washed three times witHRduffer with 0.1%
digitonin and once with ctP buffer lacking digitonin and future analyzedwgstern
bloting usingan Odysseyimager(LiCor). The same membrane was probed for both-GFP
tag and Myetag simultaneously. Memebrane was probed with the primary antibodies:
910-C2 mouseantirmyc (1:1000; Vanderbilt Molecular Recognition Shared Resource)
and rabb#antrGFP (1:10,000; Abcam) followed by incubation with IRDye secondary
antibodies: donkeyant-Mouse IRDye680RD (1:40,000) and donkayti-Rabbit
IRDye800CW (1:40,000) (LiCor).

For cleaveePARP detection, HEKR93T cells were transfected with either GFP
tagged AKAP350C fullength, F3I3154X or empty pEGHE1 vectors. Cells were
lysedin SDScontaining lysis buffer and analyzed by Western blotting. The same
membrane was simultaneously probed with primary antibodies +aibitleaved PARP

(Asp214/215) (1:D00, Abcam) and mouse aatiphatubulin (1:19000, Sigma), and

89



later reprobed with rabbit antiGFP (1:10,000, Abcam)Signal was detected usiag

LiCor Odyssey imager
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CHAPTER IV

IDENTIFICATION OF A NOVEL CAPRIN -1 PHOSPHORYLATION SITE AND
KINASE, AND DISCOVERY OF A THIRD PKA -BINDING SITE IN AKAP9
PROTEINS

Introduction

All organisms experience stress at an organismal and cellular level, and proper
stress response is crucial for survividdgiet al,, 201). Cells have developed several
stress responsesd the capability teailor the responsdepending on the type and level
of stress (Fuldet al,, 2010). All stress responses aim for protection of the basic cellular
functions and components such as DNA repair and stability, cell cycle control, and
protein quality controlKUltz, 2005. Cells initially employ response mecle&ms to aid
in cell recovery, but if the stressor persists or the damage is too great, cells then activate
death signaling pathways to remove unhealthy cells (Fatldd, 2010).

During inadequate stress response, cells can resporstrongly, nottsongly
enough, or inappropriately. First, if a cell survigestresdut fails to completely recover
to normal status, a mutated gene or iingd protein could remain within a cellusing
it to develop into a disease (Fuldial, 2010) Secondastrengthened stress response
could have detrimental effectsich asancer cellbeingmore resistant to treatment
(Lowe and Lin, 2000; Hanahan and Weinberg, 2000; Letna, 2004. Third, a
weakened stress response could have detrimental effectsssilisbased neurons with
weakened stress response dyipgn even a weak stress epis@dmlozin, 2012,

Roussel et al., 2013; Lagouge and Larsson, 20IBg importance of proper stress
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response is apparent in the high degree of conservation of basgr&sponse pathways
throughout evolution (Fuldet al, 2010).

Because stress response literally can deterthadifference between life and
death, cellular stress response is a highly regulated process. Phosphorylation is one key
protein modificaton highly involved in the regulation of cellular homeostasis, stress
response, autophagy, the cell cycle, and many other aspects of cellular fudatian (
and Cheema, 2011 The human genome encodes roughly 500 protein kinases and 200
protein phosphatas, and ver 30% of proteinare phosphorylated at some time in their
existence (Cohen, 2001Major areas of study include determining phosphorylation
sites, discerning kinassubstrate dynamics, and identifying temporal and spatial
regulation of phosphglation events.The phosphorylation state of a proteam alteiits
function in many ways, including activation, deactivation, nmayor degradation,
alteration of interacting partners, asub-cellular localization (Cohen, 2001).

Dysregulation of prtein phosphorylation has been implicated in many diseases including
cancer, neurodegenerative disease, and metabolic disordersdfFald2010;Karve and
Cheema, 2011 Many pathogens and toxins utilize alterations in protein phosphorylation
as theirmechanism of action (Cohen, 200T)herefore, thantegration and regulation of
signaling cascades is critical for appropriate stress response.

One way to integrate these signaling pathways is through scaffolding proteins in
close proximity. AKinase Archoring Proteins (AKAPS) are a large, diverse family of
functionally similar scaffolding proteins that associate with a variety of signaling proteins
( Tr "egak 2012). AKAPs were discovered as PKA (Protein kinase A) anchors that

provide localized cAN® (cyclic AMP)/PKA signaling, but it has since been shown they
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play many other roles as well (Theurkauf and Vallee, 1982; Lohmiaain 1984).
AKAPs function as anchors for targeting proteins to specifiecglinlar locations, and
the localization andomposition of AKAP complexes is dynamic. AKAPs associate with
both signaling enzymes and their substrates to bring the components of signaling
cascades in close proximity (Michel and Scott, 2002). This allows AKAPSs to provide
spatiotemporal regulatiorf cAAMP/PKA signaling, as well as serve as signal integration
cent er setaf, Z012). AKAPs comprise a very diverse family of proteins, and
over 50 AKAPs have been identi feta,d201R)o dat e
The importance of ARP function is evident in the embryonic lethality of most AKAP
knockout mice (Carnegiet al, 2009). At least one AKAP is found in every tissue in the
body (Welchet al, 2010).

AKAP9 gene products afategralfor manycellular stress resporseThe
AKAP9 gene hasour known products: yotiao, AKAP350A, AKAP350B, and
AKAP350C. Yotiao is important for pmlarization of cardiomyocyteand its
dysregulation can lead to chronic heart faildre (© gtalr 2013. Disruging the
anchoring of KCNQ1 byagtiao leads to long QT syndrome, a potentially fatal heart
arrhythmia Chenet al, 20079. Therefore, yotiao is an important regulator in cardiac
stress response. AKAP350A is also involvedehutar stress response, specifically
stress granule formatioK@lobovaet al, 2009. Upon cellular stress, AKAP350A
localizes to stress gnales and associates with mMRNAs. AKAP350A also associates with
other stress granule protejrssich as CCAR{cel cycle and apoptosis regulatory protein
1) and caprinl (cytoplasmic activation/proliferatieassociated proteifh) (Kolobovaet

al., 2009. The previous chapter shows AKAP3501ays a rolan regulation of
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mitochondrial dynamicsahighly adaptivegorocessinvolved in many aspects of cellular
stress responsédt remains to beseen in which stress response AKAP350B participates
Cellular stress response is an intricate network of pathways, and any additional
information discovered could be a key pietéhe puzzle.This chapter contains several
puzzle pieces #t may help make connections when added to the large body of literature
currently available.l discovered caprii is phosphorylated on a serine residueitro,
most likely by casein kinase. [IThis phosphorylation could regulate the function of
caprinl during stress as well as its function when stress is not preslent.a third R - g
binding site was identified in AKAP350C, with homology to other AKAP9 gene
products. Further investigatios detailing the exact mechanisms involved in these

phenomena are needed and could open new avenues for research.

Results
AKAP350A associates with Caprinl and its kinase, Casein Kinase 2.
AKAP350A has been shown to associate with mR#a@obovaet d., 2009,
but whether AKAP350A interacts with mRNAs directly or through an intermediate
protein remains unknownl.initially sought to determine which proteins in the
AKAP350A complex associates with mRNAs by using the CLIP methodgiLHg,
2005). Briefly, this method involves using ultraolet light to crosslink proteins and
RNA. This is followed by cell lysis and an immunoprecipitation of your protein of
interest The immunoprecipitate iscubated with polynucleotide kinase (PNK) afie-

gammaATP.
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Figure 26. AKAP350A associates with Caprirl and its kinase, Casein
Kinase Il. UV crosslinked HEK293T lysates were used for AKAP350A
immunoprecipitations. Immunoisolates underwantitro
phosphorylation witf?P-"Y-ATP. A) One major band is radiolabeled.
Subsequent analyses show this band contains CapBny Controls show
protein, not RNA, is beinghosphorylated. One control omits
polynucleotide kinase (PNK; kinase for RNA), and another control omi
PNK and UV crosslinking (crosslinks RNA to protein§)) Several
kinase inhibitors were added during thevitro phosphorylation step and
were conpared to the signal seen with no inhibitgr (
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This is then run on a gel and the radiolabel is detected. A single major band was seen
upon detection of the radiolabeled sigrfabure26A). This band was cut from the gel
and sent for proteomics analysid was determined to be captifdata not shown).
As mentioned, AKAP350A associates with cagtifKolobovaet al, 2009), a stress
granule protein, and caprihis known to associate with mRNAs during stress granule
formation (Solomoret al, 2007). | then decided to perform a control experiment with
one sample excluding the protdRNA crosslinking and another sample excluding the
PNK that phosphorylates the RNA. When RiéAot present or when RNéannot be
phosphorylated, theiis still a band bphosphorylation that contains capdnFigure
26B). This suggested that a protein isngephosphorylated instead of RNAince
caprinl is the protein contained in the labeled band, it can be concluded thatlapri
phosphorylation was being detectatfthen UV light and PNK were excluded, a second
band was seen aratiii50 kDa, but proteomics analysis did not reveal the protein
contained in this band.

Thisin vitro phosphorylation everaiso suggestetthat AKAP350A associates
with the kinase responsible for phosphorylating cafirin this sysem. To address
which kinase phosphorylateaprinl, | repeated the CLIP protocol but included various
kinase inhibitors during thie vitro phosphorylation steg-(gure26C). The inhibitor
STO-609was the only inhibitothat blocked phosphorylation of capfrn(Figure26C).
This inhibitor has been shown to inhibit casein kinag€K?2), amongotherkinases
(Bainet al, 20079. CK2 has been identified in several proteomic analyses of AKAP350
immunoisolatesind was found to be ammmunoprecipitated by AKAP3504data not

shown). Othe inhibitors tested werBKI (protein kinase A inhibitor})<T5720 {nhibits
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PKA, Aurora B, and many otherstaurosporine (inhibits PKC, PDK1, AMPK, and
others), H89 (inhibits PKA, PKB, ROCKII and others)D4476 (inhibits CK1 and
PKD1),andBIM-1 (i nhi bi b 5, PIResetal, 2000 Balh et al, 2003;
Bainet al, 2007. Magnesium is required for oxidative phosphorylation (Sack®@s4),
so a sample witho additional magnesium aidDTA to chelateesidualmagnesiunwas
used as a negative contrimr phosphorylatiorfFigure26C).

Caprin-1 is phosphorylated on a serine residuia vitro.

Caprinl has many predicted phosphorylation sfi@$hos software) | next
wanted to determinehether caprifl is phosphorylated on a serine, threonine, or
tyrosine residueTo address this question, | perforn@tbspheamino acid analysis
usingtwo-dimensional thin layer chromatographyhe samples for this were obtained

from the®**P-labeled bandhat contains capritt. Comparing the image for amino acid
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Figure 27. Caprin-1 is phosphorylated on a serine residue in vitroThe
radiolabeled band containing capfirwas excised from the gel and then digeste
to obtain single residues his sample was used for tvdamensional thin layer
chromatography. Radiolabel was detected using a phesphger screen.
Amino acid residues were detected using a ninhydrin spray.
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labeling(ninhydrin spray}o the radiolabel detection shows that the main radiolabeled
component in the caprh band is a serine resid(fégure27). There is a slight signal

for phosphorylatethreonine as well, so it is possible there is a second, less prominent
phosphorylation event occurrimg vitro. Caprinl contains a predicted CK2
phosphorylation site at seriti&9 (GPhos software).

Phosphorylation of caprin-1 by CK2 is not affected bysodium asenite- or
Darinaparsin-treatment.

As discussed previously, capiinlocalizes to stress granules upon cellular stress.
The exactmechanism triggering caprihrelocalization remains unknowhinvestigated
whether the phosphorylation of capfiroy CK2 is altered upon the induction of stress
granule formation.Cells were prédreated with either sodium arsenite or Dapiaesin
prior to UV crosslinkingthe rest of the CLIP protocol was folled as described
previously with the addition of phosphatase inhibitdPsetreatment of cells with
sodium arsenite or Darinaparsin did not affectithetro phosmorylation of @prin-1
(data not shown This suggests the change in the phosphorylatiate of caprifl is
unigue to UVinduced stress.

AKAP350 contains a third PKA-binding site.

As evidenced by the name, AKAPs are mostketwn for their ability to
scaffold PKA. Among its many roles within the cell, PKA is a key player in the
regulationof cellular stress responé@iviani et al., 2013. AKAPs associate with PKA
viaits regulatory (R) subunits, adKAP350A binds regulatory subunit type Il alpha

(R ).o Two R rlynding sites have been identified in AKAP3508chimidtet al., 1999;
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Witczaket al, 1999;Takahashet al, 1999 within a region of homology between
AKAP350A and AKAP350C.

To investigatehe importance of PKAindingto AKAP350A and AKAP350C
function | created single and douhteutants of AKAP350C with one or both Ry
binding sites mutated~{gure28A). However | found that the double mutant, GFP
AKAP350G-R1R2, stillbound toR, | (data not shown This led to an examination of the
rest of the AKAP350C sequenceltok for otherpotential R -kinding siteswhich have
a secondary structure of an amphipathic alpha héix additional amphipathic alpha
helix (helix number 3as foundrom amino acid4197 to 121§Figure28B). A
proline-substitutionpoint mutation was used to disrupt this alpha helix and test whether
the disruption abolished association WitB-R, . ;Another alpha helix (helix number 4)
was also mutated to control for specificity of helixlerformed an overlay @eriment
with a recombinanfragment of AKAP350C antecombinan®, | radiolabeled witi?P.
The fragment of AKAP350C used for the overlay assay contains helices 1, 3, and 4
(350GH134). RecombinanRab14 served as a negative control fpilignding. The
association of wildtyp850GH134with R, |ig greatlydecreased upon mutationtbe
known R - binding site, helix 1 (350¢1134-R1) (Figure28C). The association of
350GH134R1 with R | was abolished bthe additional mutation of the third helix
(350GH134R1R3) Figure28C). The additional mutation of helix 4 (354€134
R1R4) did not have an effect on the amount of lignding compared to 3568134-R1.

To further verify helix 3 as an additional third Reinding site in the AKAP350
proteins, | next examined the ability of the mutant construasgociate withr, | g

compared to wildtype GFRbinding proteirconjugated beads (Rothbawtral, 2006)
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Figure 28. AKAP350 proteins contain a thrd PKA -binding site. A) Diagram
of AKAP350C with two original R rlinding sites (1 and 2) and new third site (.
B) Third site is an amphipathic alpha helix. White circles are hydrophobic
residues, black are charged, and grey are paarRecombinanAKAP350C
fragments containing helices 1, 3, and 4 (contedikp and Rab14 (PKAinding
negative control) were used for overlay WitR-R, . @) HEK-293T cells were
transfected with various AKAP350 fragments. Lysates were used for GFP pt
downs, and the samples were run in a 10% gel and transferred tolhilosee
Membranes were probed for Rand GFP. Film was scanned and signal was
guantified using LiCor Odyssey software.
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were utilized for GFP pulHdowns with lysates from HERR93T cells overexpressing
AKAP350C fragmentsKigure28A). Wildtype AKAP350GF1 (amino acids-#200)

and wildtype AKAP350&F2 (amino acids 136@700) bothassoa@te withR, | (Figure
28D). AKAP350CGF1-R3 does not bind R, werifying that mutating helix 3 abolishes
the ability of fragment 1 to bind,R (figure28D). AKAP350GF2-R1R2 and
AKAP350GF2-R1R2R4 do not associate with REigure28D), which suggests there
are no additional R-inding sites within fragment 2. Mutation of helix 4 has no affect

on R rkynding.

Discussion
In these gudies, | discovered two pieces of information that will add to the body
of knowledge for the puzzle of cellular stress response regulation. First, | discovered that
caprinl is phosphorylated on a serine residue by casein kinase Il {EKi)o (Figure
26). Caprinl has many potential phosphorylation sites and much work is being done to
determine its phosphorylation state under various conditions. It is important to know the
site of phoshorylation, the kinase, amdden that phosphorylation occurs in order to better
elucidate where this data fits in the overall network of stress response regulation. My
data shows caprih and CK2 are both emnmunoprecipitated by AKAP350A, so they
are both present in the AKAP350Arplex. Also, Figure27 showsthatthe site of
phosphorylation in this system is likely a serine residugrther work to determine the
exactphosphorylation site and thenctionof this phosphorylatiom vivois needed.
Phosphorylation of caprith does not seem to be affected by the induction of

stress granule formation. Exposure to UV rays, like those used for crosslinking in these
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experiments, is a stressor for cellatonen and Laiho, 2005; Fulegaal, 2010. UV
irradiation triggers stress response pathways and DNA damage checkipaiote( and
Laiho, 2009, and polonged or severe UV irradiation can induce apoptésitdget al.,
2010. Itis possible that the changes in the phosphorylation oincafgry CK2area
response to the specific stressoldf irradiation. Indeed, CK2 has been shown to
phosphorylate p53 after cells are stressed with UV light (Ketlat, 2001).

This new phosphorylation information could also impact research regargin
function of caprinl outside of cellular stress respon€&aprinl also plays roles in
disease and regular cell functions. Carimteracts with FragilX Mental Retardation
protein (FMRP) and functions to transport neuronal RNA gran&lesatimy et al,
2012. When FMRP does not function properly, this can result in numerous neurological
sequelae in Fragile X Syndrome (Kolobataal, 2009; El Fatimyet al, 2012).
Phosphorylation could affect the interaction of cafriwith FMRP or RNAs Indeed,
FMRP has been found in proteomic analyses of AKAP350A immunoisolates (data not
shown). Caprinl was initially discovered as a protein regulating lymphocyte
proliferation (Grillet al, 2004) and knockdown or knockout of capiingreatly reduces
cell proliferation (Wanget al, 2005) It has also previously been shown that cafiria
phosphorylated, but thghosphorylation site aridnase were not identified (Gridit al,
2004).

My discovery of a third R-inding site within the AKAP350 protes is a major
development in the PKA scaffolding literature. PKA is a critregjulatorykinase within
the phosphorylation literature (Kanamatal,, 2012;Diviani et al, 2013. We can now

use R rkinding deficient mutants, with all three sites nietia to study the functionality
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of AKAP350 proteins independently of their PKA scaffolding. These mutants could
possibly be used as dominant negatives when overexpressed in order to determine the
effects of loss of temporal and spatial regulation of PKAAIKAP350 proteins. In
AKAP350 knockdown cell lines, these constructs would be especially powerful to
rescue all functions of the AKAP350 protein with the exception of BK#ffolding.

The location of the new R-lnding site is in a region that is homologous
between AKAP350A, AKAP350C, and yotiao. The discovery of this new site could
impact research from the past two decades involving PKA regulation by AKAP9 gene
products. Any previous studies performed wil) -inding mutants may need to be
repeated using truly,R-kinding-deficient mutants.Yotiao and AKAP350A were
discovered during a time when protsinuctureprediction computer programs were not
available, and the prediction of amphipathic alph&hsl(R rkinding sites) was done
by eye. This greatly increased the chances of missing a binding site. Indeed, of the three
research groups that discovered AKAP350, only one group identified two binding sites
(Takahashet al,, 1999) while the othersty identified one (Schmidt al.,, 1999;
Witczaket al, 1999). Though protein structure prediction programs have been available
for some time, nothing hasstigatedthe need to investigate the possibility of additional
R, rlinding sites until now.The impact of the discovery of an additional fRinding
site remains to be seen.

The phosphorylation of Caprih by CK2 and the discovery of an additional Ry
binding site in AKAP9 gene products are two critical pieces of the stress response
regulaton puzzle.All cells experience various stressors throughout their existence, and it

is critical for cells to be capable of responding to each stidss.@llular stress response
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is a highly regulated complex integration of signaling pathways (Failaa 2010).

Protein phosphorylation is one of the key components in this regul&adref, 2001;

Karve and Cheema, 20)L1Studies are ongoing in every area of phosphorylation,
including determining phosphorylation sites, discerning kisadestrate dymaics, and
identifying temporal and spatial regulation of phosphorylation events. Phosphorylation
or dephosphorylation can alter the function of a protein in many ways, including
activation, deactivation, mark for degradation, change interacting padnédrajter sub
cellular localization (Cohen, 2001kvery additional piece of information is added to the

puzzle to find its appropriate place within the regulation of cellular stress response.

Methods
Cell culture

HeLa cells (American Type Culture Cetltion, ATCC) were maintained at 37°C
in 5% CQ using complete RPMI media supplemented with 10% fetal bovine serum
(FBS). HEK293T cells (American Type Culture Collection, ATCC) were maintained at
37°C in 5% CQusing complete DMEM media supplemented viil®6 fetal bovine
serum (FBS) . Ef fectene was used for some
protocol (Qiagen). Polyjet was used for some transfections according to the
manufacturero6s protocol (SignaGen).
CLIP

| adapted the CLIP protocol fmothe Darnell Laboratorydle et al., 2009.
HEK-293T were grown to about 80% confluency. After washing, cells were crosslinked

with 400 mJ/crultraviolet light. Cells were then pelleted and lysed witlPHER
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(Thermo Scientifig with protease inhibitoré§Sigma) Lysates were treated with RQ1
DNase (Promega) arRNase A(USB). Protein concentration was determined using the
BCA protein assay (Pierce). Equal amounts of protein from each lysate were used for the
immunoprecipitation. AKAP350A was immun@uipitated using the rabkainti-
AKAP350A antibody we developed, and magnetic ske@prabbit Dynabeads
(Invitrogen). Beads were resuspended in reaction buffer (70 mMQlyipH 7.5; 10 mM
MgCly; 5 mM DTT), andnhibitors were added at this step, ifpéipable. Polynucleotide
Kinase (PNK, New England Biolabs) was then added, if applicaiien, 3000 Ci/mM
3p.gammaATP was added, and the mix was incubated at 37°C for 10 minutes while
shaking. The supernatant was disposed of, and the beads werd wiabkheecold PBS
then resuspended in sample buffer. The samples were run in a polyacrylamide gel. The
gel was then dried and exposed to film or a phosphoimager sérbennhibitors were
used at the following final concentratiorif) M H-89 (Sigma)10 pM KT5720
(Sigma),10 uM PKI (Sigma),100 nM Staurosporine (Sigma}0 uM STO-609
(Calbiochem)200 nMBIM-1 (Cayman Chemical), aridd pM D 4476 (Cayman
Chemical) For stress preeatment, cells were incubated at 37°C for 45 minutes with a
final corcentration of either 0.5 mM sodium arsenite (Riedel de Haen) or 0.05 mM
darinaparsin (Ziopharm) prior to UV crosslinkingysates were treated with phosphatase
inhibitors Sigm3.
Phospheamino acid sample preparation

The radiolabled samples from the IPLprotocol (above) werein in a
polyacrylamide gelwhich was then stained with colloidal coomasdibe gel was then

dehydrated and exposed to phosphaging screenThecoomassiestained and
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radiolabeled banaias cutfrom thegel and put in a glaslish. Thegel piecewas
incubatedwvith 100 mM ammonium bicarbonatAmBic) for 15 minutes at room
temperature. Thegelwas dicegdandthen put into screwwop 1.5 mL tube.Then,500 pL
fresh100 mM AmBicwas putin the tube andncubaté overnight at rom temperature.
FreshAmBic was placed in the tulsnd incubagdat room temperature for 15 minutes.
The AmBic was discarded and replaced wath:1 solution of acetonitrile to 100 mM
AmBic and incubate at room temperature for 15 minuteBhis was epededas
necessary to destain the gel. Nexgdded100% acetonitrile, and incubatéhe sample
at room temperature for 15 minutespeating until gel wadehydrated.To the ay
samples| then adéd300 pL of 0.01 pg/pL trypsin in 25 mM AmBic, and incatld this
overnight at 37 °CThe sipernatantvas placedn anew tube.Then,200 pL 60%
acetonitrile/0.1% formic acidvas addedo the gel pieceand incubateé at room
temperature for 15 minuted.his supernatant was addedthe previous supernataand
then diedin a vacuum until no liquid remained he pelletwas washed with 100 pL
water and drieth a vacuum a total of three timeshen,100 puL 6N HClwas adde@nd
heatedat 100°C for two hoursThe HCI was diluted wit®00 pL waterandthen died
in a vacuum.This was vastedwith water and dedin a vacuum two times.
Phospheamino acid analysis thirlayer chromatography

The running bufferZ.5% formic acid, 8% acetic acid at pH Jlvéas usedo
make the standard® mg phosphoserine, 2 mgosphothreonine, and 2 mg
phosphotyrosine into 1 mL running bufféFherunning controlvasrunning buffer
containing phenol red and xylene cyanolde died samplesvere resuspended 10 pL

running buffer, an@ uL standardsvere addedo eachsample First,2 uL controlwas

106



spottedon thenitrocellulose plate about 2 cm from left and bottom of the plate. ,Phen
ML samplewas spottedbout 2 cm from bottom, centered in the plakbe plate was
carefully wetedusing an overlayed filter paper witioles cut out around the spots
taking care to approach the spots evenly from all directidhs.filter paper was
removed anglatewas placedamplesdown inb the running apparatus, with the
samples at the negative electroddis was overedwith a dass plate ad run at 500V
until dye reachedbout half way across the platéheplate air died overnight.

Next,the platewas rotate®0° counterclockwiseTheplatewas wettedvith the
second dimension runnirmuffer (1% pyridine, 10% acetic acid pH 3.9 using filter
paper strips, careful to approach the line the sample ran evenly from all diredtioss.
was un as before, at 50Q\&nd the plate was airied overnight. The plate wasmayed
with ninhydrin to image amino acid3.he plates wer exposel to aphospheimager
screen to detedtP radiolabeling.
Protein expression and purification

AKAP350C fragments were cloned into pET30 vectors. Constructs were used to
transform BL-:21-DE3-RIL bacteria. Autoinduction medi&{udier 200bwas usd to
induce protein expression in the bacteria during overnight growth. Bacteria were then
pelleted and sonicated. Expressed protein was purified usiNg Aiagarose beads and
eluted from the beads with high concentration of Imidazole.
Radiolabeling

The radiolabeling reaction buffer contains 0.1 pg PKA, 50 mM MOPS, 8H 6.
50 mM NaCl, 2 mM MgCJ, 1 mM DTT, 0.1 mg/mL BSA, and water to a final volume of

300 pL. Then, add 2 pg,Rand 50 pCP?P -gammaATP. Mix well, and incubate on
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ice for 1.5 hours. Th&P-R, ,ig cleaned usingpindesalting columns according to the
manuf act ur dhedme Sgentibgt o c o | (
Overlay

Bacterially expressed and purified AKAP350C fragmevese run in &0%
polyacrylamide gel. The proteins were then transferred to nitrocellulose and blocked
with 5% milk in TBST (0.1% Tweer20). The*P-R, ,was added to milk until it was
100,000 counts per minute. This mixture was incubated with the raamht room
temperature for 3.5 hours while rocking. The membrane was then washed for 15 minutes
three times with TBS. The membrane was then wrapped in plastic and exposed to film
or a phosphoimager screen.
GFP pull-down and western blotting

HEK-293T cells were transfected with various AKAP350C constructs. Cells
were lysed with MPER {Thermo Scientifiy. The pulldowns were performed using
GFPRbinding proteirconjugated agarose beads for 2h at room temper@otbbaueet
al., 2009. Samples wereun in a 10% polyacrylamide gel, and proteins were transferred
to nitrocellulose membrane. Primary antibodies used for western blotting were-mouse
antiR, | (3:1000; BD) and rabbint-GFP (1:5000, Abcam). Secondary antibodies were
donkeyantiFmouseHRP (1:5000) and donkegntirabbitHRP (1:5000from Jackson
Signal was detected using ECL Western Blotting Substrate (Pidtite) was scanned

and signal quantified using LiCor Odyssey software.
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CHAPTER V

DEVELOPMENT AND INITIAL CHARACTERIZATION OF AKAP9-
KNOCKOUT AND CONDITIONAL AKAP9 "FMICE

Introduction
Animal models have become an integral part of modern scientific research. These
systems allow the study of a particular proteithi@in vivo nicheas opposed to the
artificial environments ofdboratory plastic and glasswdf@ama Sosatal., 2010) In
vivo animal sudies also provide scientists with an avenue for broadeningrthairo
studies into systemic studie&enetically modified mice are the most comniorivo
modelusedfor studying human diseas@Gama Sosatal., 2010). The use of animal
models in stresesponse is vergrominent and necessary given that oftermthele
organism not just an isolatecell type,experiences the stresa study in whole animals
isnecessarytbet t er understand the complexities
One common method of utilizirgnimal models to study stress is to use
genetically modifiedor transgenicanimals to examine the role of a specific protein or

family of proteirs in stress response. For example, researchers havieamnsgpknic

mousemodslo f Par ki nsondés disease to study the

progression of the diseaségfcinet al, 2012). Manyofthesemodel s of Par ki
diseasenvolve the genetic mutation ahdividual proteins or protein families, such as
Parkin orthe PARK proteinsthat are involved in or increase susceptibility to oxidative

stressYarcinet al, 2012) Mice expressing a mutant form of Parkin, an E3 ubiquitin

ns

|l i gase, exhibit the hall mark features asso
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2009). Importantly, mitochondria isolated from Harlleficient mice have deeased
regiration, and the mice exhibitidespread metabolic issu@alacincet al, 2004)
Parkindeficient mice also express lower numbers of stress response proteins and are
more susceptible to oxidative str¢Bsilacinoet al, 2004) Additionally, many of the
genetic knockout mouse models of Parkinson
and/or increased levels of oxidative streBsom thesen vivo studies, mitochondrial
dysfunction and oxidative stress have been strongly linked to Parkilss di seas e
pathogenesisvarcinet al, 2012).

Trangyeric mouse modelare also usetb identify previously unknown roles of
stress response in the pathogenesis of dise&sssearchers studyi@steogeansis
imperfecta(Ol) developeda mouse model of the diseased heydiscovered the
unfolded protein response is involved in the pathogense€§(kisseet al, 200§. The
mice have a mutation in procollagen 1, type 1 (COL1A1), which cdbsellagn to
misassembland not be secretedisultingin accumulation in the endoplasmic reticulum
(ER). This triggers ER stress, specifically th&olded protein response. If this stress is
prolonged, iinduces apoptosis in osteoblasts, thereby contriputithe disease
progression (Lisset al, 2008). This suggestshat ER stressnediated apoptosis is a key
player in the pathogenesis ©6teogenesisnperfect, and has fueled a new avenue for
research on this skase

Proper stress response is a catielement in development and disease prevention.
AKAP9 gene productsvhich include yotiao, AKAP350A, AKAP350B, and
AKAP350C, are involved in various stress respons€lus,it is important to determine

the role these proies play on a whole tissue @organism level Yotiao, the shortest
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AKAP9 splice variant, is important foepolarization of cardiomyocyteysregulation
of yotiaocan lead to chronic heart failuré ¢ ~ gtalr 2013. Furthermore, @rupting
the anchoring ofhe potassium channsubunit KCNQZ1, by yotiao leads to long QT
syndrome, a potentially fatal heart arrhythn@énet al, 2007. Therefore, yotiao is a
critical regulatorof thecardiacstress response.

AKAP350A is alsanvolved in cellular stress response, specifically stress granule
formation (Koloboveet al, 2009 Masonet al, 2013. Upon cellular stress, AKAP350A
localizes to stress graules and associates with mMRNAs and o#ssrgtanule proteins
(Kolobovaet al., 2009). Stress granule formation is induced by many stressolsding
viral infection, during which some viruses suppress wdtiteers hijack the stress
response (White and Lloyd, 2012)radiation also inducedress granule formation in
tumor cells following wholenimal radiotherapy (Moellat al, 2004). During stress
granule formation, protein and mRNA components of stress granules aggregate
(Anderson and Kedersha, 2006). Misregulation of this aggregatimess has been
implicated in several diseases, especially neurodegenerative digdvdogin, 2012)
More specifically, bBerrant aggregation of stress granule proteins is implicated in the
pathogenesis of amyotrophic lateral sclerosis (ALSg(lal, 2013).

As seen in Chapter llgnother splice varianBKAP350C, targets to
mitochondria and is involved in the regulation of mitochondrial fission and fusion.
Knockout of mitochondria fission and fusion proteins typically results in embryonic
lethdity (Kanamaruet al, 2012). The balance between the processes of fission and
fusion is a key component in thkility of mitochondriato respond to cellular stress

(Fuldaet al,, 2010) As described above, inadequate mitochondrial stress response is a
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key feature in many neurodegenerative and other dise@kesefore, investigations of
these AKAP9 gene products on a whole animal scale will provide novel insight into their
role in stress response and possibly numerous diseases

In this chapter, | desibe the development of AKARhockout (AKAP9(') and
conditional knockoufAKAP9™") mice as well as fibroblasts derived framll mouse
tissue The development cAKAP9™ miceis significantly impaired, resulting in death
by 13 days of ageThis de#h presumably results from tisevere lungmpairment. Te
AKAP9"" micewould possiblydevelopa liver phenotype if they were able to age (as is
possible with AKAPE" mice). Thefibroblasts from AKAPY mice proved to be useful
because theled to thediscovery oftissuespecificpreferential splicing. Thisplicing
prompted the development of conditional knockout AKEP@iceso that AKAP9 can
be removed at varying tinmoints These AKAP9 mouse modet®w allow for

investigations into the role &KAP9 in a variety of tissues and diseases

Results
Generation of AKAP9™T and AKAP9 Y™ T genetic chimeras.

AKAP9 knockoutfirst, conditionalpotentialembryonic stem (ES) cells were
purchased from Knockout Mouse Project (KOMFhe cells were heterggous with
one wildtype allele and one knockefutt, conditionalpotentialmutant allele Eigure
29A). The knockouffirst allelehas a LacZeporter and Neomyciresistance cassette
flanked by Flp recombinasertget (Frt)sites inserted between exons 7 aruf the

AKAP9 gene which contains a total of 51 exoffsgure29). This cassette also has a
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A STOP
FRT FRT loxP loxP

Exon 7 LacZ neo Exon 8 Exon 9

Figure 29. Generation of AKAP9" knockout-first chimeras. A) Diagram of
mutant allele in embryonic stecells purchased from KOMP. A LacZ/Neo
cassette is inserted between exons 7 and 8, so that exon 7 will splice into 1
cassette which contains a stop codon:-récbmbination sites flank the
LacZ/Neo cassette, and LoxBcombination sites flank exon 8) One of the
male chimeras estimated to be 80% derived from the injected ES cells (the
coat color).

splice site acceptor, so exomwas designed tsplice into the LacNeocassette, which
contains a stop codon. The resuttuld be a severely truncated, presumably-non
functional AKAP9 protein.This truncation mutant would be less than-@ifta of the
full length protein. This would effectively knock out all known s variants of
AKAP9: yotiao, AKAP350A, AKAP350B, and AKAP350C.

The AKAP9 knockouffirst, conditionalpotential ES cellfrom a C57BL/6
baclgroundwere injected int@lbinoC57BL/6embryos The embryos were then
transferred to an albinG57BL/6female b geneate chimera offspringin total, 3 male
chimerasand ore female chimeraere generateddentified by black and white coat

color (Figure29B). The female and two males were estimated to be 80% derived from

113



the injected cells, and the other male was estimated to be 10% derived from the injected
cells. Theesulting chimeras wergossed t@lbinoC57BL/6 mice, with one chimera
resulting ingermline transmissionWhen a black pup is born from the albino heat
this indicates the pup received an allele from the injected ES celld&3NAe black coat
color is dominant over the recessive albino alldecause the ES cells were
heterogenous, thedéack pupsmustthenbegenotyped to determirtee presence dhe
wildtype or mutant allele After genotyping, nindlack pupsvere obtainedavith four
pupshaving the mutant alleleOnce AKAP9 knockoufirst heterozygous (AKAPY'M
mice were obtained, they weteossedo each otheto generate AKAP9 knockoditr st
homozygous (AKAPY) mice.

AKAP9 ™ mice have a severe lung phenotype.

AKAP9" mice survive birth but suffer a severe phenotype after birth.
Interestingly, the eight AKAR® mice obtained thus far have been male. All of the mice
that were born hadied or had to be euthanized by 13 days of age due to failure to thrive,
with the exception of one. Compared to their littermates, the AKARi@e were less
than half the sizeRjgure30A). Additionally, theyappeared to have stunted hair growth
initially. The pups also appeared lethargic when compared to littermates. Atrophied
testes were observed in the AKAPBouse that lived longer than 13 days of age (data
not shown). Upon analysis of the AKAP@rgans, the lungs appeared large for the body
size when compared to a littermate. Histology showed the lungs to be the only grossly
affected tissue. In the AKAP9mice, the walls of the alveoli appear very thin when

compared to wildtype agmatched miceRigure30B). The singlecell squamous
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) 5 days old

5 days old

8 days old

Figure 30. AKAP9" mice have a severe size and lung deficiency. AKAP9™
pups are less than half the size of thiggrmates. B) Hematoxylin and eosin stail

of AKAP9” lungs. Tissues were fixed in 4% paraformaldehyde overnight at 4°¢
(Scale bars: 100 pm)

epithelial walls of the alveoli in the AKAP9mice appear to be stretched and

occasionally appear to have ruptured. From the histological examination of all tissues,

the lung phenotype is presumably the cause of death.

AKAP9 ™ mice have diver phenotype.

By gross analysisf AKAP9 tissues, it was noted there nizg agrossliver

phenotypethough one was not seen durhigtologcal examinations An AKAP9” pup
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that was euthanized at figlys oldhadpale spots throughout the liveFhe spots were

evenly distributed, similar in size, and affected all lobdegrthermore,heentire liver

was pale in théKAP9™ pup euthanized at 8 days old. When thalagold AKAP9™

pup was examinedhe liver was almost completely white. This pattern suggests a
progressive phenotype in the liver that may become a health issue in aged mice. Further
investigation into the liver phenotype is warranted.

Characterization of AKAP9 ™" and AKAP9™T fibroblasts.

The severe phenotype seen in the AKAR@ips prompted me to devise another
way to study the effects of knocking out AKAP9. For this, | isolated skin fibroblasts
from tail tissues of AKAPY, AKAP9™™T and wildtypdittermates. AKAPY fibroblasts
propagated much slower than the AKAP8and wildtype fibroblasts. Therefore, it was
not possible to characterize the AKAPBbroblasts as fully as the other lines.

Surprisingly, the AKAP fibroblasts still expes®dat least one of the AKAP9
gene products. When stained with an antibody against an epitope in AKAP350A and
AKAP350C, immunostaining was observed in the AKAR®roblasts. This antibody
was previously characterized and verified, so these resiggest at least one AKAP9
splice variant is still present in the AKAPSibroblasts. This led us to test cDNA made
from skin and lundotal RNA for the presence &KAP350A. We foundwildtype
AKAP350A message is still expressadhe skin comparabléo wildtype tissuebut not
in thelung. We hypothesize there is tissspecific preferential splicing around the
inserted cassettthereby splicing around the inserted stop cogooducing full length
protein. Further investigation is needed to deteerwhich tissues lack AKAP9

expression.
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Upon further examinatioaf the fibroblaststhe AKAP350 immunostaining
appears to label the Golgi apparategy(re31A and B). In some cells, the Golgi
structure appeats be fragmentedsijgure31A), while in other cells the Golgi appears
intact Figure31B). AKAP350A localizes to the Golgi (Shanésal., 2002) and
centrosome (Schmidt al, 1999) under nostress conditions. AKAPYT and wildtype
fibroblasts show similar staining pattemuith the AKAP350 antibodyRigure31C and
D, regectively). All three genotypgroupsalso exhibited agtrosomal staining. Using a
commercially available antibody to thetBrminus of the AKAP9 gene products, |
verified localization of an AKAP9 protein on the Golgigure31E). AKAP350 has
been shown to plag role in ciliogenesis (Hurtads al, 2011), so | sought to determine
if fibroblasts solated this way could be utilized$tudy this process. These fibroblasts
do make primary cilia, thougbome cells exhibit multiple primary cili#&igure31F).
Developing the conditional AKAPS'™ mice.

Due to the issue of preferential splicing around the casse@elogdthe
conditional knockout mouse line. AKAPY mice were bred with mice with flippase
recombinaseRlp). When Flp is present in an AKAPY mouse, recombination occurs
between the Frt sites, removing the LacZ/Neo cassette and the early stop codon,
producing an AKAP9F/WT mousé&igure32A). This recombinatiomemoves exon 8.
The splicing from exon 7 to exon 9 will result in nonsense mutations and early
termination, effectively knocking out all full length AKAP9 proteins. AKABS mice
were then crossed to obtain AKAP3nice, homozygous for the conditiorkalockout

allele. All tissues appear normal and these mice were phenotypically wildtype as
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AKAP350 Merge

AKAP350 Merge

AKAP9-/-

AKAP350 Merge AKAP350 Merge

Wildt

Golph4 BD-AKAP450 Merge

Alpha-Tubulin Acetyl-Tubulin Merge

Figure 31. Characterization of AKAP9”, AKAP9™T  and wildtype fibroblasts.
Skin fibroblasts were isolated from tail tissue. Fibroblasts were grown on poly
lysinecoated coverslips and were fixed with 4% paraformaldehpd&, C, D)
AKAP9™ (A, B), AKAP9™T (C), and wildtype (D) cells were stained with our
AKAP350 antibody (reji E) AKAP9™T cells were stained with Golph4 (Golgi,
green) and the commercial antibody BIBXAP450 (AKAP9 N-terminus, red).F)
AKAP9™T cells were stained with alphabulin (green) and acetylatedbulin
(red). All cells were also stadwith DAPI (nuclei, blue). (Scale bars: 20 pm)
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expected. The AKAPY mice can then be bred to various mice expressing Cre
recombinase to cause recombination between the LoxP Kigesg32B). Both global
and tissuespecific, such as lung and liver, @taver mice are of interest.
Discussion

| have developed AKAP9mice using ES cells purchased from KOM®g(re
29A andFigure30). These mice have a dramatically shortened lifespan, living up to 13
days of age. The apparent cause of death is a lung defect, but more research is needed to

determine the exact cauggdure30). The stretched appearance and rupturing of the

A STOP
FRT FRT loxP loxP
Exon 7 LacZ neo Exon 8 Exon 9
\\ -
\N -

B FRT loxP loxP

Exon 7 Exon 8 Exon 9

= . -~ -~ - L3

C FRT loxP

Figure 32. Schematic of AKAP9 conditional alleles. APiagram of mutant
allele in embryonic stem cells purchased from KOMP. A LacZ/Neo cassette it
inserted between exons 7 and 8, so that exon 7 will splice into the cassette wi
contains a stop codon. Hgcombination sites flank the LacZ/Neo cassetid, a
LoxP-recombination sites flank exon &) When Flp is expressed, recombinatior
occurs between Frt sites, deleting the LacZ/Neo cassette. Splicing occurs nol
C) Upon Cre expression, recombination occurs between the LoxP sites, remo
exon 8. Splicing from exon 7 to exon 9 results in nonsense mutations and earl
termination.
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alveoli walls suggests hyperinflation of the lungs. An AKAP9 splice variant could
regulatecellular organelle dynamics aieé required for the lungs to return toefldted
state. AKAP9-mediatedegulation of lung functioms likely, as PKAregulates many
aspects of the pulmonary endothelial barrier (Sayner, 20 &y alveolar ion channels
andproper fluid clearance from the alveale highly regulated by PKAard the
dysregulation can lead to pulmonary eddiMaronet al, 2005 Sayner, 2011 AKAP9
splice variants also serve as regulators for various stress responses. It is possible the
stress of birth and beginning to breath requires a response regulateAK}R9

variant. Continued gsregulation of AKAP9mediated stress response could induce a
diseased state in the lungdtimately causingleath

AKAP9” mice are less than half the size of their littermates and have
phenotypically abnormal liver andstes Fibroblasts from tail tissues were able to be
cultured foreightweeks Figure31). From these cultures, | found tHAP9” mice
have tissuespecificsplicing around the inserted transgeri2ue to viality and splicing
issues, | also developed the conditional knockout AKARBigure32). These mice are
ready to be bred to mi@xpressing Cre recombinase to obtsauespecific AKAP9
knockout.

In a recent sidy, researcheiavestigated the role of AKAP9 gene products in
spermatogenesis using an AKAP9 knockout malesevedconcurrentlywith our mice,
from ES cells purchased at KOMBchimentiet al, 2013. They discovered delayed
maturationand mislocalizaon of cells involved in spermatogenesisdeed,l also noted

atrophied testes in our AKAP9nice. In contrast to our breeding schertteeyoptedto
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breed AKAP9"T mice directly withconstitutiveCre-expressing micand thusforgoing
the conditionbpotential (Schimentet al, 2013) These mice were then crossed with
other mice containing a second mutation in exon 13 in the AKAP9 ¢gidre, this study
only examined the effects &KAP9 knockoutin the testes, and no other tissues were
investigaed. Interestingly, the researchers mention overall animal viability was not
affected in their micgast 100 days of ag&chimentiet al, 2013), which is in stark
contrast to our findings of the mice living less than two weeks after Mvtiether the
different breeding strategies additional mutations;ause this discrepancy remains to
be investigated.

The AKAP9” mice remaira powerful tool for future studiesThe dramatically
shortened lifespan of AKAP9mice suggests at least one AKAP9 gpnaduct is
important in development and possibly disedSerther characterization of the lung
defect in AKAPY™ miceat the cellular and sutellular levelis needed to determine the
exact defect and whether these mice could serve as a disease @malpbssible
explanation is a defect in tlidevelopment or maintenance of thag smooth muscle.
The smooth muscle is responsible for ¢tbatractility of the lungs (Low and White,
1998), and théyperinflated lungs seen in tA&AP9-/- micecould be du¢o a defect in
smooth muscle contractiordyperinflation of the lungs is also seen in various disease
states, such as chronic obstructive pulmonary disease (COPD) (Ferguson A006).
decrease in connective tissues in the alveoli, commonly seen in COHD atso be an
explanation for the hyperinflation in the AKAPnice, as connective tissue also affects

contractility.

121



The conditional AKAPY"mouse is an especially powerful tool that will allow
knockout of AKAP9 proteins in adult mice, something possible with the AKAP9
mice. This would allow the investigation of the roles of AKAP9 proteins in maintaining
homeostasis and in agings well as development and progression of dis€Hse
AKAP™F mice could be crossed withiger-specific Creexpressing mouse to
investigate in adultsthe potential liver phenotype seen developing in the AKfAEﬂQ)ps.
AKAP350A plays a role in bile secretion in the liver by regulating the polarity of
hepatocytes constituting the canaliculi (Mattalenal, 2012). Progressive familial
intrahepatic cholestasis (PFIS)a disease resulting from the inability to secrete bile, and
is partially characterized by metabolic and nutrition deficiencies (Nicatal, 2012).
The progressive nature of this diseas&nslar to the progressive nature of the liver
phenotype seen in AKAP9mice. Also, metabolic and nutrition deficiencies could
account for the small size of the AKAP®nice.

As demonstrated above, studying an AKAP9 genetic mutant mouse cooidtk
provide insight into noveloles for AKAP9proteins during developmeraging and the
development and progression of diseaBee involvement of an AKAP9 protein in
developmenappears likely since the AKAP9mice have a severe lung phenotype
(Figure30) which was not expected to be the primary phenotype based on current
literature. This could potentially lead to the use of these mice in the development of
therapeutics.The mce can also be used to study theef ofstresson development and
disease Also, studying the effects of the absence of these proteins within a whole
organism may possibly elucidate novel roles of the proteins within signadithways or

in specific celltypes.
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Methods
Animal Care and Use

All animal care, maintenance, and treatment of animals in these studies was done
in strict accordance with protocols approved by the Institutional Animal Care and Use
Committee of Vanderbilt University.
Generation of genetic chimeras

Knockoutfirst, conditional potential AKAPY'T embryonic stem (ES) cells from
aC57BL/6backgroundclone number EPD0033_5 BOdgre purchased from Knockout
Mouse Project (KOMPDavis, CA. These ES cells wersicroinjected into wildtype
albinoC57BL/6 embryos in th&/anderbilt Transgenic Mouse/Embryonic Stem Cell
Shared Resource (TMESCSR). Témbryos were then transferred to recipient wildtype
albinoC57BL/6females. Genetic chimeras were identified by black and white fur color.
Genotyping AKAP9™T AKAP9™, AKAP9™WT and AKAP9™F mice

The AKAP9 gene was detected in@lice using the sense primer
GTAATGTTTACATGTTCACTGGGAAATG and the antsense primer
GTGTGCACGAACCTGATCCGCAT Upon PCR, the band sizes are different
depending on the allelewildtype isabout500nucleotidesknockoutfirst (Figure29A)
is 6,147 nucleotides, and the conditional all€ligre32A) is 700 nucleotidesFor the
AKAP9 PCR reactions, Advantage THqQiagen) was used with an extension time of
one minute.The LacZ cassette was detected using the sense primer
TGCCGCTCATCCGCCACAT and the argense primer

CACCGATCGCCCTTCCCAACAGT. Upon PCR using RedTaq (Sigma), a band of
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about600 nucleotides is seen BKAP9 ™" and AKAP9Y™ mice. The presence of Flp
recombinase was detected following the protocol from Jackson Labofatougestock
# 003800) A band of 725ucleotidesvasdetectedn all first-generatiorAKAP™WT
mice.
Tissue fixation, embedding, ad sectioning

Immediately upon harvest, tissues were submerged in 4% paraformaldehyde for
fixation overnight at 4°C with gentle agitatioissues were then washed three times
with 70% ethanol for a minimum of 30 minutes each time at 4°C. Tissuepwaftn-
embedded and 5 pm sections were used for all staining
Tissue staining

Hematoxylin and eosin staining was performed by the Translational Pathology
Shared Resource at Vanderbilt University.
Developingmouse fibroblasts

Fresh nouse taildrom oneday-old pupswere incubated in 0.04% bleach at room
temperature rotating for 15 minutes, then
solution (HBSS). Tails were then put fresh HBSS and diced,gdlaeed in a clean tube.
Collagenaseavas addedo a finalvolume of 1000 u/pL (collagenase blend type H,
Sigma), and incubadleat 37°C for 25 minutesSamples wereantrifuged at 2000 rpm for
five minutes, andhe supernatariscaretd After washng once with 1x HBSS0.05%
trypsinwas added. The samples weortexed andncubatel at 37°C for 20 minutes.
Samples were therentrifuged at 2000 rpm for 5 minutes, atite supernatarttiscarekd
The pellet was muspenddin 500 pL fibroblast medigpipetedto break up aggregates

For the fibroblast media, ¥ fetal bovine serum, 1% MEM nonessential amino acids,
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and 1% penicillin/streptomycin was added to DMEM medibhe resuspensions were
plated in a 3cm dish, an@ mLs fibroblast mediaas added These werencubate at
37°C with humidity and 5% Cg£disturbing dish as little as possiblerfd-8 days
Fluorescence microscopy

Fibroblasts wergrown on polylysine-coated coverslips and were fixed at room
temperature for 15 minutes using 4% paraformaldehyde (PFA) supplemented with 0.1%
Triton X-100, 80 mM KPIPES pH 7.2, 1 mM EGTA, 1 mM MgS04, and 30% glycerol.
Cells were permeabilized with 0.25% TritorRIR0 and blocked with 5% normal serum
for one hour at room temperature. The cells were incubated with primary antibodies for
one hour at room temperaturgiouseantiacetylateetubulin (1:200, Sigma), rabbéntr
gammatubulin (1:1000, Sigma), mousatrAKAP350 (1:250), mousantrAKAP450
(1:200, BD, and rabbHant-rGOLPH4 (1:400, Abcam). The cells were then incubated
with secondary antibodies for oneur at room temperature: geattrmouseAlexa-568
(1:500) and goaantirabbitAlexa-488 (1:500), both from Jackson. Coverslips were
mounted using Prolong Gold plus DAgvitrogen) Cells were imaged using a 60x oil
immersion lens on Olympus F1000confocal fluorescence microscope (Vanderbilt Cell
Imaging Shared Resource).
Preparation of cDNA

Total RNA was isolated from frozen tissue wittizol (Invitrogen)following the
manuf act ur eRNAwas than trdateccwiti RNafee RQ1 DNase (Bmega).

The High Capacity Revse Transcription kit (Applied Biosysteinsas used for making

cDNA following t he usrgbligofda primerforAKAPS RpA. ot oc o |
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Every cell experiencesrsss at some point, and hdiwe cell responds to stress is
critical tocell function(Fuldaet al, 2010) Improper stress response can result in the
survival of unhealthy cells that couldsult inprogressn to disease, resistance of
disease cellsttreatments, or erroneousladtath as seen in cardiovascular and
neurodegenerative diseases (Fudtal, 2010). Stress responsganliterally determine
the difference between life and deathd, thereforegellular stress response is a highly
regulated processlhe integratiorof numerous signaling pathways is central to this
complex regulation.

A-kinase anchoring proteins (AKAPS) are large scaffolding proteins that serve as
signal integration cente(s T r “etgak 2012) AKAPs act toscaffold kinases and their
substratess well as many other signaling proteins in close proximity to one another
(Michel and Scott, 2002)This allows greater spatial and tengdarontrol of the
activation,deactivationand integratiorof signaling cascadds T r “etgak 2012)

Many AKAPshave been identified, with each AKAP serving a unique functod
every cellular process is associated with at least one AKAP in somelable(). Our
lab isspecifically interested in proteins encoded byAK&P9 gene. There are several
AKAP9 genesplice variants, including yotiao, AKAP350A, AKAP350B, and

AKAP350C [Figure5). Of these splice variant$KAP350A (also known as
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Yotiao AKAP350A AKAP350C AKAP350B

Localization @ Plasma membrane Centrosome Mitochondria ?
Golgi apparatus

Stress granules

Interacting | KCNQ1 channel, CLIC, CIP4 Mff. Mfn1. Mfn2 ?

partners NMDA receptor Caprin-1, G3BP
CK2
Normal | Cardiac repolarization, Cell cycle, microtubule Mitochondria ”
function ion flow dynamics dynamics .
Stre§5 Cardiac stress Stress granule formation, Mitochondria ?
function response UV stress response stress response,
Apoptosis

Associated ” s

disease Long-QT syndrome ?

Figure 33. Summary of additional knowledge for AKAP9 gene products.
AKAP9 gene products include yotiao, AKAP350A, AKAP350B, and AKAP35(
For each, this diagram lists the sabkllular localizationtheinteracting partners,
the normal function during nestress conditions, the function during stress, anc
diseases assiated with mutations and/or snegulation of the proteirBold, red
text indiates new knowledge obtained in this body of work.

AKAP450/AKAP9/CGNAP) (Schmidtet al, 1999;Witczaket al, 1999; Takahastst
al., 1999) and yotiao are the most watlidied(Figure6).

Without prior stress, AKAP350A localizes to the centrosome (Schehiat,
1999) and the Golgi apparatus (8kset al, 2002a) Figure33 andFigure34). During
nonstresseaonditions, AKAP350A has roles in several cellular processes, including
cell cycle regulation (Schmidtt al., 1999), canalicular development (Mattalenal.,
2012), andnicrotubule organization (Laroceaal., 2006). Upon cellular stress,
AKAP350A relocalizes fronthe Golgi to stress granules (Kolobaataal, 2009) Figure

33andFigure34). AKAP350A associates with mRNAs and stress granule proteins both
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Figure 34. Schematic of AKAP350A and yotiao in a cell AKAP350A- and
yotiao-interacting proteins are greeRKA associates with yotiao and AKAP350A
at all subcellular locations A) Under normal conditionsofiao localizes to the
plasma membranendAKAP350A localizes to the Golgi apparatus, centrosome
and cytosol.For more information, see ChapterB) Upon stress, AKAP350A is
dispersed from the Golgi and localizes ti@ss granules. There, AKAP350A
associates with proteins and either directly or indirectly with mRNAs. AKAP35
may associate with other stress granule proteins, such as G38Plorp2 U .
AKAP350A also associates with captirand CK2, but it is uncleavhere this
interaction occurs. AKAP350A at the centrosome and yotiao at the plasma
membrane remain unchanged. For more information, see Chapters I, Il, and I’
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during stress and during natressconditions (Kolobovaet al, 2009), and the trigger for
AKAP350A relocalization isinknown.

In this study, we usedarinaparsirtreatment as a tool to better understand the
temporal dynamics of stress granule formation, maintenance, and dispersal. Darinaparsin
is an organic arsenical chemotherapeutic currently in Phase Il cliéda{Campas and
Castarier, 2009; Wet al, 2010) Understanding the mechanism of action of a drug is
crucial to understanding cell susceptibility and potential development of resistance.
During our studies on the mechanism of action of darinaparsinjsgoveredhat
darinaparsin induces stress granule formatainalso stalls the completion of the stress
responséMasonet al, 2011). Darinaparsin effectively acts similar to the combination
treatment of sodium arsenite and nocodazole, as it industesss response while
simultaneously destabilizing microtubules (Masbmal, 2011). Using darinaparsin
treatment as a tool for studying stress granule dynamics, we were able to show that stress
granules must complete formation before they are allesperse (Masoat al, 2011).
DarinaparsiAnduced stress granules are smaller, more numerous, and do not contain all
componentsvhen compared to sodium arseritduced stress granuleAKAP350A
only localized to a suiset of darinaparstmduced stres granules (Masaet al, 2011).

A greater understanding of the formation, maintenance, and dispersal of stress granules
will allow further targeting of these processes for therapeutics.

During these studie$ also discovered that AKAP350gotentiallyscaffolds
casein kinase Il (CK2), which phosphorylates cafir{(frigure34). Previous studies
show AKAP350A associates with mRNAs and cafdriduring stressed and nstress

conditions (Kolobovaet al, 2009) bu it is not known if AKAP350A associates with
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MRNAs directly or through a mediatowhile investigating the mRN#Ainding protein
in the AKAP350A complex, | found thaaprinl was phosphorylated vitro. Caprinl
contains many potential phosphorylatsites, and though it has previously been shown
that caprinl is phosphorylated3rill etal., 2004, the kinase anghosphorylatiorsite
were not known.Understanding the phosphorylation states of capiould provide
insight into the roles caprit plays in stress granule formation and other cellular
processes, such as proliferatiddubsequentlyl discoveredhat CK2 is also part of the
AKAP350A immunoisolate complex and is responsible forinhatro phosphorylation
of a serine residue in capfin(Figure33). Further investigation is needed to validate this
phosphorylation eveni vivoand to determine the function of this phosphorylation.
Knowing the kinase for caprh phosphorylation is critical fomalerstanding the
regulation of caprifl function, and possibly the regulation of stress granule dynamics.

Because AKAP3504votentiallyscaffolds caprirl and CK2, investigations into
the functions of these proteins ultimately provides insight into thetifbn of
AKAP350A. Indeed, | identifieé possible role for AKAP350A in ultraviol@V)
light-induced stress responsadure33). Caprinl was only phosphorylated vitro
using lysates of cells that were sged with UV light. Darinaparsiand sodium
arseniteinduced stress response did not alter the phosphorylation state ofXaprin
Further investigations are needed to fully determine the role of AKAP350A in UV
induced stress response.

Another AKAP9 gae productAKAP350C, was previously identified as a
potential splice variant (Shanks al.,, 2002), but remained uncharacterized for almost a

decade.In thispresenstudy, we completed cloning of AKAP350C and identified it as a
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