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Abstract: A-kinase anchoring proteins (AKAPs) belong to a family of scaffolding proteins that bind to
protein kinase A (PKA) by definition and a variety of crucial proteins, including kinases, phosphatases,
and phosphodiesterases. By scaffolding these proteins together, AKAPs build a “signalosome” at
specific subcellular locations and compartmentalize PKA signaling. Thus, AKAPs are important
for signal transduction after upstream activation of receptors ensuring accuracy and precision of
intracellular PKA-dependent signaling pathways. Since their discovery in the 1980s, AKAPs have
been studied extensively in the heart and have been proven essential in mediating cyclic adenosine
monophosphate (cCAMP)-PKA signaling. Although expression of AKAPs in the heart is very low,
cardiac-specific knock-outs of several AKAPs have a noteworthy cardiac phenotype. Moreover, single
nucleotide polymorphisms and genetic mutations in crucial cardiac proteins play a substantial role in
the pathophysiology of cardiovascular diseases (CVDs). Despite the significant role of AKAPs in the
cardiovascular system, a limited amount of research has focused on the role of genetic polymorphisms
and/or mutations in AKAPs in increasing the risk of CVDs. This review attempts to overview the
available literature on the polymorphisms/mutations in AKAPs and their effects on human health
with a special focus on CVDs.

Keywords: A-kinase anchoring proteins; single nucleotide polymorphisms; genetic mutations;
cardiovascular diseases; protein kinase A

1. Introduction

The cardiovascular system, which is made up of heart, blood, and blood vessels, is essential
for our survival [1]. The human heart provides oxygenated blood to itself and other tissues via
a network of blood vessels supplying them with nutrients, and also removes carbon dioxide and other
wastes from them. Proper blood circulation is required for effective regulation of these functions.
Therefore, the continuous and flawless functioning of the heart becomes a very crucial indicator of
normal cardiac physiology. Periodic beatings of the heart are regulated by a plethora of complex
intracellular signaling cascades. Similarly, under acute (pregnancy, exercise, etc.) and chronic
(pathophysiological stimulations) stress, the heart undergoes physiological and pathophysiological
hypertrophy, respectively. Such changes in the anatomy of the heart at the cellular and molecular levels
are governed by respective changes in the expression of hypertrophic transcription factors. Expression
of essential transcription factors is also regulated by a complex network of intracellular signaling
pathways [2,3].

Studying key proteins that are involved in regulating multiple intracellular signaling pathways
has always interested cardiovascular scientists across the globe. By participating in the network of
several signal transduction processes, these proteins play a central role in cardiac physiology and
pathophysiology. A-kinase anchoring proteins (AKAPs) are one such type of proteins that belong to the
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family of scaffolding proteins. AKAPs have no intrinsic activity of their own, but their crucial function
is to bind protein kinase A (PKA) and other signaling proteins [4,5]. PKA-mediated phosphorylation
is critical for the physiological functioning of the heart [6]. AKAPs build a “signalosome” at various
subcellular locations in the heart and regulate PKA-dependent signaling locally. Similarly, AKAPs
speed up the PKA-mediated substrate phosphorylation by bringing all required components into close
proximity with each other. Hence, by binding PKA and its substrates in the same scaffold, AKAPs
monitor spatial and temporal PKA signaling [7].

AKAPs belong to a class of scaffolding proteins that are structurally not related to each other,
but share key structural and/or signaling features. More than 70 AKAPs have been reported so far in
humans. To be classified as an AKAP, proteins should have three properties:

(i) All AKAPs, though structurally different, have 14-18 x-helix amphipathic amino acid sequence
that binds to regulatory subunits of PKA.

(i) They have a targeting domain that tethers AKAPs to specific subcellular organelles,
like mitochondria, the nucleus, and plasma membrane, among others.

(iii) Lastly, all AKAPs contain multiple binding domains by which they bind to other kinases than
PKA, phosphatases, phosphodiesterases, and so on.

As the list of AKAPs is growing, the list of their binding partners is also rising. Hence,
at a specific time, AKAPs bind only a subset of their binding partners, which depend on the cellular
environment in which they are present [8]. Over the period of the last decade, several AKAPs have
been identified in the cardiovascular system. So far, about 17 AKAPs have been discovered in the
heart and the list will continue to grow further [9]. Efforts were made to understand the function
of individual AKAPs by creating their specific knockouts. To mention a few, our laboratory had
developed one such mouse model and has shown that gravin (AKAP12) mutant mice respond better
to isoproterenol-induced stimulation than their wild-type counterparts with an improved cardiac
profile [10]. Additionally, our unpublished data indicate that AKAP12 scaffolding is crucial for
isoproterenol-mediated heart failure, and loss of function of AKAP12 scaffolding can act as a treatment
strategy for heart failure [11]. Others have demonstrated that muscle-specific AKAPB (mAKAPR)
scaffolds crucial signaling proteins around the nuclear envelope of cardiomyocytes that modulate
cardiac remodeling. Conditional cardiac-specific deletion of mAKAPf in adult mice was found to
protect the heart from pressure overload and isoproterenol-induced cardiac stress [12]. The AKAP150
scaffold is also one of the promising targets for heart failure treatment. AKAP150 knock-out mice
were prone to develop cardiomyopathy under pressure overload and expression of AKAP150 was
significantly lower in failing mouse hearts [13].

Despite their importance in cardiac physiology and pathophysiology, there are very limited
publications available showing the role of polymorphisms and/or mutations in AKAP in the
cardiovascular system. In fact, our laboratory was the first to publish that single nucleotide
polymorphisms in mAKAP alter binding propensities of phosphodiesterase4D3 (PDE4D3) and
PKA to mAKAP [6]. Therefore, this review will attempt to address all the published literature
on polymorphic and mutant AKAP, their role in the cardiovascular system, and their occurrence in
other human diseases.

2. Role of AKAPs in Cardiovascular Physiology

AKAPs play a crucial role in human health and disease because of their control over local
PKA signaling [3]. As PKA is a cAMP-dependent protein kinase, AKAPs are able to regulate the
compartmentalization of cAMP and, therefore, the cAMP /PKA signaling pathway. The cAMP/PKA
pathway is ubiquitous and a plethora of biological processes depend on it. Hence, AKAPs have an
incomparable contribution in the physiology and pathophysiology of various human diseases [14,15].
In fact, pharmacological targeting of various AKAP-protein interactions has been proved beneficial in
cardiovascular diseases, cancer, and other disorders, as shown in animal models of their respective
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diseases [5,14,16]. To be specific, AKAPs have become very promising drug targets for cardiovascular
disease (CVD) due to their role in regulating and coordinating complex cardiac signaling pathways.

The literature on cardiac AKAPs reveals their importance in cardiac health and disease. AKAP-Lbc
(AKAP13) is one such AKAP which is a pro-hypertrophic and pro-fibrotic AKAP, where hypertrophy
is mediated via interleukin-6 (IL-6) and fibrosis is mediated via the Rho-guanine nucleotide exchange
factor, respectively [17,18]. Deletion of AKAP13 in mice exhibited defective cardiac development
and embryonic lethality [19]. AKAP150 (AKAP5, AKAP79) has multiple effects on heart function.
On one hand, the loss of AKAP150 activates pathological cardiac hypertrophy by interfering with
calcium dynamics and myocardial ionotropy, showing that its expression is critical for normal heart
function [13]. On the other hand, by activating protein kinase C (PKC), AKAP150 mediates cardiac
glucotoxicity [1]. Deletion of AKAP1 (AKAP121, AKAP149) leads to cardiac mitophagy and apoptosis
after cardiac insult, thus indicating its role in the mitochondrial function in the heart [20]. mAKAP
(AKAPS) is also a pro-hypertrophic AKAP that regulates pathological cardiac hypertrophic signaling
pathways by directing the expression of transcription factors nuclear factor of activated T cells,
cytoplasmic (NFATc), hypoxia-inducible factor 1 alpha subunit (HIF-1x), myocyte enhancer factor
2D (MEF2D), and histone deacetylase 4 (HDAC4). For this reason, AKAP6 is called the master
scaffold for cardiac remodeling [21]. AKAP18 (AKAP15, AKAP?7) acts as a nexus of signaling at the
sarcoplasmic reticulum by regulating cardiac ionotropy. By binding to both protein phosphatase
inhibitor-1 (I-1) and protein phosphatase-1 (PP-1), AKAP18 bi-directionally modulates phospholamban
(PLB) phosphorylation and, thus, serves as a crucial regulator of cardiac function [22,23].

Yotiao (AKAP9) is an important AKAP regarding the electrophysiological coupling of the heart.
By binding to the potassium channel (KCNQ), this AKAP maintains the slow outward potassium
ion current. Specifically, mutations that prevent binding of yotiao and KCNQ result in long QT
syndrome [24]. Studies in stem cell-derived cardiomyocytes indicate that AKAP10 (D-AKAP2) is
essential in controlling the heart rate and rhythm [25]. Recently, it was shown that AKAP10 is
crucial in erythropoietin signaling and heme biosynthesis at the outer mitochondrial membrane [26].
Cardiac phosphoinositide 3-kinase gamma (PI3Ky) is an AKAP that binds phosphodiesterase3B
(PDE3B) and phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) along with PKA regulating
cAMP and PtdIns(3,4,5)P3 signaling. The crosstalk between cAMP and PtdIns(3,4,5)P3 is crucial in
monitoring 3-AR desensitization [27]. The catalytic subunit of PI3Ky (p110y) knockout mice exhibited
significantly lower PDE3B activity leading to an abrupt increase in cAMP activity. Under stress,
p110y-null mice showed an uncontrolled rise in cAMP with the development of cardiomyopathy [28].
Gravin (AKAP12), on the other hand, is crucial in the (3,-AR desensitization pathway. Our laboratory
data revealed that gravin mutant mice performed better under acute isoproterenol stimulation as
compared to their wild-type littermates [10]. Overall, these findings strongly suggest the role of AKAPs
in cardiac physiology.

3. Polymorphisms/Mutations in AKAPs and CVDs

3.1. DAKAP2 (AKAP10)

Even though AKAPs have been implicated in cardiac disorders, there is a very limited number
of publications on the impact of the genetics of AKAPs on CVDs. The first evidence of the direct
interaction between polymorphic AKAP and heart disease came in 2003, where the 1646V (A to G)
polymorphism in D-AKAP2 (AKAP10) was found to be associated with changes in PR interval in
the electrocardiography (ECG) of an older population [29]. The PR interval in ECG represents the
time starting from the onset of atrial depolarization (the beginning of the P wave) until the onset of
ventricular depolarization (the beginning of the QRS complex). It was reported in this study that
homozygous valine variants of this old population showed a significantly lower PR intervals (slower
atrial depolarization) than individuals who are homozygous for isoleucine. Experimental studies
further suggested that this valine variant in AKAP10 had approximately three-fold higher binding
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to the PKA regulatory subunit RI alpha (PKA-RIx) than with isoleucine. AKAP10 is located in the
outer mitochondrial membrane within the cardiomyocyte. Although PKA signaling with respect to
AKAP10 is not known, AKAP10 contains a PDZ binding motif which could physically interact with
transmembrane receptors and ion channels. Additionally, AKAP10 also contains two regulator of G
protein signaling (RGS) domains by which AKAP10 might co-ordinate Gs activation and downstream
PKA pathway [29]. Therefore, AKAP10 might scaffold a cardiac ion channel or exchanger. Thus,
changes in the localization of PKA-RI« near this region, due to the polymorphic AKAP10, might
have a significant impact on phosphorylation states of cardiac ion channel or exchanger leading to
modulation of cardiac contraction. [29].

Lower PR intervals in homozygous valine population might be partially due to overactivation of
ion channels or exchangers in the heart, and vice versa. Involvement of other possible unknown cell
signaling pathways might be possible in the pathophysiology of functional AKAP10 variants. Due to
the observed differences in PKA binding and respective changes in ECG due to AKAP10 polymorphism,
research from this study showed, for the first time, that functional variants of AKAPs might have
direct consequences on the etiology of CVDs. In subsequent studies, it was also shown that the 1646V
SNP of AKAP10 was common in 122 patients having coronary heart disease, as identified in the Heart
and Soul Study (University of California, San Francisco, CA, USA; UCSF) [25]. It was revealed that
homozygous carriers of the valine polymorphism had significantly higher heart rates than homozygous
isoleucine carriers. Heart rate variability (HRV) and standard deviation of normal-to-normal (SDNN)
R-R intervals, where R is the peak of a QRS complex, were found to be significantly lower in these
patients. Low HRV and SDNN of R-R intervals are both indicators of sudden cardiac death in patients
with some forms of CVDs.

In another study, statistical data revealed that the effects of AKAP10 polymorphisms were
independent of age, gender, race, and other heart-related risk parameters [25]. In the same study,
and to understand the underlying mechanism, homozygous and heterozygous AKAP10 mutant mice
were generated from AKAP10 mutant mouse embryonic stem cells (mESCs) having mutations in
AKAP10’s PKA binding domain. Both in vivo and in vitro data from this study displayed increased
contractile response to cholinergic agonists indicating that AKAP10 variants lead to the increase in
vagal nerve sensitivity. Vagal inhibition of the heart was known to reduce pre-disposition to arrhythmia
and sudden cardiac death. Hence, changes in vagal nerve sensitivity due to unknown molecular
mechanisms contribute to the development of cardiac arrhythmia and death.

Interestingly, it was also found that the 646l allele is exclusively common only in humans,
while 15 other non-human animals, including chimpanzees, exhibit valine at 646 [25]. These results
were further supported by a larger sample of a healthy middle-aged population of men and women
having European ancestry. Association analysis on 1033 unrelated middle-aged men and women
showed that participants with homozygous 646V had greater baseline HR and lower HRV values
than homozygous 646l individuals. This analysis was done such that the results were not dependent
on age, gender, smoking and drinking habits, exercise levels, and blood glucose [30]. In all the
studies described above, the valine variant at position 646 was found to be 40% frequent, whereas the
isoleucine variant was 60% frequent in all participants. Altogether, these results clearly suggest that
the 1646V functional variant of AKAP10 affects the sensitivity of heart’s pacemaker cells to sympathetic
stimulation. In another study of a larger cohort of Japanese individuals, it was revealed that valine at
646 of AKAP10 was significantly associated with higher cases of myocardial infarction (MI) than in
people with no history of hypercholesterolemia. The authors concluded that 646V was the risk factor
for MI, although the molecular mechanism was not studied [31]. Thus, the AKAP10 1646V variant
leads to abrupt heart rate (HR) and HRV changes along with increased risk of MI, possibly making
healthy humans susceptible to an increased risk of arrhythmia and sudden cardiac death (Table 1).

In addition to the above-mentioned middle-aged and elderly population studies, the genetics of
AKAP10 were also studied in newborns and infants. In polish newborns, 646V homozygous healthy
infants showed longer QTc (corrected QT) intervals, but not out of the normal range, than isoleucine
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homozygous infants, suggesting a possible association between AKAP10 polymorphisms to the QTc
interval [32]. Similarly, another study showed significantly higher mean blood pressure (BP) on the
day one and the day three post-birth in Polish newborns carrying valine at the 646 position of AKAP10
as compared to isoleucine carriers [33]. Higher cholesterol cord blood concentration was also observed
in Polish newborns at the time of birth due to 1646V polymorphism in AKAP10. Homozygous valine
carrier newborns (GG) had significantly increased levels of cholesterol than heterozygous (AG) and
homozygous (AA) isoleucine carriers [34]. Another recent research report identified SNPs in AKAP10
in fetuses with ventricular septal defects and pulmonary stenosis, suggesting AKAP10 as a potential
target for these cardiac conditions [35]. These reports suggest that functional AKAP10 variants affect
cardiac parameters of newborns and infants, though the underlying molecular mechanisms were not
studied. Taken together, AKAP10 polymorphisms play a significant role in increasing the susceptibility
of humans of all age groups to develop specific CVDs (Table 1).

3.2. Yotiao (AKAP9)

Pharmacogenomics is a branch of pharmaceutical sciences which comprises studies to understand
how genetics affect individual’s responses to drugs. Drug-induced prolongation of the QTc interval
is a very serious adverse drug reaction causing drug withdrawal [36]. Nearly 1-5% of patients
on anti-arrhythmic drug therapy have this severe complication. In one of the studies involving
1351 individuals it was noted that three novel AKAP polymorphisms were related to congenital
arrhythmia. SNP in AKAP9 GIn3531Glu was found to be one the novel rare AKAP variants that was
observed in congenital arrhythmia cases, which was also highly common in drug-induced Long-QT
syndrome (LQTS) (Table 1) [37]. LQTS is one of the inheritable arrhythmia syndromes characterized
by prolongation of the QT interval in ECG. LQTS patients undergo syncope, seizures, or cardiac arrest
under physical or mental stress [38]. The QT interval indicates the time that is required for the heart
muscle to send an electrical impulse through the ventricles and then recharge. LQTS generally occurs
due to mutations in cardiac ion channels leading to a defective flow of ions in the heart. If the QT
interval is longer than usual, then it will likely lead to a life-threatening ventricular arrhythmia called
torsade de pointes.

The inheritable S1570L missense mutation in yotiao (AKAP9) was the first report of
a disease-causing mutation in an AKAP [39]. Binding of slowly activating delayed rectifier potassium
channel alpha subunit (KCNQ1) and yotiao is crucial for delayed rectifier current, which is important
during the cardiac cycle of the human heart. Cardiac repolarization is mainly dependent upon
rapid and slow delayed-rectifier potassium currents mediated by human ether-a-go-go-related (hERG)
gene and the KCNQ1 gene, respectively. KCNQI1 potassium channels become activated after the
rapid current in late repolarization phase of the cardiac cycle and both these currents determine the
length of action potential duration [40]. Phosphorylation of KCNQL is crucial for slow-activating
delayed potassium current (Igs). It was shown that PKA-mediated phosphorylation of KCNQ1 at
serine 27 is critical for Ixs. Yotiao (AKAPY9) effectively scaffolds PKA and protein phosphatase-1
(PP-1) to KCNQ1, maintaining its phosphorylation levels during upstream receptor activation [41].
The S1570L mutation was found in the KCNQ1-binding domain of yotiao, representing 2% of
the clinically-robust LQTS-exhibiting patients. Molecular mechanistic studies showed that this
mutation partially inhibits protein-protein interactions of KCNQ1-AKAP9, leading to decreased
PKA-mediated phosphorylation of KCNQ1. Decreased phosphorylation of KCNQ1 subsequently
resulted in prolonged repolarization of ventricular relaxation due to the elimination of the functional
response of Ixs to cCAMP. This research displayed a direct link between genetic variants of AKAP and
cardiac disease [39]. Furthermore, polymorphisms in AKAP9 were also found to be a modifier of
LQTS in the South African population [42]. Four intronic AKAP9 polymorphisms, rs11772585 (C/T),
rs7808587 (A /G), rs2282972 (C/T), and 152961024 (A /C), were studied with or without the presence
of the founder mutation, A341V. The rs11772585 T allele, along with the A431V founder mutation,
increased the risk of cardiac events by more than two-fold, along with significantly increasing the
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severity of CVDs. The rs7808587 GG genotype polymorphism increased the risk of developing cardiac
events by 74%. Interestingly, the rs2961024 GG genotype increased the QTc interval in the aging
population in the absence of A341V mutation while the rs2282972 T allele altered the heart rate and
QTc interval [42]. Thus, AKAP9, for the very first time, was shown to modify cardiac disease due to
the presence of genetic polymorphisms (Table 1).

3.3. AKAP-Lbc (AKAP13)

Type 2 diabetes (T2D) is a risk factor for coronary artery disease as high blood glucose is known
to increase the thickness of the arterial wall. AKAP-Lbc (AKAP13) is a cytoskeleton AKAP that binds
to many proteins, including MEK1/2, extracellular signal-regulated kinase-1/2 (ERK1/2), PKCn,
and protein kinase D (PKD). The mitogen-activated protein kinase (MAPK) signaling pathway is
found to be common in both T2D and coronary artery disease [43]. As AKAP13 binds proteins that
are involved in the MAPK pathway, SNPs in AKAP13 were found to be significantly linked with
these diseases (Table 1) [43]. Other meta-analysis data on a Genome-Wide Association Study (GWAS)
identified SNP in the AKAP13 gene from a Korean population for possible association with high
blood pressure [44]. Researchers found that intronic rs11638762 (A/T) SNP in AKAP13, which lies in
the GATA-3 binding site, was significantly reproduced in a duplication study done in a completely
different group of individuals. AKAP13 scaffolds RhoA along with PKA to mediate activation of
Rho family GTPase. Moreover, these GTPases are involved in cardiac hypertrophic signaling and
the expression of AKAP13 is upregulated in hypertrophy. Changes in AKAP13 expression were also
found to alter the expression of cardiac developmental genes, mainly myocyte enhancer factor 2C [44].
Neonatal death in AKAP10 knock-out mice due to thin-walled heart formation proved that AKAP13
expression is important for the development of the heart. Therefore, the authors hypothesized that
the rs11638762 SNP might alter the expression of AKAP13 leading to defective cardiac development,
which may have caused alterations in blood pressure levels [44].

3.4. Other AKAPs

Chronic kidney disease is one of the essential risk factors for CVDs. The intronic rs756009
A to G polymorphism in gravin (AKAP12) was associated with a higher risk of chronic kidney
disease in Japanese patients with condition that also involves hypertension, diabetes, and high serum
cholesterol [45]. However, the underlying molecular mechanisms of this AKAP12 polymorphism on
the associated CVD were not studied (Table 1). The obesity-dependent parameters, body mass index
(BMI) and waist-hip ratio (WHR), are proven risk factors for T2D and CVD. As such, a GWAS
identified that the AKAP6 rs12885467 SNP was significantly associated with higher BMI [46].
Moreover, our unpublished data suggest that mAKAP polymorphisms might make humans more
susceptible to cardiovascular diseases by altering cAMP /PKA signaling [47]. Additionally, AKAP7
GIn112Arg and AKAP6 Val839Ala SNPs were reported to be novel rare variants in congenital
arrhythmia that were frequently found in drug-induced LQTS [37]. Overall, current evidence on
polymorphisms/mutations in AKAPs strongly suggests a significant correlation of genetic variants of
AKAPs with the pathophysiology of CVDs.

Table 1. Polymorphisms/mutations in AKAPs and CVDs.

AKAPs SNPs/Mutations and Heart Disease Reference
AKAP6 SNP Val839Ala; cardiac arrhythmia [37]
SNP rs12885467; higher BMI [46]
AKAP7 SNP GIn112Arg; cardiac arrhythmia [37]
AKAP9 SNP GIn3531Glu; cardiac arrhythmia [37]
Mutation Ser1570Leu; long-QT syndrome [39]

Four SNPs; long-QT Syndrome Type 1 [42]
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Table 1. Cont.

AKAPs SNPs/Mutations and Heart Disease Reference
AKAP10 SNP Ile646Val; decrease in PR interval [29]
Mutations; cardiac arrhythmia [25]
SNP Ile646Val; myocardial infarction [31]
SNP Ile646Val; blood pressure [33]
SNP Ile646Val; hypercholesterolemia [34]
SNP Ile646Val; heart rate variability [30]
SNP Ile646Val; long QTc interval length [32]
Copy number variations; ventricular septal defects [35]
AKAP12 SNP with multiple alleles; chronic kidney disease [45]
AKAP13 Genetic locus; coronary artery disease [43]
SNP; high blood pressure [44]

4. Polymorphisms/Mutations in AKAPs and Other Human Diseases

4.1. Neurological Disorders

AKAPs have been implicated in human diseases other than CVDs, especially diseases involving
the brain, as well as other neurological disorders. Whole exome sequencing analysis of a Chinese
family having idiopathic scoliosis (spinal deformity) identified the A2645C mutation in AKAP2 to
be inherited in an autosomal dominant fashion [48]. It was also previously shown that disruption
of AKAP2 expression, via de novo translocation, may contribute to Kallmann syndrome and bone
anomalies [49]. Hence, AKAP2 may have a significant role in the pathogenesis of scoliosis. The K873R
SNP in AKAP9 was linked to increased risk of developing schizophrenia in a Spanish population [50].
The AKAP9 SNPs rs144662445 (A /G, I to M) and rs149979685 (C /T, S to L) were found in seven African
American Alzheimer’s disease patients and replicated successfully in the Alzheimer Disease Genetics
Consortium (ADGC) population of 1037 cases and 1869 controls [51]. R3233C and R3832C variants of
AKAP9 were identified and found to be prevalent in high-risk autism families [52]. In fact, AKAPs
might have an incomparable role in etiology of autism spectrum disorders (ASDs). Single nucleotide
polymorphisms in six AKAPs (AKAP7, AKAP10, AKAP11, microtubule-associated protein 2 (MAP2),
moesin (MSN), and neurobeachin (NBEA)) were identified with possible association with ASDs.
Especially, the SNP rs5918959 near the MSN gene displayed genome-wide significance [53]. The DNA
copy variants in eight AKAP genes (AKAP5, AKAPS, AKAP9, AKAP10, AKAP13, MAP2, MSN,
and NBEA) were also found in individuals with ASDs [53].

In yet other studies, AKAP5, shown to be present in all levels of the human brain, was observed
to have a variable copy number in schizophrenia, bipolar disorder, and major depression behavior [54].
AKAPS5 is involved in post-synaptic G-protein-coupled receptors (GPCRs)-mediated intracellular
signaling which is known to have a role in modulating emotional behavior. Furthermore, studies
involving AKAP5 polymorphisms revealed that the P100L polymorphism (rs2230491) affected the
behavioral response of its carriers. Proline-carrying individuals had higher behavioral performance
and working memory for emotional faces, while the less common leucine carriers exhibited greater
control of their anger, but poor control of physical aggression [55,56]. Additional studies in the
search of finding molecular mechanisms behind these behavioral changes showed that leucine carriers
activated the anterior cingulate cortex (ACC), while proline homozygous individuals activated the
orbitofrontal cortex (OFC) in the brain, as identified during emotional evaluation studies [56]. mAKAP
(AKAPS6) is one of the well-studied AKAPs in the heart. AKAP6 is expressed in cardiac muscle,
skeletal muscle, and brain. In addition to its role in the heart, AKAP6 polymorphisms were found
in GWAS studies to be related to various other human disorders. The intronic rs2383378 SNP was
found to be associated with anorexia nervosa [57] and another intronic rs4296166 SNP was found
to increase the risk of developing Alzheimer’s disease [58]. The rs17522122 SNP was found to be
one of the genetic variants that significantly affect general fluid cognitive functioning in middle and
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old-age population of 53,949 individuals in the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) consortium [59]. In a recent study, the rs17522122 T allele (found in UTR-3)
SNP was associated with poor performance with respect to episodic memory in older populations,
as identified in the Personality And Total Health (PATH) study [60]. Thus, polymorphisms in AKAPs
were found to be significantly associated with a plethora of neurological disorders in humans.

4.2. Cancers

Genetic variants of AKAPs have been reported to be very common in the patient populations of
various cancers. The whole genome and transcriptome sequencing data have shown that the AKAP2
gene is mutated in gastric and peritoneal metastatic cancer [61]. Yotiao (AKAP9) is a crucial AKAP
with an important role in cell cycle progression, centrosome, and cell membrane function. Genetic
mutations in AKAP9 are linked to a variety of cancers. Four AKAP9 mutations were associated
with gastric cancer and 20 mutations were linked to colorectal cancer [62]. The single nucleotide
polymorphisms M4631, 1389G > T and N2792S, 8375A > G in AKAP9 were found to increase the risk of
familial breast cancer in German women [63]. The non-synonymous SNP M463I (rs6964587) in AKAP9
was also found to be very an important breast cancer susceptibility polymorphism [64]. The T allele
of rs6964587 was frequent in African American, Asian, and European women. The AKAP9 M463I
variant was also associated to increase the susceptibility of lung cancer in a large United Kingdom
Caucasian population [65]. We previously discussed that the functional polymorphism 1646V in
D-AKAP2 (AKAP10) has a significant role in the cardiovascular system. In addition, heterozygous
and homozygous expression of this valine variant in AKAP10 was also significantly increased in
women with colorectal cancer as compared to isoleucine carriers [66]. Additionally, the valine AKAP10
variant carriers were also found to have increased risk of developing familial breast cancer [67].
Furthermore, the AKAP13 K526Q SNP, along with 1646V in AKAP10, further augmented the risk
for breast cancer [67]. Since AKAP13 plays a crucial scaffolding role in Rho GTPase intracellular
signaling, SNPs in this protein may also affect various cancers. The polymorphisms R494W, K526Q),
N1086D, and G2461S in AKAP13 were all found in familial breast cancer patients with K526Q having
the highest association among all of these SNPs [68]. SNPs in gravin (AKAP12) were also identified to
be significantly associated with breast cancer risk and osteosarcoma [69,70]. In conclusion, mutated
and/or polymorphic AKAPs have been associated with the increased risk of different types of cancers
in humans.

4.3. Other Human Disorders

In addition to neurological diseases and cancers, polymorphic AKAPs were also associated
with a few other human disorders. The heterozygous mutation in AKAP4 (887G > A; G296N) was
found in men with low sperm motility, a condition known as asthenozoospermia [71]. AKAP4 is
a testis-specific AKAP and its removal in mice leads to reduced sperm motility, resulting in infertility.
As this mutation was absent in matched control males, this AKAP4 mutation might be the probable
cause of male infertility [71]. Another report found that mutations in AKAP4 may cause sperm fibrous
sheath dysplasia [72]. In another study, SNPs in the AKAP ezrin were found to increase the risk and
development of age-related cataracts [73]. Finally, the AKAP11 genetic locus was identified in the
GWAS to be significantly associated with osteoporosis [74]. In summary, genetic variations in AKAPs
have also been significantly implicated in other human diseases along with CVDs (Figure 1).
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Figure 1. Genetics of AKAPs and human diseases.

5. Conclusions

AKAPs are a group of proteins that scaffold PKA by definition. Along with binding and localizing
PKA to specific subcellular compartments, AKAPs also scaffold other proteins in the vicinity of
PKA, thus efficiently regulating intracellular PKA-dependent signaling cascades. Additional proteins
that AKAPs bind include a variety of other kinases, phosphatases, phosphodiesterases, GPCRs,
and signaling proteins. Moreover, AKAPs have been reported to play a pivotal role in both the
physiology and the pathophysiology of human diseases. However, the role of genetics in AKAPs
with respect to human diseases has been underappreciated, especially in the cardiovascular system
where polymorphisms/mutations in AKAPs have been shown to increase the risk of developing
various CVDs. Molecular mechanisms behind increasing the risk of CVDs were also studied in certain
candidate AKAPs. Similarly, numerous SNPs were identified that increased the susceptibility of
individuals to develop cancers, brain disorders, male infertility, and eye disorders. We believe that the
majority of the literature only mentions the SNPs and/or mutations in AKAPs with their respective
human disorders. However, we think that genetic variants in AKAPs should also be further studied
with respect to the molecular mechanisms involved in these disorders. Although very few attempts
were made in studying the mechanistic pathways in increasing the risk of developing cardiovascular
disease, a substantial amount of additional research should be done with respect to CVDs, as well as
other human diseases.
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