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A B S T R A C T   

Cyclase-associated protein (CAP) is an actin binding protein that has been initially described as partner of the 
adenylyl cyclase in yeast. In all vertebrates and some invertebrate species, two orthologs, named CAP1 and 
CAP2, have been described. CAP1 and CAP2 are characterized by a similar multidomain structure, but different 
expression patterns. Several molecular studies clarified the biological function of the different CAP domains, and 
they shed light onto the mechanisms underlying CAP-dependent regulation of actin treadmilling. However, CAPs 
are crucial elements not only for the regulation of actin dynamics, but also for signal transduction pathways. 
During recent years, human genetic studies and the analysis of gene-targeted mice provided important novel 
insights into the physiological roles of CAPs and their involvement in the pathogenesis of several diseases. In the 
present review, we summarize and discuss recent progress in our understanding of CAPs’ physiological functions, 
focusing on heart, skeletal muscle and central nervous system as well as their involvement in the mechanisms 
controlling metabolism. Remarkably, loss of CAPs or impairment of CAPs-dependent pathways can contribute to 
the pathogenesis of different diseases. Overall, these studies unraveled CAPs complexity highlighting their 
capability to orchestrate structural and signaling pathways in the cells.   

1. Introduction 

Cyclase-associated protein (CAP) is a highly conserved, multidomain 
protein, which has been first cloned from the baker’s yeast Saccharo
myces (S.) cerevisiae more than 30 years ago (Field et al., 1990). Initially, 
it was identified as a protein that binds to adenylyl cyclase in yeast, and 
it therefore has been named cyclase-associated protein (Field et al., 
1988). Apart from its adenylyl cyclase association, early yeast studies 
implicated CAP in the activation of the RAS-family GTPase Ras-like 
protein 2 (RAS2) (Fedor-Chaiken et al., 1990; Field et al., 1990). 
These studies showed that mutant yeast CAP variants suppressed a 
phenotype (heat shock and nitrogen starvation sensitivity) elicited by 
the hyperactive RAS2 variant RAS2-V19, explaining why yeast homo
logs were independently named SRV2 (suppressor of Ras2-Val19). 
Subsequent yeast studies revealed additional phenotypes including 
impaired growth and altered morphology in CAP mutant strains that 
were not present in strains with impaired RAS2/adenylyl cyclase 

pathways (Fedor-Chaiken et al., 1990; Field et al., 1990; Vojtek et al., 
1991). These findings suggested the existence of RAS2/adenylyl 
cyclase-independent CAP functions, which were later assigned to its 
function in actin cytoskeleton regulation (Hubberstey and Mottillo, 
2002; Zelicof et al., 1993). 

Since these initial studies, CAP orthologs have been identified in all 
eukaryotic species examined. It has been shown that most invertebrates 
possess only one CAP, while vertebrates and some invertebrates such as 
Caenorhabditis (C.) elegans have two family members with different 
expression patterns (for review: Ono, 2013; Rust et al., 2020). To date, 
CAP functions have been investigated in various animal models 
including C. elegans, Drosophila (D.) melanogaster and mouse as well as in 
a variety of cellular systems (for review: Ono, 2013; Rust et al., 2020). 
Collectively, these studies revealed that CAP’s association with adenylyl 
cyclase and its actin functions are both conserved from yeast to mam
mals, and they led actin cytoskeleton regulation emerge as its predom
inant molecular function. Advanced by studies of the past few years 
(Johnston et al., 2015; Kotila et al., 2018, 2019; Shekhar et al., 2019), it 
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is now well-accepted that CAP accelerates various crucial steps of the 
actin treadmilling mechanisms, including subunit dissociation from 
filamentous actin (F-actin) and nucleotide exchange on globular actin 
monomers (G-actin). Moreover, functional interactions with several 
established actin regulators such as actin depolymerizing factor 
(ADF)/cofilin, twinfilin, inverted formin 2 (INF2), profilin or 
actin-binding protein 1 (ABP1) have been identified (A et al., 2020, 
2019; Balcer et al., 2003; Bertling et al., 2007; Johnston et al., 2015; 
Kotila et al., 2019; Schneider et al., 2021a), which further highlighted 
CAP’s relevance for actin cytoskeleton regulation and increased the 
complexity of CAP-dependent actin regulatory mechanisms. 

Genetic studies in model systems not only confirmed important CAP 
functions in actin cytoskeleton regulation, but also unraveled crucial 
developmental and physiological functions ranging from morphogenesis 
of various tissues including epithelia, striated muscles, eye and brain to 
cellular communication, metabolism and heart physiology (Benlali 
et al., 2000; Colpan et al., 2021; Field et al., 2015; Jang et al., 2019; 
Kepser et al., 2019; Nomura et al., 2012; Peche et al., 2012; Pelucchi 
et al., 2020b; Schneider et al., 2021a; Wills et al., 2002). Moreover, 
human genetic studies identified pathogenic CAP2 variants and associ
ated them with clinical symptoms that mirrored phenotypes described 
for mice lacking CAP2 (Table 1; Aspit et al., 2019; Cheema et al., 2020; 
Field et al., 2015; Kepser et al., 2019; Patel and Peterson, 2019; Peche 
et al., 2012; Gurunathan et al., 2021). Together with studies that sug
gested a contribution of CAP2 inactivation to the rare developmental 
disorder 6p22 syndrome or implicated CAP in the pathogenesis of 

neurodegenerative diseases such as Alzheimer’s disease or neuropathies 
such as Charcot-Marie-Tooth disease (CMTD) (A et al., 2020, 2019; 
Pelucchi et al., 2020b), these findings led CAP emerge as an important 
regulator of actin remodeling in health and disease. In the present re
view article, we will summarize current literature on CAP’s molecular 
functions and we will introduce recent reports that associated CAP with 
diseases, focusing on genetic studies in mice and humans. 

2. Molecular functions 

A detailed description of CAP’s protein domains, their structures and 
molecular functions has been provided in a comprehensive review 
article just recently (Rust et al., 2020). We will therefore only briefly 
introduce the different domains in this chapter, and we will summarize 
current knowledge of their molecular functions. Hereby, we will pri
marily focus on yeast CAP and the mammalian orthologs CAP1 and 
CAP2, which were most intensively studied during recent years. All 
three proteins are similar in size (526 amino acids in yeast, 474 amino 
acids in mouse CAP1, 476 amino acids in mouse CAP2) and share a 
highly conserved structure (Ono, 2013; Rust et al., 2020), which can be 
sub-divided into three protein regions that can partially act indepen
dently of each other: (1) a N-terminal part consisting of the N-terminal 
oligomerization domain and a helical folded domain (HFD), (2) a central 
region comprising two proline-rich motifs (P1 and P2, respectively) 
separated by a Wiscott-Aldrich-Syndrome protein (WASP) homology 2 
(WH2) domain, and (3) a C-terminal part that mainly consists of the CAP 

Nomenclature 

ABL Abelson murine leukemia viral oncogene homolog 
ABP Actin-binding protein 
ABP1 Actin-binding protein 1 
AC3 Adenylyl cyclase 3 
ADF Actin-depolymerizing factor 
ADF-H domain Actin depolymerizing factor homology domain 
ADP Adenosine diphosphate 
Arp2/3 complex Actin-related protein 2/3 complex 
ATP Adenosine triphosphate 
cAMP Cyclic adenosine monophosphate 
CAP Cyclase-associated protein 
CAP1 Cyclase-associated protein 1 
CAP2 Cyclase-associated protein 2 
CARP domain CAP and RP2 domain 
CAS-1 Muscle-enriched CAP ortholog of C. elegans 
CAS-2 Non-muscle CAP ortholog of C. elegans 
CNS Central nervous system 
C. elegans Caenorhabditis elegans 
CMTD Charcot-Marie-Tooth disease 
Co-IP Co-immunoprecipitation 
Cys Cysteine residue 
DAD Diaphanous autoregulatory domain 
DCM Dilated cardiomyopathy 
DID Diaphanous inhibitory domain 
D. melanogaster Drosophila melanogaster 
E Embryonic day of mouse development 
ECG Electrocardiogram 
Ena Enabled 
EUCOMM European Conditional Mouse Mutagenesis Program 
F-actin Filamentous actin 
FSGS Focal segmental glomerulosclerosis 
G-actin Globular actin monomer 
GTP guanosine triphosphate 
HFD Helical-folded domain 

INF2 Inverted formin 2 
KAc-actin Lysine-acetylated actin 
KO Knockout 
KD Knockdown 
LDL Low-density lipoprotein 
LDLR Low-density lipoprotein receptor 
Lmod Leiomodin 
LTP Long-term potentiation 
MRTF Myocardin-related transcription factor 
NF-κB Nuclear factor ’κ-light-chain-enhancer’ of activated B-cells 
OD Oligomerization domain 
P1 Proline-rich motif 1 
P2 Proline-rich motif 2 
PCSK9 Proprotein convertase subtilisin/kexin type-9 
PKA Protein kinase A 
Pi Inorganic phosphate 
RAS2 Ras-like protein 2 
RLE motif Arg-Leu-Glu repeats 
RP2 Retinitis pigmentosa protein 2 
S. cerevisiae Saccharomyces cerevisiae 
SCD Sudden cardiac death 
Ser Serine residue 
SH3 Src homology 3 
SRF Serum response factor 
SRV2 Suppressor of Ras2-Val19 
SVT Supraventricular tachycardia 
Tcap Telethonin 
TCF Ternary complex factor 
TIRF microscopy total internal reflections fluorescence microscopy 
Tmod Tropomodulin 
UNC-60A Non-muscle ADF/cofilin ortholog of C. elegans 
UNC-60B Muscle-enriched ADF/Cofilin ortholog of C. elegans 
Val Valine residue 
VASP Vasodilator-stimulated phosphoprotein 
WASP Wiscott-Aldrich-Syndrome protein 
WH2 domain WASP homology 2 domain  
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and retinitis pigmentosa protein 2 (CARP) domain, which harbors a 
dimerization motif at the most C-terminal part (Fig. 1). 

2.1. CAP function in adenylyl cyclase regulation 

The N-terminal oligomerization domain is composed of roughly 40 
amino acids. It includes Arg-Leu-Glu repeats (RLE motifs) and was 
predicted to form a coiled-coil structure due to presence of heptad repeat 
motifs (αXXαXXX), in which α at position 1 and 4 are hydrophobic 
amino acid residues (Nishida et al., 1998). This domain was sufficient 
for adenylyl cyclase binding and activation in yeast (Nishida et al., 
1998), a CAP function that was assumed for quite some time to be 
present only in a few fungal species and protists, but absent from higher 
eukaryotes (Hubberstey and Mottillo, 2002; Ono, 2013). This view has 
been challenged by recent studies, which revealed functional interaction 
of CAP1 and adenylyl cyclase in mammals (Quinn et al., 2017; Zhang 
et al., 2021). By co-immunoprecipitation (Co-IP), either of these two 
studies showed physical interaction of CAP1 and various adenylyl 
cyclase isoforms in mouse and human pancreatic adenocarcinoma cells 
(Quinn et al., 2017). This study further suggested that forskolin, a 
plant-derived stimulator of adenylyl cyclase activity, forced adenylyl 
cyclase 3 (AC3) to form a complex with CAP1 and G-actin and that 
complex formation enhanced production of cyclic adenosine mono
phosphate (cAMP) and inhibited cell migration and invasion (Quinn 
et al., 2017). In line with this study, an inhibitory function towards 
pancreatic cell migration as well as an implication in cAMP signaling 
downstream of the cytokine resistin has been shown for CAP1 in earlier 
studies (Lee et al., 2014; Yamazaki et al., 2009). The other of the two 
studies confirmed interaction of CAP1 with several adenylyl cyclase 
isoforms in vitro, and it mapped binding to CAP1’s N-terminal region 
(Zhang et al., 2021). This interaction required RLE motifs within the 
oligomerization domain of CAP1 as well as the conserved catalytic loops 
C1a and C2a of adenylyl cyclase. Moreover, this study revealed that 
CAP1 can positively modulate both adenylyl cyclase activation medi
ated by either forskolin or its physiological activator GαS as well as 
cellular cAMP levels. Finally, it revealed that CAP1 acts downstream of 
Rap1, a small GTPase that has been identified as CAP1 interaction 
partner in a previous study (Zhang et al., 2018), and that CAP1 was 
relevant for cAMP-mediated proliferation of rat thyroid follicular cells. 
Rap1’s interaction with CAP1 did not require binding of guanosine 
triphosphate (GTP), but of a geranylgeranyl group that specifically in
teracts with β-sheets of CAP1’s CARP domain (Zhang et al., 2018). This 
study led prenylation of small GTPases emerge as a common mechanism 
for their interaction with CAP, since an earlier study demonstrated that 
farnesylation of yeast Ras increased its association with CAP, and it 
thereby strongly increased adenylyl cyclase activity (Shima et al., 1997). 
Together, these studies revealed that an interaction between CAP and 
adenylyl cyclase as well as a role for CAP in cAMP signaling is conserved 
from yeast to human (Fig. 2A). 

Table 1 
Summary of human diseases associated with CAP2 mutations and phenotypes in 
gene-targeted mice. Abbreviations: DCM: dilated cardiomyopathy, SCD: sudden 
cardiac death, SVT: supraventricular tachycardia.   

Gene Clinical 
manifestations 

Genetic 
alteration 

Reference 

Human CAP2 DCM narrow complex 
tachyarrhythmia, 
SVT, respiratory 
distress 

Nucleotide 
exchange in 
donor splice 
consensus 
sequence of exon 
7 (c636 +1 G>A) 

Aspit et al. 
(2019) 

CAP2 DCM, impaired 
systolic function, 
pulmonary atresia 

Pathogenic CAP2 
variant in fetus 
not specified 

Patel and 
Peterson (2019) 

CAP2 DCM Homozygous 
nonsense 
mutation at Y316 

Cheema et al. 
(2020) 

CAP2 DCM, impaired 
systolic function, 
nemaline myopathy, 
respiratory failure, 
hypotension 

Homozygous 
frame shift 
mutation 
(c430fs) 

Gurunathan 
et al. (2021) 

Mouse CAP1 Embryonic lethal Systemic CAP1- 
KO 

Jang et al. 
(2019) 

CAP1 Increased liver LDLR 
expression, reduced 
plasma total 
cholesterol and LDL 
cholesterol levels 
upon high-fat diet 

Systemic 
heterozygous 
CAP1-KO 

Jang et al. 
(2019) 

CAP1 Impaired neuronal 
connectivity, 
perinatal lethality 

Brain-specific 
CAP1-KO 

Schneider et al. 
(2021a) 

CAP2 Growth retardation Systemic CAP2- 
KO 

Peche et al. 
(2012);Field 
et al. (2015); 
Kepser et al. 
(2019) 

CAP2 Cardiomyopathy incl. 
bradycardia, 
spontaneous 
ventricular 
arrhythmias, 
prolonged 
conduction times, 
prolonged PQ and QT 
intervals, 

Systemic CAP2- 
KO, heart- 
specific CAP2-KO 

Peche et al. 
(2012);Field 
et al. (2015); 
Stockigt et al. 
(2016);Xiong 
et al. (2019) 

CAP2 Myopathy 
characterized by ring 
fibers, muscle 
weakness, delay in 
motor function 
development 

Systemic CAP2- 
KO 

Kepser et al. 
(2019) 

CAP2 Microphthalmia, 
sensitivity to eye 
inflammation and 
infections 

Systemic CAP2- 
KO 

Field et al. 
(2015) 

CAP2 Wound healing 
problems 

Systemic CAP2- 
KO 

Kosmas et al. 
(2015)  

Fig. 1. CAP domain organization. CAP from yeast to 
mammals can be sub-divided into three protein regions. 
The N-terminal region comprises the oligomerization 
domain (OD) and the helical folded domain (HFD). The OD 
includes two Arg-Leu-Glu repeats (RLE motifs) as well as a 
cysteine residue relevant for dimer formation. The central 
region comprises the Wiscott-Aldrich-Syndrome protein 
(WASP) homology 2 (WH2) domain flanked by two 
proline-rich motifs (P1 and P2), and the C-terminal region 
mainly consists of a CAP and retinitis pigmentosa protein 2 
(CARP) domain. A detailed description of the protein do
mains and their molecular activities is provided in chapter 

2 ‘Molecular functions’.   
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2.2. CAP functions in actin cytoskeleton regulation 

While a regulatory role in adenylyl cyclase activity and cAMP 
signaling has been unraveled only recently in mammals, very similar 
functions for yeast and mammalian CAP orthologs in actin cytoskeleton 
regulating have been established by studies of the past decade (Johnston 
et al., 2015; Kotila et al., 2018, 2019; Rust et al., 2020; Schneider et al., 
2021a; Shekhar et al., 2019). From these studies it became evident that 
CAP contains several protein domains capable of binding actin, albeit 
with different affinities and preferences for adenosine diphosphate 
(ADP)-actin versus adenosine triphosphate (ATP)-actin, and that these 
domains are crucially important for different steps of the actin tread
milling mechanism. In this paragraph, for sake of better readability, we 
will mostly not differentiate between orthologs from different species, 
and we will use the term CAP for all orthologs investigated. In a current 
model of actin regulation (Fig. 2B), CAP’s HFD interacts with 
ADF/cofilin-decorated pointed (minus) ends of F-actin consisting of 
ADP-actin, and it thereby accelerates dissociation of actin subunits 
(Kotila et al., 2019; Quintero-Monzon et al., 2009; Chaudhry et al., 
2013; Shekhar et al., 2019). A recent genetic approach in primary mouse 
hippocampal neurons not only confirmed the interaction of CAP with 
ADF/cofilin, but also showed mutual functional dependence of both ABP 
in actin cytoskeleton regulation (Schneider et al., 2021a). Upon 

dissociation from F-actin, G-actin is transferred to the CARP domain that 
has a high affinity for ADP-G-actin and that, presumably together with 
the WH2 domain, weakens the interaction of ADP-G-actin with HFD as 
well as with ADF homology (ADF-H) domain, the actin-binding domain 
of ADF/cofilin (Balcer et al., 2003; Chaudhry et al., 2014, 2010; Kotila 
et al., 2018; Makkonen et al., 2013; Mattila et al., 2004; Moriyama and 
Yahara, 2002). Consequently, HFD as well as ADF/cofilin dissociate 
from ADP-G-actin, and the CARP domain in cooperation with the WH2 
domain accelerates ATP-for-ADP exchange on G-actin (Chaudhry et al., 
2014, 2010; Jansen et al., 2014; Kotila et al., 2018; Quintero-Monzon 
et al., 2009). Subsequently, ATP-G-actin is either released to the sur
rounding or transferred to ABP with high affinity for ATP-G-actin such as 
profilin (Bertling et al., 2007; Makkonen et al., 2013). Hence, CAP 
controls both actin subunit dissociation and replenishing the pool of 
polymerization-competent ATP-G-actin, making it an essential regulator 
of the actin treadmilling mechanisms. 

Further, functional interaction of CAP with several established actin 
regulators apart from ADF/cofilin, including twinfilin, profilin, INF2 or 
ABP1 have been demonstrated. These interactions likely contribute to its 
function in actin regulation in vivo, though experimental evidences for 
some of them are still missing (Ono, 2013; Rust et al., 2020). Twinfilin 
has been associated with lymphoma progression or cancer cell invasion 
(Meacham et al., 2009; Bockhorn et al., 2013), and it controls length of 

Fig. 2. CAP molecular functions. (A) RLE motifs within the 
N-terminal region of CAP are crucial for CAP’s interaction 
with the catalytic loops (C1a and/or C2a) of the adenylate 
cyclase. This interaction can positively modulate cellular 
cAMP production and, hence, regulates intracellular 
signaling. (B) CAP from yeast to mammals accelerates 
various steps of the actin treadmilling mechanism 
including dissociation of actin subunits from F-actin in 
cooperation with ADF/cofilin as well as ATP for ADP ex
change on G-actin needed for replenishing the pool of 
polymerization competent ATP-G-actin. For sake of 
simplicity, only the pointed (minus) end of F-actin (encir
cled in step I) is shown in the following steps. A detailed 
description of CAP function in cAMP signaling and actin 
dynamics is provided in the chapters 2.2 ‘CAP function in 
adenylyl cyclase regulation’ and 2.3 ‘CAP functions in actin 
cytoskeleton regulation’.   
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cochlear stereocilia (Peng et al., 2009), which is important for hearing 
(McGrath et al., 2017). Twinfilin possesses two ADF-H domains allowing 
actin binding, and it has been shown to sequester G-actin and to control 
actin turnover at filaments’ barbed ends (Goode et al., 1998; Vartiainen 
et al., 2000; Ojala et al., 2002; Hakala et al., 2021; Shekhar et al., 2021). 
Further, yeast twinfilin strongly accelerated pointed end depolymer
ization in concert with CAP (Johnston et al., 2015), but this cooperation 
is not conserved in mammals (Hilton et al., 2018). Moreover, sophisti
cated total internal reflections fluorescence (TIRF) microscopy studies 
on single filaments elucidated twinfilin’s functions at barbed ends, 
which were independent of CAP (Hakala et al., 2021; Shekhar et al., 
2021). 

Profilin promotes F-actin assembly by delivering ATP-G-actin to 
actin nucleating and/or polymerizing proteins such as formins, enabled/ 
vasodilator-stimulated phosphoprotein (Ena/VASP) proteins or the 
actin-related protein 2/3 (Arp2/3) complex (Ferron et al., 2007; Funk 
et al., 2019; Paul and Pollard, 2008; Rust et al., 2012; Skruber et al., 
2020). Yeast profilin can interact with CAP’s P1 both in vitro and in 
vivo, while mouse profilin interacts with both proline-rich motifs (Ber
tling et al., 2007; Makkonen et al., 2013). Apart from profilin, P1 is 
capable of interacting with Src homology 3 (SH3) domains e.g. from 
ABP1 or the tyrosine kinase abelson murine leukemia viral oncogene 
homolog (ABL), and yeast studies showed that the interaction with ABP1 
controls the localization of CAP in cortical actin-rich structures (Balcer 
et al., 2003; Freeman et al., 1996; Lila and Drubin, 1997). However, the 
functional relevance of the interaction with profilin or ABP1 remains 
elusive, because P1 mutations induced only mild defects in yeast and 
because a CAP1 variants with mutated P1 fully rescued morphological 
changes in hippocampal neurons from brain-specific CAP1-KO mice, 
unlike CAP1 variants with mutated HFD or CARP domain (Bertling et al., 
2007; Schneider et al., 2021a). Nevertheless, a genetic approach in 
D. melanogaster suggested functional interaction of CAP with ABL in 
axonal pathfinding (Wills et al., 2002). 

More recently, both mammalian CAPs have been identified as com
ponents of a protein complex that inhibits the F-actin assembly factor 
INF2 (A et al., 2020, 2019). These studies revealed that CAP forms a 
complex with lysine-acetylated (KAc) actin (CAP/KAc-actin) that binds 
two regulatory domains of INF2, i.e., DID (Diaphanous inhibitory 
domain) and DAD (Diaphanous autoregulatory domain) (A et al., 2020, 
2019). Thereby, CAP/KAc-actin forms a bridge between both regulatory 
domains, which keeps INF2 in an inactive state - a mechanism that has 
been termed ‘facilitated autoinhibition’ (A et al., 2019). Interestingly, 
dominant missense mutations in these regulatory domains have been 
associated with the kidney disease focal segmental glomerulosclerosis 
(FSGS) as well as the peripheral neuropathy CMTD (Boyer et al., 2011; 
Brown et al., 2010). Since these disease-associated mutants were only 
poorly inhibited by CAP/KAc-actin complexes, it has been speculated 
that impaired CAP/KAc-actin-mediated INF2 inhibition cause or 
contribute to FSGS as well as CMTD (A et al., 2019). Together, CAP not 
only controls actin dynamics by accelerating pointed end actin dissoci
ation and G-actin recycling, but also by modulating the activity of 
established actin regulators, thereby further highlighting its relevance 
for actin cytoskeleton regulation. 

3. Physiological functions 

3.1. Heart 

3.1.1. Heart defects in CAP2-KO mice 
Analyses of a systemic knockout (KO) mouse model provided by the 

European Conditional Mouse Mutagenesis Program (EUCOMM) led to 
important novel insights into the physiological functions of CAP2. An 
initial study reported severe cardiac defects in CAP2-KO mice that were 
mainly characterized by a reduced heart rate (bradycardia), prolonged 
atrial and ventricular conductions times and a dilated cardiomyopathy 
(DCM) (Peche et al., 2012), which is a leading cause of heart failure in 

humans (Hershberger et al., 2013). Cardiac defects were likely causative 
for increased mortality of CAP2-KO mice that mostly died from sudden 
cardiac death (SCD). Interestingly, DCM and SCD were both more pro
nounced among male CAP2-KO mice reminding of human patients 
hospitalized for acute heart failure for which gender-related differences 
in clinical phenotypes have been reported (Nieminen et al., 2008). 
Subsequent studies confirmed cardiac defects in CAP2-KO mice, and 
they provided deeper mechanistic insights (Field et al., 2015; Stockigt 
et al., 2016; Xiong et al., 2019). Long-term electrocardiogram (ECG) 
recordings confirmed bradycardia in CAP2-KO mice, and they revealed 
spontaneous ventricular arrythmias, prolonged PQ and QT intervals as 
well as higher susceptibility to malignant ventricular arrhythmias 
(tachycardias) (Stockigt et al., 2016). Cardiac defects including 
impaired conduction, DCM and SCD were also reported for a second 
systemic CAP2-KO strain, again with higher incidence in males (Field 
et al., 2015). Moreover, by exploiting conditional KO mice, this study 
proved that CAP2 inactivation in cardiomyocytes caused cardiac defects 
and SCD. Transcriptome analysis of both CAP2-KO hearts and car
diomyocytes revealed an upregulation of genes controlled by the tran
scription factor serum response factor (SRF) prior to the onset of cardiac 
defects (Xiong et al., 2019). SRF is crucial for both heart development 
and maintenance of cardiac homeostasis, and its genetic inactivation as 
well as its overexpression in mice caused DCM (Dirkx et al., 2013; 
Parlakian et al., 2005, 2004; Zhang et al., 2001), suggesting that SRF 
dysregulation contributed to heart pathology in CAP2-KO mice. Indeed, 
systemic administration of the SRF inhibitor CCG-1423-8u not only 
reduced expression of SRF target genes, but also prolonged survival of 
CAP2-KO mice and restored cardiac structure and function to some 
extent (Xiong et al., 2019). Mechanistically, CAP2 inactivation may 
cause SRF dysregulation and, hence, cardiac defects via an 
actin-dependent mechanism. SRF activity is controlled by two classes of 
co-activators, members of either the ternary complex factor (TCF) family 
or the myocardin-related transcription factor (MRTF) family, which 
both compete for SRF binding and dictate specific gene repertoires 
(Olson and Nordheim, 2010; Onuh and Qiu, 2020). MRTF is an ABP that 
specifically binds G-actin, and G-actin-binding in turn inhibits 
MRTF-SRF interaction. Hence, MRTF-SRF-dependent gene expression is 
induced by a decline in G-actin levels, and ABP that control the balance 
between F- and G-actin such as CAP2 are very good candidates to act 
upstream of the MRTF-SRF pathway. Indeed, a recent study established 
CAP2 as a regulator of MRTF-SRF-dependent gene expression in mouse 
embryonic fibroblasts (Kepser et al., 2021). Taken together, CAP2-KO 
mice displayed a severe heart pathology characterized by impaired 
cardiac conduction, bradycardia, spontaneous arrhythmias and DCM, 
which together culminated in SCD. This phenotype was associated with 
aberrant sarcomere organization and reduced cooperativity of Ca2+-in
duced force generation (Peche et al., 2012), which both likely contrib
uted to the pathology. 

3.1.2. CAP2 mutations associated with human cardiomyopathies 
Based on the aforementioned studies that identified CAP2 as a crucial 

regulator of cardiac function in mice, it has been postulated that mu
tations in the human CAP2 gene can cause cardiomyopathies as well 
(Ono, 2013; Peche et al., 2012; Stockigt et al., 2016). Indeed, a genetic 
study identified a nucleotide exchange in the donor splice consensus 
sequence of exon 7 (c636 +1 G>A) in human CAP2 gene as the causa
tive mutation in two consanguineous children with DCM and cardiac 
conduction impairments (Aspit et al., 2019). This nucleotide exchange 
caused an ‘in frame’ deletion of exon 6 and 7, thereby resulting in a 
protein that lacked 64 amino acids of the HFD and is very likely 
compromised in actin cytoskeleton regulation (see chapter 2.2 CAP 
functions in actin cytoskeleton regulation). Subsequently, dilated ven
tricles associated with functional tricuspid and pulmonary atresia as 
well as impaired systolic function have been diagnosed in a fetus with 
homozygous CAP2 mutation at 30 weeks of gestation (Patel and Peter
son, 2019). Unfortunately, the pathogenic CAP2 variant in this patient 
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was not specified. However, the report noted that both not-affected 
consanguineous parents were heterozygous for the same variant and 
that this couple had a previous infant that died at the age of four months 
with very similar cardiac defects. The earlier onset and more severe 
cardiac phenotype in this patient compared to those described by Aspit 
and colleagues could be caused by higher pathogenicity of the CAP2 
mutation. Alternatively, additional heterozygous variants of the DCM 
susceptible genes TCAP and/or MYH7, which encode the sarcomere 
protein telethonin and myosin heavy chain 7, respectively, have been 
reported in this patient and these variants may act as disease amplifiers 
(Wadmore et al., 2021; Yotti et al., 2019). Severe early onset DCM has 
been additionally linked to a homozygous nonsense mutation at Y316 of 
CAP2 in a screen of a large cohort with suspected genetic diseases, which 
aimed at establishing exome sequencing as a diagnostic tool to achieve 
genetic diagnosis (Cheema et al., 2020). Finally, a homozygous frame 
shift mutation (c430fs), which caused loss of CAP2 protein, has been 
associated with DCM and ventricular dysfunction in a male infant just 
recently (Gurunathan et al., 2021). Importantly, this study not only 
confirmed an association of CAP2 loss-of-function with DCM and cardiac 
dysfunction in humans, but also with skeletal muscle defects (see 
chapter 3.2.2 CAP2 mutation associated with human myopathy). 
Interestingly, the National Heart, Lung and Blood Institute’s TOPMed 
program identified 19 distinct CAP2 loss-of-function mutations 
including 10 individuals with the c430fs variant, making this mutation 
the most common pathogenic CAP2 variant (Taliun et al., 2021). 
However, all of these individuals were heterozygous carriers without 
any associated clinical findings. Together, human genetic studies of the 
past years identified various pathogenic CAP2 variants, which were all 
associated with neonatal or infantile onset DCM and cardiac defects. 
These defects emerged as the predominant human phenotype upon 
CAP2 loss-of-function, thereby reflecting the findings in CAP2-KO mice. 
However, a more comprehensive and in-depth analysis of both CAP2-KO 
mice and human patients revealed additionally defects in skeletal 
muscles. 

3.2. Skeletal muscle 

3.2.1. Myopathy in CAP2-KO mice and CAP2 functions in actin 
cytoskeleton differentiation during striated muscle development 

CAP2 is not only abundant in the heart, but also in skeletal muscles 
(Bertling et al., 2004; Peche et al., 2007). However, its function in the 
latter has been unraveled only recently, again by exploiting systemic 
CAP2-KO mice from EUCOMM. In skeletal muscle, CAP2 controls the 
sequential exchange of α-actin isoforms from smooth muscle and cardiac 
to skeletal muscle α-actin (Kepser et al., 2019). This ‘α-actin switch’ 
occurs in mice during early postnatal development and is a crucial step 
during myofibril differentiation (Tondeleir et al., 2009). Consequently, 
CAP2 inactivation did not impair embryonic myogenesis, but delayed 
postnatal myofibril differentiation that disturbed skeletal muscle ar
chitecture. The CAP2-KO myopathy was mainly characterized by a 
frequent occurrence of ring fibers, and it affected mutant mice of either 
sexes equally, unlike the cardiomyopathy (Kepser et al., 2019). Ring 
fibers are myofibers containing displaced myofibrils with a perpendic
ular orientation to the main group of longitudinally orientated myofi
brils (Banker and Engel, 1986; Carpenter and Karpati, 1984), and they 
have been reported not only for human myopathies such as nemaline 
myopathy, myotonic dystrophy, limb-girdle dystrophy or inclusion body 
myositis, but also for congenital human myopathies of unknown etiol
ogy (Bethlem and Vanwijngaarden, 1963; Del Bigio and Jay, 1992; 
Joyce et al., 2012). A similar ring fiber pathology has been reported in 
mutant mice expressing a pathogenic variant of ACTA1 encoding skel
etal muscle α-actin, which has been associated with severe myopathy in 
humans (Agrawal et al., 2004; Ravenscroft et al., 2011). Apart from 
displaced myofibrils, CAP2-KO myofibers frequently contained inter
nalized nuclei as well as dislocated mitochondria (Kepser et al., 2019). 
Histopathological features in CAP2-KO mice coincided with the onset of 

motor function deficits. Specifically, neonatal CAP2-KO mice of either 
sex displayed a delay in motor function development, while visual, 
auditory and tactile perception as well as reflexes developed normally. 
Moreover, muscle strength was moderately reduced in juvenile and 
adult CAP2-KO mice, suggesting that CAP2 inactivation impaired motor 
function throughout lifetime (Kepser et al., 2019). Together, this study 
identified CAP2 as a crucial regulator of actin cytoskeleton differentia
tion that is required for proper skeletal muscle development and 
function. 

Notably, a more recent study unraveled a very similar function for 
CAP2 in cardiomyocytes (Colpan et al., 2021). This study showed that 
CAP2 controls actin depolymerization from filaments’ pointed ends, 
which is crucial for the exchange of α-actin isoforms from smooth 
muscle and skeletal muscle to cardiac α-actin during cardiomyocyte 
differentiation. In cardiomyocytes, CAP2-mediated actin cytoskeleton 
differentiation precedes - and presumably is a prerequisite for – the 
function of tropomodulin (Tmod) and leiomodin (Lmod) (Iwanski et al., 
2021). These two ABPs act as competing factors at filaments’ pointed 
ends and synergistically control filaments’ length, and they thereby 
affect sarcomere organization and cardiac function (Fowler and Domi
nguez, 2017). Inactivation of these factors in mice compromised heart 
development and caused DCM, phenotypes that were mirrored in human 
patients expressing pathogenic variants (Ahrens-Nicklas et al., 2019; 
Fowler and Dominguez, 2017; Pappas et al., 2015). Hence, impaired 
myofibril differentiation in cardiomyocytes likely contributes to sarco
mere disorganization and to compromised cardiac function in CAP2-KO 
mice. Together, CAP2 emerged as a critical regulator for fine tuning the 
actin cytoskeleton in myocytes as well as cardiomyocytes, and defects in 
actin cytoskeleton differentiation caused or contribute to skeletal muscle 
and heart phenotypes in CAP2-KO mice. The delay in the ‘α-actin switch’ 
in CAP2-KO striated muscles not only altered the actin composition in 
thin filaments, but also the abundance of actin isoforms among G-actin 
(Kepser et al., 2019). Future studies will show whether the latter con
tributes to altered MRTF-SRF-dependent gene expression in striated 
muscles from CAP2-KO mice. 

Very similar to CAP2-KO mice, a delayed ‘α-actin switch’ during 
skeletal muscle has been reported for mutant mice lacking cofilin2 
(Gurniak et al., 2014), the ADF/cofilin family member enriched in 
striated muscles (Thirion et al., 2001). Based on this finding and sup
ported by phenotype similarities in mutant mouse strains (Agrawal 
et al., 2012; Gurniak et al., 2014; Kepser et al., 2019), a cooperation of 
CAP2 and cofilin2 in actin cytoskeleton differentiation during skeletal 
muscle development has been proposed (Kepser et al., 2019; Rust et al., 
2020). Such a cooperation is not only in very good agreement with the 
above outlined molecular CAP functions (see Section 2.2 CAP functions 
in actin cytoskeleton regulation), but also with an earlier study that 
suggested an interaction of the CAP2 and cofilin2 orthologs CAS-1 and 
UNC-60B, respectively, during striated muscle development in C. elegans 
(Nomura et al., 2012). Although cofilin2-KO mice and CAP2-KO mice 
displayed similarities in the onset and progression of their myopathies, 
cofilin2-KO mice were not viable and died within two weeks after birth, 
thereby preventing phenotype comparisons at later stages. However, a 
previous study implicated cofilin2 in regulating actin depolymerization 
from filaments’ pointed ends in cardiomyocytes (Kremneva et al., 2014), 
similar to the CAP2 function outlined above (Colpan et al., 2021). It is 
therefore very well conceivable that CAP2 and cofilin2 cooperate in 
actin cytoskeleton differentiation not only in skeletal muscles, but also 
in cardiomyocytes (Iwanski et al., 2021). 

3.2.2. CAP2 mutation associated with human myopathy 
While several human genetic studies associated pathogenic CAP2 

variants with DCM and cardiac dysfunction (Aspit et al., 2019; Cheema 
et al., 2020; Patel and Peterson, 2019), skeletal muscle defects have been 
reported just recently (Gurunathan et al., 2021). The reason for this 
could be that loss-of-function mutations in human CAP2 induced a quite 
severe heart pathology with prenatal or early postnatal onset (Aspit 
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et al., 2019; Cheema et al., 2020; Patel and Peterson, 2019), but may 
only mildly affect motor functions, similar to CAP2 mutant mice (Field 
et al., 2015; Kepser et al., 2019; Peche et al., 2012; Stockigt et al., 2016). 
Consequently, motor dysfunction may have been overlooked by clini
cians in human patients. Exemplarily, the first two human patients with 
CAP2 mutations were diagnosed for DCM and cardiac conduction de
fects at the ages of 5 and 12 years, respectively (Aspit et al., 2019). The 
older patient died shortly after diagnosis before complete phenotype 
characterization, and the younger patient was on amiodarone therapy 
that is notoriously associated with adverse side effects including muscle 
weakness (Besser et al., 1994). Nevertheless, a recent study associated 
CAP2 (c430fs) loss-of-function mutation not only with DCM and cardiac 
dysfunction, but also with nemaline myopathy and a delay in motor 
function (Gurunathan et al., 2021). Nemaline myopathy is a skeletal 
muscles disorder that - in the vast majority of cases - is caused by mu
tations in sarcomere proteins and that is characterized by an accumu
lation of microscopic rod or thread-like structures (nemaline bodies). It 
is a heterogenous myopathy with an incidence of roughly 1 in 50,000 
births, and it can be present in early childhood with muscle weakness, 
hypotonia as well as delayed development of motor function (Conen 
et al., 1963; de Winter and Ottenheijm, 2017; Shy et al., 1963). Inter
estingly, mutations in the human cofilin2 gene CFL2 are among the most 
common mutations in nemaline myopathy (Agrawal et al., 2007; Fattori 
et al., 2018; Finsterer and Stollberger, 2015; Ockeloen et al., 2012), and 
nemaline myopathy was present in both cofilin2-KO mice as well as in 
mutant mice expressing a pathogenic human CFL2 variant (Agrawal 
et al., 2012; Rosen et al., 2020), again supporting the notion of an 
intimate interaction of CAP2 and cofilin2 in myocytes. Together, a first 
human genetic study implicated a pathogenic CAP2 variant not only in 
heart pathology, but also in nemaline myopathy. 

3.3. Nervous system 

Different from most other tissues in vertebrates, CAP1 and CAP2 are 
both expressed in the nervous system. Exemplarily, northern blot and 
immunoblot analysis showed that CAP1 and CAP2 are both broadly 
expressed during brain development in mice (Bertling et al., 2004; 
Schneider et al., 2021c). In situ hybridization analysis revealed strong 
CAP1 expression in differentiated neurons of both central and peripheral 
nervous system at embryonic day (E) 14.5 and E18.5. Apart from muscle 
tissue, CAP2 expression was strong in the thalamic area of E18.5 brains, 
and weaker CAP2 expression was present in some peripheral ganglia 
(Bertling et al., 2004). In adult mouse brain, strongest expression of 
CAP1 and CAP2 was observed in the cortex and hippocampus (Bertling 
et al., 2004; Schneider et al., 2021a). The high levels of CAP expression 
in the nervous system mirrors their importance in specific processes 
involved in neuronal development, maintenance and function, which 
depend on the tight regulation of cytoskeleton organization and 
dynamics. 

3.3.1. CAP functions during central nervous system development 
The relevance of CAP1 in specific brain developmental processes 

emerged from the analysis of brain-specific CAP1-KO mice (Schneider 
et al., 2021a). CAP1 was dispensable for various important aspects of 
brain development such as neural stem cell proliferation and differen
tiation, neuron production and migration or layer formation in the ce
rebral cortex. However, CAP1-KO mice displayed slight changes in 
hippocampal morphology as well as compromised neuron connectivity, 
which could be ascribed to impaired neuron differentiation (Schneider 
et al., 2021a). Neuron connectivity depends on growth cones that 
navigate axons through the developing brain. The peripheral domain of 
growth cones is highly enriched in dynamic F-actin and contains re
ceptors that translate guidance cues into intracellular signaling activities 
that act upstream of ABP to control F-actin assembly and disassembly. 
The accurate navigation of neuronal growth cones through the embry
onic brain is essential for the formation of a functional neuronal network 

(Leite et al., 2021). The involvement of CAP in axon guidance initially 
emerged from studies performed in D. melanogaster. As reported above 
(see chapter 2.2 CAP functions in actin cytoskeleton regulation), studies 
of embryonic axon guidance suggested that ABL collaborates with the 
CAP ortholog in D. melanogaster named Capulet or Act up in the accurate 
navigation of developing axons. These studies further suggested that 
Capulet/Act up is part of a pathway that links guidance signals to the 
regulation of cytoskeletal dynamics (Wills et al., 2002). 

The analysis of hippocampal neurons isolated from brain-specific 
CAP1-KO mice demonstrated the importance of CAP1 for growth cone 
function (Schneider et al., 2021a). CAP1-KO neurons displayed defects 
in growth cones size, morphology and motility as well as an impaired 
response to attractant and repellant guidance cues. CAP1 is located in 
growth cones, and growth cone morphological changes in CAP1-KO 
neurons were associated with impaired actin turnover and F-actin dy
namics. From a mechanistic point of view, rescue experiments in 
CAP1-KO neurons and the analysis of neurons lacking CAP1 and cofi
lin1, a key actin regulator which has been implicated in growth cone 
actin dynamics (Omotade et al., 2017; Schneider et al., 2021b), revealed 
functional interdependence and cooperation of both ABP in growth 
cones (Schneider et al., 2021a), in good agreement with their molecular 
functions (see Section 2.2). 

Very similar to CAP1, CAP2 is present during neuron differentiation 
and abundant in growth cones. However, analysis in CAP2-KO neurons 
revealed that CAP2 was not critical for neuron differentiation, and that it 
was dispensable for growth cone morphology and motility (Schneider 
et al., 2021c). Accordingly, systemic CAP2-KO mice did not display any 
gross defects in brain development. Interestingly, rescue experiments in 
CAP1-KO neurons revealed redundant functions for CAP1 and CAP2 in 
differentiating neurons. Specifically, CAP2 overexpression rescued 
neuron differentiation as well as neurite width and total neurite length 
changes in CAP1-KO neurons, and it partially rescued growth cone size 
(Schneider et al., 2021c). Functional redundancy of mouse CAP1 and 
CAP2 has been postulated earlier (Field et al., 2015), and this study 
proved overlapping functions for CAP1 and CAP2 in differentiating 
neurons. 

3.3.2. CAP functions in the developed brain 
While CAP2 was dispensable during neuron differentiation, it con

trols the morphology of dendritic spines in differentiated neurons. 
Dendritic spines are postsynaptic structures of the vast majority of 
excitatory synapses in the vertebrate brain that integrate synaptic input. 
These structures are highly enriched in F-actin and can change their 
morphology in response to neuronal activity. Structural plasticity of 
dendritic spines is tightly coordinated with synaptic function, and it is 
controlled by ABP that modify the postsynaptic actin cytoskeleton and, 
hence, confer spine plasticity and stability (Cingolani and Goda, 2008; 
Hotulainen and Hoogenraad, 2010; Pelucchi et al., 2020a). Conse
quently, dysregulation of the dendritic spine actin cytoskeleton alters 
spine morphology and it impairs synaptic plasticity, brain function and 
ultimately behavior. It has been shown that CAP2 is specifically located 
in dendritic spines regions enriched in F-actin (Pelucchi et al., 2020b). 
Remarkably, CAP2 inactivation differently affected neuron structure 
and dendritic spine morphology in cortical and hippocampal neurons. 
Primary cortical neurons from CAP2-KO mice displayed an increase in 
dendrite complexity and spine density (Kumar et al., 2016), whereas 
CAP2 downregulation in primary hippocampal neurons reduces den
dritic arborization along with a significant increase in spine length and 
head width (Pelucchi et al., 2020b). Structural alterations in hippo
campal neurons were accompanied by defects in synaptic transmission 
and plasticity, highlighting the relevance of CAP2 for synapse physi
ology and neuronal function. The mechanism underlying such effect 
involved cofilin1. It has been shown that CAP2 forms dimers through its 
Cys32 and that dimerization was important for both cofilin1 binding and 
actin turnover. Long-term potentiation (LTP) of synaptic transmission 
triggers cofilin1 translocation into spines where its activity was required 
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for the rapid sculpturing of the actin cytoskeleton and, hence, for spine 
morphological changes (Bosch et al., 2014). Relevance of cofilin1 for 
spine morphology and synaptic plasticity has been proven by the ana
lyses of gene-targeted mice lacking either cofilin1 or cofilin1 and its 
close homolog ADF (Rust, 2015; Rust et al., 2010; Wolf et al., 2015), and 
synaptic defects in these mutants were associated with altered behavior 
(Goodson et al., 2012; Rust and Maritzen, 2015; Sungur et al., 2018; 
Zimmermann et al., 2015). The Cys32-dependent dimerization of CAP2 
is necessary for LTP-induced cofilin1 translocation into spines, spine 
remodeling and the potentiation of synaptic transmission (Pelucchi 
et al., 2020b), suggesting a crucial role for CAP2 in brain function and 
behavior, similar to cofilin1. Overall, these studies highlight that both 
CAP1 and CAP2 orchestrate neuronal actin cytoskeleton dynamics in 
close cooperation with cofilin1, in different subcellular compartments, 
such as dendritic spines and growth cones both during critical neuro
developmental events such as axonal outgrowth and neuron differenti
ation, but also in differentiated neurons. 

3.3.3. Potential contribution of CAP to brain disorders 
Proper balance in the activity of cofilin1, the interaction partner of 

both CAP1 and CAP2 in the mouse brain, is a prerequisite for brain 
development and function, and cofilin1 dysregulation has been associ
ated with various brain disorders (Bamburg et al., 2021; Namme et al., 
2021). Recent studies have also reported alterations in the expression of 
CAPs or defects in CAP-regulated mechanisms associated to different 
brain diseases, ranging from neurodevelopmental to neurodegenerative 
disorders. 

Schizophrenia has been conceptualized as a neurodevelopmental 
disorder affecting synaptic plasticity and cortical-subcortical con
nectome (Lewis and Levitt, 2002; Murray et al., 2017). It is a polygenic 
and multifactorial disorder and several genetic studies aimed at identi
fying candidate genes relevant for the etiology or pathophysiology. 
Analysis of differential gene transcription patterns in a schizophrenia 
animal model revealed altered CAP1 expression in the temporal cortex 
(Wong et al., 2005). In support of a CAP1 involvement in schizophrenia, 
increased CAP1 protein levels have been found in the mediodorsal 
thalamus of schizophrenia patients (Martins-de-Souza et al., 2010). On 
the other hand, CAP2 mRNA levels wear reduced in the hippocampus, 
but not in the dorsolateral prefrontal cortex of schizophrenia patients 
compared to non-psychiatric control subjects (Di Maio et al., 2022). 
Even though no differences were detected at protein level, these data 
suggest that an aberrant expression of CAP2 in the hippocampus can be 
associated to schizophrenia. In addition, a linkage and exome study 
reported a rare variant residing in the 5’-UTR of the CAP2 gene, which 
has been implicated in the pathogenesis of bipolar disorder, a severe and 
complex psychiatric condition characterized by alternating episodes of 
depression and mania (Anjanappa et al., 2020). 

Alterations in CAP1 expression have been observed in the cortex of 
animal models for neuronal ceroid lipofuscinoses, which are a group of 
children inherited neurodegenerative disorders characterized by blind
ness, early dementia and pronounced cortical atrophy (von Schantz 
et al., 2008). Transcript profile analysis pointed to potential impairment 
of genes related to cytoskeleton-mediated growth cone. Indeed, cortical 
neurons from animal models of this disease revealed growth cone ab
normalities (von Schantz et al., 2008). These data are in line with a 
crucial role of CAP1 in regulation growth cone actin dynamics 
(Schneider et al., 2021a), highlighting the importance of CAP1 for 
neuron differentiation. Instead, CAP2 levels and synaptic localization 
are specifically reduced in the hippocampus, but not in the cortex of 
Alzheimer’s Disease patients (Pelucchi et al., 2020b). In addition, in 
hippocampal synapses of these patients, CAP2 dimer levels are reduced 
and an aberrant association of cofilin1 to CAP2 covalent dimer/mo
nomer has been reported (Pelucchi et al., 2020b). These data suggest 
that the CAP2-cofilin1 complex is impaired in Alzheimer’s Disease 
hippocampal synapses, which may contribute to structural plasticity 
defects in such form of dementia. In summary, CAP1 and CAP2 emerged 

as important regulators of mammalian brain development and function, 
and their dysregulation likely cause or contribute to the pathologies of 
various brain disorders. 

3.4. Metabolic functions 

3.4.1. Potential contribution of CAP to metabolic diseases 
Obesity is associated with a high incidence of well-known cardio

vascular risk factors such as dyslipidemia, hypertension and diabetes. 
Numerous studies have shown the existence of a cardiovascular con
tinuum, in which pathological processes begin as the result of various 
risk factors and lead to permanent changes and cardiovascular compli
cations through endothelial damage, vascular and myocardial remod
eling, and atherosclerotic processes (Drozdz et al., 2021). Interestingly, 
both CAP1 and CAP2 were modulated by high-fat diet consumption (Lee 
et al., 2014), and CAP1 participated in pathways implicated in increased 
risk of cardiovascular disease such as inflammation and cholesterol 
homeostasis. For instance, the administration of high-fat diet affected 
CAP2 phosphorylation in the muscle. Obesity can also lead to ectopic 
lipid accumulation in skeletal muscle and is associated with muscle 
weakness and insulin resistance (Consitt et al., 2009; Kaneko et al., 
2011; Kemp et al., 2009; Ritov et al., 2010). Phospho-proteome analysis 
of skeletal muscle revealed that high-fat diet inhibited the phosphory
lation of CAP2 at Ser196 and Ser199. Considering the crucial role of 
CAP2 in skeletal muscle (see chapter 3.2.1 Myopathy in CAP2-KO mice 
and CAP2 functions in actin cytoskeleton differentiation during striated 
muscle development), changes in its phosphorylation may contribute to 
muscular atrophy induced by high-fat diet (Sun et al., 2020). On the 
other hand, CAP1 has been reported as adipopkine receptor (Lee et al., 
2014) and binding partner of proprotein convertase subtilisin/kexin 
type-9 (PCSK9) (Jang et al., 2019), thus suggesting novel biological 
functions going beyond actin cytoskeleton remodeling. CAP1 emerged 
as a critical regulator of metabolic function, that may control inflam
matory processes as well as lipoprotein metabolism via its interaction 
with resistin and PCSK9, as described in the following chapters. 

3.4.2. CAP1 acts a receptor of the cytokine resistin 
CAP1 may play a pivotal role in atherosclerosis processes because it 

has been described as the functional receptor for human resistin (Lee 
et al., 2014), a mediator of obesity-related insulin resistance. Resistin is 
a pro-inflammatory adipokine that promotes recruitment of immune 
cells and secretion of proinflammatory factors (Bokarewa et al., 2005; 
Silswal et al., 2005), correlated with fat mass and acting on endothelial 
dysfunction and cardiovascular diseases (Musovic et al., 2021). 
Increasing evidence linked resistin with inflammation and atherogenesis 
(Burnett et al., 2005; Jung et al., 2006; Reilly et al., 2005). Indeed, 
atherosclerosis can be considered as an inflammatory disorder charac
terized by the retention of modified low-density lipoproteins (LDL) in 
the arterial wall, a burden initiated by the intramural retention of 
atherogenic lipoproteins, activating resident macrophages and recruit
ment of monocyte-derived cells. Immune cells dominate early athero
sclerotic lesions, their effector molecules accelerate progression of the 
lesions, and activation of inflammation can elicit acute coronary syn
dromes (Hansson, 2005). 

Different putative receptors of resistin have been described, but 
showed rather very weak pro-inflammatory effect in humans, while 
CAP1 has been shown to mediate resistin-dependent inflammatory ac
tions of human monocytes (Lee et al., 2014). CAP1 has been localized in 
the cytosol and in the membrane fraction of human monocytes. Exog
enously applied resistin elicited a change in CAP1 localization to the 
membrane surface. Resistin and its receptor CAP1 increased intracel
lular cAMP concentration, PKA activity, and NF-κB-related transcription 
of many inflammatory cytokines in human monocytes. Furthermore, 
chemotaxis of macrophages or monocytes to resistin was dependent 
upon CAP1 (Lee et al., 2014). Human resistin binds to CAP1 via the 
proline-rich SH3-binding domain while the N-terminal domain likely 
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plays a key role in receptor signaling. Specifically, point mutations of 
Val27 and Ser28 in CAP1-SH3 binding domain (corresponding to Val242 
and Ser243 of full-length human CAP1) abolished interaction between 
resistin and CAP1. On the other hand, the actin binding domain of CAP1 
might have a pivotal role on the resistin-related migration activity of 
human monocytes (Lee et al., 2014). Following a 1-month period of a 
high-fat diet, CAP1 expression was increased in the white adipose tissue 
of humanized resistin mice along with resistin. Remarkably, 
CAP1-overexpressing monocytes aggravated adipose tissue inflamma
tion in such transgenic mice. In contrast, suppression of CAP1 expression 
abrogated the resistin-mediated inflammatory activity (Lee et al., 2014). 
In this context, CAP1 represents a suitable pharmacological target to 
counteract resistin-triggered inflammation. For instance, celastrol, a 
pentacyclic triterpene compound derived from the roots of the Trip
terygium wilfordii, binds CAP1 and reduces interaction between resistin 
and CAP1, thus preventing the subsequent inflammatory response. In 
line with these results, knockdown of CAP1 in macrophages abrogated 
the resistin-mediated inflammatory activity while CAP1 overexpression 
had an opposite effect. Remarkably, celastrol administration protects 
mice from high-fat diet-induced metabolic syndrome, since it reduced 
body weight, ameliorated insulin resistance and hepatic steatosis as well 
as attenuated inflammation (Zhu et al., 2021). Even though several 
biochemical binding assays have demonstrated the direct interaction 
between CAP1 and resistin and defined CAP1 as resistin receptor (Lee 
et al., 2014; Zhu et al., 2021), CAP1 lacks a transmembrane domain and 
should bind resistin in the cytoplasm. Further studies addressing how 
CAP1 is associated to the membrane are necessary to fully elucidate 
CAP1 cellular function. 

3.4.3. CAP1 and proprotein convertase subtilisin/kexin type-9 (PCSK9) 
In addition to the role in the inflammatory response, CAP1 may 

contribute to the pathogenesis of cardiovascular diseases as a novel 
binding partner of the proprotein convertase subtilisin/kexin type-9 
(PCSK9) (Jang et al., 2019), a key player of plasma cholesterol ho
meostasis (Abifadel et al., 2003). Secreted PCSK9 binds to the LDL re
ceptor (LDLR) at the hepatocyte cell surface and promotes its 
endocytosis and lysosomal degradation. Therefore, PCSK9 inhibition has 
been established as an approach for the treatment of hypercholester
olemia (Macchi et al., 2021). It has been shown that the SH3-binding 
domain of CAP1, that mediates binding to resistin (Lee et al., 2014), 
interacts directly with the C-terminal cysteine-rich domain of PCSK9. 
Interestingly, two loss-of-function polymorphisms of PCSK9 C-terminal 
Cys-rich domain showed a defective interaction with CAP1, and CAP1 
downregulation in cellular systems prevented PCSK9-mediated LDLR 
degradation (Jang et al., 2019). These data were confirmed in hetero
zygous CAP1-KO mice, which had higher LDLR levels. Further, high-fat 
diet fed heterozygous CAP1-KO mice had lower plasma total cholesterol 
and LDL cholesterol compared to wild-type mice (Jang et al., 2019). 
From a mechanistic point of view, CAP1 promoted PCSK9-induced LDLR 
endocytosis. PCSK9 promotes clathrin-dependent LDLR endocytosis, 
that does not lead to lysosomal degradation of LDLR. On the other hand, 
the binding of LDLR/PCSK9 complex with CAP1 drives LDLR/PCSK9 
towards caveolin-dependent endocytosis. Then, caveolin-coated endo
somes containing LDLR/PCSK9/CAP1 are targeted to lysosomes for 
degradation. CAP1 binds to caveolin-1 through its N-terminal region and 
may be involved in caveolin-dependent endocytosis. Hence, CAP1 plays 
a crucial role in the PCSK9-dependent mechanisms that control LDLR 
degradation and, thereby, the cholesterol homeostasis (Jang et al., 
2019). Taken together, CAP1 emerged as a critical regulator of meta
bolic function, that may control inflammatory processes as well as li
poprotein metabolism via its interaction with resistin and PCSK9. 

3.5. Potential contribution of CAP2 to 6p22 syndrome 

6p22 syndrome is a rare developmental disorder defined by deletions 
in the distal part of the short arm of chromosome 6. The phenotype of 

6p22 patients shows a large variability, but usually includes develop
mental delay, hypotonia, psychomotor retardation, craniofacial and 
limb malformations, heart and kidney defects as well as eye abnormal
ities (Davies et al., 1999). Phenotype variability in 6p22 patients is 
caused by different size and location of chromosomal deletions (i.e. 
terminal or proximal interstitial deletions). Two studies narrowed down 
the deletion region and identified a maximum overlapping region that 
includes 12 genes, among them CAP2 (Bremer et al., 2009; 
Celestino-Soper et al., 2012), suggesting a contribution of CAP2 
loss-of-function to 6p22 syndrome. However, it’s difficult to ascribe 
pathological trait of 6p22 syndrome patients to the deletion of CAP2 
gene. For instance, cardiac defects in 6p22 syndrome patients are 
different from the cardiomyopathy reported in CAP2-KO mice (Field 
et al., 2015) and in patients carrying pathogenic mutations in CAP2 gene 
(Aspit et al., 2019). In addition, CAP2-KO mice are not characterized by 
neurodevelopmental delay that is one of the main pathological features 
of 6p22 syndrome patients (Bremer et al., 2009; Celestino-Soper et al., 
2012). In light of these considerations, further studies are required to 
clarify the role of the loss of CAP2 in determining the pathological 
phenotype of 6p22 patients. 

4. Concluding remarks 

CAP1 and CAP2 have been recognized as ABP capable of modulating 
subunit dissociation from F-actin and nucleotide exchange on G-actin. 
However, studies carried out in the last 20 years revealed the complexity 
of CAPs biology at the molecular and cellular level. At the molecular 
level, CAP1 and CAP2 are characterized by a similar structure consti
tuted of different domains that cooperate to control the actin cytoskel
eton. CAPs bind actin but they can also interact with other ABP to 
control their activity (Rust et al., 2020). Therefore, CAPs action on actin 
cytoskeleton dynamics can be dependent on the synergistic interaction 
with different ABPs. In the cells, CAPs biological role is not restricted to 
the control of actin cytoskeleton treadmilling, and CAPs have been 
implicated in signal transduction pathways. In the yeast, CAP has been 
discovered as binding partner of the adenylyl cyclase that suppresses a 
hyperactive RAS2 variant (Field et al., 1990). However, the role on 
cAMP signaling is conserved in mammals through Rap1. CAP1 is a 
geranylgeranyl-binding partner of Rap1 (Zhang et al., 2018) and mod
ulates cAMP levels in a Rap1-dependent manner (Zhang et al., 2021). 
Considering that Rap1 is an established downstream effector of cAMP, 
CAP1-cyclase-Rap1 may represents a positive feedback loop implicated 
in local cAMP signaling (Zhang et al., 2021). More recently, CAP1 has 
been described as the cellular receptor of the adipokine resistin (Lee 
et al., 2014) and as a key regulator of LDLR levels (Jang et al., 2019). A 
tight interdependence of actin cytoskeleton and pathways controlling 
gene expression has been shown in different systems. In mouse embry
onic fibroblasts, CAP2 has been shown as a regulator of gene expression 
through the MRTF-SRF pathway (Kepser et al., 2021). In D. melanogaster 
the loss of function of the CAP homolog (Capulet/Act up) alters the 
expression of key developmental genes, such as hedgehog and hippo, 
thus affecting the formation of the morphogenetic furrow in the eye 
imaginal disc (Benlali et al., 2000). Aberrant eye development has also 
been reported in CAP2-KO (Field et al., 2015). The mutant animals have 
microphthalmia characterized by reduced diameters of pupils in male 
CAP2-KO mice, which was associated to sensitivity to eye inflammation 
and infections. These studies positioned CAPs at the crossroads of 
different pathways and, thereby, uncovered the complexity of CAPs’ 
roles at the cellular level. 

Another level of complexity derives from the different expression 
patterns of CAP family members. CAP1 is expressed in almost all tissues 
except of skeletal muscle, while CAP2 is present in a limited number of 
tissues (Bertling et al., 2004). This observation suggests that CAP2 may 
have unique roles in specific tissues. The studies of CAP1-KO and 
CAP2-KO mice revealed the relevance of each member of the CAP family 
in the different tissues, especially during development. Functional 
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redundancy of mouse CAP1 and CAP2 has been postulated earlier (Field 
et al., 2015), but the analysis of the phenotype of the gene-targeted mice 
indicates that CAP1 is crucial for CNS development (Schneider et al., 
2021a), while CAP2 is a key protein in skeletal muscles and heart (Peche 
et al., 2012; Field et al., 2015; Stockigt et al., 2016; Xiong et al., 2019; 
Kepser et al., 2019), in accordance with their expression profile. In other 
tissues CAP2 loss can be only partially recovered by CAP1. For instance, 
CAP2-KO mice show altered wound healing response and, even though 
CAP1 is upregulated in CAP2-KO unwounded skin and in wounds, it 
might partially compensate for the loss of CAP2 (Kosmas et al., 2015). 

Recent human genetic studies and the analysis of gene-targeted mice 
highlighted the involvement of CAPs in several diseases. For instance, 
the global impact of the systemic loss of CAP2 has been revealed by 
genetic studies of patients affected by the 6p22 syndrome, a rare 
developmental disorder defined by deletions of the short arm of chro
mosome that includes CAP2 gene (Celestino-Soper et al., 2012; Bremer 
et al., 2009). However, in light of the comparison of the phenotype of 
patients with 6p22 syndrome and of subjects carrying CAP2 pathogenic 
variants, it is difficult to assign any phenotype to CAP2 loss in 6p22 
syndrome. 

Even though such studies contributed to our understanding of CAPs’ 
physiological and pathological functions, there are still open questions 
in CAPs research field. How cellular signal transduction pathways con
trol CAPs activity in the different cell types? Do CAP1 and CAP2 coop
erate in the control of actin cytoskeleton dynamics? Further studies are 
required to address these issues and to add new pieces to the puzzle of 
CAPs cell biology. 
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