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Role of actin cytoskeleton in podocytes
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Abstract

The selectivity of the glomerular filter is established by physical, chemical, and signaling
interplay among its three core constituents: glomerular endothelial cells, the glomerular basement
membrane and podocytes. Functional impairment or injury of any of these three components can
lead to proteinuria. Podocytes are injured in many forms of human and experimental glomerular
disease, including minimal change disease, focal segmental glomerulosclerosis and diabetes
mellitus. One of the earliest signs of podocyte injury is loss of their distinct structure, which

is driven by dis-regulated dynamics of the actin cytoskeleton. Status of the actin cytoskeleton

in podocytes depends on a set of actin binding proteins, nucleators and inhibitors of actin
polymerization, and regulatory GTPases. Mutations that alter protein function in each category
have been implicated in glomerular diseases in humans and animal models. In addition, a growing
body of studies suggest that pharmacological modifications of the actin cytoskeleton have the
potential to become novel therapeutics for podocyte-dependent chronic kidney diseases. This
review presents an overview of the essential proteins that establish actin cytoskeleton in podocytes
and studies demonstrating the feasibility of drugging actin cytoskeleton in kidney diseases.
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Introduction

Podocytes are terminally differentiated epithelial cells of the glomerulus which develop

a characteristic architecture specialized for glomerular ultrafiltration. Their structure is
traditionally divided into three distinct subcellular compartments: the cell body, primary
processes which are microtubule-driven membrane extensions, and foot processes (FPs)
which are actin-driven membrane extensions [1]. Adjacent podocytes interdigitate with each
other at their FPs which are bridged with a specialized intercellular junction called a slit
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diaphragm (SD). FPs serve as an adhesive apparatus to the glomerular basement membrane
(GBM), which together with endothelial cells and their glycocalyx form a filtration barrier.

Regardless of the underlying glomerular disease, the earliest signs of podocyte injury

are characterized by the reorganization of FPs structure resulting in a fusion of filtration
slits termed “FP effacement” [2—-7]. Indeed, for over 50 years the effacement of FPs

has been a main feature of proteinuria, though its significance with regard to proteinuria

is still a mystery [8]. Recently, a study by Thomas Benzing and colleagues suggested

that permeability of the renal filter is modulated through compression of the capillary

wall [9]. By using CRISPR-Cas9-based genome editing, the authors inserted base-pair
changes into the mouse genome that resulted in mutations in the NPHSZ2 gene that

encodes the protein podocin. Podocin and nephrin are main protein components of the

SD. Mice expressing mutant podocin mimic a human hereditary nephrotic syndrome with
progression to focal segmental glomerulosclerosis (FSGS) [9]. By using a combination

of scanning electron micrographs and a super-resolution stimulated emission depletion
microscopy (STED) imaging, the authors were able to visualize nephrin and podocin at high
spatial resolution, and thus investigate ultrastructural changes of FPs morphology during
progressive albuminuria. By combining quantitative analyses with mathematical modelling,
they showed that morphological alterations of the glomerular filtration barrier, namely FP
effacement, lead to reduced compressive forces that counteract filtration pressure, thereby
resulting in capillary dilatation, and ultimately albuminuria [9, 10]. This study further
established the essential role of FP’s morphology with regard to selectivity of the glomerular
filter.

Since changes in FP morphology are driven by changes in the underlying actin
cytoskeleton, numerous studies have established that FP effacement is a direct consequence
of disregulated actin cytoskeleton in podocytes. The key findings that unequivocally
established the role of the actin cytoskeleton in the maintenance of podocyte function were
the identification of distinct genetic mutations that underlie hereditary forms of FSGS in
actin binding or regulatory proteins such as nephrin, CD2-associated protein (CD2AP),
a-actinin 4, and inverted formin-2 (INF2)[11-15]. While some of these proteins and their
mechanisms are podocyte-specific, such as nephrin and podocin, the majority of essential
players and pathways are commonly present in other mammalian cell types (reviewed in
[16, 17]). In general, the overall organization of the actin cytoskeleton is defined by the
interplay between proteins that regulate actin polymerization and depolymerization, proteins
that crosslink actin filaments into networks or bundles (actin binding proteins, ABPs),

and proteins that coordinate those two processes together with the signaling pathways that
originate at the plasma membrane such as regulatory GTPases (Figure 1).

Organization of the actin cytoskeleton in FPs is regulated by two separate signaling
platforms, each formed by a specific set of proteins: focal adhesions (FA) which encore FPs
to the GBM, and the slit diaphragm (SD) which is a modified cell-cell junction (Figure 1).
The role of signaling at the SD in general and specifically with regard to nephrin has been
recently reviewed [18]. Both platforms or ‘signaling hubs’ are capable of sensing signaling
molecules that are circulating in the blood stream, thus initiating so called “outside in”
signaling [19]. In addition, both platforms directly sense the status of the actin cytoskeleton
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within the FPs as a part of so called “inside out” signaling [17, 20]. Interplay between both
signaling platforms ultimately defines the status of the actin cytoskeleton in podocytes [7].
This review aims to summarize current insights regarding essential proteins that establish the
actin cytoskeleton in podocytes.

The canonical GTPases in podocytes

The global organization of the actin cytoskeleton is ultimately defined by the Rho family

of GTPases [21]. The prototypic members of this family are RhoA, Racl and Cdc42.

These regulatory enzymes adopt two distinct conformations dependent upon GTP binding
and hydrolysis. When in a GTP-bound state, these enzymes interact with and activate a
wide variety of downstream effectors, which ultimately define the global status of the actin
cytoskeleton (Figure 2). GTP hydrolysis induces a conformational change within the enzyme
resulting in a GDP-bound state, which in turn leads to disengagement of the GTPase and its
downstream effectors. Since these GTPases are not highly active enzymes, GTP hydrolysis
is typically potentiated by GTPase activating proteins (GAPs), whereas replacement of GDP
for GTP and thus re-activation of the GTPase is often facilitated by GTP exchange factors
(GEF). A third regulator of small GTPases is called a GDP dissociation inhibitor (GDI),
whose function is to prevent the activation of the GTPase by blocking GDP-GTP exchange.
While canonical GTPases are present in most cell types, the specificity of their action is
determined by cell-type specific regulators and downstream effectors of their GTPase cycle.

Pawson and colleagues [22] were the first to examine which one of these three GTPases

is essential for the podocyte’s structure and function. They showed that mice lacking
Cdc42 specifically in podocytes developed congenital nephropathy and died as a result

of kidney failure within 2 weeks after birth [22]. In contrast, mice lacking Racl or RhoA

in podocytes were overtly normal and lived to adulthood [22]. Similar phenotypes were
subsequently observed by Kretzler’s group which also generated podocyte-specific deletions
of Cdc42 and Racl [23]. While the absence of Cdc42 resulted in congenital nephropathy,
the absence of Racl had no effect on the development or the morphology of podocytes
even when mice were monitored well into adulthood [23]. That said, the deletion of

Rac1 prevented protamine sulfate-induced FPs effacement, thus implicating Racl activity
in injured podocytes. However, in a chronic hypertensive damage model, the absence of
Rac1 worsened proteinuria and sclerosis. Together, these data suggest that while blocking
Racl might prevent acute FP effacement, Racl activity might be essential for repair and

a return to homeostasis during chronic glomerular injury. In complementary studies, Shaw
and colleagues proposed that dysregulation of Racl activity might underlie podocyte injury
[24]. They showed that mutations in Arhgap24, which impair its GAP activity (Arhgap24
is Rac1-GAP) and results in increased levels of Rac1:GTP (Figure 2), were associated with
FSGS [24].

Furthermore, identification of mutations in the gene ARHGDIA that cause nephrotic
syndrome show that dysregulation of one of the regulatory proteins can influence multiple
GTPases [25]. ARHGDIA encodes the Rho GDP dissociation factor alpha (Rho-GDI
alpha). While these mutations abrogated interactions between GDI protein and RhoA, thus
decreasing RhoA activity, they also indirectly increased levels of active Racl and Cdc42
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in podocytes. Finally, Ras GTPase-activating-like protein (also known as IQGAP2 or p195)
has been shown to be required for establishment of functional podocytes [26]. While the
list of regulatory proteins that influence the status of the podocyte cytoskeleton is expected
to grow, together these studies show that while not all canonical GTPases are essential

for the structure and function of healthy podocytes, dis-regulation of their activities due to
mutations in their regulatory proteins might play a role in a disease setting.

Dynamin, a large GTPase that regulates actin in podocytes

In addition to the Rho family of GTPases mentioned above, the actin cytoskeleton in
podocytes is also regulated by a large GTPase dynamin [27, 28]. In contrast to its smaller
family members, dynamin exists in multiple oligomerization states which include dimers,
tetramers, octamers, partial and full rings and spirals [29]. Furthermore, dynamin does not
require additional regulatory proteins such as GAPs, GEFs or GDIs due to its distinct
biochemical characteristics. The structure of the dynamin tetramer that consists of two
dimers has been elucidated [30]. Dynamin tetramers can oligomerize into partial and full
rings or helices, and this oligomerization increases its GTPase activity due to the presence
of the domain within dynamin itself that acts as an intramolecular GAP [31]. Dynamin has
a relatively low affinity for both GTP and GDP [32], therefore release of GDP does not
require the presence of designated GEFs, nor is dynamin:GDP conformation stabilized by
the presence of GDIs.

Another characteristic that distinguishes dynamin from canonical small GTPases is that
dynamin directly binds actin filaments [33, 34]. Dynamin-actin interactions promote
GTP-dependent dynamin oligomerization, which releases capping protein gelsolin from

the barbed ends resulting in potent actin polymerization from the fast, growing barbed

ends which in turn leads to focal adhesion maturation [35]. The molecular mechanism

by which dynamin releases gelsolin from the barbed ends is at present unknown, but
fluorescence lifetime imaging microscopy suggests that it requires GTP binding and a major
conformation change within dynamin tetramers [34].

The physiological relevance of dynamin’s role in regulating actin cytoskeleton has been
demonstrated when mice expressing a dynamin mutant that promotes its oligomerization,
specifically in podocytes, exhibited unusually long foot processes [36]. These data
provide compelling proof that the length of FPs is dependent on dynamin-mediated actin
polymerization. Indeed, increase in dynamin oligomerization by use of a small molecule
Bis-T-23 [34], was sufficient to improve kidney health in diverse models of both transient
and chronic kidney injury [36]. Specifically, Bis-T-23 restored the normal ultrastructure of
foot processes, lowered proteinuria, lowered collagen IV deposits in the mesangial matrix,
diminished mesangial matrix expansion, and extended lifespan [36]. Together, these findings
suggest feasibility of targeting the actin cytoskeleton as therapeutics for glomerular disease
via GTPase as a proxy.
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Proteins that directly influence actin polymerization in podocytes

Organization of the actin cytoskeleton that underlies FPs is determined by polymerization
and depolymerization rates of the actin filaments and actin binding proteins that crosslink
actin filaments into bundles and networks (Table 1 and reviewed in [37]).

Nucleators of actin polymerization

One of the nucleators of actin polymerization that controls the integrity of FPs is the
Arp2/3 complex [38]. The Arp2/3 complex is unique in its capability to organize filaments
into branched networks. The nucleation and branching activities of Arp2/3 are coupled
and regulated by ATP, nucleation promoting factors (NPFs) and actin [39]. A recent

study showed that interplay between two NPFs, N-WASP and WAVE, which in turn are
downstream effectors of Cdc42 and Racl signaling axes, are involved in Arp2/3 mediated
formation of actin networks in FPs [38]. Indeed, loss of both N-WASP and Arp2/3 in
podocytes resulted in FP effacement and proteinuria, thus establishing an essential role for
these proteins in establishing actin cytoskeleton in podocytes [38].

Actin polymerization in FPs is also regulated by atypical formin, Inf2 (Inverted Formin-2).
Formins, which are present in almost all eukaryotes, promote actin filament assembly by
accelerating filament nucleation and elongation, and by blocking filament capping (reviewed
in [40]). Mutations in the /AMF2 gene are a common cause of familial FSGS [14]. In general,
Inf2 promotes actin polymerization by staying associated with the growing barbed end of

an actin filament and by directly binding mammalian diaphanous-related formin (mDia).
Studies by Martin Pollak and colleagues showed that /AF2 disease-causing mutations affect
interactions between Inf2 and mDia [41, 42]. mDia is yet another member of the formin
family and is one of the downstream effectors of RhoA-activated actin polymerization
(reviewed in [43]). Since the binding of Inf2 to mDia antagonizes mDia-mediated actin
polymerization in response to active Rho signaling, mutations that disrupt Inf2-mDia
interactions are expected to result in disregulated actin polymerization in FPs. Unexpectedly,
knock in mice bearing disease-causing /A/F2 mutations do not show any obvious phenotype
[44]. However, stressing this system by protamine-induced kidney injury resulted in the
collapse of podocyte FP architecture [44], implicating Inf2 as an important modulator of
Rho/mDia signaling in FPs in injured podocytes.

Crosslinking / bundling proteins

In addition to proteins that regulate actin nucleation and polymerization, the status of

the actin cytoskeleton is also defined by actin crosslinking proteins. One of the essential
crosslinkers is Myole, non-muscle class | myosin, whose gene mutations underlie FSGS
[45]. Mice lacking Myol1E in podocytes exhibit proteinuria, podocyte injury and CKD. The
primary role of non-muscle myosin is to generate tension by binding F-actin, which in

turn generates the contractile forces that help the glomerular capillaries to resist the high
intraluminal hydrostatic pressure [9].

It is worth noting that actin dynamics in podocytes are not only regulated by GTPases
or ABPs, but also by microRNAs (miRNAS) [46]. A study by Maria Pia Rastaldi and
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colleagues showed that Brain Derived Neurotrophic Factor (BDNF), a member of the
neurotrophin family of polypeptide growth factors, binds the tropomyosin-related kinase B
(TrkB) receptor on podocytes [47]. BDNF binding resulted in a reduction of microRNA-134
and an increase in microRNA-132, which subsequently increased Limka1 translation and
phosphorylation. Increase in the level of Limk1 increased cofilin phosphorylation, thus
ultimately increasing the overall actin polymerization in podocytes. Of note, cofilin is

an actin-binding protein that disassembles actin filaments. BDNF treatment profoundly
reduced albuminuria in mouse adriamycin nephropathy accompanied by a reformation of
podocyte FPs. Together, these studies provide a compelling evidence of the complexity of
the pathways and mechanisms that regulate podocyte structure.

In addition, point mutations in the a-actinin 4 gene (ACTNA4) cause an autosomal dominant
form of human FSGS [13]. a-actinin 4 protein is one of the actin crosslinking proteins

in podocytes, and gain of function mutations have been associated with formation of
aggregated and rapidly degraded cytoskeletal proteins.

Open questions and future directions

Given the close connection between podocyte structure and function, it has been argued that
targeting actin cytoskeleton dynamics might be a valuable strategy for treating CKD [6, 48].
As of now, therapeutics that directly target dynamics of the actin cytoskeleton have not been
developed. Indeed, nephrotic syndrome, which is accompanied by massive FP effacement, is
treated with immune system suppressants such as corticosteroids, as well as blood pressure
medications such as ACE (angiotensin-converting enzyme) inhibitors or ARBs (angiotensin
receptor blockers).

While it might be impossible to pharmacologically alter actin cytoskeleton directly, a
number of studies are suggesting that it might be feasible and beneficial to alter actin
cytoskeleton dynamics in podocytes by targeting actin binding or regulatory proteins.

In addition to the positive examples of using dynamin activators presented above [36],
several studies suggested that it might be beneficial to alter RhoA-signaling in podocytes
by targeting ROCK (Rho-associated protein kinase) [21]. A potent Rho-kinase inhibitor,
fasudil, is used for the treatment of cerebral vasospasm, which is often due to subarachnoid
hemorrhage. It is also used to treat pulmonary hypertension by attenuating vascular smooth
muscle contraction [49]. Several additional ROCK inhibitors, such as Y27632 (inhibits
p160ROCK) or SAR407899 have been shown to attenuate proteinuria and interstitial fibrosis
in a number of rodent models including diabetic nephropathy [50], 5/6 nephrectomy [51],
UUO obstruction [52], and ischemia reperfusion injury [53]. Given such diverse models of
kidney injury which include both chronic as well as acute kidney injury, as of now, the
mechanism of action for these ROCK inhibitors in kidney is still not elucidated.

The idea that ABPs might be novel pharmacological targets in humans is being

actively explored in neurodegenerative diseases and cancer. While originally promising
(NCT03784300), a Phase 2b clinical trial examining efficacy of the PTI-125 inhibitor of
filamin, a classic actin bundling protein, showed that this investigational therapy failed
to significantly lower the levels of Alzheimer’s relevant biomarkers present in fluid
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surrounding the brain and the spinal cord of patients (NCT04079803). A small molecule
that inhibits fascin is currently being tested in patients with advanced or metastatic solid
tumor malignancies (NCT03199586). Fascin is an actin bundling protein that is expressed
at low levels in normal adult epithelial cells and its upregulated expression correlates with
highly metastatic tumors. An orally available inhibitor NP-G2-044 binds fascin and thereby
prevents its interactions with actin filaments [54]. Inhibition of fascin crosslinking activity in
turn inhibits reorganization of the actin cytoskeleton necessary for tumor cell migration and
invasion. It is important to note that filamin and fascin are expressed in podocytes. Filamin
has been implicated in regulating actin dynamics upon HIV-induced nephropathy [55],
whereas fascin-1 was shown to colocalize with nephrin in mouse kidney sections as well as
along actin fibers in cultured podocytes [56]. In addition, levels of phosphorylated fascin-1
were found to be strongly reduced in glomeruli of patients with diabetic nephropathy,
implicating its bundling activity in the organization of the actin cytoskeleton in podocytes.

In summary, a growing number of human trials focusing on actin binding and regulatory
proteins, together with our growing understanding of the role of distinct players in
podocytes, highlight the challenges associated with the development of novel therapeutics,
and the highly active and evolving field of research in the biology of glomerular diseases.

Multiple-choice questions (5 questions) (answers are provided following

the reference list)

1. What is the common pathological feature of podocyte injury?
a. Cell division.
b. Loss of microtubule-driven major membrane extensions.

C. Cell death.

d. Cell cycle arrest.
e. Foot processes effacement.
e
2. What proteins regulate actin cytoskeleton in podocytes?
a. Lysosomes.

b. DNA repair enzymes.
C. Mitochondrial enzymes.
d. Regulatory GTPases, actin binding proteins and actin nucleators.
e. DNA polymerase.
d
3. What signaling platform(s) in podocytes regulate actin cytoskeleton?

a. Podocytes contain two signaling platforms: focal adhesions and a
modified cell-cell junction termed the slit diaphragm.
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b. A micronucleus. Micronucleus is usually a sign of genotoxic events and
chromosomal instability.

c. Multivesicular bodies (MVBs). MVBs are a specialized subset of
endosomes that contain membrane-bound intraluminal vesicles.

d. Lysosomes, a membrane-bound cell organelle that contains digestive
enzymes.
e. Microtubules, tubulin polymers that provide structure and shape to

major podocyte extensions.
a
4, What proteins influence the GTPase cycle of canonical small GTPases?
a. The concentration of GTP in the cell.

b. GTPase activating proteins (GAPs), GTPase exchange factors (GEFs)
and Guanosine nucleotide dissociation inhibitors (GDISs).

c. Kinases and phosphatases.
d. Direct interactions with actin filaments.
e. Direct interactions between different GTPases.
b
5. What are standard treatments for glomerular diseases?
a. Drugs that directly alter actin cytoskeleton dynamics in podocytes.
b. Either diabetes medications such as metformin and sulfonylureas, or
insulin therapy.
c. Immune system suppressants such as corticosteroids, as well as blood

pressure medications such as ACE (angiotensin-converting enzyme)
inhibitors or ARBs (angiotensin receptor blockers).

d. Antidepressants such as Prozac and Lexapro.

e. Antibiotics.
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Key summary points

Podocytes contain two signaling platforms that regulate global organization of
the actin cytoskeleton: focal adhesions and slit diaphragm

Dysregulation of the actin cytoskeleton by mutations in proteins that link
actin to either focal adhesions or slit diaphragm underlie the genetics of
hereditary nephrotic syndrome

Actin cytoskeleton in podocytes is regulated by (1) regulatory GTPases
including RhoA, Racl, Cdc42 and Dynamin; (2) regulators of actin
polymerization including inverted formin, mDia and the Arp2/3 complex;

(3) actin binding proteins including non-muscular myosin (Myo), a-actinin 4,
fascin and filamin.

Current treatments for glomerular diseases do not directly target either
podocytes or actin cytoskeleton.

Feasibility of the pharmacological alterations of the actin cytoskeleton in
podocytes in human diseases has not been established.
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Figure 1. Schematics of the glomerular filter.
Specificity of the kidney filter is maintained by fenestrated endothelium, the glomerular

basement membrane (GBM) and glomerular podocytes. The structure of podocyte foot
processes (FPs) is regulated by two signaling platforms: focal adhesions (FAs) and the
slit-diaphragm (SD). Those two hubs integrate ‘inside out” and “outside in’ signaling,
which defines the global organization of the actin cytoskeleton. The status of the actin
cytoskeleton is defined by regulatory GTPases, actin binding proteins (ABPs) and actin
nucleation factors. Two major actin structures are tight actin bundles and loose networks,
both of which are established by actin crosslinking proteins.
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Figure 2. The GTPase cycle of regulatory GTPases.
When in the GTP-bound state, these enzymes interact with cell-type specific downstream

effectors, thus activating actin nucleators and actin crosslinking proteins. GTP hydrolysis
requires the binding of GTPase activating proteins (GAPS), and a subsequent switch into the
GDP-bound conformation disengages interactions between GTPase and upstream effectors.
Interactions with GDP exchange factors (GEF) promotes re-activation of the GTPase.
Examples of the regulatory proteins are indicated in the figure. GTPase cycle of large
GTPase Dynamin (Dyn) is regulated by its oligomerization status, with dimers and tetramers
being inactive form of the enzyme and rings being the active form of the enzyme.
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Table 1.

Actin binding proteins in podocytes
Protein Function in podocytes Binding partners  Reference
Actin monomer (G-actin binding)
Profilin Actin nucleotide exchange factor Inf2 [57]
Nucleators
Arp2/3-complex Branched actin networks WASP, WAVE [38]
Formins:
Inf2 (inverted formin 2) Unbranched actin structures mDia [41]
mDia Unbranched actin structures Inf2 [41]
Elongation-promoting factors
Ena/VASP Accelerate elongation and prevent capping WAVE, Profilin [58]
Barbed end capping
CapZ Caps barbed ends of filaments Inf2 [57]
Gelsolin Severs actin filaments, and caps barbed ends of filaments [35]
Crosslinking/Bundling
Non-muscle myosin 11 Actin crosslinking and contractile properties [59, 60]
Non-muscle myosin | (Myole)  Actin crosslinking and contractile properties [45]
a-actinin 4 Crosslinks actin filaments [13]
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