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ABSTRACT

Investigating the Plasma Membrane Localization of PCDH7 and CLIC4
During Cell Division

Beste Senem Degirmenci Alper

Doctor of Philosophy in Molecular Biology and Genetics

January 10, 2025

The regulation of the plasma membrane during cell division is essential for maintaining
membrane dynamics and cortical stability, both of which are critical for the fidelity of cell
division. This thesis investigates the underlying mechanism of two mitosis specific plasma
membrane-enriched proteins, PCDH7 and CLIC4, and uncovers their importance in
coordinating membrane-cytoskeleton interactions. PCDH7 is identified as a regulator of the
actomyosin network during cytokinesis, where it facilitates proper cleavage furrow ingression
and completion of cytokinesis. Palmitoylation emerges as an essential mechanism in the
translocation of PCDH?7 to the plasma membrane at the onset of mitosis through its interaction
with a palmitoyl acyltransferase, ZDHHCS5. Dynamic plasma membrane localization of
PCDH7 promotes the activation of essential cytokinetic regulators, such as RhoA and myosin
I1, which facilitate actomyosin ring constriction and ensure successful cell division.

CLIC4 plays a dual role in stabilizing membrane dynamics and cortical tension during
cytokinesis. My results suggest that CLIC4 may localize to the plasma membrane in a
palmitoylation-dependent manner and bind phosphoinositols, such as PI(3,5)P> and PI(4,5)P-,
to regulate membrane-cytoskeleton interactions. Live-cell imaging using lattice light sheet
microscopy reveals the rank of CLIC4’s recruitment to the cortex during the bleb life cycle,
where it supports membrane stabilization in the expansion phase and maintains cortical
integrity. These findings highlight CLIC4's distinct role in coordinating membrane tension and
bleb regulation, processes critical for cell shape maintenance during mitotic progression.
Together, the work on PCDH7 and CLIC4 advances our understanding of how protein-
membrane interactions contribute to cytokinesis and provides a framework for exploring their
broader relevance to cellular architecture and function.
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OZETCE

Boliinme Siirecinde CLIC1 ve CLIC4’iin Molekiiler

Fonksiyonlarinin ve Dinamiklerinin Arastiriimasi
Beste Senem Degirmenci Alper

Molekiiler Biyoloji ve Genetik, Doktora
10 Ocak 2025

Hiicre boliinmesi sirasinda plazma membraninin diizenlenmesi, hem membran dinamiklerinin
hem de kortikal stabilitenin korunmasi agisindan kritik bir 6neme sahiptir ve bu siiregler, hiicre
boliinmesinin dogru bir sekilde tamamlanmasini saglar. Bu ¢alisma, mitoz sirasinda plazma
membraninda zenginlesen iki proteinin, PCDH7 ve CLIC4’iin mekanizmalarini incelemekte
ve bu proteinlerin membran-iskelet etkilesimlerini diizenlemedeki Onemini ortaya
koymaktadir. PCDH7 nin, sitokinez sirasinda ve kesim oyugununa yerleserek aktomiyozin
agmin diizenlenmesinde ve bdliinmenin tamamlanmasinda rol oynadigi gosterilmistir.
Palmitolasyon, PCDH7’nin mitoz baslangicinda plazma membranina yerlesimini saglayan
onemli bir mekanizma olarak 6ne ¢ikmaktadir ve bu siire¢, palmitol transferaz ZDHHCS ile
etkilesimiyle gergeklesmektedir. PCDH7’nin dinamik plazma membran lokalizasyonu,
aktomiyozin halkasinin daralmasim saglayan RhoA ve miyozin II gibi kritik sitokinetik
diizenleyicilerin aktivasyonunu destekleyerek hiicre boliinmesinin basarili bir sekilde
gerceklesmesini saglamaktadir.

CLICA4, sitokinez sirasinda membran dinamiklerinin ve kortikal gerilimin stabilizasyonunda
cift yonlii bir rol oynamaktadir. Bulgularimiz, CLIC4’iin plazma membranina palmitolasyona
bagl bir sekilde yerlesebilecegi ve P1(3,5)P> ile PI(4,5)P> gibi fosfoinositollere baglayarak
membran-iskelet etkilesimlerini diizenledigini gostermektedir. Canli hiicre goriintiilemesi,
CLIC4’iin kutup membran kabarciklarinin yasam dongiisii boyunca zamansal dinamigine
bagl olarak yer alindigini ortaya koymus, genisleme fazinda membrani stabilize ettigi ve
kortikal biitiinliigii korudugu gézlemlenmistir. Bu bulgular, CLIC4’{in mitoz sirasinda hiicre
seklinin korunmasinda ve membran dinamiklerinin diizenlenmesinde oynadigi ayirt edici rolii
vurgulamaktadir. PCDH7 ve CLIC4 iizerine yapilan bu calisma, protein-membran
etkilesimlerinin sitokineze katkisin1 anlamamiza katki saglamakta ve hiicresel mimarinin ve
fonksiyonun daha genis kapsamli arastirilmasi i¢in bir gerceve sunmaktadir.
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CHAPTER 1

1. INTRODUCTION

The regulation of protein localization to the plasma membrane during cell division
is crucial for maintaining membrane dynamics, cortical tension, and cytoskeletal
organization. Among the proteins implicated in these critical events, PCDH7 and CLIC4
have emerged as two players, as identified in our previous study, which demonstrated
their specific enrichment at the mitotic cell surface during cell division [1]. Understanding
the mechanisms that regulate these proteins' dynamic localization and function is
important for addressing fundamental questions about membrane stability, actomyosin

regulation, and processes like blebbing.

The first part of this thesis investigates PCDH7, a member of the protocadherin
family, known for its roles in cell adhesion and recognition [2]. Our findings demonstrate
that PCDH7 dynamically localizes throughout cell division, with a specific transition to
the cleavage furrow during cytokinesis. Analysis of PCDH7-deficient cells showed
cytokinetic defects, including furrow regression and multinucleation, emphasizing its
essential role in mitotic progression. Moreover, we showed that PCDH7 facilitates
actomyosin ring constriction by promoting active RhoA and phosphorylated myosin II at
the cleavage furrow, both essential regulators of cortical stability and furrow ingression.
Furthermore, we identified ZDHHCS as the palmitoyltransferase responsible for PCDH7
palmitoylation, a lipid modification that facilitates PCDH7 localization to the plasma
membrane. These findings provide critical insights into how PCDH?7 contributes to the
spatial regulation of the actomyosin network, maintaining cortical integrity and

cytokinetic fidelity.

The second part focuses on CLIC4, a member of the chloride intracellular channel
family, known for its ability to transition between soluble and membrane-bound states

[3]. We demonstrated that CLIC4 localizes to the plasma membrane in a palmitoylation-
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dependent manner, with its surface enrichment significantly reduced following inhibition
of this modification. Moreover, our results suggested that CLIC4 binds to PI(3,5)P>,
which regulate endosomal homeostasis [4], and colocalizes with PI(4,5)P; at the cleavage
furrow, where it might stabilize membrane-cytoskeleton interactions during cytokinesis.
Live-cell imaging revealed the sequential recruitment of CLIC4 to polar membrane blebs,
arriving shortly after actin and preceding ezrin and myosin. This temporal hierarchy
suggests a role for CLIC4 in stabilizing the expansion phase of blebbing by maintaining
cortical tension and preventing excessive membrane protrusions. Despite its essential role
in membrane stabilization, the absence of CLIC4 did not affect the localization or
phosphorylation of canonical regulators such as profilin-1, mDia2, or non-muscle myosin
I1, suggesting it operates through distinct pathways to regulate membrane-cytoskeleton

interactions.

In summary, this thesis demonstrates the essential roles of PCDH7 and CLIC4 in
regulating membrane dynamics and cortical stability during cell division. This work
deepens our understanding of the molecular processes that drive cytokinesis by revealing
new mechanisms for PCDH7 and CLIC4 involving palmitoylation and lipid binding.
These findings highlight the importance of protein-membrane interactions in cell division
and provide a basis for exploring their wider role in maintaining cellular structure and

function.
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CHAPTER 2

2. Palmitoylation-Dependent Membrane Localization of PCDH7
during Cell Division

2.1. LITERATURE REVIEW

2.1.1. Cell Division

Cell division is a fundamental biological process critical for growth, tissue repair,
and reproduction in living organisms. This process involves a series of highly regulated

events that lead to the division of a parent cell into two or more daughter cells [, 6].

In eukaryotic cells, there are two primary types of cell division: mitosis and meiosis.
Mitosis generates daughter cells that are genetically identical to the parent cell, ensuring
the maintenance of genetic material necessary for growth and tissue regeneration. Meiosis
produces genetically diverse daughter cells, a process vital for sexual reproduction and

genetic variability [5, 7].
2.1.1.1.Mitotic Cell Cycle

The mitotic cell cycle is composed of two main stages: interphase and mitosis.
During interphase, the cell grows and prepares for division through a series of phases:

Gl, S, and G2 [8].

The G1 phase, or Gap 1 phase, is the initial stage of interphase in the cell cycle. In
this phase, the cell undergoes significant growth, synthesizing proteins and RNA
necessary for DNA replication and subsequent cell division. This period is characterized
by intense metabolic activity and cellular growth. The duration of the G1 phase varies
between cell types and organisms, with some cells spending extended periods in GI,

while others progress quickly [9].
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The S phase, also known as the Synthesis phase, is a crucial stage in which DNA
replication occurs. In this phase, the cell duplicates its entire genome, ensuring that two
identical copies of genetic information are available for the daughter cells. DNA
replication begins with the unwinding of the double helix, creating two single strands,
each serving as a template for synthesizing a new complementary strand. Key enzymes,
such as DNA polymerases, facilitate precisely adding nucleotides to the growing DNA
strand. The result is the formation of two identical sister chromatids connected by a
centromere. The fidelity of DNA replication during the S phase is essential for
maintaining genetic stability. Errors or mutations during this process can have significant
consequences for both the cell and the organism. Various proofreading and repair
mechanisms operate to minimize such errors and ensure the integrity of genetic

information [10].

The G2 phase, or Gap 2 phase, is the final stage of the interphase before the cell
transitions into mitosis. During this phase, the cell grows, synthesizing proteins required
for mitosis, such as tubulin for microtubule formation. Additionally, organelles like
mitochondria and chloroplasts are duplicated, ensuring their distribution to daughter cells.
The G2 phase also acts as a critical checkpoint, verifying the accuracy of DNA replication

and ensuring optimal conditions for cell division [7, 11].

The transition from the G2 phase to mitosis represents a critical shift as the cell
moves from preparation to active division. Mitosis itself consists of four sub-stages:

prophase, metaphase, anaphase, and telophase [5, 6].

Prophase marks the onset of mitosis, characterized by significant cellular changes.
Chromatin condenses into tightly coiled chromosomes. The nuclear envelope
disintegrates, enabling the mitotic spindle to interact with the chromosomes. Centrosomes
organize microtubules into the mitotic spindle which is essential for chromosome
separation. As prophase advances, chromosomes become increasingly compact,

facilitating their efficient segregation in later stages.
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Metaphase is defined by the alignment of chromosomes along the equatorial plane
of the cell, forming the metaphase plate. Mitotic spindle fibers attach to the kinetochores
which are specialized protein complexes at each chromosome's centromere. Equal tension
applied by spindle fibers ensures proper chromosome alignment. This is a critical step for

the accurate separation of sister chromatids in anaphase [12, 13].

Go phase
(resting)
G,
---------- Interphase
Cytokinesjs
M

M phase

Figure 1. The overview of the cell cycle (BioRender.com).

During anaphase, the sister chromatids are held together by a centromere, separate
from each other. The mitotic spindle fibers shorten, pulling the chromatids toward
opposite cell poles. This separation ensures that each daughter cell receives a complete

set of chromosomes.

In telophase, the cell begins to reverse the changes that occurred during prophase.
The mitotic spindle disassembles, and new nuclear envelopes form around each set of
chromosomes. The chromosomes begin to uncoil and return to their chromatin form.

Nucleoli, reappear within the newly formed nuclei [11, 12].

Cytokinesis is the final stage of cell division, where the cytoplasm divides to form
two separate daughter cells. In animal cells, a contractile ring composed of actin and
myosin filaments constricts the cell membrane, creating a cleavage furrow that gradually

deepens until the cell is divided into two. In plant cells, a cell plate develops at the midline
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of the dividing cell, eventually fusing with the cell wall to generate two distinct daughter

cells, each surrounded by its own cell wall [14].

2.1.2. Reorganization of the cell shape during cell division

Cell division involves dynamic changes in cell shape alongside cytosolic and
nuclear material reorganization. During interphase, adherent cells maintain canonical
focal adhesion complexes, which include proteins such as focal adhesion kinase (FAK),
paxillin, talin, and integrins. These complexes form a critical signaling interface with the
extracellular matrix [12]. However, during the onset of mitosis, the increased activity of
CDKl-cyclin B and mitotic kinases, such as Aurora B and Polo-like kinase, drives the
phosphorylation of key mitotic proteins. This phosphorylation triggers the disassembly
of adhesion complexes and stress fibers, facilitating mitotic rounding through actin

cytoskeleton reorganization [15, 16].

During mitosis, the actomyosin network undergoes significant reorganization to
facilitate mitotic rounding. Actin nucleation shifts from Arp2/3-mediated branched actin
assembly to formin-mediated linear actin polymerization. This transition, driven
primarily by Diaphanous (DIA) formins, leads to the loss of lamellipodia and promotes
the formation of a robust cortical actin network [16, 17]. This cortical network provides
an optimal substrate for non-muscle myosin II filaments, which generate cortical tension

necessary for mitotic rounding [17, 18].

The assembly of the cortical actin network is tightly regulated by ECT2, a guanine
nucleotide exchange factor (GEF) released from the nucleus by the CDKl1-cyclin B
complex. ECT2 activates RhoA at the plasma membrane, initiating a signaling cascade
that stimulates DIA and ROCK (Rho-associated protein kinase). ROCK enhances
actomyosin contractility by phosphorylating myosin II, further reinforcing cortical

tension and maintaining the structural integrity of the mitotic cell [19, 20].

ERM proteins (Ezrin, Radixin, and Moesin) also play a crucial role during mitosis
by linking the cortical actin network to the plasma membrane. These proteins bind to
P1(4,5)P> and are phosphorylated by SLK kinase, enabling them to stabilize the cortical

structure and ensure the mechanical integrity required for mitotic rounding [21-23].
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Together, these mechanisms allow the mitotic cell to establish the physical framework

necessary for subsequent stages of division.

As mitosis progresses into cytokinesis, the cortical actomyosin network reorganizes
to form the contractile ring at the cell's equator. This highly dynamic structure is
composed of key proteins, including ECT2, RhoA, DIA, non-muscle myosin II, ezrin and
anillin, which collectively drive the formation of the cleavage furrow [14, 24, 25]. ECT2,
recruited to the spindle midzone by the centralspindlin complex, polarizes the cortex and

coordinates cytokinesis through central constriction and peripheral relaxation [20, 26].
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Figure 2. Dynamic organization of cell shape (Adapted from [16]).

Anillin is one of the main organizers of the cytokinetic machinery, functioning as
an actomyosin crosslinker. It bundles F-actin, interacts with non-muscle myosin II to
stabilize the contractile ring, and binds to Rho-GTP, Citron kinase, septins, and P1(4,5)P>
[27-29]. These interactions position anillin as a key player in anchoring the actomyosin

network to the plasma membrane, ensuring the stability and functionality of the cleavage
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furrow. PI(4,5)P; binding plays a crucial role in targeting anillin to the furrow early in
cytokinesis by linking the actomyosin and anillin-septin sub-networks to ensure

successful cytokinesis. [30].

Following the contraction and disassembly of the actomyosin ring, the final steps
of cytoplasmic division involve the formation of the midbody, a structure essential for the
physical separation of daughter cells. The disassembly of the actomyosin ring and the
microtubule-rich central spindle is facilitated by the degradation of ECT2 and the
depletion of RhoA, PI(4,5)P>, and actin [16, 20]. These changes mark the transition from
the contractile phase of cytokinesis to midbody formation, which serves as a platform for

the abscission process.

In the final stage of cytokinesis, midbody abscission, the ESCRT (endosomal
sorting complexes required for transport) machinery has crucial roles. CEPSS, a key
midbody protein, recruits TSG101 and ALIX, which guide the assembly of the ESCRT
III complex at the abscission site. This complex drives the membrane scission events
required to cut the intercellular bridge. Syndecan-4, along with the ALIX-syntenin
complex, stabilizes ESCRT III polymers at the abscission site, ensuring the precise and

timely separation of the daughter cells [31-33].

These tightly regulated processes involve cytoskeletal remodeling and membrane

dynamics, collectively enabling the successful completion of mitosis and cell division.

2.1.3. Protocadherins and Role of PCDH?7 in Cellular Adhesion,
Development, and Division

Protocadherins (Pcdhs) are a diverse family of cell adhesion proteins that form the
largest subgroup of the cadherin superfamily, comprising more than 70 genes. They are
primarily expressed in the nervous system and play crucial roles in cell-cell adhesion,
neuronal connectivity, and cell recognition [34, 35]. Structurally, they are type-I
transmembrane proteins with extracellular cadherin (EC) repeats, resembling classical
cadherins but differing in key domains. Protocadherins lack the tryptophan residues and
hydrophobic pockets required for homophilic interaction in classical cadherins, instead

featuring unique disulfide-bonded loops [36]. They also do not contain catenin-binding
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sites but they have distinct cytoplasmic domains, which contribute to their diverse cellular
functions [37]. Based on genomic organization, protocadherins are classified into
clustered and non-clustered groups, with the clustered Pcdhs further subdivided into
Pcdha, Pcdhf, and Pcdhy families. Clustered Pcdhs exhibit combinatory and monoallelic
expression patterns, enabling extensive molecular diversity and functioning as neuronal
self-recognition codes. Non-clustered protocadherins, in contrast, are dispersed across the

genome and divided into Pcdhd and solitary protocadherins [38].

PCDH?7, a member of the 61-Pcdh subgroup of non-clustered protocadherins, is a
type-1 transmembrane protein characterized by seven EC repeats in its extracellular
domain. It exists in three isoforms (PCDH7a, b, and c) produced by alternative splicing,
differing mainly in their cytoplasmic domains [39]. PCDH7 mediates weak homophilic
cell adhesion and participates in cell sorting, morphogenesis, and ectodermal integrity
during embryonic development [40]. Furthermore, it has been implicated in neuronal
development, where its activity influences axon and dendrite growth. In addition to its
developmental roles, PCDH7 may also play a role in cancer progression. Dysregulation
of PCDH7 expression has been observed in various cancer types, including lung, bladder,
and breast cancers, as well as melanomas [41]. PCDH?7 has been linked to tumor growth,
chemoresistance, and metastatic behavior by modulating signaling pathways such as

MAPK and forming gap junctions in carcinoma-astrocyte interactions [42].
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Figure 3. Classification of Protocadherin family.
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Quantitative proteomic analysis from our laboratory identified PCDH7 as a
mitosis-selective surface protein, with its localization to the plasma membrane and
retraction fibers during mitotic rounding [1]. These finding suggested that PCDH7
contributes to proper cell rounding, which is critical for ensuring accurate chromosome
segregation. While these observations underscore the potential importance of PCDH7 in
cell division, its molecular role remains largely unexplored. Understanding the function
of PCDHY7 in this context could provide valuable insights into its broader roles in cellular

physiology and pathology.

The interactome of PCDH7 during mitosis and interphase was mapped using a
proteomic approach based on proximity-dependent biotinylation (BiolD) [43]. PCDH7
was fused with the promiscuous biotin ligase BirA*, allowing biotinylation of proteins in
close proximity, which were subsequently isolated with streptavidin beads and identified
through liquid chromatography-tandem mass spectrometry (LC-MS/MS). Comparative
analysis with non-transfected, biotin-supplemented control cells led to the identification
of 78 PCDH?7 interactors specific to mitosis and 129 to interphase, with 47 proteins
common to both stages. Interactors were analyzed using the STRING database, and
enrichment analysis for Gene Ontology (GO) and KEGG pathways resulted in their
clustering into functional groups, including actomyosin network components, cell
adhesion and cadherin-binding proteins, vesicular transport proteins, and ERM family
proteins. These findings reveal the involvement of PCDH7 in cytoskeletal organization

and membrane dynamics throughout the cell cycle [44].
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2.1.4. Importance of Protein Palmitoylation

Palmitoylation, also referred to as S-acylation, is a widespread and dynamic post-
translational lipid modification in which fatty acids, predominantly 16-carbon palmitic
acid, are covalently attached to cysteine residues via a thioester bond. Unlike other lipid
modifications such as myristoylation or prenylation, palmitoylation is fully reversible,
allowing proteins to cycle between palmitoylated and depalmitoylated states. This
reversibility is critical for regulating protein activity, localization, and interactions in

response to cellular stimuli [45].

The regulation of palmitoylation is mediated by two key enzymatic players: protein
acyltransferases (PATs), which catalyze the addition of palmitate, and acylprotein
thioesterases (APTs), which remove the modification. Among PATs, the zinc finger
DHHC-domain containing (ZDHHC) protein family plays a central role, characterized by
the conserved Asp-His-His-Cys (DHHC) motif in their cysteine-rich domains [46]. The
ZDHHC family comprises 23 members in mammals, with each exhibiting distinct
subcellular localizations and substrate specificities. Notably, ZDHHCS is a unique PAT

predominantly localized to the plasma membrane, although it also resides in endosomal
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compartments. The extended C-terminal tail of ZDHHCS is rich in post-translational
modification sites, including phosphorylation and palmitoylation, which regulate its

interactions with PDZ domain-containing substrates and cellular signaling pathways [47].
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Figure 5. Addition of palmitoyl group to cysteine residue.

Palmitoylation serves as a versatile regulator of protein stability, subcellular
localization, membrane trafficking, and protein-protein interactions. By increasing the
hydrophobicity of proteins, palmitoylation facilitates their anchoring to cellular
membranes, a process critical for their spatial and functional regulation of protein [48].
This lipid modification is especially significant in targeting proteins to specific membrane
compartments, including lipid rafts, which are specialized microdomains involved in
clustering and signaling. For instance, Palmitoylation of RAS GTPases, which is
ZDHHC9-mediated palmitoylation at the Golgi enables their trafficking to the plasma
membrane, highlighting the importance of palmitoylation in spatially orchestrating

protein signaling [46].
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In the context of cell division, palmitoylation might be a potential mechanism for
translocating proteins to the plasma membrane during cytokinesis. Dynamic
palmitoylation allows proteins to alternate between intracellular compartments and the
cell cortex, ensuring precise membrane localization that is essential for maintaining
cellular integrity and function [49]. Understanding the interplay between palmitoylation
and plasma membrane localization provides critical insights into the spatial regulation of

proteins involved in cell division and other fundamental cellular processes.
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2.2. MATERIALS AND METHODS

2.2.1. Cell Culture and Synchronization

Cells were cultured in Dulbecco's modified Eagle medium (DMEM; Sigma-
Aldrich, D6429) supplemented with 10% fetal bovine serum (FBS; Gibco, 10270106)
and 1% penicillin-streptomycin (P/S; Capricorn Scientific, PS-B). The PCDH7-GFP-
BAC transgenic cell line, generously provided by Dr. Ina Poser (Max Planck Institute of
Molecular Cell Biology and Genetics, Dresden, Germany), was maintained in DMEM
containing 10% FBS, 1% P/S, and 400 pg/ml G418 (Santa Cruz Biotechnology, sc-
29065A).

Stable HeLLa S3 cell lines expressing PCDH7::GFP were generated using lentiviral
transduction. The PCDH7 sequence was cloned into the pLenti CMV GFP Puro vector
(Addgene, 17448), and the resulting construct was introduced into cells. These cells were

cultured in DMEM supplemented with 10% FBS, 1% P/S, and 2 ng/ml puromycin.

For interphase synchronization, the cells were treated with 2.5 mM thymidine
(296542, Santa Cruz) containing media for 16 hours and pelleted. During bipolar
synchronization, thymidine treatment followed the release for 8 hours, then the cells were
treated with 30 ng/ml nocodazole (487928, Calbiochem) for 5 hours to arrest them in
mitosis. To arrest the cells into cytokinesis, the cells were released for 1 hour after
nocodazole treatment. During monopolar synchronization, following thymidine
treatment, the cells were treated with 10 uM STC (164739, Sigma-Aldrich) for 16 hours
to arrest the cell in mitosis. The cells were treated with 100 uM purvalanol A (1580,

Tocris Bioscience) treatment for 15 minutes for cytokinesis arrest.

*HeLa S3 SgNT and PCDH7KO cells were prepared as mentioned in Nazli Ezgi Ozkan’s
PhD thesis

*HeLa S3 emptyGFP and PCDH7::GFP cells were prepared as mentioned in Nazli Ezgi
Ozkan’s PhD thesis
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2.2.2. The proximity ligation assay (PLA)

For Proximity Ligation Assay, Duolink PLA Kit (Sigma-Aldrich, 92101) was used
following the manufacturer's instructions [50]. HeLa S3 PCDH7-GFP-BAC cells were
seeded onto glass coverslips and synchronized to cytokinesis using bipolar
synchronization. Cells were fixed with 3.2% paraformaldehyde (PFA) in PBS and
permeabilized with 0.1% Triton X-100 in TBS. Blocking was performed using Duolink

blocking solution, with cells incubated in a humidified chamber at 37°C for 30 minutes.

After blocking, the coverslips were incubated overnight at 4°C with anti-GFP
antibody (Invitrogen, A11120) for PCDH7 and anti-ZDHHCS antibody (Sigma-Aldrich,
HPAO014670) as a pair (target) or with a single antibody (control) in Duolink antibody
diluent. Following incubation, cells were washed with Wash Buffer A for 10 minutes at
room temperature, then incubated with Plus and Minus PLA probes diluted in Duolink
antibody diluent for 1 hour at 37°C. After another wash with Wash Buffer A, the cells
were treated with ligase in ligation buffer for 30 minutes at 37°C. The washing step was
repeated with Wash Buffer A, and the cells were incubated with polymerase in
amplification buffer for 100 minutes at 37°C. Final washes included a 20-minute wash

with 1x Wash Buffer B and a 1-minute wash with 0.01x Wash Buffer B.

Slides were mounted with coverslips using Duolink Mounting Medium with DAPI

and incubated for 15 minutes before sealing.

2.2.3. Acyl-Biotin Exchange Assay (ABE)

ABE procedure was performed as previously described [51]. HeLa S3 cells
overexpressing PCDH7-GFP were collected from culture plates, and the cell pellets were
lysed in ice-cold lysis buffer (LB; 150 mM NaCl, 50 mM Tris, 5 mM EDTA, pH 7.4)
supplemented with 10 mM N-ethylmaleimide (NEM), 2x protease inhibitor cocktail (P1),
and 2x phenylmethylsulfonyl fluoride (PMSF). The lysates were homogenized using
sonication at 4°C, followed by membrane protein enrichment via ultracentrifugation at
200,000 x g for 30 minutes (Optima MAX-XP Ultracentrifuge, TLA-120.2 rotor). After
centrifugation, the supernatant was discarded, and the pellet was resuspended in LB
supplemented with 10 mM NEM, 1x PI, and 1x PMSF. Triton X-100 was added to a final

concentration of 1.7%, and the mixture was incubated at 4°C with
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end-over-end rotation for 2 hours. Insoluble particulates were removed by centrifugation

at 250 x g for 5 minutes at 4°C.

To purify the proteins, methanol-chloroform precipitation was performed.
Methanol, chloroform, and ddH2O were sequentially added to the sample in a 4:1.5:3 ratio
of the initial sample volume, with vortexing after each addition. Following centrifugation
at 4470 x g for 35 minutes at 4°C, the upper aqueous phase was carefully removed without
disturbing the intermediate protein layer. Ice-cold methanol was added to the remaining
protein layer, and the sample was gently mixed until the protein phase dissolved
completely. After a second centrifugation at 4470 x g for 35 minutes at 4°C, the
supernatant was discarded, and the protein pellet was air-dried for 2-3 minutes. The pellet
was dissolved in 4% SDS buffer (4SB; 4% SDS, 50 mM Tris, 5 mM EDTA, pH 7.4) with
10 mM NEM and incubated at 37°C for 20 minutes to ensure complete dissolution. The
sample was further diluted with LB containing 1 mM NEM, 1x PI, 1 mM PMSF, and
0.2% Triton X-100, and incubated overnight at 4°C with gentle rocking.

To remove residual NEM, three sequential methanol-chloroform precipitation steps
were performed. The final protein pellet was resuspended in 4SB and divided equally into
two tubes for hydroxylamine (HA) treatment. HA- buffer (50 mM Tris, 1 mM HPDP-
biotin, 0.2% Triton X-100, 1 mM PMSF, 1x PI, pH 7.4) was added to one sample, while
HA+ buffer (0.7 M hydroxylamine, 1 mM HPDP-biotin, 0.2% Triton X-100, 1 mM
PMSF, 1x PI, pH 7.4) was added to the other. Both samples were incubated at room
temperature for 1 hour with end-over-end rotation. Following incubation, methanol-
chloroform precipitation was repeated for both samples to remove unreacted biotin, and

the protein pellets were dissolved in 4SB.

To label biotinylated proteins, the samples were treated with low HPDP-biotin
buffer (150 mM NaCl, 50 mM Tris, 5 mM EDTA, 0.2 mM HPDP-biotin, 0.2% Triton X-
100, 1 mM PMSF, 1x PI, pH 7.4) and incubated at room temperature for 1 hour with
rotation. Another three rounds of methanol-chloroform precipitation were performed to
remove excess biotin. The final protein pellets were dissolved in 4SB, and SDS was
diluted to 0.1% by adding LB containing 0.2% Triton X-100, 1x PI, and 1 mM PMSF.

After a 30-minute incubation at room temperature, the samples were transferred to tubes
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containing pre-conditioned Streptavidin Plus UltraLink Resin (Pierce, 53117) and
incubated at room temperature for 90 minutes with end-over-end rotation. Unbound
fractions were collected, and the resins were washed three times with LB containing 0.1%

SDS and 0.2% Triton X-100.

To elute bound proteins, 2x Laemmli buffer with 1% B-mercaptoethanol was added

to the resins, and the samples were boiled for 10 minutes at 95°C (Figure 6).
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Figure 6. Schematic illustration of the acyl-biotin exchange assay [44].

2.2.4. GFP-Trap Pull-Down Assay for Protein Interactions

HelLa S3 cells expressing either empty GFP or PCDH7-GFP were synchronized to
mitosis using thymidine and STC treatments. Mitotic cells were collected and pelleted by
centrifugation. The pellets were resuspended in PBS containing 1% Triton X-100, EDTA-
free protease inhibitor cocktail (Thermo Pierce, 88666), and PhosSTOP phosphatase
inhibitor (Roche, 4906845001). Cell lysates were homogenized using a syringe and

incubated at 4°C with rotation for 20 minutes to ensure effective lysis.
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Following homogenization, the lysates were clarified by centrifugation at 14,000
rpm for 10 minutes at 4°C. Supernatants were transferred to fresh tubes, and a small
volume was set aside for protein quantification using the BCA protein assay (Pierce,
23225). Protein concentrations were determined, and input samples (I) were saved for
downstream analysis. Equal amounts of total protein from each lysate were then
incubated with pre-conditioned GFP-Trap A beads for 3 hours at 4°C with gentle rotation

to facilitate protein binding.

After the incubation, unbound fractions (Ub) were collected by centrifugation at
2,500 x g for 2 minutes at 4°C. The GFP-Trap A beads were washed three times with ice-
cold PBS to remove nonspecifically bound proteins. Bound proteins were eluted by
resuspending the beads in 2x Laemmli buffer supplemented with 100 mM DTT and
boiling the samples for 10 minutes at 95°C. The eluted proteins were subsequently

analyzed for protein-protein interactions.

2.2.5. Knockdown of PCDH?7 Using siRNA and esiRNA

PCDH7 expression was silenced using a range of siRNA and esiRNA pools,
including FlexiTube GeneSolution for PCDH7 (QIAGEN, GS5099), FlexiTube siRNA
PCDH7 6 (QIAGEN, SI03080469), FlexiTube siRNA PCDH7 5 (QIAGEN,
S103040261), and esiPCDH7 (Sigma-Aldrich, EHUO77631). For negative controls,
AllStars Negative Control siRNA (QIAGEN, 1027280) was employed. Transfections
were performed using Lipofectamine RNAIMAX transfection reagent (Thermo Fisher

Scientific) following the manufacturer’s guidelines.

Cells were seeded and subsequently transfected with 15 pmol of siRNA on two
occasions: 24 hours and 48 hours post-seeding. At 72 hours post-seeding, cells were either
collected as pellets for western blot analysis or fixed for immunofluorescence studies to

assess the efficiency of PCDH7 knockdown and its effects on cellular processes.

2.2.6. Immunofluorescence Staining and Live-cell Imaging

Cells grown on coverslips were washed with 1x PBS and fixed using either 4%

paraformaldehyde (PFA) at room temperature or 10% trichloroacetic acid (TCA) at 4°C
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for 10 minutes. Following fixation, the cells were washed three times with 1x PBS

containing 0.1% Triton X-100 (PBS-Tx), with each wash incubating for 5 minutes.

For blocking, the coverslips were incubated with a blocking solution (2% BSA in
PBS-Tx) at room temperature for 1 hour. After blocking, the solution was replaced with
primary antibodies diluted in the same blocking buffer. The cells were incubated with the
primary antibodies for 3 hours at room temperature or overnight at 4°C. Subsequently,
the cells were washed three times with PBS-Tx before being treated with fluorescent

secondary antibodies, diluted in PBS-Tx, and incubated for 1 hour at room temperature.

After secondary antibody incubation, the coverslips were washed three more times
with PBS-Tx and counterstained with Hoechst stain for 5 minutes to label nuclei. Finally,
after three additional washes, the coverslips were mounted onto microscope slides for
imaging. Images of siRNA- and shRNA-treated cells were captured and quantified by
Nazli Ezgi Ozkan using Leica DMi8/SP8 TCS-DLS confocal microscopy.

For live-cell imaging, HeLLa S3 PCDH7KO-Life Act-RFP and HeLa S3 PCDH7KO-
eGFP-RhoA cells were seeded into ibiTreat p-Slide 4-well plates and visualized using a
Leica DMi8/SP8 TCS-DLS confocal microscopy equipped with HC PL APO 63x%/1.40
Oil CS2 objective and a temperature-controlled chamber set to 37°C and 5% CO.. Three

z-stacks were captured every 3 minutes.

2.2.7. Protein Extraction and Western Blot

HeLa S3 cells were lysed in 1x PBS containing 0.1% Triton X-100, a complete
EDTA-free protease inhibitor cocktail (Roche), and PhosSTOP phosphatase inhibitor
mixture (Roche). The inhibitor cocktail tablets were prepared at a ratio of 1 tablet per 10
ml of lysis buffer. Cell homogenization was achieved by passing the suspension through
a thin syringe. Protein extracts were separated by centrifugation at 14,000 rpm for 20
minutes at 4°C, and the supernatant was collected. Protein concentration was determined
using a BCA protein assay kit (Pierce, 23227). Protein samples were prepared in 2x
Laemmli sample buffer containing 4% (w/v) SDS, 20% glycerol, 120 mM Tris-Cl (pH
6.8), 0.02% (w/v) bromophenol blue, and 100 mM dithiothreitol (DTT) at a 1:1 (v/v)

protein-to-buffer ratio. The samples were heated at 95°C for 5 minutes to denature
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proteins and cooled before loading onto SDS-PAGE gels. Electrophoresis was conducted

at 120 V for 100 minutes to separate proteins by molecular weight.

Proteins were transferred onto nitrocellulose membranes (Whatman Protran, Ba85)
using the Trans-Blot Turbo transfer system (Bio-Rad). Membranes were blocked for 45
minutes at room temperature with 4% milk in 1x TBS containing 0.1% Tween-20 (TBS-
T) to prevent non-specific binding. Primary antibody incubation was performed overnight
at 4°C or for 3 hours at room temperature, depending on the antibody. Following
incubation, membranes were washed three times in TBS-T for 5 minutes each to remove

unbound primary antibodies.

Secondary antibody incubation was carried out at room temperature for 1.5 hours,
followed by three additional washes in TBS-T for 5 minutes each. Protein bands were
visualized using the ECL Western Blotting Substrate system (Pierce, 32106) and imaged
with the ChemiDoc system (Bio-Rad).

Quantification of Western blot results was performed using Imagel.ab software
(Bio-Rad). Protein band intensities were measured, and values were normalized to the
corresponding tubulin intensities to account for loading variability. This quantification

ensured reliable and reproducible analysis of protein expression across experiments.

Table 1. The list of antibodies used for Western Blot (WB) and
Immunofluorescence Staining (IF) in Chapter 2 with their host, brand, lot number and

dilution information.

Antibody Host Brand Lot Dilution Applications
Anti-GFP Goat Non-commercial 1:5000, WB and IF
1:2000

Alpha-Tubulin mouse Cell Signaling 3873S 1:2000, WB and IF
Technology 1:1000

PCDH?7 mouse Abcam ab139274 1:400 WB

phospho- mouse Cell Signaling CS3675 1:500 IF

myosin light Technology

chain (S19)




Phalloidin Abcam ab176756 1:1000 IF

iFluor 555

DAPI Sigma-Aldrich D8417 1:1000 IF

ZDHHCS5 Rabbit Sigma - Atlas HPA014670 1:2000, WB and IF
Antibodies 1:500

anti-phospho- rabbit Upstate 06-570, 1:500 IF

histone H3

EGFR rabbit Santa Cruz SC-03 1:100 WB
Biotechnology

Calnexin rabbit Abcam ab22595 1:1000 WB

Alexa Fluor 488 | mouse Invitrogen A21202 1:1000 IF

Alexa Fluor 488 | rabbit Invitrogen A21206 1:1000 IF

HRP- rabbit Cell Signaling 7074S 1:2000 WB

conjugated Technology

secondary

antibody

HRP- mouse Cell Signaling 70765 1:2000 WB

conjugated Technology

secondary

antibody
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2.3. RESULTS

2.3.1. PCDH?7 Localization and Functional Role in Cytokinesis

PCDH7 was observed to localize dynamically throughout the cell cycle.
Immunostaining of PCDH7-GFP-BAC cells showed that it is present at cell-cell contacts
during interphase, enriched at the cell surface and retraction fibers at mitotic onset, and
ultimately concentrated at the cleavage furrow during cytokinesis. Notably, PCDH7

accumulation at the cleavage furrow has a slight asymmetry [44] (Figure 7).

Merged PCDH7 DNA

Tubulin

Mitosis Interphase

Cytokinesis

Figure 7. PCDHY is enriched at the mitotic cell surface and accumulated at the
cleavage furrow during cell division.

Subcellular localization of PCDH7 (green, anti-GFP), microtubules (red, anti-tubulin),
and DNA (blue, DAPI) in PCDH7-GFP-BAC cells in interphase, mitosis, and

cytokinesis. Scale bar: 10 pm.

To investigate the role of PCDH7 in cell division, we utilized CRISPR-Cas9
genome editing to achieve PCDH7 knockout in HeLa S3 cells [1]. We analyzed the
multinucleation rate in fixed cells to examine the effects of PCDH?7 loss on cell division.

There is a significant increase in multinucleation in PCDH7KO cells compared to the

control group (Figure 8A and B). Expression of PCDH7::GFP in the KO cells
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successfully decreased the multinucleation rate, bringing it back to levels similar to the

control and rescuing the observed defect [44].

The weak yet statistically significant increase in multinucleation observed in
PCDH?7 KO cells may result from cellular adaptations, as HeLLa S3 cells can proliferate
even in suspension conditions [52]. To further investigate, we depleted PCDH7 using
siRNA and esiRNA in adherent HeLLa Kyoto which resulted in an approximately twofold
increase in multinucleation rate (7.7%) compared to control siRNA-treated cells (4.3%)
(Figure 8C). HeLa Kyoto cells were treated with either control siRNA or a PCDH7-
specific siRNA mix, and successful PCDH7 protein depletion was verified by western

blotting (Figure 9).
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Figure 8. The multinucleation percentage is increased in PCDH7-depleted
cells.

A. Representative images show the multinucleated cells in control (left), PCDH7KO
(middle), and PCDH7KO+PCDH7::GFP (rescue) conditions (left). B. Percentages of
multinucleation of control (gray; mean 1.7% n=4337 cell), PCDH7 KO (red; mean 3.2%,
n=4582 cells) and rescued (PCDH7 KO+PCDH?7:: GFP) (blue; mean 2.6%, n=4591 cells)
HeLa S3 cells. C. Quantification of multinucleation in control siRNA (gray; mean 4.3%,
n=1988 cells) and PCDH?7 siRNA (siPCDH?7) (red; mean 7.7%, n=2156 cells)-treated
HeLa Kyoto cells.
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Figure 9. The depletion of PCDH7 using siMix was confirmed by Western
Blot.

PCDH?7 is 116 kDa. Tubulin was used as loading control.

To investigate the multinucleation phenotype associated with PCDH7, live-cell
imaging was performed using LifeAct::RFP-expressing cells. While control cells
successfully completed cytokinesis, PCDH7 KO cells started to initiate the cleavage
furrow ingression but failed to complete cytokinesis, resulting in multinucleated cells
(Figure 10). Additionally, the timing of cleavage furrow initiation (27 min in control vs.
36 min in PCDH7 KO) and furrow completion (33 min in control vs. 42 min in PCDH7
KO) was delayed in PCDH7 KO cells (Figure 10). Similar delays in mitotic progression
and cleavage furrow ingression were observed in siRNA-treated HelLa Kyoto cells

(Figure 11). (Quantification was done by Gamze Yapic1)
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LifeAct::RFP

Control

PCDH7 KO

Figure 10. The absence of PCDH?7 results in cell division failure.

Representative images from live-cell imaging of control cells (top) and PCDH7 knockout
cells (bottom), both stably expressing LifeAct::RFP. The time points are indicated in

minutes relative to mitotic rounding. Scale bar: 10 pm.
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Figure 11.Mitotic progression and cleavage furrow ingression are prolonged in
the absence of PCDH7

A. Schematic representation of timing in live-cell analysis. The "Duration of mitosis"

denotes the time interval from cell rounding onset to the initiation of furrow ingression,
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while the "Duration of ingression" measures the time from the onset to completion of
furrow ingression. B. Quantification of mitosis duration in control (gray; mean 17.42 min)
and PCDH7 knockdown (siPCDH7) (red; mean 25.00 min) HelLa Kyoto cells. Data
represents two independent biological replicates (colored circles) [control, n=64 cells
(BR1), n=88 cells (BR2); siPCDH7, n=46 cells (BR1), n=95 cells (BR2)], with average
values shown as colored triangles. C. Quantification of ingression duration in control
(gray; mean 73.55 s) and PCDH7 knockdown (siPCDH7) (red; mean 79.15 s) HelLa
Kyoto cells. Data represents two independent biological replicates (colored circles)
[control, n=65 cells (BR1), n=90 cells (BR2); siPCDH7, n=46 cells (BR1), n=85 cells
(BR2)], with average values shown as colored triangles. For (F) and (G), means with
s.e.m. are indicated with black lines, and statistical significance was determined using a

two-tailed unpaired t-test (*P<0.05; ****P<0.0001).

To further investigate the cytokinesis defect in PCDH7-depleted cells, we analyzed
active RhoA and myosin levels at the cleavage furrow. Control and PCDH7 KO cells
were transfected with an eGFP—RhoA biosensor, which specifically detects active RhoA
[53]. Live-cell imaging revealed reduced RhoA activity at the cleavage furrow in PCDH7
KO cells compared to control cells (Figure 12A and B). Despite impaired RhoA activity,

furrow ingression was initiated in PCDH7 KO cells.

We next analyzed active myosin levels in PCDH7-depleted cells using an anti-
phospho-myosin II (S19) antibody (Figure 13). In control cells, phosphorylated myosin
was strongly enriched at the cleavage furrow (Figure 13A). However, PCDH7 KO cells
exhibited a notable reduction in phospho-myosin intensity at this site (Figure 13B).
Reintroducing PCDH?7 into the KO cells restored phospho-myosin levels at the cleavage

furrow, comparable to control cells (Figure 13B and C).
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These findings underscore the critical role of PCDH7 in ensuring successful
cytokinesis. By dynamically localizing to the cleavage furrow and regulating key
components such as active RhoA and phosphorylated myosin 1I, PCDH7 facilitates
proper furrow ingression and completion. Loss of PCDH7 disrupts these processes,
leading to cytokinesis failure and multinucleation, highlighting its essential function in

maintaining mitotic integrity and cell division fidelity.
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Figure 12. Active RhoA level at cleavage furrow is reduced in PCDH7KO cells.

A. Live-imaging imaging of control and PCDH7 knockout (KO) cells that were
transfected with a pEGFP—RhoA biosensor vector to track active RhoA. The relative
timing to cleavage furrow ingression is shown in minutes. Scale bars: 10 um. B. Statistical
analyses used unpaired two-tailed t-test. Error bars show the s.d. ns, not significant;

*#P<0.01



Chapter 2: Palmitoylation-Dependent Membrane Localization of PCDH7
During Cell Division 28

A B
pMyosin Phalloidin

******

Equator

—

-
o
1

PCDH7 KO  Control
o
(93}

Normalized pMyosin Intensity 2

Normalized pMyosin Intensity

o L v r T 0.0 <
O w 0 5 10 15
,ﬁf (2 Distance (um)
5 E === Control
&) 8 == PCDH7 KO
+ == PCDH7 KO+ PCDH7::GFP

Figure 13. The absence of PCDH?7 results in the reduced pMyosin (Ser19) at
the cleavage furrow.

A. Representative fluorescence images displaying phospho-myosin II (S19) (pMyosin,
green), actin filaments (red, phalloidin), and DNA (blue, DAPI) localization in control
(top) and PCDH7 KO (middle) cells. Representative images of a rescued cell (PCDH7
KO+PCDH7::GFP, bottom) show PCDH7::GFP (green), phospho-myosin II (S19) (red)
and DNA (blue, DAPI). Scale bar: 10 pm. B. Intensity profiles of pMyosin levels at the
equatorial zone during cytokinesis in the control (gray) (n=24), PCDH7 KO (red) (n=24),
and rescued (PCDH7 KO+PCDH7::GFP) (blue) (n=41) cells (left). The sum of pMyosin
intensities between the dashed lines covering the +£15% distance around the middle zone
was quantified (right). C. Statistical analyses used one-way ANOVA with Bonferonni’s
multiple comparison test. Error bars show the s.d. Statistical analyses used unpaired two-

tailed t-test. Error bars show the s.d. ns, not significant; ***P<0.001.
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2.3.2. PCDH?7 Interaction with ZDHHCS and Its Localization During
Cell Division

Among several notable candidates, a striking interaction partner of PCDH7 was
identified as the palmitoyl transferase ZDHHCS, an enzyme that catalyzes the addition of
palmitoyl groups to target proteins. Palmitoylation, a reversible post-translational
modification, regulates the hydrophobicity, membrane domain interactions, and

conformation of transmembrane proteins [45].

To investigate potential cooperation between PCDH7 and ZDHHCS during cell
division, we examined their subcellular localization in PCDH7-GFP-BAC cells using
anti-GFP and anti-ZDHHCS antibodies. During interphase, both proteins localized to
cell—cell contact regions (Figure 14, top). As cells entered mitosis, PCDH7 and ZDHHCS
decorated the cell surface and retraction fibers (Figure 14, middle), and further

accumulated at the cleavage furrow during cytokinesis (Figure 14, bottom).

To confirm the colocalization of PCDH7 and ZDHHCS, we performed a proximity
ligation assay (PLA) [54] using fixed PCDH7-GFP-BAC cells with anti-GFP and anti-
ZDHHCS antibodies. As expected, cells treated with both primary antibodies displayed a
significantly higher PLA signal compared to control cells treated with only one primary
antibody (Figure 15). The PLA signals were predominantly concentrated at the equatorial
zone between segregating chromosomes during cytokinesis, consistent with the

immunofluorescence results (Figure 15).
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Figure 14. ZDHHCS colocalized with PCDH/ during cell division.

Localization of PCDH7 (green, anti-GFP), ZDHHCS (red, anti-ZDHHCS), and DNA
(blue, DAPI) within PCDH7-GFP-BAC cells during interphase (top), mitosis (middle),

and cytokinesis (bottom). Scale bars: 10 pm.
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Figure 15. Spatial interaction of PCDH7 and ZDHHCS during cytokinesis was
analyzed using an in-situ proximity ligation assay (PLA).

A. Representative images display interactions as red fluorescent PLA puncta, with DNA

labeled in blue (DAPI). Controls included separate treatments with anti-GFP and anti-
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ZDHHCS antibodies. Scale bar: 10 um. B. Quantification of PLA puncta in cells treated
with anti-GFP (PCDH?7) antibody alone (n=77), anti-ZDHHCS5 antibody alone (n=59),
and both antibodies together (n=49). Images are maximum-intensity projections of z-
stacks, with statistical analysis performed using one-way ANOVA with Sidak’s multiple

comparisons test. ns, non-significant; ***P<0.001; ****P<0.0001.

To determine whether PCDH7 interacts with ZDHHCS during mitosis, we
performed GFP-trap coimmunoprecipitation in mitotic PCDH7::GFP-expressing cells.

The results confirmed a physical interaction between PCDH7 and ZDHHCS (Figure 16).
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Figure 16. The interaction between PCDH7 and ZDHHCS was confirmed using
GFP-trap method.

HelLa S3 cells stably expressing PCDH7::GFP or GFP alone (control) were
synchronized in mitosis. Western blot analysis of whole-cell lysates (input, 1), unbound

fractions (Ub), and elutes (E) were performed using antibodies against PCDH7, GFP, and
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ZDHHCS. Phospho-histone H3 (pHH3) served as a mitotic marker, and a-tubulin was

used as the loading control.

The interaction between PCDH7 and ZDHHCS highlights a critical regulatory
mechanism for cytokinesis. Palmitoylation by ZDHHCS5 may facilitate PCDH7’s
dynamic localization to the cleavage furrow, ensuring proper membrane organization and
protein interactions required for successful cell division. These findings underscore the
functional cooperation between PCDH7 and ZDHHCS, providing insight into how
palmitoylation-driven processes contribute to cytokinetic progression and cellular

integrity.

2.3.3. PCDH?7 Palmitoylation Confirmed by Acyl-Biotin Exchange
Assay

The interaction between PCDH7 and ZDHHCS led us to investigate whether
PCDH?7 undergoes direct palmitoylation. To test this, we performed a palmitoylation
assay using acyl-biotin exchange (ABE) chemistry [51] in PCDH7::GFP-expressing
HeLa S3 cells to enrich PCDH7 protein. Membrane proteins were isolated via high-speed
centrifugation, and free cysteine thiol groups were blocked with N-ethylmaleimide
(NEM). Samples were then split into two: one was treated with hydroxylamine (HA) to
cleave thioester-linked palmitate groups, enabling biotinylation of exposed cysteines,
while the other (HA—) served as a negative control. Biotinylated proteins were pulled
down using streptavidin beads and analyzed by western blotting. Palmitoylated PCDH7
was detected in the hydroxylamine-treated (HA+) eluates, but not in the untreated (HA—)
samples. EGFR and calnexin, known palmitoylated proteins, were used as positive
controls and confirmed the assay’s validity. These results demonstrate that PCDH?7 is

palmitoylated (Figure 17).

Palmitoylation may serve as a key mechanism for targeting PCDH?7 to the plasma
membrane during cytokinesis, ensuring its proper spatial distribution and activity. These
findings provide critical insight into how post-translational modifications like

palmitoylation contribute to the dynamic behavior of PCDH7 during cell division.
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Figure 17. The palmitoylated proteins were confirmed using the ABE assay.

HA+ indicates hydroxylamine-treated samples, while HA— represents untreated controls.
HeLa S3 cells expressing PCDH7::GFP were analyzed, with PCDH7 detected using anti-
PCDHY7 antibodies (116 kDa for PCDH7 and 143 kDa for PCDH7::GFP). EGFR and

calnexin, known palmitoylated proteins, were included as positive controls.
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2.4. DISCUSSION AND CONCLUSION

In this study, we explored the functional significance of PCDH7 during cell division
and investigated its regulation through palmitoylation, a reversible lipid modification.
Our findings demonstrate that PCDH7 dynamically localizes throughout the cell cycle,
transitioning from cell-cell contacts during interphase to the cell surface and retraction
fibers at mitotic onset, and ultimately accumulating asymmetrically at the cleavage
furrow during cytokinesis. This dynamic localization suggests a role for PCDH7 in

processes that are essential for mitotic progression, particularly cytokinesis.

Functional analysis using PCDH7 knockout (KO) cells revealed a cytokinetic
defect characterized by increased multinucleation and delays in cleavage furrow
formation and ingression. Live-cell imaging showed that, while PCDH7-depleted cells
could initiate furrow ingression, they often failed to complete cytokinesis, leading to
furrow regression and the formation of multinucleated cells. These phenotypic outcomes
highlight the essential role of PCDH7 in maintaining cytokinetic fidelity. Importantly,
reintroducing PCDH7 rescued the multinucleation phenotype and restored normal mitotic

progression, emphasizing its functional relevance.

The mechanism underlying PCDH7’s role in cytokinesis appears to involve the
regulation of the actomyosin network. We observed a significant reduction in active
RhoA and phosphorylated myosin II levels at the cleavage furrow in PCDH7 KO cells.
These observations align with previous studies showing that RhoA and myosin II are
critical regulators of the actomyosin ring, driving furrow ingression during cytokinesis
[19]. Given that PCDH7 depletion compromises RhoA activity and myosin 1I
phosphorylation, PCDH7 likely facilitates proper actomyosin ring constriction and

cortical stability during cytokinesis.

We further identified ZDHHCS as a key palmitoyltransferase interacting with
PCDHY7. Both proteins colocalized dynamically at the cell surface, retraction fibers, and
cleavage furrow during mitosis, suggesting their cooperation in regulating membrane
dynamics. Palmitoylation of PCDH7 was confirmed using the acyl-biotin exchange assay,

demonstrating that this lipid modification is crucial for PCDH7’s localization and



Chapter 2: Palmitoylation-Dependent Membrane Localization of PCDH7
During Cell Division

function during cytokinesis. As ZDHHCS is predominantly localized at the plasma
membrane, it likely mediates the palmitoylation of PCDH7, enabling its targeted

recruitment to the cleavage furrow.

Palmitoylation enhances PCDH7’s hydrophobicity and membrane association,
playing a critical role in the spatial regulation of key proteins. However, identifying the
specific palmitoylated cysteine is essential to deepen our understanding of how this

modification alters PCDH7's structure for effective membrane binding.

In summary, our results uncover a critical role for PCDH7 in cytokinesis, where it
facilitates proper actomyosin ring regulation and cleavage furrow ingression. We further
demonstrate that PCDH7 localization and function are regulated through palmitoylation,
mediated by ZDHHCS. These findings highlight the importance of PCDH7 in
maintaining mitotic fidelity and reveal a previously unappreciated role for palmitoylation
in cytokinesis. Future studies will be needed to explore the broader implications of
palmitoylation in cell division and identify additional substrates that contribute to this

essential process.
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CHAPTER 3

3. The Investigation of Molecular Function and Dynamics
of CLIC4 During Cell Division

3.1 LITERATURE REVIEW

3.1.1. The Chloride Intracellular Channel (CLIC) Protein Family

The chloride intracellular channel (CLIC) protein family in mammalian cells
comprises seven members: p64 and CLIC1-6. Despite differences in the length and
amino acid composition of their N-terminal regions, all CLIC proteins share a conserved
CLIC homology domain in the C-terminal region, spanning approximately 220 amino
acids. These proteins also feature two putative transmembrane domains, nuclear
localization signals (NLS), and phosphorylation sites, reflecting their structural and

functional diversity [55-57].

CLIC proteins are metamorphic, meaning they can adopt multiple stable three-
dimensional conformations rather than a single defined structure [58]. This unique
property enables CLIC proteins to transition between soluble cytoplasmic and membrane-
bound states, allowing them to adapt to diverse cellular environments and perform various
functions. While some studies have demonstrated that CLIC proteins can act as chloride
ion channels in artificial systems such as lipid bilayers, this function remains unconfirmed

in living cells [59, 60].

CLIC proteins perform diverse organelle-specific functions, including ion channel
activity, membrane trafficking, cytoskeletal regulation, and apoptosis (Figure 18). CLIC1
regulates cell volume in neurons and contributes to oxidative stress responses, while
CLIC4 is involved in mitochondrial apoptosis, cell division, and endosomal regulations
[61-63]. Other members, such as CLIC2, CLIC3, CLICS, and CLIC6, play tissue-specific
roles, modulating ryanodine receptors, supporting cytoskeletal structures, and regulating

hormone secretion, highlighting their specialized and therapeutic potential [64].
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Figure 18. Schematic illustration showing the distribution of CLIC proteins in
intracellular organelles (BioRender.com).

Recent evidence suggests that CLIC proteins may function as fusogens, facilitating
membrane fusion through dynamic conformational changes [65]. Under basal conditions,
CLIC proteins predominantly exist in a globular conformation, which conceals their
hydrophobic inter-domain interface and limits their interaction with membranes.
Environmental triggers, such as acidic pH or reactive oxygen species (ROS), induce a
conformational shift to an elongated structure, exposing the hydrophobic interface to
enable membrane association. Upon membrane binding, CLIC subunits assemble into
oligomeric complexes [66], destabilizing adjacent membranes and lowering the energetic

barrier for fusion. This fusogenic activity underscores the significance of CLIC proteins'
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structural flexibility and inter-domain interactions in mediating their transition from

soluble to membrane-bound forms [65].

Structural studies have established a close relationship between soluble CLIC
proteins and the omega class of glutathione S-transferase (GST) enzymes [67]. Similar to
GST proteins, which are involved in redox signaling and detoxification, CLIC proteins
possess a reactive cysteine residue at their glutathione-binding site—a feature conserved
across the family [68] . This reactive cysteine confers potential redox activity and enables
regulation through glutathione-dependent reactions. Alternatively, the glutathione-
binding site may facilitate the targeting of CLIC proteins to specific cellular
compartments or mediate interactions with other proteins, highlighting its importance in

cellular function [67, 69].

The metamorphic nature of CLIC proteins, coupled with their conserved
glutathione-binding site, positions them as versatile regulators of cellular processes. Their
ability to undergo dynamic conformational changes and interact with various cellular
components underscores their functional significance in maintaining cellular homeostasis

and responding to environmental cues.

3.1.2. CLIC4: Structure, Function, and Role in Cell Division

CLIC4, also referred to as mtCLIC, p64H1, RS43, or HuH]1, is a 253-amino-acid
protein consisting of an N-terminal thioredoxin-like domain and a C-terminal domain
primarily composed of o-helices. The N-terminal domain contains a putative
transmembrane region, while the C-terminal domain includes a nuclear localization signal
(NLS). This dual-domain structure reflects CLIC4's versatility in adopting various
functional roles within the cell [55, 67].

Among the CLIC protein family, CLIC4 is the most extensively studied and has
been implicated in several actin-based processes, including cell differentiation, adhesion,
migration, integrin signaling, spreading, and protein trafficking [55]. Despite its
established roles, the molecular mechanisms regulating CLIC4’s transition between

soluble and membrane-bound states remain poorly understood.
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It was demonstrated that CLIC4 translocated to the plasma membrane in N1E-115
neuroblastoma cells in response to Gal3-mediated RhoA activation by lysophosphatidic
acid (LPA). This translocation requires intact F-actin and is mediated by specific residues
homologous to GST omega-1. Mutations in the reactive cysteine (C35A) or glutathione-
binding site residues (F37D, D87A, P76A) disrupt CLIC4’s translocation to the
membrane. Interestingly, CLIC4 colocalizes with NHERF2, an ERM protein-binding

partner, suggesting that ERM proteins may facilitate its membrane association [3, 56].

In addition to its membrane-associated roles, CLIC4 contributes to actin
cytoskeleton regulation. It regulates branched actin networks on early endosomes [70]
and interacts with profilin-1 in the RhoA-mDia2 signaling pathway, promoting actin
polymerization. Moreover, depletion of CLIC4 promotes integrin-regulated filopodia
formation, further supporting its involvement in membrane trafficking and actin
dynamics [58, 71]. Additionally, the expression of CLIC4 has been implicated in cancer
progression, with varying expression levels observed across different carcinoma types,

highlighting its broader biological relevance [55, 65].

Recent findings have revealed a conserved GXXXG motif in the transmembrane
domains of CLIC proteins, indicating potential cholesterol-binding activity critical for
their membrane interactions [66]. These interactions may underpin CLIC4's ability to
transition between soluble and membrane-bound states dynamically during cellular

processes.

Proteomics studies by Ozlii et al. demonstrated significant changes in protein
composition at the plasma membrane during mitotic progression compared to interphase,
with CLIC1 and CLIC4 showing notable enrichment at the plasma membrane during
mitosis [1]. This dynamic regulation of CLIC proteins throughout the cell cycle highlights
their crucial roles in mitotic processes, particularly cytokinesis. During cytokinesis,
CLIC4 localizes to the cleavage furrow and midbody in a RhoA-dependent manner,
which is disrupted by mutations in its glutathione S-transferase activity—related residues

(C35A and F37D) [62].
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Furthermore, CLIC4 interacts with key components of the cytokinetic machinery,
including ezrin, anillin, and ALIX, at the cleavage furrow and midbody. Notably, CLIC4
is involved in ezrin activation, with mutual interdependence, as inhibition of ezrin
activation impairs CLIC4 translocation. The loss of CLIC4, along with CLIC1, leads to
polar membrane blebbing, cleavage furrow regression, and multinucleated cells,
underscoring their essential role in maintaining cortical stability and supporting

successful cell division [62].

<>4_

- Cleavage furrow ingression
- Bleb retraction

Figure 19. Schematic illustration of the potential role of CLIC4 in the cortical
actin network [62].

CLIC4 translocated to the plasma membrane during cytokinesis, driven by RhoA
activation via RhoGEF ECT2, and enhances ezrin activation through phosphorylation.
Activated ezrin, in turn, promotes CLIC4 accumulation at the cleavage furrow, ensuring
cortical stability by linking the actin cytoskeleton to the plasma membrane during

cleavage furrow ingression and bleb retraction.
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Although the role of CLIC4 during cell division has been extensively explored,
the exact mechanisms governing its translocation to the membrane remain unclear.
Elucidating these mechanisms could reveal new insights into the regulation of cytokinesis

and the functional versatility of CLIC proteins.

3.1.3. Dynamics of Membrane Blebbing

Blebs are plasma membrane protrusions that form at the cortex-membrane
boundary due to Laplace pressure, often arising at sites where the F-actin cortex is
ruptured [72, 73]. Blebbing is a dynamic and physiological process observed during
cytokinesis [74], cell migration [75], and apoptosis [76]. It has been identified in various

cell types, including HeLa cells [77], L929 cells, and BHK21 cells [78].

Blebbing occurs in three distinct stages: nucleation, expansion, and retraction.
During nucleation, the plasma membrane detaches from the underlying actin cortex due
to localized increases in intracellular hydrostatic pressure, which exceed the forces
maintaining membrane-cortex attachment. This process is driven by myosin II motor
activity, which generates the intracellular pressure necessary for bleb initiation. Studies
have shown that inhibiting myosin II activity prevents bleb formation [76], while laser
ablation of the actin cortex induces blebbing [79], emphasizing the importance of cortical
tension in regulating bleb nucleation. Membrane-cortex coupling strength also influences
blebbing, as demonstrated in migrating A375 melanoma cells: ezrin knockdown weakens
this coupling and increases blebbing, whereas ezrin overexpression strengthens the

attachment and reduces bleb formation [80].

During expansion, cytosolic pressure generated by actomyosin contraction forces
fluid into the newly formed bleb, causing it to increase in size. The size of blebs is tightly
regulated during this stage, as proper bleb size is critical for maintaining membrane
stability and cellular integrity. Laplace pressure, the difference between intracellular and
extracellular pressures, plays a significant role in determining bleb size. Higher Laplace
pressure results in fewer, larger blebs and faster completion of blebbing activity during

cytokinesis [81]. Conversely, reducing intracellular pressure, such as through



Chapter 3: The Investigation of Molecular Function and Dynamics of
CLIC4 During Cell Division

electroporation, leads to smaller blebs [79, 82]. Additionally, actomyosin contractility
helps sustain optimal Laplace pressure, preventing excessive bleb enlargement and
ensuring cell shape and stability during critical processes like cytokinesis. Unregulated
bleb expansion can destabilize the cell, creating a tension imbalance between cellular
poles and disrupting the buffering role of blebs in relieving intracellular tension [77] .
Mechanisms proposed for increasing the bleb surface area during expansion include
membrane tearing from the actin cortex and the unfolding of pre-existing membrane folds

[83].

The structural transition of the bleb during expansion involves the recruitment of
membrane-actin linker proteins to the bleb rim, together with actin network assembly.
This process is regulated by RhoA signaling, where the concentration of Rnd3, a RhoA
inhibitor, decreases on the membrane, leading to RhoA activation. Active RhoA triggers
actin cortex reassembly, forming a cage-like actin network with a mesh size of

approximately 200 nm that provides structural integrity for the bleb [72, 84].

Retraction typically begins within 30 seconds of bleb initiation and is completed in
approximately 90 seconds (Figure 20) [85]. During retraction, the reassembled actin
cortex is stabilized by proteins such as ezrin and actin-bundling factors, including a-
actinin, while myosin II-driven contractility pulls the membrane back toward the cell
body [72]. Recent imaging studies in HeLa cells have shown that ezrin is recruited to the
bleb prior to retraction, and filamentous actin continues to accumulate even after
retraction begins. Inhibition of Arp2/3, a nucleator of cortical actin, reduces the speed of
retraction, decreases myosin II recruitment, and stabilizes filamentous actin, indicating
that both actin flux and myosin-driven contraction are essential for efficient retraction

[85].
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Figure 20. Schematic illustration of blebbing life cycle; nucleation, expansion
and retraction (BioRender.com).

Blebbing also contributes to maintaining cell morphology during cytokinesis by
relieving intracellular tension generated by actomyosin ring constriction. However,
excessive or unregulated blebs can destabilize cell shape, underscoring the importance of
tight size regulation to maintain cell boundary uniformity and ensure symmetric division
[86]. In our previous study, we demonstrated that CLIC4 localizes to polar membrane
blebs during cytokinesis, and the absence of CLIC1 and CLIC4 results in the formation
of unstable and abnormally large blebs [62]. Given that CLIC proteins localize to both
the actomyosin ring and polar blebs, and their absence leads to destabilized bleb
dynamics, CLIC proteins might tether the plasma membrane to the actin cortex. This

tethering likely stabilizes blebs and ensures proper cell division, highlighting the
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importance of CLIC proteins in regulating bleb formation and dynamics during

cytokinesis.

3.1.4. Regulation of the Actomyosin Cytoskeleton and Role of CLIC
Proteins

The actin cytoskeleton undergoes extensive reorganization during cell division, a
process regulated by actin-binding proteins and motor proteins like non-muscle myosin
IT (NMII). NMII, a key driver of cortical contractility, is composed of heavy and light
chains and functions similarly to myosin in muscle contraction. Its activity is regulated
by phosphorylation of its regulatory light chain (MLC) at Ser19/Thr18, mediated by
ROCK downstream of RhoA signaling [19]. This phosphorylation enhances NMII’s
ability to bind antiparallel F-actin filaments, facilitating the assembly of actomyosin
complexes that generate cortical tension [87]. During cytokinesis, RhoA-activated ROCK
also inhibits myosin phosphatase, maintaining NMII in its active state and ensuring its
rapid accumulation at the equatorial cortex [88]. These mechanisms are crucial for the

contraction of the actomyosin ring and the formation of the cleavage furrow.

CLIC4 plays an important role in regulating the actomyosin network during
cytokinesis. It translocates to the mitotic cell surface and becomes enriched at sites of
cortical actin assembly, including the cleavage furrow. Depletion of CLIC proteins,
including CLIC1 and CLIC4, disrupts cytokinesis, leading to defects such as abnormal
polar blebs and cleavage furrow regression [62]. These observations suggest that CLIC4
might contribute to the organization and stability of the actomyosin ring by coordinating
interactions between NMII and actin filaments. Furthermore, CLIC4 directly interacts
with profilin-1, a G-actin-binding protein that facilitates the formation of ATP-actin
dimers and promotes F-actin polymerization and elongation. Profilin-1 is also a
component of the RhoA-mDia2 signaling pathway, which regulates cortical actin
assembly during cytokinesis [89]. mDia2, a formin protein, nucleates linear actin

filaments and plays a critical role in actomyosin ring formation [90].

In addition to its role in cytokinesis, CLIC4 is involved in broader aspects of actin

cytoskeleton regulation. It translocates to membranes in an F-actin-dependent manner
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upon RhoA activation by serum or lysophosphatidic acid (LPA) [3] and regulates
branched actin formation on early endosomes [70]. Depletion of CLIC4 disrupts vesicular
trafficking and cargo transport, causing an accumulation of branched actin on endosomal
surfaces [70]. These findings highlight the versatility of CLIC4 in modulating actin

cytoskeleton dynamics across multiple cellular contexts.

The interplay between NMII, formins such as mDia2, and actin-binding proteins
like profilin-1 underscores the complexity of actomyosin regulation during cell division.
Investigating NMII levels and localization in cells lacking CLIC proteins may further
elucidate the regulatory role of CLIC proteins in maintaining actomyosin organization

and promoting successful cytokinesis.



Chapter 3: The Investigation of Molecular Function and Dynamics of
CLIC4 During Cell Division

3.2. MATERIALS AND METHODS

3.2.1. Cell Culture

HelLa S3 cells were grown in 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S) containing Dulbecco’s modified Eagle’s medium at 37 °C

and 5% CO in a humidified incubator.

*CLIC4-GFP expressing stable cells, CLIC4-GFP LifeAct-RFP expressing stable
cells and CLIC4-GFP and Ezrin-RFP expressing stable cells were generated by Cansu

Uretmen..

*CLICI/CLIC4 DKO cells were generated in the previous study [62].

3.2.2. Cloning of the Plasmids

For generation of P449_pLVX_PH_PLCdeltal-RFP, the vector containing the
pleckstrin homology (PH) domain of PLCS (Addgene #36075) was obtained from
Addgene. The PH PLC6 sequence was cloned into the pLenti vector and tagged with RFP.
The resulting construct was validated through restriction enzyme digestion and DNA

sequencing.
P373_pLVX_MLC2-RFP vector is a gift from Michael Way.

GFP-tagged phosphomimetic and phosphomutant constructs (CLIC4 S108E-GFP
and CLIC4 S108A-GFP) were generated using Gateway cloning and site-directed
mutagenesis. The p342_pENTRY_CLIC4 WT_GFP vector available in our laboratory
was used as a template for PCR, along with primers carrying the desired point mutations,
to generate p486_pENTRY_CLIC4 S108A_GFP and p487_pENTRY_CLIC4
S108E_GFP constructs. The presence of the intended mutations in the newly generated
vectors was confirmed by DNA sequencing. Subsequently, an LR recombination reaction
was performed between these entry vectors and the pLenti CMV Hygro DEST destination
vector, yielding p488_pLenti_ CLIC4 S108A_GFP and p489_pLenti_ CLIC4
S108E_GFP constructs.
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*Cloning of the plasmids were performed by Nazan Saner.
Table 2. The list of plasmids generated and utilized in Chapter 3.
Plasmid No Plasmid Name Backbone Gene
449 pLVX_PH PLCdeltal-RFP pLVX PH PLCdeltal-RFP
373 pLVX_MLC2-RFP pLVX Myosin Light Chain C2 RFP
342 CLIC4 WT-GFP (Entry vector) pDONR221 CLIC4 WT-GFP
Site-directed mutagenesis of
486 CLIC4 S108A-GFP (Entry vector) P342 CLIC4; Serinel108 to Alanine
Site-directed mutagenesis of
CLIC4; Serine108 to Glutamic
487 CLIC4 S108E-GFP (Entry vector) P342 Acid
CLIC4 S108A-GFP (Destination pLenti CMV
488 vector) Hygro DEST CLIC4 S108A-GFP
CLIC4 S108E-GFP (Destination pLenti CMV
489 vector) Hygro DEST CLIC4 S108E-GFP

3.2.3. Lentiviral transduction

Stable cell lines expressing CLIC4-GFP and RFP-tagged proteins were generated

using lentiviral transduction. Lentiviral constructs encoding PLC-PH-RFP and MLC2-

RFP, along with packaging vectors psPAX2 and pCMV-VSV-G, were used for the

production of lentiviral particles. The psPAX2 plasmid was obtained from Didier Trono

(Addgene plasmid #12260; http://n2t.net/addgene:12260; RRID:Addgene_12260), and

pCMV-VSV-G was

a gift from Bob Weinberg (Addgene plasmid #8454;

http://n2t.net/addgene:8454; RRID:Addgene_8454). These plasmids facilitated the

packaging and transduction of lentiviruses into the target cells.

HEK293T cells were used for lentiviral packaging. To prepare the lentiviral

transfection mixture, 1000 ng of the transfer plasmid, 1000 ng of psPAX2, and 100 ng of
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pCMV-VSV-G were combined with 20 pl of Opti-MEM (Thermo Fisher Scientific,
31985062) per well of a six-well plate. Separately, 93 ul of Opti-MEM was mixed with
7 pl of FuGENE transfection reagent (Promega, E2311) and incubated at room
temperature for 5 minutes. The plasmid mixture was then added dropwise to the
transfection reagent, incubated for 30 minutes, and evenly distributed into the culture
media of HEK293T cells. Following 24 hours of incubation, the transfection media was

replaced with fresh growth media.

Conditioned media containing lentiviral particles were collected at two-time points,
48 hours and 72 hours post-transfection. The collected viral supernatants were pooled,
filtered through a 0.45 um syringe filter to remove cellular debris, and aliquoted into 1
ml fractions. These aliquots were stored at -80°C for subsequent use. Residual HEK293T

cells were discarded using bleach sterilization to ensure safety and sterility.

After lentivirus preparation, viral transduction was performed. HeLa S3 cells
expressing CLIC4-GFP were seeded into six-well plates at 20% confluency. On the first
day, media containing 8 pg/ml protamine sulfate (P4020, Sigma-Aldrich) was added to
each well, followed by the dropwise addition of 500 pul of viral supernatant. The next day,
the viral media was replaced with fresh growth media. A second round of transduction
was performed on the third day, and on the fourth day, RFP signals were checked under
a fluorescence microscope. When RFP expression was observed, the growth media was
replaced with antibiotic selection media containing 1.5 pg/ml puromycin. Over the
following two to three days, cells that did not receive viral particles died, while
successfully transduced cells survived. After two passages, the surviving cells were
frozen and stored in liquid nitrogen for future experiments. The generated stable cell lines
were validated using fluorescence microscopy to confirm the expression of CLIC4-GFP

and RFP-tagged proteins.

3.2.4. Plasmid Transfection and Drug Treatment

For plasmid transfection, Lipofectamine TM 2000 (Invitrogen, 11668027) was used
following the manufacturer's instructions. Cells were seeded into a 24-well plate at 40%
confluency. The next day, 500 ng of plasmid DNA was diluted in 50 pl of Opti-MEM,
while 1 pl of Lipofectamine TM 2000 was diluted in a separate 50 pl of Opti-MEM. The
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diluted solutions were combined in a 1.5 ml eppendorf tube and incubated for 15 minutes
at room temperature. Meanwhile, the cell culture medium was replaced with DMEM
lacking FBS and antibiotics. The transfection mixture was then added dropwise to the

cells. Imaging experiments were conducted 48 hours post-transfection.

To inhibit palmitoylation, cells were incubated with 200 uM 2BP (Sigma-Aldrich,
21604) and DMSO overnight [91]. Treated cells were fixed, immunostained for CLIC4,

and imaged in the confocal microscope.

3.2.5. Protein Pull-down with Lipid-Coated Beads

HeLa S3 and HeLa Kyoto cells were seeded in 15 cm plates and synchronized to
mitosis using monopolar synchronization. Mitotic cells were pelleted and lysed in 450 pl
of binding buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.25% Nonidet P-
40, and protease inhibitors (1 mM PMSF, 50 mM NaF, 10 mM NasVO.). The lysate was
homogenized using a sonicator, followed by centrifugation at 4000 g for 20 minutes to
remove debris. The supernatant was transferred to a fresh tube, and protein concentration
was determined using the Bradford assay. Equal amounts of whole-cell lysate protein
were used for each condition. The lysates were precleared by incubation with 30 ul of
control beads for 1 hour. Subsequently, 4 mg of whole-cell lysate protein was incubated
with 60 pl of bead slurry coated with PI(3,5)P2 (Echelon, P-B035A), P1(4,5)P2 (Echelon,
P-B045A), or control beads. HeLa S3 cell lysates were incubated with the beads
overnight, whereas HelLa Kyoto cell lysates were incubated for 4 hours. Following
incubation, the samples were centrifuged at 2.5 g for 2 minutes at 4°C and washed three
times with binding buffer to remove unbound proteins. The bound proteins were eluted
by resuspending the bead samples in 2x sample buffer containing 100 mM DTT and
boiling at 90°C for 10 minutes. Eluted proteins were analyzed by Western blot to evaluate

protein-lipid interactions.

3.2.6. Microscopy and Analysis

For imaging fixed samples, confocal microscopy was performed using Leica
DMi8/SP8 TCS-DLS laser scanning confocal microscopes (LAS-X Software). The HC
PL APO 63%/1.40 Oil CS2 objective was utilized for high-resolution imaging on the Leica
DMi8/SP8 TCS-DLS system.
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Fluorescence imaging was carried out with a Leica DMi8 widefield microscope,
equipped with HC PL FL L 20x/0.40 CORR and HC PL APO 63%/1.40-0.60 OIL
objectives, providing the necessary resolution and flexibility for observing cellular
processes. Image quantification, including intensity measurements and spatial analysis,
was conducted using Imagel] software, ensuring accuracy and reproducibility in data

analysis.

For membrane enrichment analysis in mitotic cells, the outer surface of the
membrane was defined, and fluorescence intensity along with the area was measured.
Subsequently, the outer region of interest (ROI) was scaled down by a factor of 0.75 and
designated as the inner ROI. Fluorescence intensity and area were measured again for this

inner ROI.

To determine membrane enrichment, the intensity of the inner ROI was subtracted
from the outer ROI, and the same subtraction was performed for their respective areas.
The resulting intensity value was divided by the corresponding area to calculate the
membrane mean intensity. Similarly, the inner mean intensity was obtained by dividing
the inner intensity by the inner area. Finally, the membrane mean intensity was divided

by the inner mean intensity to quantify the membrane enrichment of the protein.

3.2.7. Live cell imaging of Membrane Blebs

Stable HeLa S3 cell lines expressing CLIC4-GFP and Ezrin-RFP/LifeAct-
RFP/MLC2-RFP were generated. To isolate the cells expressing GFP and RFP in higher
level in the population, the dual-color cells are sorted using Bio-Rad S3e Cell Sorter.
After the sorting, the cells were seeded into the glass-bottom ibidi plates and synchronized
to interphase. The cells were released from the interphase by replacing the thymidine-
containing media with growth media. Then, the mitosis cells were imaged real-time using
Zeiss Lattice Lightsheet 7 with the close cabinet that provides 37 °C temperature and 5%
CO2. The images were taken single z-stack with 0.4 second intervals. For the analysis of
the protein arrival time, the individual blebs were used to generate the kymographs of
GFP and RFP signals through time in ImageJ software. The straight line was drawn
through the bleb and “Multi-kymograph” plug-in was used to generate kymographs. By

analyzing the plot profile of each time point on the kymographs, the time points when the
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proteins are enriched on the membrane were determined. The arrival time of RFP proteins
was compared to the time points of CLIC4-GFP. This imaging procedure was applied to
other cell lines and CLIC4 GFP will be visualized with Ezrin-RFP, Lifeact-RFP, and
MLC2-RFP proteins at the bleb membrane.

3.2.8. siRNA treatment

HeLa S3 cells were seeded at 20% confluency into 24-well plates containing
coverslips for immunofluorescence staining and 6-well plates for Western blot analysis.
On the following day, prior to transfection, cells were starved in DMEM without FBS
and antibiotics. For each well to be transfected, the desired RNAi duplex (control, Ezrin,
or Anillin) and 1.5 pl Lipofectamine RNAIMAX (13778075, Thermo Fisher) were
separately diluted in 50 pul Opti-MEM. The two solutions were combined and incubated
for 15 minutes at room temperature. After incubation, 100 pl of the transfection mixture
was added to each well, resulting in a final siRNA concentration of 20 nM for the
respective siRNAs. Transfection media was replaced with growth media after 5 hours of
incubation. On the third day, a second round of siRNA transfection was performed using
the same protocol. By the fifth day, cells were ready for either immunofluorescence

staining or Western blot analysis, depending on the experimental requirement.

3.2.9. Generation of Giant Plasma Membrane Vesicles (GPMVs)

Giant plasma membrane vesicles (GPMVs) were prepared using HeLa cells seeded
into 35-mm cell culture dishes or glass-bottom plates, depending on the experimental
requirements. On the first day, cells were seeded at approximately 30% confluency and
cultured under appropriate conditions. By the second day, cells typically reached 70%
confluency and were ready for vesicle generation. To induce GPMYV formation, cells were
washed once with HBSS buffer, followed by the addition of 300 pl of freshly prepared
GPMV buffer. Two types of GPMYV buffers were used depending on the experiment: (1)
HBSS buffer containing 2 mM NEM, or (2) HBSS buffer containing 25 mM PFA and 2
mM DTT. After the addition of GPMYV buffer, cells were incubated at 37°C for 3 hours.
GPMYV formation was confirmed by observing free-floating, dark, spherical vesicles
under a x20 objective using a Zeiss LSM 780 confocal microscope. Once vesicles were

identified, the supernatant containing GPMVs was carefully collected and transferred into
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microcentrifuge tubes to avoid contamination with cellular debris. They were transferred
to glass bottom plates for imaging. The vesicles were visualized using laser-scanning

confocal microscopy Zeiss LSM 980 equipped with 20x water-immersion objective lens.

3.2.10. Post-Translational Modification (PTM) Proteomics

To investigate the post-translational modifications (PTMs) of CLIC4, HeLa S3 cells
stably expressing CLIC4-GFP were synchronized at interphase, mitosis, and cytokinesis.
Cells were pelleted at these stages and lysed in a buffer containing 10 mM Tris-Cl (pH
7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 0.09% NaNs, and protease and
phosphatase inhibitor cocktails. The cell lysates were centrifuged for protein extraction
and the supernatant was incubated with GFP-Trap resin (ChromoTek GFP-Trap Agarose)
to isolate CLIC4-GFP.

After binding, the GFP-Trap resin was washed thoroughly, and the bound proteins
were eluted with 0.2 M glycine (pH 2.5). The elutes were neutralized immediately using
1 M Tris base (pH 10.4). The efficiency of CLIC4-GFP enrichment and elution was

verified by Western blot analysis of small-scale samples from total cell lysates and elutes.

Eluted CLIC4-GFP proteins were digested with trypsin to produce peptide mixtures
for mass spectrometry analysis. The peptide samples were analyzed using nano-liquid
chromatography coupled to Q-Exactive Orbitrap mass spectrometry. For each
experimental condition, two biological replicates were processed, with three technical

replicates analyzed per biological repeat to ensure robust data acquisition.

Proteome Discoverer 2.3 software was used for data processing and analysis.
CLIC4 protein was identified with an average sequence coverage of approximately 85%

across all samples.

*PTM Proteomics was performed by Ceyda Seren Ceylan.

3.2.11. Palmitoylation Assay Using Click Chemistry
3.2.11.1. Preparation of Membrane Lysates

Each pellet was resuspended in 1 mL of lysis buffer (PBS, pH 7.4, supplemented
with 1 mM PMSF and 1 mM HDSF) on ice. The samples were sonicated on ice for three
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cycles of 10 seconds at 70% amplitude with 50% power, followed by incubation on ice
for 1 hour. The lysates were then diluted with 5 mL PBS and centrifuged at 100,000 x g
for 1 hour at 4°C using a 90-TI rotor. The supernatant was collected into a fresh tube,
while the pellet was resuspended in 1.5 mL PBS containing 2% SDS and vortexed

thoroughly.

3.2.11.2. Click Chemistry

Click chemistry was performed to label proteins with biotin-azide. A 50 mM TCEP
solution in PBS was prepared and the pH of the TCEP solution was neutralized using 10
N KOH and verified using pH indicator paper. For each sample, a 1.5 mL reaction mixture
was prepared containing 30 pL of 50 mM CuSO4, 30 pL of 50 mM TCEP, 90 pL of 1.67
mM TBTA, and 7.5 pL of 100 mM biotin-azide. The reaction was vortexed and incubated
at 37°C for 30 minutes, followed by another vortex and an additional 30 minutes of

incubation.

3.2.11.3. Methanol/Chloroform Precipitation

Proteins were precipitated from a 1 mL sample volume using a
methanol/chloroform method. Four volumes (6 mL) of methanol were added to the
sample, and vortexed, followed by 1.5 volumes (2.25 mL) of chloroform. The sample was
vortexed again and 3 volumes (4.5 mL) of water were added, resulting in a cloudy
mixture. The mixture was centrifuged at 4,000 x g for 20 minutes at room temperature to
form a protein layer at the interface. The top layer was carefully removed, leaving a small
volume behind. To wash the precipitate, 3 volumes (4.5 mL) of methanol were added,
vortexed, and centrifuged at 4,000 x g for 10 minutes. This wash step was repeated, and

residual methanol was carefully removed without disturbing the protein pellet.

3.2.114. Streptavidin Incubation and On-Bead Digestion

The protein pellet was solubilized in 1 mL of 6 M urea in PBS containing 2% SDS
and divided into two 500 pL samples. Hydroxylamine treatment was performed on one
sample by adding 26.3 pL of 50% hydroxylamine solution to achieve a final concentration
of 2.5%. Aliquots of input material (10 pL, 2%) were saved for analysis. Streptavidin
beads were preconditioned by washing twice with PBS and once with 0.1% SDS in PBS.
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The samples were diluted 20-fold with PBS to a total volume of 10 mL, incubated with
the beads overnight at room temperature, and aliquots of unbound material were

collected. Beads were washed four times with PBS before elution.

For elution, an SDS-Laemmli buffer containing 50 mM TCEP and 500 nM biotin
was prepared by adding 60 pL of biotin stock (5 uM) to 600 pL buffer. Elution was
performed by adding 200 uL of this solution to the beads and boiling at 98°C for 10
minutes with shaking at 1,000 rpm. The eluted proteins were collected, and samples were

prepared for downstream analyses.

*This protocol was performed by Gamze Nur Yapici.

Table 3. The list of antibodies used for Western Blot (WB) and Immunofluorescence

Staining (IF) with their host, brand, lot number and dilution information in Chapter 3.

Antibody Name Host Brand Product No Dilution Application

Alpha Tubulin (DM1A) Mouse | Cell Signaling | 3873S 1:2000 and | WB and IF
Technology 1:1000

Anilin Rabbit | Abcam ab99352 1:500 and | WB and IF

1:200

Ezrin Rabbit | Cell Signaling | 3145S 1:500 WB and IF
Technology

Myosin IIb (D8HS8) XP(R) Rabbit | Cell Signaling | 3726S 1:500 WB
Technology

P-ezrin ERM Rabbit | Cell Signaling | 3726S 1:400 WB and IF
Technology

Profilin-1 Rabbit | Cell Signaling | 3237 1:1000 WB and IF
Technology

phospho-myosin light chain (S19) | Mouse | Cell Signaling | 3675S 1:500 and | WB and IF
Technology 1:200

phospho-myosin light chain 2 Rabbit | Cell Signaling | 3674 1:500 and | WB and IF

(thr18/ser19) Technology 1:200




CLIC4 Mouse | Santa Cruz Sc-135739 1:500 and | WB and IF
1:100

Dia2 (C-15) Goat Santa Cruz Sc-10889 1:200 WB and IF

Integrin Betal (12G10) Mouse | Abcam Ab30394 1:500 IF

Alexa Fluor 488 Mouse | Invitrogen A21202 1:1000 IF

Alexa Fluor 488 Rabbit | Invitrogen A21206 1:1000 IF

Alexa Fluor 555 Mouse | Invitrogen 4409S 1:1000 IF

Alexa Fluor 555 Rabbit | Cell Signaling | 4413S 1:1000 IF
Technology

HRP-conjugated secondary Rabbit | Cell Signaling | 7074S 1:2000 WB

antibody Technology

HRP-conjugated secondary Mouse | Cell Signaling | 70765 1:2000 WB

antibody

Technology
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3.3. RESULTS

3.3.1. Molecular Analysis of CLIC4’s Translocation to the Plasma
Membrane during Cell Division

3.3.1.1. Membrane Binding of CLIC4 through phosphoinositol
binding

Phosphoinositols are critical membrane phospholipids that regulate various cellular
processes, including vesicular trafficking and cell division, by modulating membrane
dynamics. Among them, P1(4,5)P: is highly enriched in the plasma membrane and plays
a crucial role in cytokinesis by mediating adhesion between the contractile ring and the
plasma membrane [25, 92]. At the cleavage furrow, PI(4,5)P> serves as a binding site for
proteins such as ezrin and anillin, which interact with CLIC4. Ezrin binds PI(4,5)P; at the
plasma membrane and, upon phosphorylation, anchors the cortical actomyosin network
[93]. Anillin, via its PH domain, stabilizes the contractile ring by binding P1(4,5)P: at the
cleavage furrow [62]. Another key phosphoinositol, PI3P, is a marker for early
endosomes and is converted into PI(3,5)P; in late endosomes, where it regulates
endosomal membrane trafficking [94]. CLIC4’s association with endosomal
compartments enriched in PI3P and PI(3,5)P> suggests its potential role in endosomal
membrane regulation [61]. These findings emphasize the importance of exploring
CLIC4’s interactions with PI(4,5)P> and PI(3,5)P> and their roles in CLIC4’s membrane

localization during cell division.

To investigate the interaction of CLIC4 with PI(4,5)P2 and P1(3,5)P>, lipid-binding
assays were performed using HeLLa Kyoto cells synchronized to mitosis. Cell lysates were
incubated with lipid-coated beads designed to capture proteins that specifically bind
PI(4,5)P> or PI(3,5)P>. Western blot analysis of the eluted proteins revealed that a greater
amount of CLIC4 protein was bound to PI(3,5)P> than P1(4,5)P>, with the control showing
the least binding (Figure 21).
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Figure 21. The examination of proteins that were pulled down from mitotic
HeLa S3 cell lysates using control, PI1(3,5)P:-coated and PI(4,5)P:-coated
beads with Western blot analysis.

The mitotic cell lysates (input), and elute proteins were resolved with 10% SDS-
PAGE, followed by incubation with CLIC4 antibody. Band intensities were

normalized to control.

To further examine the spatial relationship between CLIC4 and PI(4,5)P> during
cell division, fluorescence imaging was conducted using HelLa S3 cells expressing
CLIC4-GFP and PLC31PH-RFP (PLC-PH-RFP), a PI(4,5)P> biosensor which binds
P1(4,5)P> at the plasma membrane, translocates to the cytosol upon PI(4,5)P> hydrolysis,
and associates again with the membrane when PI(4,5)P2 is resynthesized [95]. This
dynamic behavior, coupled with fluorescence tagging, allows precise monitoring of
P1(4,5)P> localization. Imaging revealed colocalization of CLIC4 and PI(4,5)P> at the
plasma membrane during mitosis, with pronounced enrichment at the cleavage furrow

during cytokinesis (Figure 22).

The stronger interaction of CLIC4 with PI(3,5)P, suggests a potential role for
CLIC4 in regulating endosomal homeostasis [4], as P1(3,5)P> is predominantly localized
to endosomal compartments [4]. Brightfield microscopy was used to investigate the
impact of CLIC4 depletion on endosomal function. In interphase cells lacking CLIC4,
enlarged vesicles were observed, indicating disrupted endosomal regulation. This
phenotype aligns with CLIC4’s interaction with PI(3,5)P2, supporting its role in

maintaining endosomal homeostasis [61] (Figure 23).
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Figure 22. CLIC4 colocalized with P1(4,5)P2 during cell division.
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The localization of CLIC4-GFP (green) and PLC-PH-RFP (biosensor of PI(4,5)P2, red)
during mitosis and cytokinesis. DNA staining (Hoescht) is blue. Images were taken in

confocal microscopy, scale bar, 10 um.
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Figure 23. The absence of CLIC4 in HeLa S3 cells caused enlarged vesicles.

Statistical significance was determined using a two-tailed unpaired t-test (¥*P<0.05;

*#*#%¥P<0.0001). Images were taken in widefield microscopy, scale bar, 10 um.
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3.3.1.2.Membrane Binding of CLIC4 through post-translational
modifications

Post-translational modifications (PTMs) are covalent alterations of proteins,
involving the addition or removal of chemical groups such as acetyl, phosphoryl, or
methyl groups. These modifications can influence protein-protein interactions, folding,
stability, and localization by altering the protein’s charge, conformation, or
hydrophobicity [96]. Given their broad functional implications, understanding the PTMs
of CLIC4 during cell division is critical for elucidating the mechanisms underlying its

cell division-specific translocation to the plasma membrane.

PTM proteomics identified nine distinct modifications on CLIC4, including seven
acetylations and two phosphorylations. Phosphorylation at serine 4 (S4) was consistently
observed throughout the cell cycle, while phosphorylation at serine 108 (S108) was
specific to mitosis and cytokinesis. Of the seven lysine acetylations, four (K11, K15, K90,
and K212) were detected across all cell cycle stages. Interestingly, acetylations at lysines
150 (K150) and 238 (K238) were unique to cytokinesis. Acetylation at lysine 177 (K177),
however, was observed in both interphase and cytokinesis, indicating it is not exclusive

to cell division (Figure 24).
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Post-Translational Modification Map of CLIC4
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Figure 24. CLIC4 has several post-translational modifications in cell cycle
dependent manner.

CLIC4, a 253-amino-acid-long protein, is eluted from interphase, mitosis, and cytokinesis
cells. The Venn diagram illustrates its protein modifications across interphase (yellow),
mitosis (pink), and cytokinesis (blue), with overlapping regions indicating shared
modifications. Phosphorylation is represented by circles, while acetylation is depicted as

triangles.

The phosphorylation of CLIC4 at S108 is notable because it is observed only during
mitosis and cytokinesis, aligning with its translocation to the plasma membrane. Previous
studies have shown that CDKS, a kinase activated by oxidative stress, phosphorylates
CLIC4 at S108, promoting its stability and accumulation in N2A cells [97, 98]. Although
CDKS is predominantly involved in cytoskeleton regulation, membrane transport, and
cell migration in neuronal cells, it shares 62% sequence homology with CDKI1 and
CDK2, key regulators of cell division [99]. This raises the possibility that CDKS5-like
kinases involved in cell division could phosphorylate CLIC4 at S108, influencing its

membrane localization during mitosis and cytokinesis.



Chapter 3: The Investigation of Molecular Function and Dynamics of
CLIC4 During Cell Division

61

o)
<
<
Y
)
O

<
0

CLIC4 WT-GFP

GFF

456 min

Figure 25. Phospho-mutant (CLIC4-S108A-GFP), and phospho-mimetic
(CLIC4-S108E-GFP) in CLIC4 knock-out cells localized similar to CLIC4-
WT-GFP during cell division.

Frames representing the phases of cell division are shown from the captured images in 3
minutes time interval using confocal microscopy. Images represent single z-sections.

Scale bars, 10 pm.

To examine the functional relevance of S108 phosphorylation in the plasma
membrane localization of CLIC4 during cell division, the S108 residue was mutated to
alanine and glutamic acid via site-directed mutagenesis, generating phospho-mutant
(S108A) and phospho-mimetic (S108E) forms of CLIC4. These constructs, along with
wild-type CLIC4-GFP (CLIC4-WT-GFP) as a control, were transiently transfected into
CLIC4 knock-out cells. Live-cell imaging using a Leica DMI8 SP8 confocal microscope
was used to observe the localization of CLIC4 during cell division. The results revealed
that both the phospho-mutant and phospho-mimetic forms of CLIC4 localized to the
mitotic cell surface and accumulated at the cleavage furrow like in wild-type CLIC4
(Figure 25). This suggests that phosphorylation at S108 does not influence the plasma

membrane localization of CLIC4 during cell division.

Model membrane systems are essential tools for investigating protein-membrane

interactions, addressing challenges arising from biological membranes' complex nature.
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Unlike protein-protein interactions, which can be examined using specific biochemical
tools like antibodies, protein-lipid interactions lack such precise targeting strategies [100-
102]. As a result, model membrane systems have emerged as a powerful tool for
investigating these interactions by mimicking the physical and molecular characteristics
of cellular membranes [101, 103]. Among the various model membrane systems, Giant
Plasma Membrane Vesicles (GPMVs) offer a unique advantage by retaining the lipid and
protein diversity of native membranes while being free of cytoskeletal and organelle
components [103]. GPMVs are derived directly from the plasma membrane, retaining its
lipid and protein diversity while excluding cytoskeletal and organelle components. These
vesicles separate into distinct liquid phases, mirroring native membrane behavior and
enabling the study of proteins in physiologically relevant environments [103]. By using
GPMVs, we examined CLIC4’s localization at membrane lipid domains, providing

insights into its dynamic plasma membrane association during cytokinesis.

To examine CLIC4’s localization at the plasma membrane using model membrane
systems, we generated GPMVs using two different treatments: PFA-DTT and NEM
[104]. DTT is known to cleave S-linked fatty acids, thereby disrupting protein
palmitoylation and preventing palmitoylated proteins from associating with the plasma
membrane in GPMVs [105]. In our experiments, CLIC4 was observed at the plasma
membrane of GPMVs generated with NEM, but not in those formed with PFA-DTT. This
result suggests that CLIC4’s localization at the plasma membrane may depend on its

palmitoylation (Figure 26).

LICX
eCQe

Figure 26. CLIC4-GFP is localized to the several GPMV’s membrane which
are generated using NEM.

PFA+DTT

NEM



Chapter 3: The Investigation of Molecular Function and Dynamics of
CLIC4 During Cell Division

GPMVs were generated using 25 mM PFA and 2 mM DTT (top) or 2 mM NEM (bottom).
Images were taken using confocal microscopy and represent single z-sections. Scale bars,

S pm.

To investigate the role of palmitoylation in CLIC4’s localization at the plasma
membrane, we treated HeLa S3 cells with 2-bromopalmitate (2BP), a widely used
inhibitor that blocks the addition of palmitate to proteins [106]. Immunostaining of 2BP-
treated mitotic cells showed a significant decrease in enrichment of CLIC4 at the mitotic
cell surface (Figure 27), indicating that palmitoylation is important for its surface

enrichment during mitosis.
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Figure 27. CLIC4 localization at the mitotic cell surface decreased after 2BP
treatment.

A. CLIC4 (green) localization during mitosis in control (DMSO) (top) and palmitoylation
inhibitor (2BP, 200uM)-treated (bottom) cells. DNA (DAPI) in blue. Scale bar: 10 pm.
B. Quantification of the plasma membrane (PM) enrichment of CLIC4 in the control (n=
25) and 200uM 2BP-treated (n=26) mitotic cells. Error bars show the s.d. ns, not
significant; **P<0.01; ***P<0.001.

To validate the palmitoylation of CLIC4, a click chemistry-based assay was
performed using 17-ODYA and palmitic acid for metabolic labeling of palmitoylated
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proteins [107]. 17-ODYA, a bioorthogonal probe compatible with biotin-azide, enabled
specific labeling, while palmitic acid served as a negative control as it cannot react with
biotin-azide [107]. Following mitotic synchronization and cell lysis, 17-ODY A-labeled
proteins were exchanged with biotin via click chemistry, while palmitic acid-labeled
proteins remained unlabeled. Streptavidin beads were then used to enrich biotin-bound
proteins, which were subsequently analyzed by Western blotting. The results
demonstrated the presence of CLIC4 in elute from 17-ODY A-labeled samples, but not in
the palmitic acid control, confirming that CLIC4 undergoes palmitoylation during mitosis

(Figure 28).

17-0ODYA Palmitic Acid
Input  Elute Input Elute

Jlos
CLICA | M- * ,H

Figure 28. Palmitoylation of CLIC4 protein is confirmed using the click
chemistry based palmitoylation assay.

3.3.2. The Role of CLIC4 in Polar Membrane Blebbing During
Cytokinesis
Blebbing at the poles of dividing cells plays a critical role in relieving intracellular
tension generated by the constriction of the actomyosin ring [77]. The absence of both
CLIC1 and CLIC4 leads to abnormal polar blebbing during cytokinesis due to the
detachment of the cortical actomyosin network from the plasma membrane. Localization
of CLICI and CLIC4 to polar membrane blebs further underscores their importance in

regulating bleb dynamics [62].

3.3.2.1. The Hierarchical Assembly of CLIC4 and Cortical Proteins
at Membrane Blebs

To investigate the temporal dynamics of CLIC4 relative to key bleb-associated

proteins, including actin, ezrin, and myosin light chain (MLC), live-cell imaging was
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performed using Zeiss lattice light-sheet microscopy (LLSM). This technique provides
high spatiotemporal resolution with minimal phototoxicity, making it ideal for imaging
dynamic processes like blebbing during cytokinesis [108]. HeLa S3 cells co-expressing
CLIC4-GFP and RFP-tagged marker proteins were imaged during cytokinesis, and

kymographs were generated to analyze protein arrival times at the plasma membrane.

In cells expressing Lifeact-RFP (an actin marker) and CLIC4-GFP, membrane
blebs at the polar cortex were visualized during cytokinesis (Figure 29A). Kymograph
analysis of 52 blebs from eight cells revealed that actin assembles at the bleb rim
approximately 5 seconds before CLIC4 (Figures 29C and D). Representative images
showed that actin primarily localized to the bleb rim during the expansion phase, with
CLIC4 gradually enriching in a similar pattern (Figure 29B). These findings suggest that

both actin and CLIC4 contribute to the expansion phase by stabilizing the bleb membrane.

Ezrin, a membrane-cytoskeleton linker protein, plays a critical role in regulating the
bleb life cycle. Imaging of HelLa S3 cells co-expressing ezrin-RFP and CLIC4-GFP
revealed colocalization of the two proteins at the cleavage furrow and polar membrane
blebs during cytokinesis (Figure 30A). Kymograph analysis of 32 blebs from six cells
demonstrated that enrichment of CLIC4 at the plasma membrane precedes ezrin’s
localization (Figure 30D). Time-lapse microscopy showed that ezrin initially localizes at
the bleb neck during initiation and then progressively redistributes along the bleb rim. Its
intensity increases from the neck to the apex of the bleb during expansion (Figure 30B).
These observations suggest that CLIC4 supports membrane stabilization early in the bleb

life cycle, while ezrin contributes to later stages of expansion (Figure 30C).
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Figure 29. Actin is assembled before the localization of CLIC4 on the
membrane bleb.

A. The representative images of LifeAct-RFP (magenta) and CLIC4-GFP (green)
expressing cell during cytokinesis. Lattice light-sheet microscopy was used to acquire a
single plane time-series at 0.4 second intervals. Scale bar, 10 pm. B. Time-lapse of
individual bleb life cycle to visualize the appearance of F-actin and CLIC4. White arrows
indicate the first observed frame with membrane localization of each protein. Scale bar,
1 um. C. Kymographs depicting the dynamic localization of F-actin and CLIC4 over time.
The horizontal axis represents bleb initiation, expansion, and retraction phases. The
vertical axis represents time. Black arrows indicate the time point when each protein
localizes to the membrane bleb. D. Quantitative analysis of CLIC4’s arrival time relative
to F-actin in 8 cytokinetic cells and 52 individual polar blebs. Data are presented as mean

+ SD (error bars).
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Figure 30. Ezrin is recruited to the bleb cortex after CLIC4’s binding on the
membrane.

A. The representative images of CLIC4-GFP (green) and ezrin-RFP (magenta) expressing
cell during cytokinesis. Lattice light-sheet microscopy was used to acquire a single plane
time-series at 0.4 second intervals. Scale bar, 10 um. B. Time-lapse of individual bleb life
cycle to visualize the appearance of CLIC4 and ezrin. White arrows indicate the first
observed frame with membrane localization of each protein. Scale bar, 1 um. C.
Kymographs depicting the dynamic localization of CLIC4 and ezrin over time. The
horizontal axis represents bleb initiation, expansion, and retraction phases. The vertical
axis represents time. Black arrows indicate the time point when each protein localizes to

the membrane bleb. D. Quantitative analysis of ezrin’s arrival time relative to CLIC4 in
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6 cytokinetic cells and 32 individual polar blebs. Data are presented as mean £+ SD (error

bars).

Myosin, an actin-binding motor protein, generates the contractility necessary for
bleb retraction [109]. Imaging of HeLa S3 cells co-expressing CLIC4-GFP and MLC2-
RFP revealed that myosin localizes to polar blebs during cytokinesis (Figure 31A) , but
its recruitment occurs significantly later than CLIC4 (Figure 31B). Analysis of 30 blebs
from six cells showed that myosin is recruited approximately 12 seconds after CLIC4
localization (Figure 31D). Time-lapse images illustrated increasing myosin intensity
during retraction, indicating its essential role in bleb shrinkage and closure (Figure 31B).

Kymograph analysis confirmed that while CLIC4 localizes during the expansion phase,

myosin recruitment is restricted to the retraction phase (Figure 31C).
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Figure 31. Myosin localizes on the bleb rim during the retraction after the

accumulation of CLICA4.
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A. The representative images of CLIC4-GFP (green) and MLC2-RFP (magenta)
expressing cell during cytokinesis. Lattice light-sheet microscopy was used to acquire a
single plane time-series at 0.4 second intervals. Scale bar, 10 um. B. Time-lapse of
individual bleb life cycle to visualize the appearance of CLIC4 and myosin. White arrows
indicate the first observed frame with membrane localization of each protein. Scale bar,
1 um. C. Kymographs depicting the dynamic localization of CLIC4 and myosin over
time. The horizontal axis represents bleb initiation, expansion, and retraction phases. The
vertical axis represents time. Black arrows indicate the time point when each protein
localizes to the membrane bleb. D. Quantitative analysis of myosin’s arrival time relative
to CLIC4 in 6 cytokinetic cells and 30 individual polar blebs. Data are presented as mean

+ SD (error bars).

3.3.2.2. The Regulation of Bleb Size During Cytokinesis

The size of membrane blebs is tightly regulated to maintain cellular integrity and
stability during cytokinesis [77]. The maximum size of the blebs which is the largest area
that bleb expand is depending on the duration time of expansion phase [79]. Therefore,
bleb dynamics were analyzed in terms of total lifespan, expansion, and retraction times
in HeLLa S3 cells co-expressing CLIC4-GFP and RFP-tagged marker proteins. Across
three cell lines, the average bleb lifespan was approximately 50 seconds. The expansion
times were measured from bleb initiation to the point of maximum size and interestingly,
cells co-expressing CLIC4-GFP and ezrin-RFP exhibited longer expansion times
compared to other cell lines, while retraction times were shortest in these cells. (Figure

32).
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To explore the effect of protein arrival timing on bleb size, the maximum bleb area
was analyzed relative to the timing of protein assembly to the membrane bleb. In CLIC4-
GFP Lifeact-RFP cells, actin consistently arrived at the bleb rim before the bleb reached
its maximum size, but no correlation was found between actin arrival time and bleb size
(Figure 33). Similarly, in CLIC4-GFP ezrin-RFP cells, ezrin arrival occurred either
simultaneously with or after the bleb reached its maximum size, with no significant
impact on bleb dimensions (Figure 34). In contrast, CLIC4-GFP MLC2-RFP cells
showed a clear correlation between myosin arrival timing and bleb size: delayed myosin
recruitment led to larger blebs (Figure 35), consistent with previous reports linking

myosin activation to bleb size regulation [110].
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Figure 32. Time of blebs’ total duration, expansion and retraction phases were
measured from CLIC4-GFP expressing LifeAct-RFP/Ezrin-RFP/MLC2-
RFP cells.

CLIC4-GFP; LifeAct-RFP n= 25 cells, Ezrin-RFP n=25 cells, MLC2-RFP cells n=26
cells. The statistical significance was determined using a one-way ANOVA Tukey’s

multiple comparison (ns: non-significant, *P<0.05; ****P<0.0001).
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Figure 33. Maximum bleb size is not correlated with time of actin arrival
compared to CLIC4 arrival (t=0).

CLIC4-GFP; LifeAct-RFP n= 52 cells, Pearson correlation was performed. Bleb size

indicates maximum dimension reached by the bleb during its expansion phase.
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Figure 34. Maximum bleb size is not correlated with time of ezrin arrival
compared to CLIC4 arrival (t=0).

CLIC4-GFP; ezrin-RFP n= 32 cells, Pearson correlation was performed. Bleb size

indicates maximum dimension reached by the bleb during its expansion phase.
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Figure 35. Maximum bleb size has positive correlation with time of myosin
arrival compared to CLIC4 arrival (t=0).

CLIC4-GFP; MLC2-RFP n= 32 cells, Pearson correlation was performed. Bleb size

indicates maximum dimension reached by the bleb during its expansion phase.

3.3.2.3. Insights into CLIC4’s Role in Bleb Dynamics

Live-cell lattice light-sheet microscopy revealed a hierarchical order of protein
recruitment to polar membrane blebs during cytokinesis, with actin assembling first,
followed by CLIC4, ezrin, and finally myosin (Figure 36A). This sequential localization
highlights distinct roles for each protein in different phases of the bleb life cycle. During
expansion, actin, CLIC4, and ezrin stabilize the membrane and support bleb growth,

while myosin drives contraction during the retraction phase (Figure 36B).

Our findings indicate that while CLIC4, actin, and ezrin influence the expansion
phase of membrane blebs, their arrival times have minimal impact on bleb size. In
contrast, delayed recruitment of myosin leads to increased bleb dimensions, underscoring

its critical role in regulating the retraction phase and maintaining bleb size. These
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observations provide new insights into the dynamic interplay between cortical proteins

and CLIC4 during cytokinesis.
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Figure 36. The relative arrival times of actin, ezrin, and myosin at the
membrane bleb compared to CLIC4.

A. Graphical Analysis of protein arrival time compared to CLIC4 (t = 0 s) are presented.
Error bars represent the standard error of the mean (SEM). Asterisks denote statistically
significant differences in arrival times between the proteins (One-way ANOVA,
**#%p<0.001). B. A model describing the bleb life cycle including the bleb initiation,
expansion, and retraction. Disruption of the actin cortex initiates blebbing, followed by
actin polymerization within the protrusion. CLIC4 localizes to the expanding membrane,
followed by ezrin recruitment to the bleb cortex. Subsequently, increased actin filament
assembly and myosin recruitment to the membrane bleb generate contractility, leading to

bleb retraction.

3.3.3. Investigating the Role of CLIC proteins in Cytoskeletal
Regulation during cytokinesis

3.3.3.1. CLIC4 and Its Interactions with Anillin and Ezrin

CLICA4 plays a critical role in cytokinesis through interactions with key cytoskeletal
proteins such as anillin and ezrin. Notably, the absence of CLIC1 and CLIC4 results in
reduced phosphorylated ERM (pERM) localization at the cleavage furrow [62]. To
further investigate these interactions, siRNA treatments targeting anillin and ezrin were

performed. Interestingly, anillin depletion did not affect the localization of CLIC4 to the
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cleavage furrow during cytokinesis (Figure 37). Similarly, siEzrin-treated cells showed
no differences in CLIC4 localization compared to controls (Figure 38). These results
indicate that CLIC4 localization to the cleavage furrow occurs independently of both
anillin and ezrin. However, the decreased pERM levels observed in CLIC4KO cells
highlight the role of CLIC4 in regulating pERM localization at the cleavage furrow
(Figure 39).
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Figure 37. Anillin depletion with siRNA treatment does not affect CLIC4
localization at cleavage furrow.

A. The anillin depletion with siRNA were confirmed using Western Blot. B.
Representative images of siControl and siAnillin treated cells during cytokinesis stained
with CLIC4 antibody (green), anillin antibody (red) and Hoechst for DNA (blue). CLIC4
intensities were measured from 3 different ROI’s at cleavage furrow and cytosol, then
average CLIC4 intensities form cleavage furrow and cytosol ratio was calculated to show
the cleavage furrow enrichment. Scale bar: 10 um. C. The graph of CLIC4 intensity ratio
at cleavage furrow to cytosol. Student t-test was performed. Error bars show the s.d. ns,

not significant.
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Figure 38. Depletion of ezrin with siRNA treatment does not affect the
localization of CLIC4 at the cleavage furrow.

A. The ezrin depletion with siRNA was confirmed using Western Blot. B. Representative
images of siControl and siEzrin treated cells during cytokinesis stained with CLIC4
antibody (green), ezrin antibody (red) and Hoechst for DNA (blue). CLIC4 intensities
were measured from 3 different ROI’s at cleavage furrow and cytosol, then average
CLIC4 intensities form cleavage furrow and cytosol ratio was calculated to show the
cleavage furrow enrichment. Scale bar: 10 um. C. The graph of CLIC4 intensity ratio at
cleavage furrow to cytosol. Student t-test was performed. Error bars show the s.d. ns, not

significant.
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Figure 39. pERM intensity at the cleavage furrow were reduced in CLIC4KO
cells.

Representative images of SgNT (non-targeted guide RNA) and CLIC4KO (sglc32 line)
cells during cytokinesis. CLIC4 intensities were estimated from cleavage furrow and
cytosol, then ratio was calculated to show the cleavage furrow enrichment. Error bars

show the s.d. ns, not significant; **P<0.01. Scale bar: 10 um.
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3.3.3.2. Profilin-1 and mDia2 Dynamics in CLIC1/4-Deficient Cells

Profilin-1, a G-actin-binding protein, promotes ATP-actin dimer formation and
facilitates F-actin polymerization and elongation through interactions with formins,
including mDia2 [13]. Among the formin family, mDia2 is critical for actomyosin ring
formation and cytokinesis [111]. CLIC4 interacts directly with profilin-1 as part of the
RhoA-mDia2 signaling pathway, which assembles the cortical actin network during cell

division [71].

To investigate profilin-1 and mDia2 regulation in the absence of CLIC1 and CLIC4,
control and CLIC1/4 double knockout (DKO) cells were synchronized at interphase,
mitosis, and cytokinesis. Western blot analysis revealed no significant differences in the
protein levels of profilin-1 or mDia2 between control and CLIC1/4 DKO cells across all
cell cycle stages. Immunofluorescence staining of profilin-1 and mDia2 at the single-cell
level similarly showed no differences in their localization patterns between control and
CLIC1/CLIC4-deficient cells. These findings suggest that the absence of CLIC1 and
CLIC4 does not directly influence profilin-1 or mDia2 protein levels or localization

during cell division.
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Figure 40. Western blot analysis was performed to examine the expression
levels of Profilin-1 and Dia2 proteins in control and CLIC1/4 DKO cells in
during cell division.
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Western membranes were blotted with antibodies against Profilin-1 (A), Dia2 (B), and
Tubulin. Tubulin was used as a loading control. Signal quantification was conducted
using Image Lab software (Bio-Rad). "Ctrl" represents the control group, while "c2" and

"c9" correspond to two separate non-CLIC colonies. INT: Interphase, MIT: Mitosis,
CYT: Cytokinesis.

Profilin-1 Actin

Control

CLIC1/4 DKO
c2

c9

Figure 41. Localization of endogenous Profilin-1 in CLIC1/4 DKO and control
cells during cytokinesis.

Fixed HelLa S3 cells in the cytokinesis phase were stained with Profilin-1 antibody

(green), Phalloidin-555 (red), and Hoechst (blue). Scale bar: 10 um.
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Figure 42. Localization of endogenous Dia2 in CLIC1/4 DKO and control cells
during cytokinesis.
TCA-fixed HeLLa S3 cells were stained with Dia2 antibody (green), tubulin antibody (red),
and Hoechst (blue). Scale bar: 10 um.

3.3.3.3. Non-Muscle Myosin II Dynamics in CLIC1/4-Deficient Cells

Non-muscle myosin II (NMII) is essential for contractile ring formation and
constriction at the cleavage furrow during cytokinesis [14, 112]. Phosphorylation of the
regulatory light chain (MLC) at Serine 19 facilitates NMII interaction with actin,
initiating actomyosin complex formation and contraction, while dual phosphorylation at

Serine 19 and Threonine 18 enhances myosin filament assembly [87]. Given CLIC4’s
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role in the cortical actin network [71], the phosphorylation state and protein levels of

NMII were analyzed in CLIC1/4-deficient cells.

Western blot analysis of synchronized CLIC1/4 DKO cells at interphase, mitosis,
and cytokinesis revealed no differences in total myosin IIB levels compared to controls.
Similarly, phospho-myosin (S19) levels followed a comparable pattern in both groups,
with low expression at interphase, an increase during mitosis, and a decrease during
cytokinesis. Immunofluorescence staining of di-phosphorylated myosin (T18/S19)
confirmed its localization at the centrosomes and cleavage furrow but showed no
differences in localization between control and CLIC1/4 DKO cells. Quantification of
phospho-myosin (S19) signal at the cleavage furrow further corroborated these findings,
with no significant differences detected between the two groups. These results indicate
that the absence of CLIC1 and CLIC4 does not significantly affect NMII protein levels,

phosphorylation states, or localization during cytokinesis.

CLIC1/4 DKO

B CLIC1/4 DKO
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Figure 43. Western blot analysis of myosin IIb and p-myosin levels in control
and CLIC1/4 DKO cells across different cell cycle phases.

Western blot membranes were probed with antibodies against myosin IIb (A), p-myosin
(S19) (B) and tubulin, with tubulin used as a loading control. Int: Interphase, Mit: Mitosis,
Cyt: Cytokinesis.
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Figure 44. Comparison of phospho-MLCII (S19) levels in CLIC1/4 DKO and
control cells during cytokinesis.

A. Fixed CLIC1/4 DKO and control HeLLa S3 cells in the cytokinesis were stained with
phospho-MLCII (S19) antibody (green), Phalloidin-555 (red), and Hoechst (blue). Scale
bar: 10 um. B. Normalized phosphorylation signal was calculated by comparing the
average signal intensity at selected cleavage furrow regions (CF1 and CF2) to the
background signal from equivalent-sized regions within the cell (B1 and B2). Bars
represent the mean normalized signal with standard deviation across cells. Statistical

analysis was performed using one-way ANOVA.
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Figure 45. Phospho-MLCII (T18/S19) localization in CLIC1/4 DKO and
control cells during cytokinesis.

Fixed CLIC1/4 DKO and control HeLLa S3 cells in the cytokinesis were stained with
phospho-MLCII (T18/S19) antibody (green), tubulin antibody (red), and Hoechst (blue).
Scale bars: 10 um.

3.3.3.4. Integrin Dynamics in CLIC1/4-Deficient Cells

Integrins are crucial for substrate adhesion, spindle orientation, and daughter cell
separation during mitosis and cytokinesis. Mitotic-specific adhesion sites enriched in B1-
and avfB5-integrins provide stability and positional memory, supporting proper spindle
orientation and accurate cell division even in the absence of classical adhesion
components like talin and actin. Substrate stiffness further influences integrin assembly
and maturation, linking extracellular matrix rigidity to successful mitotic progression

[113].

Control and CLIC1/4 DKO cells were imaged during interphase, mitosis, and
cytokinesis to examine integrin dynamics during cell division. No differences in integrin

localization patterns were observed between the two groups, suggesting that the absence
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of CLIC1 and CLIC4 does not impact integrin-mediated adhesion or dynamics during the

cell cycle.
DNA Integrinp1 Microtubules Merge

Control
MIT INT

CYTO

INT CYTO INT

DKO c9
MIT

CYTO

CYTO

DKO c2
MIT




Chapter 3: The Investigation of Molecular Function and Dynamics of
CLIC4 During Cell Division 83

Figure 46. Integrin localization in control and CLIC1/4 DKO cells in
interphase, mitosis and cytokinesis.

Fixed CLIC1/4 DKO and control HeLa S3 cells in the interphase, mitosis and cytokinesis
were stained with Integrin beta-1 antibody (green), tubulin antibody (red), and Hoechst

(blue). Scale bars: 10 pm.
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3.4. DISCUSSION AND CONCLUSION

This study provides an extensive characterization of CLIC4 protein during cell
division. It highlights its critical role in the regulation of membrane dynamics and

cytoskeletal stability during cell division.

In this study, we demonstrated that CLIC4 localizes to the plasma membrane during
mitosis in palmitoylation-dependent manner. While earlier proteomics studies identified
CLIC4 within mammalian palmitoylomes [50, 114-116], there was no validation
experiments for CLIC4 and the absence of predicted palmitoylation sites left it unclear
whether CLIC4 undergoes direct or indirect palmitoylation [117]. Our results address this
uncertainty, showing that inhibiting palmitoylation significantly diminishes CLIC4's
surface localization during mitosis. Despite the significant reduction, CLIC4 does not
completely disappear from the membrane when the palmitoylation is inhibited. This
indicates that the palmitoylation is not the only mechanism for membrane localization of
CLIC4. Moreover, a study identified six conserved residues in CLIC4, including Cys35
and Phe37, which align with key enzymatic and glutathione-binding sites in GST-omega
1 [3]. Mutating these residues disrupts CLIC4’s response to RhoA activation, preventing
its membrane association, indicating that factors beyond palmitoylation contribute to its
plasma membrane localization. Additionally, click chemistry experiments using 17-
ODYA labeling confirmed that CLIC4 undergoes palmitoylation during mitosis.
However, it remains unclear whether palmitoylation directly affects CLIC4’s function in
cell division, as our study primarily highlights its impact on localization. Further
investigations are necessary to determine whether CLIC4’s role in cytokinesis depends

on this modification.

The specific cysteine residue involved in CLIC4 palmitoylation remains unknown,
though previous studies suggest that Cys35 is crucial for its plasma membrane
localization upon RhoA activation [3]. Consistent with this, we observed that the C35A
mutant failed to translocate to the membrane in our previous study [62], making it a strong
candidate for further investigation. Additionally, identifying the ZDHHC

palmitoyltransferase responsible for CLIC4’s palmitoylation will be critical to fully
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understanding the upstream regulation of this process. These findings set the stage for
future research to elucidate how dynamic lipid modifications influence CLIC4’s

localization and function, providing a broader understanding of its role in cytokinesis.

The ability of CLIC proteins, including CLIC4, to associate with lipid bilayers or
plasma membrane lipids can be inferred from previous studies. Surface plasmon
resonance (SPR) experiments have shown that human and invertebrate CLIC proteins,
such as CLIC1, CLIC4, Exc-4, and DmCLIC, bind to artificial lipid bilayers in a
concentration-dependent manner [58, 118]. This membrane association is enhanced under
acidic pH and oxidizing conditions, which are known to induce structural transitions in
CLIC1, including the exposure of hydrophobic regions [60, 63]. Although CLIC4 lacks
the disulfide bond-forming residues that mediate these changes in CLIC1, it is plausible
that CLIC4 undergoes a distinct conformational adjustment that facilitates its lipid-
binding ability. Our findings suggest that CLIC4 is associated with specific lipids,
including phosphoinositols, in the plasma membrane. The observed colocalization of
CLIC4 with PI(4,5)P; at the cleavage furrow, along with its immunoprecipitation with
PI(3,5)P2 and PI1(4,5)P>, further supports its lipid-binding capability. The acidic head
groups of phosphoinositols might interact with hydrophobic or positively charged regions
on CLIC4 that become exposed under specific cellular conditions, such as during
oxidative stress or at low pH. This interaction could stabilize CLIC4 at the plasma

membrane during cytokinesis, where lipid composition is dynamically regulated.

Lipids are not merely structural components of membranes but also play active
roles in signaling and membrane dynamics during cell division [119]. Phosphoinositides,
such as PI(3,5)P2 and P1(4,5)P2, are particularly critical for coordinating actin dynamics,
membrane curvature, and the recruitment of cytoskeletal regulators to specific membrane
domains [94]. CLIC4’s interaction with these phosphoinositides suggests that it may act
as a lipid adaptor, integrating lipid signaling with cytoskeletal regulation at the cleavage
furrow. This role is further supported by its palmitoylation, a lipid modification that
enhances its membrane association, indicating a potential synergy between direct lipid
binding and lipid modifications in regulating its localization and function. This dual
mechanism aligns with the behavior of other cell division proteins, such as Rho GTPases

and ERM family members, which rely on lipid modifications or lipid-binding domains
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for membrane targeting and activity [114, 120, 121] . Together, these findings highlight
the importance of lipids in regulating CLIC4’s function and suggest that its ability to
integrate lipid signaling with cytoskeletal dynamics is critical for maintaining membrane

integrity and cortical stability during cytokinesis.

CLIC4 and ezrin appear to coordinate their roles in regulating membrane-cortex
dynamics during cytokinesis and bleb life cycle. In our previous study, ezrin was
identified as interaction partner of CLIC4 [62]. Notably, the depletion of CLIC4 was
found to reduce ezrin phosphorylation at the cleavage furrow, highlighting CLIC4's role
in promoting ezrin activation during cytokinesis. Both CLIC4 and ezrin localize to
cortical blebs during the retraction phase, suggesting a functional partnership in
maintaining cortical tension. CLIC4 may facilitate ezrin recruitment and stabilization at
the cortex, while ezrin’s actin-membrane bridging activity could, in turn, enhance
CLIC4’s association with dynamically remodeling regions. In the absence of CLIC1 and
CLIC4, abnormal blebbing is observed at the polar cortex during cell division, likely due
to disrupted CLIC4-ezrin interactions leading to cortical instability. To better understand
this phenomenon, further investigation is needed to analyze the characteristics of these
abnormal blebs and determine whether there is a delay in ezrin or myosin recruitment.
Additionally, clarifying whether CLIC4 directly regulates ezrin phosphorylation or acts
through upstream pathways such as RhoA signaling will provide deeper insights into their

role in cytokinesis and membrane-cortex dynamics.

Collectively, our study demonstrates that CLIC4 interacts with phosphoinositols,
including PI(3,5)P> and PI(4,5)P2, and localizes to the plasma membrane during mitosis
in a palmitoylation-dependent manner (Figure 47). Live-cell imaging revealed CLIC4’s
sequential recruitment to membrane blebs, contributing to the stabilization of the
expansion phase in coordination with actin and ezrin. Although the absence of CLIC1
and CLIC4 does not affect the localization or levels of key cytoskeletal regulators such
as myosin II, mDia2, or profilin-1, the observed reduction in phosphorylated ERM
proteins at the cleavage furrow highlights a unique role for CLIC proteins in regulating
cortical dynamics via ezrin activation. These insights not only expand our understanding
of CLIC4’s contribution to cell division but also highlight its potential as a critical player

in maintaining membrane integrity and cortical stability during dynamic cellular
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processes. Future studies investigating the upstream regulation of CLIC4 localization and
its interactions with other membrane-associated proteins will further illuminate its

biological significance in cell division and beyond.
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Figure 47. The proposed mechanisms for CLIC4’s membrane localization
during mitosis. (BioRender.com)
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