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ABSTRACT

Protein interactions are fundamental to cellular signaling and regulatory pathways, driving
diverse biological processes. This thesis investigates the potential interaction between protein
kinase D3 (PKD3) and ARHGAPI11A (MP-GAP) using an epitope tag-based co-
immunoprecipitation approach. PKD3, a member of the protein kinase D family, is implicated in
cell cycle regulation, cytokinesis, and cancer progression, while MP-GAP is a critical Rho
GTPase-activating protein involved in cytokinesis. Given their roles, this study hypothesizes a
functional relationship between PKD3 and MP-GAP in regulating cytokinesis via RhoA activity

modulation.

To explore this interaction, a system was developed for the expression and detection of epitope-
tagged PKD3 and MP-GAP in mammalian cells. Optimized protocols for cloning, protein
expression, and immunoprecipitation were established. Despite validation of constructs and
experimental conditions, co-immunoprecipitation experiments failed to confirm a direct
interaction. Challenges such as low expression levels, nonspecific antibody binding, and

potential transient or weak interactions were addressed.

These findings highlight the challenges inherent in studying transient or weak protein
interactions, emphasizing the importance of leveraging complementary methods such as cross-
linking or mass spectrometry to overcome experimental limitations. While no direct interaction
was observed, this research provides insights into the complexities of PKD3’s regulatory
functions in cytokinesis. It sets the stage for future studies aimed at unraveling its broader role in

cell cycle regulation and its potential as a therapeutic target in cancer biology.
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GENERAL SUMMARY

Proteins are the building blocks of life, working together to control essential processes like cell
division, communication, and growth. This study focuses on two proteins, protein kinase D3
(PKD3) and ARHGAP11A (MP-GAP), and investigates whether they interact during
cytokinesis—the final stage of cell division. PKD3 is important for regulating the cell cycle and
is associated with cancer, while MP-GAP helps manage another protein, RhoA, which plays a

key role in cytokinesis.

To explore their potential connection, a series of experiments were conducted using techniques
designed to detect interactions between proteins. Although the experiments did not confirm a
direct interaction, this could be due to challenges like low protein levels or interactions that

happen too quickly to capture.

This research highlights the complexity of studying proteins and suggests that advanced tools
could uncover more about these proteins’ roles. Understanding how they work could eventually

lead to finding more cancer treatment options.
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Chapter I- Introduction

1.1 Cellular Signaling and Protein Interactions

Proteins are key to signaling processes coordinating the cellular functions of living organisms.
Signal transduction involves protein-mediated processes that can be represented, for example, by
cell surface receptors that are activated by the binding of ligands, thereby transmitting signals to
effector proteins through second messengers, ultimately leading to a specific cellular response.
Within this framework, proteins carry out distinct roles, including catalyzers, modulators, and
sensors. Catalyzers, such as enzymes like kinases, transmit signals by catalyzing specific post-
translational modifications on target proteins. Conversely, modulators like phosphatases regulate
signal intensity by removing these modifications. Sensors, on the other hand, recognize and
respond to these modifications. They facilitate protein-protein interactions or directly bind to

specific molecules, thereby modulating signal transduction pathways.

These proteins operate on short amino acid sequences, called motifs, encoding cellular signals.
Through their coordinated action, cells efficiently transduce external cues and ensure accurate
signal transduction. Protein level, localization, activity, and interaction variations are crucial for
precise signal transduction. They enable cells to respond to diverse cues and adjust their

responses' sensitivity, duration, and dynamics. !



1.2 Protein Kinases as Key Regulators in Cellular Signaling

Protein phosphorylation is a reversible process carried out by protein kinases which involves
adding a phosphate group to the polar group R of different amino acids. This process plays a
crucial regulatory role in several cellular functions, including protein synthesis, cell division,

signal transduction, growth, development, and aging. >

Protein kinases catalyze the transfer of the y-phosphate group from Adenosine Triphosphate (or
occasionally Guanosine Triphosphate) to specific amino acid residues on their target

proteins. The most common phosphorylation sites in eukaryotic cells are serine, threonine, and
tyrosine residues, although histidine can also be phosphorylated. The addition of a phosphate
group can significantly alter the protein's function by inducing conformational changes or by
creating or disrupting protein-protein interaction surfaces. These modifications can activate or
deactivate enzymes, modulate protein-protein interactions, alter subcellular localization, or mark
proteins for degradation.’ The versatility of phosphorylation as a regulatory mechanism is
evident in the fact that approximately 30% of cellular proteins are phosphorylated by kinases,

despite kinase genes constituting only about 2% of eukaryotic genomes. *

1.3 DAG Signalling and Protein Kinase C

Diacylglycerol (DAG), a lipid second messenger, serves as a key mediator in transducing
extracellular signals to intracellular effectors, thereby regulating many physiological functions.
The DAG pathway is initiated by activating cell surface receptors, such as G protein-coupled
receptors (GPCRs) or receptor tyrosine kinases (RTKSs), in response to extracellular stimuli such

as hormones, growth factors, or neurotransmitters. Upon receptor activation, phospholipase C



(PLC) is activated ° and catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,)
into two secondary messengers: inositol 1,4,5-trisphosphate (IP3) and DAG °. It is of particular
interest that DAG serves as a critical signaling molecule, exerting its effects through various
downstream effectors. One of the primary targets of DAG is the Protein Kinase C (PKC) family®,
a group of serine/threonine (Ser/Thr) kinases. Activated PKC modulates the activity of numerous
intracellular proteins, including enzymes, ion channels, and transcription factors, thereby
regulating a variety of cellular processes such as cell proliferation, differentiation, apoptosis, and

metabolism .

The discovery of PKC in the 1970s by Yasutomi Nishizuka and colleagues, was a landmark
achievement in understanding cellular signaling mechanisms, especially by Ser/Thr kinases.
PKCs were identified as a novel class of protein kinases activated by calcium ions and DAG 7,
distinguishing them from previously known kinases such as Protein Kinase A (PKA)® .PKC
isoforms are classified according to their structural and activation properties. There are nine PKC
genes that code for different PKC isoforms that are grouped into three categories: classical or
conventional PKCs (cPKCs; PKCa, PKCBI, PKCBII, and PKCy) are calcium-dependent and
activated by both phosphatidylserine (PS) and DAG; novel PKCs (nPKCs; PKCd, PKCe, PKCn,
and PKCO) which are calcium-independent and regulated by DAG and PS; and atypical PKCs
(aPKCs; PKCE and PKCA) are calcium-independent and activated without DAG, though PS can
modulate their activity. * Figure 1 provides a detailed schematic overview of the PKC family,

highlighting each individual structural component and its organization within the protein family.
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Figure 1. Structural organization of PKC isoforms.

Conventional PKCs are characterized by a regulatory domain containing a C2 domain (involved
in calcium and phospholipid binding) and two C1 domains (Cla and C1b) that bind
diacylglycerol (DAG), phorbol esters, and proteins. The catalytic domain consists of the C3 and
C4 regions, responsible for ATP and substrate binding. Novel PKCs lack the C2 domain, making
them calcium-independent, but still possess the C1 domains and a similar catalytic domain.
Atypical PKCs are distinct in lacking the conventional C1 and C2 domains, instead having a PB1
domain and a C1-like domain that does not bind DAG or phorbol esters. Despite structural
differences, all PKCs share the common C3 and C4 catalytic regions required for kinase activity.
Activation requirements vary across classes: cPKCs require calcium, DAG, and
phosphatidylserine (PS), nPKCs require DAG and PS but are calcium-independent, and aPKCs
are activated independently of calcium and DAG, although PS can modulate their activity.

(Adapted from: He, S.; Li, Q.; Huang, Q.;Cheng, J. Targeting Protein Kinase C for Cancer Therapy.
Cancers 2022, 14,1104. https://doi.org/10.3390/cancers14051104 . Reproduced under Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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In addition to PKCs, five other distinct DAG receptors have been identified in cells: protein
kinase D family, Chimaerins that belong to Rac GTPase-activating proteins (RacGAPs) family,
Ras guanyl nucleotide-releasing proteins (RasGRP), Mammalian Uncoordinated-13 (MUNC13)
scaffolding proteins, and Diacylglycerol kinase (DAGK) family. While the PKD family plays a
crucial role in transducing DAG-mediated signals into cellular responses, Chimaerins regulate
the activity of small GTPases, thereby influencing cytoskeletal dynamics and cell migration.'%!?
RasGRP acts as a crucial modulator of Ras and Rap1 signaling pathways, controlling cell
proliferation and differentiation.!>!* MUNC13 scaffolding proteins are indispensable for the
organization of signaling complexes involved in synaptic vesicle priming. '° Lastly, DAG
kinases regulate DAG levels by converting DAG into phosphatidic acid, thus modulating lipid
signaling and membrane dynamics.'® Similarly, all these molecules contain C1 domains, which

facilitate their interaction with DAG and regulate downstream signaling events in a

phospholipid-dependent manner analogous to that observed with PKCs.

The PKC-PKD signaling axis significantly amplifies DAG-initiated signaling by facilitating
PKD-mediated phosphorylation of diverse substrates, which allows for a broader range of
cellular responses. Additionally, activated PKD is capable of translocating to various cellular
compartments, including the nucleus, the Golgi apparatus, and mitochondria. !7 This extends the
influence of DAG signaling. The activation of PKD can persist longer than the initial DAG

stimulus, providing a mechanism for sustained signaling responses. '3

1.4 Protein Kinase D Family

1.4.1 A Brief Overview of Protein Kinase D Discovery



The story of protein kinase D discovery begins with the discovery of the first family member,

protein kinase D1 (PKD1), in 1994, when Johannes et al. screened a mouse cDNA library for

PKC-related kinases followed by the subsequent characterization of PKD3 in 1999 , and PKD2
in 2001."%2! PKD family members were initially classified as a new members of the PKCs, due
to their high structural similarity. This structural resemblance, coupled with the presence of a
DAG-binding C1 domain, led to the preliminary classification of PKD1 as an atypical PKC,
designated as PKCp for human PKD1 and PKCv for PKD3. However, further investigation
revealed substantial structural homology between PKD's catalytic domain and the
Ca2+/calmodulin-dependent protein kinases (CAMKSs), which consequently lead to a re-

classification of PKD into the CAMK group.?

The extent of research and understanding varies significantly among the different PKD
isoforms. PKD3 remains relatively less studied when compared to PKD1 and PKD2. Most of the
available literature and experimental data concentrate on PKD1, providing more detailed insights
into its activation mechanisms and regulatory pathways. This disparity in research attention has
resulted in significant gaps in our understanding of PKD3, particularly concerning its specific
functions and regulatory controls. In the following sections of this introduction, the term “PKD”
will primarily refer to PKD1, given the abundance of information available about this isoform.
By reference to the well-documented characteristics of PKDI, the aim is to highlight the current
knowledge landscape and emphasize the need for further investigation into PKD3. This
comparative approach will help elucidate the unique and potentially critical roles that PKD3 may

play in cellular signaling and regulation.



1.4.2 Isoform Structural Insights

The PKD family, comprising the PKD1, PKD2, and PKD3 isoforms, exhibits high conservation
across evolutionary time. Each isoform consists of 912, 878, and 890 amino acids (aa),
respectively for human PKD1, PKD2, and PKD3. PKD1 and PKD2 share a high degree of
similarity in their domain architecture, with approximately 85-90% sequence identity and
conserved structural elements (as shown in Figure 2). This includes similarities in key functional
domains such as the kinase domain, regulatory motifs, and other structural features that
contribute to their homologous functions.?> The conserved structure of PKD comprises an N-
terminal regulatory region containing a C1 domain and a pleckstrin homology (PH) domain,
followed by a C-terminal catalytic domain. The C1 domain contains two cysteine-rich Zn-finger-
like motifs, Cla and C1b, which bind DAG and phorbol esters, thereby facilitating PKD’s
localization to various cellular compartments. 2* The PH domain has been demonstrated to play
an autoinhibitory role in maintaining kinase inactivity under basal conditions.?® More recent
findings have also identified a ubiquitin-like domain (ULD) shared among all three PKD
isoforms, located at the N-terminus. It is proposed that the ULD may initiate PKD dimerization
at the membrane, thereby facilitating trans-autophosphorylation and subsequent activation in
response to increased DAG levels, potentially independently of PKC. 2627 In addition to the
regulatory regions, PKD1 and PKD?2 also feature a C-terminal PDZ-binding motif, which
enables interactions with other PDZ domain-containing proteins, thereby potentially influencing
their localization and function. This motif includes autophosphorylation sites (S910 in PKD1 and
S876 in PKD?2) that can serve as markers for PKD activation status and may have further
functional roles. 2The C-terminal catalytic domain of PKD is highly conserved across all

isoforms, containing several key residues that are necessary for kinase activity. These include



autophosphorylation sites such as S738 and S742 in PKD1, S706 and S710 in PKD2, and S731
and S735 in PKD3, which are critical for the enzymatic activity and regulation of PKD. 2°A
schematic representation of the PKC family including the individual structural components is

shown in Figure 2.
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Figure 2. Domain Structure of PKD Family Members

The figure illustrates the structural organization of the three protein kinase D (PKD) isoforms in
human: PKD1, PKD2, and PKD3. Each isoform features an N-terminal regulatory domain and a
C-terminal catalytic domain. The regulatory domain includes a Ubiquitin-like Domain (ULD),
two cysteine-rich domains (Cla and C1b) involved in diacylglycerol (DAG) binding and
membrane localization, an Autoinhibitory Region (AR), and a Pleckstrin Homology (PH)
domain responsible for maintaining kinase inactivity. Other domains with less known functions
are an alanine—proline-rich region (AP) for PKD1 and a proline-rich region (P) for PKD2. The
C-terminal catalytic domain is essential for kinase activity, with specific autophosphorylation
sites indicated for each isoform (S738, S742 in PKD1; S706, S710 in PKD2; S731, S735 in
PKD3). PKDI1 and PKD?2 also have a PDZ-binding motif, facilitating protein interactions. Key
phosphorylation sites involved in activation and regulatory interactions are highlighted for each
isoform.

(Adapted from: Zhang, X.; Connelly, J.; Chao, Y.;Wang, Q.J. Multifaceted Functions of Protein Kinase
D in Pathological Processes and Human Diseases. Biomolecules 2021, 11,
483.https://doi.org/10.3390/biom11030483. Reproduced under Creative Commons Attribution (CC BY)
license (https://creativecommons.org/licenses/by/4.0/).
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1.4.3 Regulatory Mechanisms of Protein Kinase D Activity

1.4.3.1 The Canonical Activation Pathway

Upon receptor stimulation, PLCs hydrolyze PIP; to generate IP3 and DAG. IP; promotes the
release of calcium ions from the endoplasmic reticulum into the cytoplasm. DAG, along with
calcium, binds to and holds PKC on the plasma membrane, initiating both their activation. In
parallel, cytosolic PKD is recruited to the plasma membrane by DAG binding through its C1
domain. This process induces a conformational change, allowing PKC to colocalize with PKD
and transphosphorylate specific serine residues in PKD's activation loop (Ser738 for PKDI1,
Ser706 for PKD2, Ser731 for PKD3.) Following the initial phosphorylation by PKC, PKD
autophosphorylates the adjacent serine residue (Ser742 for PKDI, Ser710 for PKD2, Ser735 for
PKD3). The phosphorylation events lead to the relief of autoinhibition by the PH domain,

resulting in full activation of PKD.*°

1.4.3.2 Subcellular Activation and Physiological Function

PKD can be activated at multiple subcellular locations, each associated with distinct
physiological functions. PKD has been identified as a trans-Golgi network resident enzyme 3!,
and evidence suggests that it plays a role in regulating vesicle trafficking from the TGN to the
cell surface. At the TGN, DAG-mediated recruitment of PKD facilitates its function in the
regulation of vesicle trafficking, which is crucial for processes such as insulin secretion from
pancreatic P cells. *>* Also, in vesicle trafficking and secretion, PKD regulates Golgi function

and secretion by phosphorylating substrates like PI4KIIIb**. This is crucial for the fission of
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trans-Golgi network transport carriers. The role of PKD in regulating cargo within the Golgi
apparatus impacts cell motility, vesicle trafficking, and the recruitment of integrins to focal

adhesions.>*

Furthermore, the activation of PKD1 by growth-promoting G-protein-coupled receptor (GPCR)
agonists has been observed to stimulate mitogenic signaling pathways, particularly in fibroblasts
and cancer cells. In this context, PKD1 has been shown to enhance the duration of the mitogen-
activated protein kinase kinase/extracellular signal-regulated kinase/ribosomal S6 kinase
(MEK/ERK/RSK) pathway, thereby promoting cell cycle progression *>=7. This is achieved
through phosphorylation of Ras and Rab interactor 1 (RIN1), which facilitates Ras/Raf

interaction and ERK activation, both of which are crucial for cell proliferation.

In another example in endothelial cells, it has been demonstrated that PKD signaling plays a
pivotal role in Vascular Endothelial Growth Factor (VEGF)-induced processes, including ERK
activation, gene expression, and Deoxyribonucleic Acid (DNA) synthesis (as evidenced by
increased incorporation of [*H]thymidine, a marker of active DNA replication, confirming

enhanced cell proliferation).

These processes are essential for the development of new blood vessels, a process known as
angiogenesis. **. Furthermore, Chang et al. (2008) demonstrated that PKD phosphorylates class
IT histone deacetylases (HDACsS), causing their cytoplasmic retention and enabling the activation

of VEGF-responsive genes, thereby promoting angiogenesis.*’

Following its translocation to the plasma membrane and subsequent activation, PKD is capable
of shuttling in and out of the nucleus, thereby regulating transcription factors such as Myocyte

Enhancer Factor 2 (MEF2)*. The nuclear localization of PKD is regulated by various regions
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within its domain structure, with different isoforms exhibiting unique regulatory mechanisms.
PKD1 and PKD2 primarily exist in the cytoplasm but can translocate to the nucleus in response
to specific stimuli, such as oxidative stress. In contrast, PKD3 shuttles between the nucleus and
cytoplasm continuously. *!' In particular, oxidative stress exerts a significant influence on PKD
signaling, particularly in the context of mitochondria-to-nucleus communication. The Storz
group demonstrated that reactive oxygen species (ROS) activate PKD, thereby inducing the
expression of antioxidative genes through NF«kB activation*?. The activation of PKD at the
mitochondria is mediated by the tyrosine kinases c-Abl and Src, which phosphorylate PKD at
specific tyrosine residues, thereby creating a docking site for protein kinase C delta (PKC3). !4
This interaction leads to the phosphorylation of PKD’s activation loop by PKC9, triggering its
activation. Once activated, PKD phosphorylates IKK, which promotes the degradation of IkBa
and subsequently activates NFxB .!” In the nucleus, NFxB enhances the transcription of the
SOD?2 gene, which encodes manganese-dependent superoxide dismutase. This protein detoxifies
ROS and promotes cell survival.** A summary of PKD’s role in cellular processes is presented in

Figure 3.
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Figure 3. Subcellular Roles and Activation of PKD in Response to Cellular
Stimuli

The figure illustrates the subcellular localization, activation, and physiological functions of PKD
isoforms in response to various cellular stimuli, including angiogenic factors, growth factors,
GPCR agonists, and oxidative stress, demonstrating its broad impact on cellular physiology.
PKD is activated at multiple cellular sites, such as the plasma membrane, mitochondria, and
Golgi apparatus, depending on the stimulus. At the plasma membrane, PKD is activated by
diacylglycerol (DAG) and plays roles in signaling pathways involving MEK/ERK, NF«B, and
JNK, which regulate gene expression, cell proliferation, survival, inflammation, and
angiogenesis. PKD also translocates to the nucleus to modulate transcription factors like MEF2
and NF«B, influencing gene regulation and cellular responses to stress. In the mitochondria,
PKD activation is linked to oxidative stress response, promoting antioxidant gene expression.

(Adapted from: Zhang, X.; Connelly, J.; Chao, Y.;Wang, Q.J. Multifaceted Functions of Protein Kinase
D in Pathological Processes and Human Diseases. Biomolecules 2021, 11,
483.https://doi.org/10.3390/biom11030483. Reproduced under Creative Commons Attribution (CC BY)

license (https://creativecommons.org/licenses/by/4.0/).
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1.5 Protein Kinase D3

PKD3 displays distinctive structural characteristics that may underpin its functional distinction
when compared to PKD1 and PKD2. A noteworthy distinction, as illustrated in Figure 2, is the
absence of a C-terminal PDZ binding motif in PKD3. The C-terminal PDZ binding motif, which
is present in PKD1 and PKD?2, enables these proteins to regulate the localization and trafficking
of specific target proteins, such as Kinase D-Interacting Substrate of 220 kDa (Kidins220). This
is a crucial protein involved in neural cell surface dynamics and trafficking between the plasma
membrane and the trans-Golgi network. **Another key structural difference is the absence of an
autophosphorylation site at PKD3’s C-terminus and the presence of an alanine- and proline-rich
region at its N-terminus. In addition to these structural differences, PKD3 also displays
distinctive localization patterns in comparison to PKD1 and PKD2. While PKD1 is primarily
located within the cytosol under basal conditions *°, it redistributes to various cellular
compartments, including the Golgi apparatus, the nucleus, and mitochondria upon stimulation.
Similarly, PKD2 is predominantly localized to the cytoplasm in unstimulated cells *°. In contrast,
PKD3 displays a distinct localization pattern, being present in both the cytoplasm and nucleus
even in the absence of external stimuli #’. The differential localization of PKD3 indicates that it
is subject to unique spatial regulation within the cell in comparison to PKD1 and PKD2. This
suggests that there may be differences in the cellular functions and signaling pathways associated

with these proteins.

The research conducted thus far on PKD3 has considerably enhanced our comprehension of its
function in diverse biological processes, with a particular emphasis on its implications in cancer
progression and immune system regulation. Investigations have indicated that PKD3 plays a role

in the promotion of cancer cell proliferation, growth, migration, and invasion across a range of
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tumor types, including colorectal, gastric, hepatic, prostate, and breast cancer *. The findings
indicate that PKD3 functions as an upstream regulator of pivotal signaling pathways implicated
in cancer cell proliferation, such as the ERK1/c-MYC axis in breast cancer *°. In another study
30 also focusing on breast cancer, PKD3 has been identified as a downstream effector of
Tripartite Motif Containing 47(TRIM47) in the activation of NF-kB signaling. The results of this
research indicate that the knockdown of PKD?3 leads to a suppression of the proliferation of
breast cancer cells, which suggests that PKD3 has growth-promoting effects. Furthermore, the
reduction in PKD3 expression results in a decrease in the phosphorylation of IKK-a and IKK-f,
which suggests that PKD3 plays a role in the activation of NF-kB signaling in breast cancer
cells. This signaling pathway is essential for cell survival and proliferation, and its activation by
TRIM47 through the stabilization of PKD3 contributes to the resistance of breast cancer cells to

endocrine therapies. >°

The studies conducted in our group, which employed mouse embryonic fibroblast (MEF) cells
depleted of PKD3, identified PKD3 as a modulator of microtubule dynamics during mitosis.>!
This provided insights into a unique PKD3 signaling pathway that was previously unknown. It
was shown that PKD3 exhibits distinct subcellular localizations at different stages of cell cycle in
MEFs. Under normal growth conditions, PKD3 exhibits a ubiquitous localization pattern,
including within the nucleus. However, during prophase, the ubiquitous pattern changes, with
PKD3 becoming specifically localized to centrosome structures.’! This localization persists into
metaphase, extending to the spindle structures, including the two centrosomes. The in vitro
analysis of immortalized PKD3-deficient MEFs initially demonstrated alterations in the cell
cycle, affecting microtubule dynamics. Also, the proliferation rate of PKD3-deficient MEFs was

reduced, indicating that PKD?3 plays a crucial role in cell cycle progression. Treatment with
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nocodazole, which blocks microtubule polymerization, significantly impaired the proliferative
capacity of PKD3-deficient MEFs following release, indicating a reduced ability to resume cell
division.This indicates a mechanistic problem during microtubule polymerization in the absence
of PKD3.%! Moreover, preliminary data from Zhang et al. showed a binucleated phenotype in
PKD3-deficient MEFs, indicating the failure of cytokinesis and emphasizing a previously
unrecognized role for PKD3 in cell cycle regulation (unpublished data by Zhang et al.). These
findings provide new insights into the intricate regulatory mechanisms that govern cell division

and offer potential avenues for further research into the molecular basis of cell cycle regulation.

1.6 Cytokinesis and Protein Kinases

The final stage of cell division, cytokinesis, is a highly regulated process that ensures the correct
final separation of two daughter cells. This is achieved by, among other things, ensuring the
equal partitioning of cytoplasmic contents between the two daughter cells. This process is of
critical importance for the maintenance of genomic stability and is governed by a complex
network of proteins, including kinases, which play a pivotal role in the precise orchestration of

cytokinesis.

PKCe has been established as a critical regulator of cytokinesis, orchestrating essential processes
such as cleavage furrow formation and ingression. Research led by Peter Parker’s group revealed
that PKCeg is dynamically localized to the cleavage furrow during cytokinesis, suggesting its
pivotal role in the spatial and temporal regulation of contractile ring assembly and contraction.>?
During the late stages of mitosis, PKCe interacts with 14-3-3 proteins via its V3 region, forming
a complex essential for successful abscission. Mutation of the V3 phosphorylation sites disrupts

this interaction, impairing cytokinesis completion. Similarly, knockout, depletion, or
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pharmacological inhibition of PKCg hampers abscission.’>>* The mechanism by which PKCe
facilitates abscission is not fully understood but may involve the small GTPase RhoA. PKCe
inhibition is associated with prolonged RhoA activation and its persistent localization at the
actomyosin ring *2, which contracts to form the cleavage furrow. While the substrates
phosphorylated by PKCe to regulate RhoA activity remain unidentified, potential candidates

include RhoA guanine nucleotide exchange factors or GTPase-activating proteins.’>>

The relationship between PKC and PKD in the context of cell cycle regulation is complex and
interconnected. Given that PKCe has been demonstrated to activate PKID3 >4, these findings in
conjunction with similar phenotypes observed in PKCe and PKD3-deficient MEFs (unpublished
data by Zhang et al.) indicate the existence of a functional link between PKCe and PKD3 in the
regulation of cytokinesis. Based on these data, it is proposed that PKCe, by activating PKD3,
could coordinate the regulation of both microtubule dynamics and actin cytoskeleton

reorganization, thereby ensuring proper cleavage furrow formation and successful cell division.

1.6.1 RhoA Regulation

The interplay between guanine nucleotide exchange factors (GEFs), RhoA, and GTPase-
activating proteins (GAPs) is crucial for the precise regulation of cytokinesis. RhoA plays a
pivotal role in orchestrating the assembly and contraction of the actomyosin ring at the cleavage
furrow. The spatiotemporal activation of RhoA, as shown in Figure 4, is subject to strict
regulation by GEFs, which facilitate the exchange of GDP for GTP, thereby activating RhoA,
and GAPs, which accelerate the hydrolysis of GTP to GDP, thereby deactivating RhoA. This

regulatory cycle is of great importance in ensuring that RhoA is activated at the appropriate time
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and location during cytokinesis and enables the formation of the contractile ring and its
subsequent contraction, which drives the ingression of the cleavage furrow and completes the

process of cell division. >°
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Figure 4. Regulation of RhoA Activation and Deactivation by GEFs and
GAPs

This figure illustrates the regulation of RhoA, a small GTPase, between its active (RhoA-GTP,
A) and inactive (RhoA-GDP, B) states. GEFs, such as Ect2, facilitate the activation of RhoA by
promoting the exchange of GDP for GTP, transitioning it to its active state (A). In contrast,
GAPs, such as MP-GAP, catalyze the hydrolysis of GTP to GDP, converting RhoA back to its
inactive state (B). This tightly regulated cycle is crucial for processes such as cytokinesis and
actomyosin contractility.

(Adapted from: Basant A, Glotzer M. Spatiotemporal Regulation of RhoA during Cytokinesis. Curr Biol.
2018 May 7;28(9):R570-R580. doi: 10.1016/j.cub.2018.03.045. PMID: 29738735; PMCID:
PMC6508076. This figure is reproduced and adapted under the Public Domain Mark 1.0
(https://creativecommons.org/publicdomain/mark/1.0/)
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Ect2 is the primary GEF responsible for the activation of RhoA during cytokinesis.>® It localizes
to the cell equator and functions as a guanine nucleotide exchange factor for RhoA, catalyzing
the exchange of GDP for GTP *’. MgcRacGAP (also known as CYK4) plays a dual role in
regulating RhoA. This challenges the traditional view that GAPs only terminate RhoA signalling,
as MgcRacGAP is essential for maintaining a focused zone of RhoA activity throughout
cytokinesis®®. Zanin et al. have identified Rho GTPase-Activating Protein 11A
(ARHGAPI11A), another member of the RhoGAP family, as a critical regulator of RhoA during
cell division. In contrast to the typical RhoGAPs, ARHGAP11A localizes to the plasma
membrane during the early stages of mitosis and to the equatorial membrane during anaphase,
indicating a specific role in cytokinesis. This study identified ARHGAP11A, designated MP-
GAP(M-phase GAP), as the primary GAP targeting RhoA during mitosis and cytokinesis.
Furthermore, the inhibition of MP-GAP has been demonstrated to result in the formation of large
ectopic protrusions, similar to those observed in cells with constitutively active RhoA
expression. Additionally, this inhibition has been shown to induce a significant level (~20%) of
cytokinesis failure, predominantly due to abscission failure rather than issues with contractile

ring assembly or constriction *°.

MP-GAP has been demonstrated to regulate the spatial distribution of active RhoA during cell
division, thereby contributing to the proper formation and ingression of the cleavage furrow.*
The equilibrium between RhoA activation by GEFs and its deactivation by GAPs such as MP-
GAP, as shown in Figure 5 is essential for ensuring the appropriate progression of cytokinesis.
At the onset of cytokinesis, activated RhoA regulates downstream effectors, including Rho
kinase, Anillin, and Formin, to promote actomyosin ring assembly and contraction, leading to

cleavage furrow formation. GAPs such as MP-GAP, accelerate the hydrolysis of GTP to GDP,
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deactivating RhoA and ensuring proper regulation of its activity. The process progresses through
cleavage furrow maturation, midbody formation, and finally, abscission, resulting in the
separation of daughter cells. An imbalance in this regulatory process can lead to cytokinesis

failure and the formation of multinucleated cells or aneuploidy. >°
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Figure 5. RhoA Regulation and Its Role in Cytokinesis

The figure illustrates the role of RhoA in cytokinesis, emphasizing its activation by RhoA GEFs
(e.g., Ect2) and inactivation by RhoA GAPs (e.g., MP-GAP). Activated RhoA (RhoA-GTP)
coordinates downstream effectors, including Rho kinase, Anillin, and Formin, to facilitate
actomyosin ring assembly and contraction during cleavage furrow formation. The activation of
Ect2, a RhoA GEF, is regulated by the Centralspindlin complex, which consists of key
components that help recruit Ect2 to the equatorial cortex. Centralspindlin’s function is
modulated by Cdk1/Cyclin and Polo-like kinase 1, which regulate its oligomerization and
localization, ensuring precise spatial and temporal control of cytokinesis. As the cleavage furrow
ingresses, the midbody structure forms, serving as a platform for abscission machinery,
ultimately leading to the final separation of daughter cells.

(Adapted from: Basant A, Glotzer M. Spatiotemporal Regulation of RhoA during Cytokinesis. Curr Biol.
2018 May 7;28(9):R570-R580. doi: 10.1016/j.cub.2018.03.045. PMID: 29738735; PMCID:
PMC6508076. This figure is reproduced and adapted under the Public Domain Mark 1.0
(https://creativecommons.org/publicdomain/mark/1.0/)
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1.7 Rationale and Objectives of the Predicted PKD3 and

ARHGAP11A(MP-GAP) Interaction

More recent research by the Leitges group has revealed that PKD3 is localized to the furrow
during cytokinesis, where it exhibited an overlap with the F-actin ring at the equatorial plate.
This suggests a potential role for PKD3 in the regulation of the contractile ring dynamics. The
localisation was found to be dependent on the presence of PKCeg, thereby indicating a functional
relationship between these two protein kinases in the regulation of cytokinesis. Genetic
mutations and complementation assays demonstrated that PKD3 plays a non-redundant role in
cytokinesis. Reintroduction of PKD3 into PKD3-deficient cells restored furrow localization and
rescued the double/multi-nucleated phenotype, indicating failure of cytokinesis. Further insights
into the activation status of PKD3 during cytokinesis were gained using phospho-specific
antibodies. The results demonstrated that PKD3 exhibits distinct localization patterns during
various stages of cytokinesis, indicating that its activity is subject to dynamic regulation
throughout the process. It is noteworthy that the observation of activated PKD3 localizing to the
midbody, a critical structure in cytokinesis, suggests its involvement in late-stage events such as
abscission. Furthermore, the interaction between PKD3 and RhoA was examined. Through
immunofluorescence assays and biochemical analyses, a close spatial relationship between
PKD3 and RhoA was observed, particularly at the midbody. This finding suggests that PKD3
may play a role in regulating RhoA activity. It is noteworthy that the absence of PKD3 in MEFs
resulted in the prolonged activation of RhoA, indicating a potential function for PKD3 in
facilitating the timely deactivation of RhoA to promote abscission. One objective of the Leitges
lab is to ascertain whether PKD3 exerts an indirect regulatory influence over RhoA by

interacting with one of its regulators. Given that GAPs are responsible for the inactivation of
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RhoA, we hypothesise that PKD3 interacts with ARHGAP11A (MP-GAP), the primary
GAP involved in regulating RhoA during abscission, as demonstrated in the Zanin et al.

publication. >’

By elucidating this interaction, we aim to gain deeper insights into the molecular mechanisms of
cytokinesis and their broader implications in tumorigenesis. This thesis focuses on studying the
potential interaction between PKD3 and MP-GAP, utilizing the co-immunoprecipitation
approach. Co-IP is a widely recognized and frequently used technique for investigating protein-
protein interactions. While it has certain limitations, such as difficulty detecting weak or
transient interactions and susceptibility to nonspecific binding, it remains the gold standard due
to its ability to directly identify interactions under near-physiological conditions. The method
provides a starting point for validating hypothesized interactions and lays the foundation for

exploring protein complexes further with complementary techniques.

To establish the tools needed for the expression of both proteins in mammalian cell lines for
downstream assays such as co-immunoprecipitation, we have developed a system involving

epitope tags to facilitate their detection and analysis.
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Chapter II- Materials and Methods

2.1 Cell Lines and Cell Culture

COS-7 (African Green Monkey), CHO-K1 (Hamster), and HEK293 (Human), were utilized in
this study for various experimental purposes. Stable cell HEK293 cell lines expressing PKD3-
FLAG and MP-GAP-FLAG were generated in-house by our research assistant, Uschi Braun,

using viral transfection methods as presented below.

COS-7 cells (ATCC, CRL-1651) were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM)-high glucose (MilliporeSigma, Cat# D5796-500ML) supplemented with 10% fetal calf
serum (FisherScientific, Cytiva, Cat# SH34121H345), 1% penicillin-streptomycin (Pen Strep)
(FisherScientific, Gibco, 15070-063), B-mercaptoethanol (FisherScientific, Gibco, Cat#
21985023). These cells were cultured at 37°C with 5% CO- and were passaged in 10 cm plastic

dishes or 6-well dishes at a 75-85% confluence.

CHO-KI cells (ATCC, CCL-61) and HEK293A cells (ATCC, CRL-1573) were cultured in the
same medium mentioned and grown under the same incubator conditions and were subcultured

upon reaching 75-90% confluency.

2.1.1 Stable Cell Lines

HEK293 cell lines stably expressing PKD3-FLAG and MP-GAP-FLAG were created by viral
transfection. Viral transfection was performed with the Lenti-vpak Packaging Kit (OriGene, Cat#

TR30037) and Lenti-X™ 293T Cell Line (Takara, Cat #632180). Transfection was performed
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according to the manufacturer’s protocol. After transfection, the culture medium was replaced,
and viral supernatants were collected at 48- and 72-hours post-transfection. The supernatants

were filtered through a 0.45 pm PES filter (MilliporeSigma, Cat#SLHP033NS) to remove

cellular debris.

Target HEK293 cells were then transduced with the filtered viral supernatants in the presence of
polybrene from the Lenti-vpak Packaging Kit (OriGene, Cat# TR30037) (final concentration of 8
pg/mL) to enhance transduction efficiency. Following transduction, cells were selected using the
appropriate antibiotic (e.g., puromycin (ThermoFisher, Gibco, Cat# A1113802) or G418 sulfate
(ThermoFisher, Gibco, Cat# 10131027)) to establish stable cell lines expressing the desired
FLAG-tagged proteins. The selection process continued for 1 to 2 weeks to ensure stable

integration and expression of the transgenes.

All procedures were conducted under Biosafety Level 2 (BSL-2) conditions, adhering to
institutional guidelines for handling lentiviral vectors. The resulting stable cell lines were
maintained in the 10% FCS complete medium supplemented with puromycin (ThermoFisher

Scientific, Gibco, Cat # A1113802) and cultured in a humidified incubator at 37°C with 5% COe..

2.2 Plasmids and Constructs

The pcDNA3.1-PKD3-C-terminal-FLAG (Clone ID: OHu35345, Accession Number:

XM _024452777.1) and pcDNA3.1-MP-GAP-C-terminal-FLAG (Clone ID: OHul10733 ,
Accession Number: NM 014783.6 ) plasmids were sourced from GenScript and were used as
initial templates to amplify the cDNA of PKD3 and MP-GAP, respectively using primers

mentioned in Table 1. These amplified cDNAs were subsequently cloned into pcDNA3.1-C-
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terminal-GST plasmid, which was obtained from Addgene (Plasmid # #128025) to create GST-

tagged versions for protein expression and purification experiments.

In addition to the FLAG-tagged constructs, the pcDNA3.1-TRIM47-C-terminal-MYC plasmid,
sourced from GenScript (Clone ID: OHu05456, Accession Number: NM 033452.3) was used to
express TRIM47 with a C-terminal MYC tag, allowing for MY C-specific detection. Another
construct, pcDNA3.1-MP-GAP-C-terminal-HA, was sourced from GenScript ( Clone ID:
OHul10733, Accession Number: NM_01478.3) and used to express MP-GAP with a C-terminal
HA tag using the same pcDNA3.1 backbone, facilitating HA-specific detection in co-expression
and interaction assays. All constructs were verified by Sanger sequencing and restriction digest
analysis, to confirm the accuracy of the cloned sequences. These plasmids were stored at -20°C
in TE buffer. For transfections, plasmid DNA was prepared using the Plasmid Midi Kit (Qiagen ,
Cat #12143) following the manufacturer’s protocol to ensure high purity suitable for cellular

transfections.

2.3 Cloning

2.3.1 Amplification of PKD3 and MP-GAP Sequences

PCR amplification was employed using Biometra TRIO Combi (Analytik Jena, Cat# 846-2-070-
724) thermal cycler and the parameters mentioned in Table 2 to amplify the mouse PKD3 and
human MP-GAP cDNAs from the original constructs obtained from GeneScript’s pcDNA 3.1
mammalian expression vector containing FLAG epitope tag which was mentioned earlier.

Primers specific to the target genes were designed, and PCR was performed under optimized

27



conditions using a Platinum ™SuperFi™ II PCR kit (Invitrogen, Cat# 12361250). An additional

round of PCR was conducted using JumpStart™ Taq ReadyMix™ (Sigma Aldrich, Cat# P2893).

Gel electrophoresis analysis in 1% agarose gels with GelRed® nucleic acid stain (Biotium, Cat#
41003) in 1X TAE buffer (40 mM Tris, ] mM EDTA, and 20 mM Acetic Acid) ran for 35 min at

110 V was used to confirm the successful amplification of the target fragments.

Table 1. Primers Used for Fragment Amplification in GST and Lentiviral

Construct Cloning

Fragment Forward Sequence (5' to 3') Reverse Sequence (5' to 3')
mPKD3 gaagcttGCCACCATGTCTGCAAATAATTCC | cggatccAGGATGCTCCTCCATGTCGTC
hMP-GAP GCTCGGATCCGCCACCATGTGG ggatccCAAATCTACAGGTTTACTTG

Lenti-mPKD3 2aatccGCCACCATGTCTGCAAATAATTCC | ctegageggccgCAAATCTACAGGTTTAC

Lenti-hMP-GAP GCTCGGATCCGCCACCATGTGG ctcgagcggccgCAAATCTACAGGTTTAC

Table 2. PCR Parameters

PCR Step Temperature (°C) Time (Minutes) Number of Cycles
Initial Denaturation 95°C 2 minutes
Denaturation 95°C 30 seconds
40
Annealing 52°C 30 seconds
Extension 72°C 2 minutes
Final Extension 72°C 5 minutes
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2.3.2 TOPO TA Subcloning

After PCR amplification, the resulting products were ligated into TOPO vectors using the
pCR®-2.1 TOPO® TA cloning vector (Invitrogen, Cat# 45-0641). This kit facilitates the
efficient cloning of PCR products into the vector without the need for restriction enzymes.
Following ligation, the reaction mixtures were transformed into One Shot™ TOP10 chemically
competent Escherichia coli (Invitrogen, Cat# C404003), as per the manufacturer's guidelines.
The transformed bacteria were plated onto LB agar plates supplemented with 100 pg/mL
ampicillin to select for bacterial colonies carrying the recombinant TOPO plasmids. These plates
were further enriched with 0.2 mg/mL of X-Gal (ThermoScienrific, Cat# R0404) and 1 mM
IPTG (Invitrogen, Cat # 15529019), facilitating the screening of clones with the correct
insertions. Minipreps of the recombinant TOPO plasmids, identified by the blue-white screening
method, were extracted from the selected colonies. The concentration and purity of the extracted
plasmid DNA were assessed using a NanoDrop™ spectrophotometer (ThermoFisher, Cat# ND-

2000).

2.3.3 Cloning into Mammalian Expression Vector containing GST Tag

The huMP-GAP and mPKD3 sequences obtained in earlier steps were cloned into a pcDNA3-C-
terminal GST obtained from Addgene (#128025). Initially, the inserts were excised from the
TOPO vector. In the case of MP-GAP, the insert was excised using the BamHI (NEB, Cat#
R0136) restriction enzyme, while for PKD3, a double digestion using BamHI and HindIII (NEB,
Cat #R0104) enzymes was performed. Subsequently, the excised inserts were separated via gel

electrophoresis, and the gel bands containing only the inserts were excised and purified using
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PureLinkTM Quick Gel Extraction Kit (Invitrogen, Cat# K210012) following the manufacturer’s
instructions. The purified inserts were then ligated into the pcDNA3.1-C-terminal-GST vector,
which had been linearized through BamHI or BamHI /HindIII digestion and dephosphorylated
using the Antarctic phosphatase (AnP) (NEB, Cat# M0289) in AnP Buffer following a 3h
incubation at 37°C and, further, inactivation at 85°C. For ligation, the reaction mix was prepared
with T4 DNA ligase (NEB, Cat# M0202), 10X T4 DNA ligase buffer (NEB, Cat# B0202), 1.5
uL of linearized vector, and 2 uL mPKD3 or hMPGAP insert DNA at a 1:4 ratio of linearized
vector to insert. The ligation mix was incubated overnight at 16°C. Subsequently, the
recombinant plasmids were transformed into chemically competent E. col/i DH5a
(ThermoFisher, Cat# 18265017). The transformed cells were inoculated onto LB agar plates

supplemented with 100 pg/mL ampicillin and incubated overnight at 37°C.

Colonies containing the correct plasmids were selected and validated through both sequencing
analysis and restriction enzyme digestion. Restriction enzyme digestion verified the insert and its
orientation, ensuring the cloned constructs' integrity for downstream applications. For sequencing
analysis, 1.5 pg recombinant GST plasmid of each construct was sent to The Center of Applied

Genomics (http://www.tcag.ca). Primer solutions corresponding to the suggested primers for

sequencing were prepared per TCAG's instructions.
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Table 3. Restriction Enzymes used in Plasmid linearization and validation

for GST vector constructs

Insertion Orientation
Construct Linearization
Validation Validation
TOPO PKD3 - BamHI/HindIII -
TOPO_MP-GAP - BamHI EcoRI/HindIII
BamHI/HindIII
pcDNA3.1_GST
Bam HI - -
pcDNA3.1 PKD3 GST - BamHI/HindIII -
pcDNA3.1 MP-GAP_GST - BamHI EcoRI/HindIII

2.3.4 Cloning into Lentiviral Production Vector for Establishing Stable Cell Lines

Similar to the initial cloning process, the amplified inserts were excised from the TOPO vector.
For MP-GAP, the insert was excised using the BamHI restriction enzyme, whereas for PKD3, a
double digestion with EcoRI (NEB, Cat #R0101L) and NotI (NEB, Cat# R0189S) enzymes was
performed. Subsequent gel electrophoresis allowed for the isolation and purification of the gene
inserts using the PureLink™ Quick Gel Extraction Kit. The purified inserts were then ligated
into the lentiviral production vector, which had been linearized through EcoRI and NotI double
digestion for PKD3 insertion and BamHI and Notl for MP-GAP insertion. Before ligation, the

resulted vector mixture underwent dephosphorylation using Antarctic phosphatase (AnP) to
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prevent self-ligation. The ligation mixture, comprising T4 DNA ligase, 10X T4 DNA ligase

buffer, the linearized lentiviral vector, and the inserts at a specified ratio (1:3 or 1:5 vector-to-

insert), was incubated overnight at 16°C. Following ligation, the recombinant plasmids were

transformed into chemically competent E. coli DH5a cells and plated onto LB agar plates

supplemented with ampicillin. Colonies containing the correct plasmids were selected and

subjected to validation through Stul (NEB, Cat #R0187S) digestion. Furthermore, the integrity

and accuracy of the cloned constructs were verified through sequencing analysis.

Table 4. Restriction Enzymes used in Plasmid linearization and validation

for Lentiviral vector constructs

Construct Linearization Insertion Validation Orientation Validation
TOPO_PKD3 - EcoRI/Notl -
TOP_MP-GAP - BamHI/Notl -

EcoRI/Notl
Lenti-ps100092_FLAG

BamHI/Notl - -
Lenti-ps100092_PKD3 FLAG - Scal/Xcml -
Lenti-ps100092 MP- - Stul/Scal -

GAP FLAG
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Table 5. General Restriction Enzyme Digestion Setup

Component Volume*

Restriction Enzyme(s) | 0.5 uL

10X Buffer 5pL

DNA Sample 3ul

Nuclease-free Water 41.5 uL

Total Reaction Volume | 50 uL

*For double digestion, the volumes change to
accommodate the addition of a second enzyme, and

other calculations adjust accordingly.

2.3 Expression of epitope-tagged proteins

2.3.1 Transfection

Transient transfections were conducted in mammalian cells using Lipofectamine ™ (Invitrogen,
Cat # 18324020) and Lipofectamine 3000 (Invitrogen, Cat # L3000001) according to the
manufacturer's instructions. Briefly, mammalian cells were seeded in appropriate culture vessels
(Six-well dish, ThermoFisher, Cat #B012927) and allowed to reach the desired confluency (70-
85%) before transfection. The cloned plasmids were prepared for transfection according to
standard procedures, including purification and quantification to ensure consistent transfection
efficiency. Transfection complexes were formed by mixing the purified plasmids with
Lipofectamine reagent in Opti-MEM™ Reduced Serum Medium (Gibco, Cat # 31985070)

followed by a brief incubation period to allow for complex formation. The transfection
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complexes were then added to the cells and incubated for the specified duration. 24-48 hours

post-transfection, the transfected cells were harvested for analysis of fusion protein expression.

2.4 Western Blotting

Table 6. Antibodies and dilutions used for immunoblotting

Primary Antibody Isotype Manufacturer | Catalog Number | Dilution

FLAG

(THE™ Mouse A00187 1:1000

DYKDDDDK Tag GenScript

Antibody)

GST (HRP Rabbit Cell Signaling 54758 1:1000

Conjugated) Technology

GAPDH Rabbie | CCll Signaling 3683 1:1000
Technology

Myc

(THE™ c-Myc Tag Mouse . A00704S 1:750

Antibody) GenScript

HA

(THE™ HA Tag Mouse GenScrint A01244S 1:1000

Antibody) P

Secondary Antibody | Isotype Manufacturer Catalog Number | Dilution

Anti-mouse IgG Cell Signaling )

(HRP) Mouse Technology 7076S 1:2000
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2.4.1 Cell lysis, Protein Extraction, Protein Quantification

Cells grown in a six-well plate were detached by adding 500 pl of 1X trypsin [FisherScientific,
Gibco, 0.5% Trypsin-EDTA (10X), Cat# 15400054] and incubating at 37°C for 5—-10 minutes,
depending on the adherence properties of the cell line. The detached cells were transferred to a
microtube, and an equal volume of DMEM/ 10% FBS was added to neutralize the trypsin. The
cells were centrifuged at 2000 rpm for 5 minutes, and the resulting pellets were washed twice
with ice-cold phosphate-buffered saline (MilliporeSigma, Dulbecco’s, Cat# D8537) to remove
residual media. Cell lysis was performed using different lysis buffers, the compositions of which
are listed in the Table 7 below. These buffers, supplemented with a protease inhibitor cocktail
(Roche- EDTA free Protease Inhibitor Cocktail tablets, Cat# 04693159001), were added to the
cell pellets, and the lysates were incubated on ice for 10—15 minutes to ensure efficient cell lysis.
Following the incubation, the lysates were centrifuged at maximum speed for 15-20 minutes at
4°C, and the supernatants containing soluble proteins were collected. The protein concentration
was determined using the Bradford assay following the manufacturer's instructions

(MilliporeSigma, Bradford Reagent, Cat# B6916-500).
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Table 7. Cell Lysis Buffer Composition

Lysis Buffer Name Ingredients Manufacturer

50 mM Tris-Hcl, pH 7.5, 150
mM NaCl, 1% Triton x-100,

RIPA 1% sodium deoxycholate
(NaDOC), 0.1% sodium Made in-house
dodecyl sulfate (SDS), and 2
mM EDTA

Pierce™ IP Lysis Buffer 25 mM Tris-HCl pH 7.4, 150 | Thermo Scientific

mM NaCl, 1 mM EDTA, 1% | (Cat#87787)
NP-40 and 5% glycerol

2.4.2 SDS-PAGE

The collected lysates were denatured by adding SDS-PAGE loading buffer [125 mM Tris-HCI (pH
6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) B-mercaptoethanol, and 0.02% (w/v)
bromophenol blue] and boiled at 96°C for 5 minutes in an Eppendorf ThermoMixer to ensure
protein denaturation and uniformity in protein structure. Given the high molecular weight of both
PKD3 and MP-GAP proteins, 8% acrylamide gels were hand-cast for protein separation. To
maintain consistency and accuracy in protein loading, equal amounts of total protein (20 pg per
lane) were loaded into each well of the gel in a total volume of 20-30 pL per sample. The gels
were then subjected to electrophoresis at 110V for one hour and 45 minutes to ensure the efficient
separation of proteins based on their molecular weight. This voltage and duration were selected to
achieve optimal resolution and minimize any potential smearing or distortion of protein bands
during electrophoresis. Following electrophoresis, the separated proteins were ready for
subsequent transfer onto a nitrocellulose membrane for western blot analysis or Ponceau S staining

for visualization.

36



2.4.3 Immunoblotting

After protein separation by SDS-PAGE, the proteins were transferred onto a nitrocellulose
membrane using a wet transfer system. For wet transfer, a sandwich was prepared with the gel,
membrane, and filter papers and placed in a western blot tank (Hoefer Mighty Small transfer unit).
The transfer was conducted at 400 mA for 1 hour at room temperature to ensure efficient transfer
of proteins from the gel to the membrane. Following the transfer, the membrane was blocked in a
5% (w/v) skimmed milk prepared in PBS with 0.01% (v/v) Tween-20 (PBS-T) buffer to prevent
the non-specific binding of antibodies. The blocking step was carried out either overnight at 4°C
or for two hours at room temperature to allow for thorough blocking of the membrane. After
blocking, the membrane was incubated with the primary antibody specific to the epitope tags. This
incubation was performed overnight at 4°C with gentle agitation to ensure complete and specific
binding of the primary antibody to its target protein. Subsequently, the membrane was washed
three times with PBS-T (PBS + 0.01% Tween-20) for 30 minutes in total to remove any unbound
primary antibody. Following the washes, the membrane was then incubated with a secondary

antibody conjugated to HRP for 2 hours at room temperature.

2.4.4 Western Blot Imaging

After incubation with the secondary antibody, the membrane was washed again to remove any
unbound secondary antibody, and the target protein bands were visualized using the

1™ West Pico Plus Chemiluminescent Substrates Kit

chemiluminescence method. A SuperSigna
(Thermo Fisher Scientific, Cat# 34580), was applied onto the membrane, covering the protein

bands. Imaging of the chemiluminescent signal was conducted using the Analytic Jena UVP Chem
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Studio Plus machine. To capture the chemiluminescent signal, images were taken at different
exposure times based on the signal intensity of the protein bands. Shorter exposure times were
used for highly intense bands to prevent overexposure and saturation of the signal, while longer
exposure times were employed for fainter bands to enhance their visibility. The molecular mass of
the proteins analyzed in this study are as follows: the FLAG tag is approximately 1 kDa, the GST
tag is approximately 26 kDa, PKD3 has an estimated molecular weight of 110 kDa, and MP-GAP
is approximately 115 kDa. These values were considered during the interpretation of Western blot

results to ensure accurate identification of the expected protein bands.

2.5 Immunoprecipitation

The immunoprecipitation steps were performed following the GenScript Anti-DYKDDDDK
Affinity Resin Easy (Cat. No. L00907) protocol. The reagents used for these steps were prepared
according to the recipes provided in the protocol. TBS (50 mM Tris-HCL, 150 mM NacCl, pH 7.4)
was used for equilibrium. TBST (TBS with 0.05% Tween-20) was used for washing steps. The
resin slurry was mixed thoroughly on a rotator for 5 minutes to achieve a homogeneous
suspension. The resin was then packed into a clean centrifuge tube using a wide pipette tip,
centrifuged at 1000 g for 1 minute, and the supernatant was discarded while leaving the resin
undisturbed. The settled resin volume was recorded as the bed volume. Equilibration was
performed by adding 10 bed volumes of TBS buffer, centrifuging at 1000 g for 1 minute, and

discarding the supernatant. This step was repeated once more.

Prepared cell lysates were added to the equilibrated resin and incubated on a rotator for 14

hours at room temperature. For Co-IP experiments, incubation was performed overnight at 4°C.
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After centrifugation, the supernatant was collected. The resin was washed three times with TBST
buffer, with each wash involving mixing and centrifugation steps (at 1000 g for 1 minute).
Elution was carried out by adding an equal bed volume of SDS-PAGE sample buffer to the resin,
followed by mixing and heating at 90—100°C for 5—10 minutes. After centrifugation, the

supernatant was collected for subsequent analysis by SDS-PAGE and Western blotting.
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Chapter III-Results

3. Results

3.1 Plasmid Cloning and Validations

This section presents the results and cloning strategies used to develop GST-fusion and lentiviral
constructs. The GST-fusion and lentiviral constructs were established in-house, using FLAG-
tagged constructs purchased at GeneScript (see 2.2 Plasmids and Constructs) as starting material.
Primers for subsequent PCR-based subcloning were designed using sequences from the FLAG
constructs. The FLAG, HA, and Myc-tagged constructs used in this study were purchased from
GeneScript. Detailed descriptions of the cloning procedures, validation methods, and their
integration into the study are provided below. In general, the strategies for obtaining the GST

fusion and lentiviral constructs for this study involved multiple cloning steps.

In summary, the PCR fragments were subcloned into the pCR™2.1-TOPO vector (From
ThermoFisher TOPO TA subcloning kit) for sequence analysis and efficient subcloning later on.
Appropriate inserts were then excised with specific restriction enzymes and ligated into the final
expression vectors. The final constructs were validated by specific restriction enzyme digestions
to confirm both the presence and correct orientation of each insert. To further ensure successful
cloning, the final constructs were verified by DNA sequencing, which confirmed the correct
cDNA sequences and, in particular, the correct insertion into the promoter region to ensure

subsequent expression of the construct.
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Figure 6. Cloning Strategy for Developing GST-Tagged and Lentiviral

Constructs

The figure illustrates the cloning strategy used for the development of the GST-tagged and
lentiviral constructs, broken down into five key steps. I) The protein-coding sequences for PKD3
and MP-GAP were amplified through PCR, using FLAG-tagged constructs (pcDNA3.1-PKD3-
FLAG and pcDNA3.1-MP-GAP-FLAG) as templates. II) Individual PCR amplicons are
subcloned into pCR 2.1-TOPO TA vector. III) Once the plasmids were isolated, gel
electrophoresis was used to verify the presence of the correct constructs. IV) The inserts were
then excised from the TOPO vector using the restriction enzymes mentioned. V) The purified
inserts were then ligated into two final vectors: pcDNA3.1-GST and Lenti-ps100092.
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3.1.1 GST-fusion Constructs (pcDNA3.1-mPKD3-GST, pcDNA3.1-hMP-GAP-GST)

For both constructs, the pcDNA3.1-C-terminal GST vector was used for subcloning. To enable
the expression of PKD3, PCR primers were designed (see Table 1 , Chapter II) to amplify the
full-length coding sequence of the mouse PKD3 gene from the template vector. The primers
incorporated a HindlII restriction site at the 5° end, just upstream of the start codon (ATG), and a
BamHI site at the 3° end of the coding sequence. These restriction sites were included to ensure
the correct in-frame insertion of the PKD3 cDNA downstream of the promoter region and
upstream of the 3’ GST-tag for subsequent protein fusion. Following successful TOPO
subcloning, a restriction enzyme digest analysis was performed to verify the integrity of the
insert (see Figure 7, panel A), and selected clones were subjected to Sanger sequencing to

confirm the absence of mutations in the PKD3 sequence.

The next step was to subclone the PKD3 cDNA (the BamHI/HindIII insert) into the pcDNA3.1
C-terminal GST vector, which allows the expression of a GST-tagged PKD?3 fusion protein. The
presence of the correct insert in the final clones was validated by a combination of specific
restriction enzyme digestion, as shown in Figure 8, panel A, and sequencing analysis to ensure
correct insertion and reading frame alignment for fusion protein expression. The digestions
included double digestion with BamHI and HindIII, which produced fragment sizes of 6.1 kb and
2.7 kb, consistent with the expected sizes for both the vector and the PKD3 insert, confirming
successful ligation. A second digestion with Pstl and Pvul further validated the insertion and
orientation of the PKD3 sequence, yielding fragments of 4 kb, 2.6 kb, and 2.1 kb, which aligned

with the predicted pattern.

42



A similar cloning strategy was followed for the MP-GAP to ensure a proper expression of a GST
fusion protein. PCR primers were designed (see Table 1,Chapter II) to amplify the full-length
coding sequence of MP-GAP from the corresponding template vector. This time BamHI
restriction sites were incorporated at both the 5’ and 3’ ends of the coding sequence to ensure
correct in-frame cloning into the vector. As with the PKD3 cloning process, the MP-GAP PCR
amplified fragments were first subcloned into the pCR™2.1-TOPO vector. The clones were
verified by restriction enzyme digestion as shown in Figure 7, panel B, and sequencing analysis.
Once the integrity of the sequence was confirmed, the MP-GAP cDNA insert, excised from the
TOPO vector as a BamHI insert, was subcloned into the pcDNA3.1-C-terminal GST vector. The
presence and correct orientation of the MP-GAP sequence was validated by specific restriction
enzyme digestion followed by sequencing. The digestion included a BamHI digestion which
yielded fragments of 6.1 kb and 3.1 kb, confirming the presence of the MP-GAP insert, and a
second digestion with Pstl and Pvul which validated the correct insertion and orientation,
yielding fragments of 3.9 kb, 2.6 kb, 1.6 kb, 580 bp, and 510 bp, corresponding to the expected

sizes as shown in Figure 8§, B.
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' BamHI

27k
pCR 2.1- PKD3 insert
TOPO- PKD3
/ TOPO Backbone
7 Hindll
BamHI
31kb
pCR2.1- MP-GAP insert
TOPO- MP-
aAP

TOPO Backbone

BamHI

Figure 7. Restriction Enzyme Validation of TOPO TA Subcloning Step in
Cloning of GST Constructs

The figure demonstrates the validation of the TOPO TA subcloning in cloning of GST constructs
through restriction enzyme digestion and agarose gel electrophoresis. The plasmid maps for pCR
2.1-TOPO-PKD3 and pCR 2.1-TOPO-MP-GAP are shown on the left, indicating the locations of
the restriction enzyme sites used for each digestion. The middle panel shows the expected
fragment sizes. The agarose gel verification on the right shows the plasmid digestion pattern of
selected colonies. The plasmids with matching patterns were chosen for the next step of cloning.
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Construct and RE Sites Digested Fragments Agarose Gel Verification

Digestion 1 Ladder 1 2

PCcDNA3.1-PKD3-GST Digostion 2 15 Kb

BamHI

Ladder 1 2

1.5 Kb
pcDNA3.1-MP-GAP-GST

9.1kb

a

&
a
<

BamHI
Figure 8. GST Constructs Restriction Enzyme Validation
This figure illustrates the validation of the final vectors obtained in GST construct cloning using
restriction enzyme digestion. The plasmid maps for both GST constructs are displayed on the

left, highlighting the restriction enzyme sites utilized for digestion. The middle section outlines
the anticipated fragment sizes, while the agarose gel on the right validates successful digestion.
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3.1.2 Lentiviral Constructs (psLenti-PKD3-FLAG, pLenti-MP-GAP-FLAG)

The cloning strategy for the lentiviral construct followed a similar approach to the GST fusion
constructs described above, with key differences in the final expression vector. Specifically, for
the lentiviral expression system, the PKD3 and MP-GAP cDNAs were subcloned into the p-
Lenti ps100092 vector. This vector, with a total size of 7009 bp, contains a C-terminal FLAG
tag and includes key functional elements such as the CMV promoter for robust gene expression,
a PuroR (puromycin resistance) marker for selection in mammalian cells, and the WPRE
(woodchuck hepatitis virus post-transcriptional regulatory element) to enhance transgene
expression efficiency and stability. It also contains the HIV-1 ¥ sequence, which is critical for
efficient lentiviral packaging, enabling the production of lentiviral particles for use in the
establishment of stable cell lines. These stable cell lines played a critical role in the co-IP

experiments, allowing consistent expression of the proteins of interest.

As with the GST constructs, PCR primers were designed to amplify the full-length coding
sequences of both PKD3 and MP-GAP from the same templates, incorporating the appropriate
restriction enzyme sites (EcoRI/Notl for PKD3 and BamHI/Notl for MP-GAP) at the 5” and 3’
ends to ensure accurate in-frame insertion. The individual PCR products were subcloned into the
the pPCR™?2.1-TOPO vector and verified by restriction enzyme digestion (see Figure 9) and
sequencing. After validation, the individual PKD3 and MP-GAP inserts were subcloned into the
p-Lenti_ps100092 vector, as previously indicated, and finally verified by restriction digest
analysis and sequencing. For the Lenti-PKD3-FLAG construct, initial digestion with Notl and
EcoRl yielded fragments of ~2.7 kb (PKD3 insert) and 7 kb (vector backbone), confirming
successful insertion. Further validation using Stul gave fragments of 7.4 kb and 2.3 kb, while

double digestion with Scal and Xcml gave fragments of 4.9 kb, 3.2 kb, and 1.5 kb, confirming
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correct orientation and integration of the PKD3 FLAG sequence. For the Lenti-MP-GAP-FLAG
construct, digestion with BamHI and Notl yielded fragments of ~3 kb and 7 kb, confirming the
MP-GAP insert. Further validation with Stul gave fragments of 8.9 kb and 1.2 kb, followed by
double digestion with Scal and Stul gave fragments of 6.4 kb, 2.5 kb, and 1.2 kb, confirming the

correct insertion and orientation of the MP-GAP FLAG sequence (see Figure 10).
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Figure 9. Restriction Enzyme Validation of TOPO TA Subcloning Step in

Cloning of Lentiviral Constructs

The figure illustrates the validation process for TOPO TA subcloning of lentiviral constructs via
restriction enzyme digestion and subsequent analysis through agarose gel electrophoresis. On the
left, plasmid maps for pCR 2.1-TOPO-PKD3 and pCR 2.1-TOPO-MP-GAP highlight the
specific restriction enzyme sites utilized for digestion. The central panel outlines the expected
fragment sizes post-digestion, while the agarose gel results on the right show the digestion
pattern of some plasmids obtained from different bacterial colonies. The plasmids with matching
patterns were chosen for subsequent cloning steps.
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Figure 10. Lentiviral Constructs Restriction Enzyme Digestion

This figure shows the validation of the Lenti-PKD3-FLAG and Lenti-MP-GAP-FLAG
constructs through restriction enzyme digestion. The plasmid maps for both lentiviral constructs
are shown on the left, showing the restriction enzyme sites used for digestion. The middle
section presents the predicted fragment sizes, while the agarose gel on the right confirms the
successful digestion by clearly displaying the expected fragment separation.
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3.2 Epitope-tagged protein transient expression

To evaluate the expression of each epitope-tagged PKD3 and MP-GAP construct, three different
mammalian cell lines were tested: COS-7, CHO-K1, and HEK293. Initial transfection attempts
with the pcDNA3.1-PKD3-DYK construct (GeneScript, Clone ID: OHu35345, Accession
Number: XM 024452777.1) using the Lipofectamine™ transfection reagent (Cat# 18324012)
following the standard protocol provided by the manufacturer gave suboptimal results (see
Figure 11). When using COS-7 and CHO-K1 cells, the results showed low exogenous protein
expression as evidenced by faint bands in the subsequent Western blot. One possible reason for
this was the significant cytotoxicity observed in both cell lines after transfection. Using light
microscopy, a significant proportion (~50%) of the transfected cells appeared rounded up and
detached from the dish after 48h, which we identified as potential apoptotic cells without further
analysis. In contrast, the non-transfected control cells appeared to be healthy and showed an
adherent morphology. To address this issue, we switched to Lipofectamine 3000 (Invitrogen,
Cat# L3000001), a reagent designed for higher efficiency and reduced toxicity. In addition, we
investigated other potential causes of the observed cell death, including visible contamination in
the culture medium. Mycoplasma testing was also performed on the CHO-K1 and Cos-7 cell
lines. Results confirmed mycoplasma contamination in the Cos-7 cells as shown in panel B,
Figure 11. As a result, subsequent optimization efforts in this project using the new reagent were

carried out using CHO-K1 and HEK293 cells only.
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Figure 11. Suboptimal Efficiency of Initial Transfection Experiments

A) Western blot analysis of lysates from cells transfected with pcDNA3.1-PKD3-DYK collected
from a single well of a six-well plate. The Western blot shows faint, barely detectable bands for
PKD3-FLAG, indicating low protein yield following transfection. B) PCR mycoplasma test of
COS-7 and CHO-K1 supernatants. 1 and 2 represent COS-7, 3 represents CHO-K1, 4 is the
positive control while 5 corresponds to the negative control.
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After obtaining the new transfection reagent, single transfections were performed with
HEK293A and CHO-K1 cells. Microscopic examination 48 hours post-transfection showed that
cytotoxicity was greatly reduced, with over 80% of both cell lines showing a healthy
morphology. Having established that Lipofectamine 3000 was less toxic, a series of optimization
experiments were carried out in HEK293 and CHO-K1 cells to optimize exogenous protein
expression. Different concentrations of DNA and Lipofectamine 3000 were tested. As a result, as
shown in Figure 12, we found that 2.5-4 ug of plasmid DNA combined with 3 ul of reagent per
well of 6 well plate dishes gave the best results in HEK293 and CHO-K1 cells, as indicated by
good to strong signals of the appropriate size in the subsequent Western blot analysis. In
addition, when working with CHO-K1 and HEK293 cells, it was observed that HEK293 cells
reached the desired confluence for transfection more quickly after seeding. This accelerated the
transfection process and allowed for faster downstream analysis. As a result, HEK293 cells
became the primary cell line for subsequent experiments due to their rapid growth and confirmed
high transfection efficiency as tested in the final optimizations. Nevertheless, CHO-K1 cells

were still used in selected experiments, as indicated in the relevant sections where applicable.
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Figure 12. Transfection Optimization in CHO-K1 and HEK293A Cell

Lines

These experiments included titrating the DNA input from 2.5 pg to 4 pg and adjusting the
reagent volume to identify the optimal transfection conditions that balanced high protein
expression levels with minimal cytotoxicity. Through this process, we determined that using 2.5-
4 pg of DNA and 3 pL of Lipofectamine 3000 per well in a 6-well plate provided the best
transfection efficiency with negligible cell death.
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3.2.1 Expression Discrepancy Between PKD3-FLAG and MP-GAP-FLAG in

Transient Transfections

The expression level of PKD3-FLAG was consistently higher than that of MP-GAP-FLAG when
transiently transfected into HEK293 cells, as shown by stronger signals in the Western blot
analysis in Figure 13. This difference was consistently observed under controlled experimental
conditions, including equal numbers of transfected cells, identical amounts of protein loaded on
the gel, and the use of the same exposure times and imaging settings. The difference in
expression levels was so significant that when both proteins were blotted on the same membrane
for Western blot analysis, the strong signal from PKD3-FLAG often masked the weaker signal
from MP-GAP-FLAG, or in other words, it led to over-exposure of PKD3-FLAG and under-
exposure of MP-GAP-FLAG, resulting in either no detectable band or a very faint band for MP-
GAP-FLAG. To overcome this, we adapted the membrane development approach in Western
blotting by cutting the membrane at the regions corresponding to where each sample was loaded
and imaging each section independently. This allowed optimal visualization of both PKD3-
FLAG and MP-GAP-FLAG, improving the comparative analysis. Even after performing these
steps and developing the membrane sections independently, the difference in expression levels
remained evident. When the PKD3-FLAG membrane was developed, a strong and intense band
appeared within seconds of exposure. In contrast, for MP-GAP-FLAG, under the same imaging
settings, a comparable strong signal appeared only after a much longer exposure time of 2 to 5

minutes as it is shown in Figure 13.
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Ab: FLAG

Ab: GAPDH

pcDNA3.1-MP-GAP-FLAG

Ab: FLAG - —

2 Sec 2 min
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Ab: GAPDH — —

Figure 13. Western Blot Analysis of FLAG-tagged Protein Expression in
HEK293A Cells Using the Optimized Transfection Protocol

The analysis was performed using lysates from cells transiently transfected with constructs
encoding PKD3-FLAG and MP-GAP-FLAG, followed by immunoblotting with specific
antibodies against FLAG. GAPDH was used as a loading control to ensure equal protein loading
across the samples. The top image shows a Western blot membrane with a strong, distinct band
corresponding to the PKD3-FLAG protein at approximately 100 kDa, clearly visible after 2
seconds of exposure. The bottom images illustrate the expression of MP-GAP-FLAG. A faint
band is visible after a 2-second exposure. However, a prominent band appears after a 2-minute
exposure.
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Following the successful expression of the FLAG constructs and the optimization of the
transfection protocol, the next phase of the project focused on optimization of the other
constructs required for the co-immunoprecipitation experiments with the initial attempts
involving GST-tagged construcrs. The use of both FLAG- and a second tagged construct allows
for the specific identification of interacting partners in Co-IP assays, as the tags facilitate
selective binding to their respective antibodies. This dual-tagging strategy is crucial for

confirming interactions between the proteins of interest and ensuring experimental specificity.

Transfection of the PKD3-GST construct transfection in HEK293A cells resulted in a detectable
band on the Western blot, indicating successful protein expression. However, the MP-GAP-GST
construct consistently failed to produce a reasonable or any signal on the Western blot, even after

optimization efforts (see

Figure 14). Multiple attempts to enhance MP-GAP-GST expression in HEK293A cells, including
variations in transfection conditions and imaging, did not yield satisfactory results. In addition,
CHO-K1 cells were also transiently transfected to express MP-GAP-GST, but this also failed to
produce detectable protein bands on the Western blot. Thus, the MP-GAP-GST construct was
not successfully expressed in either cell line under the conditions tested. Given the lack of a
reasonable expression for the MP-GAP-GST construct, we decided to proceed with a new MP-
GAP construct with a different epitope tag, in case the problem was related to the presence of the
GST tag. To this end, we purchased a MP-GAP-HA construct from GeneScript for subsequent
experiments. The new MP-GAP-HA construct had the same expression vector backbone,
pcDNA3.1, as the previous construct, but with an HA tag replacing the GST tag. This construct
was then tested for expression using the optimized transfection protocol in HEK293A cells as

shown in Figurel4, panel C.
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Figure 14. Transient Expression of GST Constructs Developed In-house

and Purchased HA Construct

Panel A, shows the expression levels of PKD3-GST and MP-GAP-GST in the indicated cell
lines , following transient transfection using the amounts specified in the table below the figure.
In panel B, the optimization of MP-GAP-GST expression is demonstrated, using various

amounts of DNA and transfection reagent, as indicated in the table beneath the figure. Finally, in
panel C, the expression of the purchased MP-GAP-HA construct in HEK293 cells is shown.

3.3 Immunoprecipitation of PKD3-FLAG and MP-GAP-FLAG

Optimization

Immunoprecipitation experiments were initiated using cell lysates from two stable HEK293 cell
lines, Stbl HEK293 PKD3-FLAG and Stbl HEK293 MP-GAP-FLAG, both of which were
previously established using lentiviral constructs. These stable cell lines were generated to
ensure consistent expression of the FLAG-tagged proteins PKD3 and MP-GAP. By integrating
the constructs into the genome of HEK293 cells via lentiviral transduction, stable expression of
these proteins was achieved, eliminating the variability associated with transient transfection.
This approach ensures reliable experimental conditions for IP assays. Additionally, the stable cell
lines facilitate long-term studies and allow for reproducibility in experiments aimed at

investigating protein-protein interactions.

For the IP experiments, we used Anti-DYKDDDDK Affinity Resin Easy (GenScript,
Cat#L.00907), containing cross-linked agarose beads to monoclonal antibody against FLAG tag,
to selectively capture FLAG-tagged proteins from the lysates. One critical step in optimizing the

IP workflow was to identify a lysis buffer that would not only effectively lyse the cells, but also
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preserve the protein-protein interactions required for downstream co-immunoprecipitation
analysis. To this end, we tested different buffer formulations to achieve a balance between
efficient cell lysis and preservation of protein integrity. Three different lysis buffers were tested
to optimize the lysis conditions. Two of these buffers were prepared in-house, one containing
Triton X-100 and the other NP-40, the specific compositions of which are described in the
Materials and Methods section. The third was a commercially purchased IP lysis buffer
formulated with NP-40 (see Table 7. Cell Lysis Buffer Composition, Chapter II). The IP
experiments using these lysis buffers were performed according to the Anti-DYKDDDDK
Affinity Resin Easy protocol. To evaluate the effectiveness of each buffer, three independent IP
experiments were performed using the same amount of cell lysates, each containing
approximately 120 pg (corresponds to one well of a six-well plate, 80-90% cell confluency) of
total protein derived from the Stbl HEK293 PKD3-DYK cells. For each IP, the input, wash (the
solution collected after the bead and lysate incubation step), and elution fractions were loaded
onto an SDS-PAGE gel for Western blot analysis. This allowed for a direct comparison of the
lysis efficiency and successful IP, defined by clear and specific isolation of the target protein,
with minimal background noise and non-specific binding, as indicated by distinct bands in the
elution fraction of the Western blot, together with efficient removal of unbound material in the

wash as indicated by the absence of a band in those lanes as shown and described in Figure 15.

Having identified the optimal lysis buffer for the IP of PKD3-FLAG, we tested whether the same
conditions would give satisfactory results for MP-GAP-FLAG. The same IP conditions
optimized for PKD3-FLAG were applied to MP-GAP-FLAG, using the anti-DYKDDDDK
affinity resin and Pierce™ IP lysis buffer (buffer #2). Approximately 120 pg of total protein

from Stbl HEK293 MP-GAP-DYK cell lysates was used for each IP. Following the same
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protocol, we were able to successfully isolate MP-GAP-FLAG, as confirmed by a clear and
distinct signal on the Western blot. However, in addition to the expected MP-GAP-FLAG band,
two non-specific bands (around ~96 kDa and ~55 kDa) were detected in the elution fraction as
shown in Figure 16. These same non-specific bands were also present in the elution fraction of
the IP performed on non-transfected HEK293 cell lysates using the anti-DYKDDDDK affinity
resin. While these non-specific bands did not interfere with the detection of MP-GAP-FLAG,
their presence indicated a need for further refinement of the IP, which was further investigated
later in the course of the project. (See 3.4.2 PKD3-FLAG and MP-GAP-HA Co-

immunoprecipitation).
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NP-40

Figure 15. Comparison of Lysis Buffers for Inmunoprecipitation Using
Anti-DYKDDDDK Affinity Resin

The Western blot displays the input (IN), wash (W), and elution (E) samples from three separate
IPs of PKD3-FLAG using stbl HEK293 PKD3-FLAG cell lysates, each performed using
different lysis buffers with the same initial amount of cell lysate. The results indicate that Buffers
#2 and #3 performed better compared to Buffer #1, with clearer bands visible in the elution
fractions, indicating successful capture of the target protein PKD3-FLAG. Buffer #2, Pierce™ IP
Lysis Buffer, yielded the strongest bands in the elution samples, suggesting it provided the best
conditions for efficient immunoprecipitation with this resin. Buffer #3, while effective, produced
slightly weaker results compared to Buffer #2. Based on these findings, Buffer #2 was selected
for continued use in subsequent experiments.
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Figure 16. MP-GAP-FLAG Immunoprecipitation

The Western blot shows the IP of MP-GAP-FLAG using the optimized setup (anti-
DYKDDDDK affinity resin and Pierce™ IP Lysis Buffer). It shows strong bands in both the
input and elution fractions, confirming the successful isolation of MP-GAP-FLAG after 10
minutes of exposure. However, in the elution sample, two additional bands appeared. These
bands are also present in the non-transfected control lysate marked by arrows.
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3.4 Co-Immunoprecipitation

3.4.1 Co-IP positive control: TRIM47-Myc and PKD3-FLAG

To assess whether the optimized immunoprecipitation setup was effective in capturing protein-
protein interactions, we used a positive control by testing the interaction between PKD3-FLAG
and one recently established PKD3 binding partner, TRIM47. This interaction has been
previously reported in HEK293 cells by Azuma, K. et al.2021, thus providing a suitable control
for our co-immunoprecipitation conditions. We obtained a pcDNA3.1-TRIM47-Myc construct
(GenScript, Clone ID: OHu05456, Accession Number: NM_033452.3 ) containing a Myc tag.
This construct was transiently transfected into Stbl-HEK293-PKD3-DYK cells to co-express
both PKD3-FLAG and TRIM47-Myc in the same cellular environment. We then used the
established IP setup with the anti-DYKDDDDK affinity resin, to co-immunoprecipitate
TRIM47-Myc with PKD3-FLAG. The co-immunoprecipitation experiment to test the interaction

between PKD3-FLAG and TRIM47-Myc was successful, as shown in
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Figure 17. Western blot analysis confirmed the presence of both proteins in the expected
fractions. Probing with an anti-FLAG antibody showed a strong PKD3-FLAG band in both input
and elution samples, indicating efficient pull-down during immunoprecipitation. Similarly,
probing with an anti-Myc antibody detected TRIM47-Myc in input and elution fractions,
confirming its co-immunoprecipitation with PKD3-FLAG. This successful co-IP served as a

positive control, validating the method for subsequent interaction studies with MP-GAP-FLAG.
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Figure 17. Successful Co-Immunoprecipitation of PKD3-FLAG and
TRIM47-MYC as a Positive Control

Western blot analysis showing the successful co-IP of PKD3-FLAG and TRIM47-Myc using
Anti-DYKDDDDK Affinity Resin. Detection of PKD3-FLAG in both input (IN) and elution (E)
fractions when the membrane was probed with anti-FLAG antibody, confirming efficient pull-
down of PKD3-FLAG. Detection of TRIM47-Myc in the input (IN) and elution (E) fractions
when the membrane was probed with anti-Myc antibody, indicating co-immunoprecipitation of
TRIM47-Myc with PKD3-FLAG. Input lanes confirm protein expression, while elution lanes
demonstrate successful capture of the interacting proteins. The negative control is
immunoprecipitation from non-transfected Stbl-HEK293-PKD3-DYK cells, which shows bands
when probed with anti-FLAG antibody but no detectable bands when probed with anti-Myc
antibody, confirming the specificity of the Myc-tagged TRIM47 interaction.
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3.4.2 PKD3-FLAG and MP-GAP-HA Co-immunoprecipitation

To investigate the potential interaction between PKD3-FLAG and MP-GAP-HA, three separate
times using independently prepared cell lysates were performed. Each experiment was further
repeated multiple times from the same lysate to confirm the consistency of the results. Stbl-
HEK293-PKD3-DYK cells were transiently transfected with pcDNA3.1-MP-GAP-HA, co-
expressing both PKD3-FLAG and MP-GAP-HA in these cells. Both input and elution samples
were loaded onto SDS-PAGE gels for Western blot analysis. A negative control IP was
performed in parallel using lysates from non-transfected Stbl-HEK293-PKD3-DYK cells. As
shown in Figure 18, the input samples show the expression of both PKD3-FLAG and MP-GAP-
HA, with signals corresponding to the expected molecular weights when probed with their
respective antibodies (anti-FLAG and anti-HA). However, in the elution fractions, while PKD3-
FLAG was consistently detected, no prominent signal at the expected molecular weight of MP-
GAP-HA was observed when the membrane was probed with an anti-HA antibody. Instead, a
faint signal was observed at this position after 5 minutes of exposure. Interestingly, this weak
band was not observed in subsequent rounds of Co-IP experiments, suggesting that the initial
observation was likely a result of background noise or transient, non-specific binding rather than
a true interaction (see Figure 19).In addition, a strong, non-specific signal at approximately 55
kDa was present in the elution samples and was also detected in the negative control elution
fraction. Following the appearance of this non-specific band, the next steps in the project focused

on identifying the origin and eliminating the cause of the band.
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Figure 18. PKD3-FLAG and MP-GAP-HA Co-Immunoprecipitation

The Western blot panels present results from a co-IP experiment performed on stable HEK293
cells expressing PKD3-FLAG, which were transiently transfected with pcDNA3.1 MP-GAP-HA.
The input and elution fractions from the Co-IP experiment were analyzed for the presence of
MP-GAP-HA and PKD3-FLAG. The results show a significant nonspecific band in the elution
samples (indicated by the arrow), which was also detected in the negative control (non-
transfected cell lysates) later on. This large nonspecific band (~55 kDa) appeared consistently
across different exposure times.
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The next step in addressing the appearance of the prominent ~55 kDa band in the elution
fractions was to investigate its origin. Given its molecular weight, this band could be the result of
antibody cross-reactivity. Specifically, it was suggested that it could be due to the presence of
antibodies in the elution sample itself, possibly from the resin, which could be recognized by the
secondary antibody used in the Western blot detection procedure. One possible approach was to
use a more stringent elution method or to modify the IP protocol to reduce antibody
contamination in the elution. To this end, five independent immunoprecipitations were
performed under different conditions. Two lysates from transfected Stbl-HEK293-PKD3-DYK
cells with pcDNA3.1-MP-GAP-HA, two lysates from non-transfected Stbl-HEK293-PKD3-
DYK cells, and one lysate from non-transfected HEK293 cells were included in the experiment.
The aim was to determine whether the observed band was due to antibody cross-reactivity or

other background signals.

Different elution methods were tested, including boiling the samples in SDS loading buffer and
performing alkaline elution, to assess whether the elution technique had an effect on the presence
or intensity of the non-specific 55 kDa band. In parallel, non-transfected cell lysates were
processed under the same IP conditions to further investigate potential background signals or
evidence for the source of the non-specific band. Western blot analysis of the eluate samples, as
shown in Figure 19, panel B, revealed the presence of a strong non-specific band at
approximately 55 kDa in all elution fractions when probed with the anti-HA antibody. This band
was significantly more intense in the samples eluted by boiling in SDS loading buffer, which was

the elution method initially used for the PKD3-FLAG and MP-GAP-HA co-IP experiments.

To minimize the possibility of this non-specific band masking any potential signal corresponding

to MP-GAP-HA, the membrane was carefully cut in half before antibody incubation, separating
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the upper and lower regions. This step was taken to ensure that any bands representing MP-GAP-
HA in the higher molecular weight region would not be obscured by the strong non-specific
signal in the lower region during imaging. Despite this precaution, no distinct band was detected
in the molecular weight range expected for MP-GAP-HA, indicating that co-
immunoprecipitation of MP-GAP-HA with PKD3-FLAG was not clearly observed under these
experimental conditions. To definitively confirm that the non-specific ~55 kDa band observed in
the elution fractions was due to secondary antibody binding to antibodies present in the elution, a
final control Western blot was performed. Elution samples from previous IPs, all eluted by
boiling in SDS loading buffer, were loaded on a SDS PAGE gel alongside a ‘bead only’ sample
that was also boiled in the same buffer. This ‘bead only’ sample served as a control to assess
whether antibodies from the IP setup itself were contributing to the observed non-specific band.
In this experiment, the membrane was incubated and probed with the secondary antibody alone,
without primary antibody incubation, to assess whether the secondary antibody was binding non-
specifically to the antibodies eluted from the immunoprecipitation. The results as shown in
Figure 20 indicated that the non-specific signal at ~55 kDa appeared in all the samples, including
the ‘bead only’ control. This confirmed that the band was due to the secondary antibody binding
to antibodies present in the elution samples, rather than being related to MP-GAP-HA or any

other specific protein in the experiment.

Overall, The Co-IP experiments conducted to investigate a potential interaction between PKD3-
FLAG and MP-GAP-HA did not provide conclusive evidence of such an interaction under the

tested conditions. The presence of non-specific bands highlighted challenges in the Co-IP setup,
emphasizing the need for further optimization or alternative approaches which will be discussed

in the next chapter.
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Figure 19. Investigation of Nonspecific Bands Across Various Elution

Methods in IP Experiments

This figure shows the results of five independent IPs performed under different conditions to
assess nonspecific binding across various elution methods. IPs were conducted on two lysates
from non-transfected stable HEK293-PKD3-FLAG cells and two lysates from transiently
transfected HEK293-PKD3-FLAG with pcDNA3.1-MP-GAP-HA cells, using either boiling with
SDS buffer or alkaline elution. A control IP was also performed on wild-type HEK293 cells with
SDS boiling to check for background noise. The membranes were cut in half to separately
incubate with antibodies and image upper and lower sections, avoiding stronger bands from
masking faint signals. Nonspecific bands were observed in all elution samples but were
particularly intense with the SDS boiling method. Alkaline elution showed a reduced nonspecific
signal.
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Figure 20. Analyzing the Origin of the Non-specific Band

To investigate the origin of the nonspecific band seen in previous Co-IPs, elution samples from
previous Co-IPs and a sample of beads boiled with SDS-PAGE loading buffer were used in the
western blot. The membrane was probed using only the secondary antibody to determine if the
band resulted from the nonspecific binding of the secondary antibody. As shown in the blot, the
same nonspecific band appeared across all samples.
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Chapter IV

4. Discussion

The primary objective of this project was to establish a Co-IP of the potential interaction
between PKD3 and MP-GAP. During the study, several challenges arose that affected the
progress of the experimental workflow. One obstacle was the low expression levels of the GST-
tagged constructs used in this study, which limited their availability for subsequent analyses and
required significant troubleshooting. In addition, significant cytotoxicity during the first
transfections resulted in high cell death, complicating the workflow and requiring adjustments to
the transfection conditions to improve cell viability. Also, background noise in the Co-IP assays,
due to non-specific antibody binding obscured potential signals and complicated data
interpretation. Despite overcoming many of these technical issues, the final Co-IP experiments
could not provide evidence for an interaction between PKD3 and MP-GAP. However, the
positive control confirmed the functionality of the basic Co-IP setup. The following sections will
focus on exploring potential reasons for the lack of detectable interaction, suggesting solutions,

and suggesting future directions for the continuation of this project.

4.1 Potential Causes for Experimental Setbacks

4.1.1 Exploring the Lack of MP-GAP-GST Expression and Differential Expression of

FLAG-Tagged Constructs
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During the course of this project, attempts were made to express PKD3 and MP-GAP as GST
fusion proteins in CHO-K1 and HEK293 cells using constructs cloned in-house. Whilst PKD3-
GST was detected by Western blot, MP-GAP-GST was undetectable, even though the construct
was validated by restriction enzyme digestion to confirm correct insertion and orientation of the
inserts, and further verified by sequencing to ensure that no mutations or frameshifts were
present. The lack of a reasonable expression of MP-GAP-GST is likely due to one or a

combination of factors, including protein instability, misfolding, and inefficient translation.

One major contributing factor could be the rapid degradation of MP-GAP by the ubiquitin-
proteasome system, as supported by recent findings published in 2024 by Bagci et al. The hGID
GID4 E3 ubiquitin ligase complex specifically targets ARHGAP11A (MP-GAP) for proteasomal
degradation by binding and ubiquitinating it.®! The study shows that depletion of GID4 or
inhibition of its substrate binding pocket with PFI-7 stabilizes ARHGAP11A protein levels,
indicating the crucial role of this pathway in its degradation. Furthermore, ARHGAP11A has a
remarkably short half-life of under 4 hours, which can be the reason that complicates its
detection and accumulation in experimental systems. Noteably, the study demonstrated that the
degradation mechanism not only regulates ARHGAP11A stability but also plays an essential role

in cell migration by controlling its levels at the cell periphery, where it inactivates RhoA.®!

While GST tagging often stabilizes proteins, it may instead cause improper folding of MP-GAP,
leading to even greater susceptibility to degradation®?. In contrast, FLAG-tagged MP-GAP,
although expressed at lower levels than PKD3-FLAG, appeared to have more stable expression,
possibly due to the smaller size of the FLAG tag, which allows for better folding and stability.
The consistently lower expression of MP-GAP, regardless of the tag used, suggests that the

protein itself may be inherently unstable or subject to rapid degradation within the cell.
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Differences in transcriptional regulation or protein turnover rates between MP-GAP and PKD3

could also explain why PKD3 consistently shows higher expression levels.

Some beneficial approaches for this issue are to explore different expression conditions or
consider alternative tags that may better stabilize MP-GAP ,which was done in this project.
Moreover, the use of more sensitive detection methods such as fluorescence-based techniques ¢,
and mass spectrometry®*, may help to detect lower levels of MP-GAP and determine the exact
causes of the observed instability. In addition, since it was shown in recent publications that MP-
GAP is rapidly degraded in cells, strategies such as inhibiting the hGID GID4 E3 ubiquitin ligase
complex or using the PFI-7 inhibitor to block GID4’s substrate binding pocket could stabilize its

levels. However, these approaches are hypothetical and may have unintended effects on cellular

pathways, requiring careful evaluation and validation.

4.1.2 Background Noise and Antibody Binding

During the Co-IP experiments, one of the main problems encountered was significant
background noise due to non-specific antibody binding. This consistent non-specific band of
approximately ~55 kDa was observed in several independent experiments. The band, which
appeared regardless of whether the target proteins were expressed or not, posed a challenge in
interpreting the results. Further investigation revealed that this non-specific band was likely due
to secondary antibody binding to eluted antibodies during the Co-IP process that had been
covalently linked to the beads. In typical Co-IP setups, antibodies are immobilized on beads to
capture the target protein. However, in some cases, the antibody used for this capture can be
eluted along with the target protein during the elution step, resulting in the detection of the heavy

(~50-55 kDa) and light (~25 kDa) chains of the antibody when probed with secondary antibodies
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on a Western blot . This background signal could obscure the detection of the proteins of

interest, especially if the bands related to the proteins of interest are already weak.

To overcome this problem, gentler elution methods, such as low pH or competitive elution, can
help prevent the release of antibody chains into the elution samples. Switching to directly labeled
primary antibodies with HRP eliminates the need for secondary antibodies, which are a common
source of background noise. This is because the secondary antibody, typically an anti-IgG, can
interact with the eluted antibody chains present in the sample, leading to nonspecific signals. By
avoiding the use of secondary antibodies, this approach minimizes such interactions and reduces

background noise.

In this study, although the membrane was cut based on molecular weight to separate regions
affected by the nonspecific band from those containing the target proteins, no prominent band
appeared in the expected area, indicating the absence of detectable MP-GAP in the eluted
sample. This absence does not necessarily confirm the protein’s absence in the eluted sample but
may indicate that its levels were below the detection threshold or masked by technical limitations

in the assay which will be reviewed in the following sections.

4.2. Interpreting the Lack of Interaction in Co-IP: Implications and

Future Directions

Despite extensive efforts to optimize the experimental conditions, the Co-IP experiments

performed during my thesis were not able to provide strong evidence for an interaction between
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PKD3 and MP-GAP. Several potential factors could account for this negative result which will

be discussed below.

4.2.1 Low Protein Expression as a Negative Impact on the Co-IP

The relatively low expression of MP-GAP compared to PKD3 may have made it difficult to
detect any interaction, even if it existed. Insufficient protein expression can severely limit the
chances of detecting interactions in Co-IP experiments, where the abundance of both interacting
partners needs to be adequate for stable complex formation®. However, it is noteworthy that a
lower expression system may also have advantages, as it more closely mimics physiological
conditions and reduces the likelihood of detecting artificial interactions that can arise from high

overexpression levels.

To address the challenges associated with the low expression of MP-GAP, several approaches
could potentially improve protein yield, though their effectiveness would need to be tested and
validated. Cloning strategies such as codon optimization may enhance translation efficiency by
aligning the codon usage of MP-GAP with the preferences of the host cell, potentially increasing
protein production®”®8, Additionally, using advanced cell lines specifically engineered for high
protein production, such as HEK293-6E or CHO-K1-derived lines (such as ExpiCHO system by
Gibco) with enhanced chaperone systems and optimized glycosylation pathways, could provide a
more favorable environment for expressing MP-GAP®7°. Inducible expression systems in these
cell lines could also help regulate protein levels, minimizing potential cytotoxic effects from

overexpression. While these strategies appear promising, their ability to enhance MP-GAP
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expression in this context remains uncertain and would require systematic testing to determine

their feasibility and impact.

A reciprocal Co-IP, where both interacting proteins are tested as bait and prey in separate
experiments, is considered a more comprehensive approach to detecting protein-protein
interactions. In the timeline of this project, I was only able to perform the Co-IP by immobilizing
PKD3, which is more abundantly expressed. However, attempting the reverse setup,
immobilizing MP-GAP on the beads or performing the IP with beads targeting MP-GAP, might
increase the likelihood of observing the interaction. This approach could help efficiently capture
and concentrate the less abundant MP-GAP, minimizing its loss during washes and enhancing
the detectability of any interaction. Exploring this reciprocal strategy would complement other

optimization efforts and represent a more thorough method for confirming potential interactions

between MP-GAP and PKD3.

4.2.2. Influence of Post-Translational Modifications and Subcellular Localization

It is also possible that post-translational modifications, such as phosphorylation of PKD3, are
required for its interaction with MP-GAP. If PKD3 needs to be activated by phosphorylation at
specific stages of the cell cycle, this may explain the lack of detectable interaction under
unsynchronized conditions. Subcellular localization may also have played a role, with the
predicted interaction only occurring in a specific compartment of the cell at a certain stage, such

as the cleavage furrow during cytokinesis.

To investigate these possibilities, complementary approaches have been employed in our lab

alongside Co-IP assays. Fluorescence microscopy approaches such as live-cell imaging is used to
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visualize the localization and interaction of PKD3 and MP-GAP in real-time. Techniques such as
Forster Resonance Energy Transfer (FRET) can detect the close proximity of these proteins in
living cells, providing insight into where and when these interactions occur during the cell cycle.
FRET-based imaging, combined with fluorescent protein tagging (e.g., GFP or mCherry), allows
for the monitoring of protein interactions in specific cellular locations and comportments, such as
the cleavage furrow and the cytoskeleton, and in response to post-translational modifications
such as phosphorylation. As these experiments are ongoing and conducted by other members of

the research team, data from these approaches cannot be presented in this thesis.

4.2.3 Weak or Transient Interactions

Another consideration is that the affinity of the interaction between PKD3 and MP-GAP may be
too weak or transient to be captured under the Co-IP conditions used. Protein interactions can
range from strong, stable complexes to weak, transient contacts that only occur under certain
physiological conditions "!. It is possible that the conditions used in this study, such as the
choice of lysis buffer, salt concentrations, or incubation times, were not effective in stabilizing
this interaction to capture such transient interactions, one effective approach is cross-linking, a
technique that chemically stabilizes weak or short-lived protein-protein interactions by creating
covalent bonds between interacting proteins. Cross-linking reagents are typically bifunctional or
multifunctional molecules that contain reactive groups capable of targeting specific amino acid
side chains. By using these reagents, interactions that occur transiently in the natural cellular
environment can be “frozen” in place, providing a snapshot of the dynamic protein landscape at

the moment of treatment. Cross-linking reagents such as formaldehyde and glutaraldehyde offer
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straightforward applications. Formaldehyde targets primary amines and hydroxyl groups,
effectively cross-linking closely associated proteins, while glutaraldehyde reacts with amines and
is particularly useful for stabilizing complexes in preparation for imaging or structural studies.
2To enhance the temporal and spatial resolution of interaction studies, sulfo-SBED, a
photoactivatable cross-linker, can be used. Upon UV activation, this reagent creates covalent
bonds between proteins in close proximity and includes a biotin tag for downstream purification.
This feature can be advantageous for isolating complexes like PKD3 and MP-GAP that might
interact briefly during specific phases of the cell cycle like cytokinesis.In addition to cross-
linking, different buffer conditions could be explored to favor weak interactions. For example,
lower salt concentrations or the inclusion of specific stabilizing agents such as Ficoll in the lysis
buffer may help to preserve the integrity of weaker protein complexes that might otherwise

dissociate under standard conditions. ">7*

Another alternative technique for detecting transient interactions is proximity-based labeling,
such as BioID (Biotin Identification) , TurboID or APEX (ascorbate peroxidase proximity
labeling). These approaches rely on a promiscuous enzyme fused to one of the target proteins,
which covalently labels all nearby proteins within a certain range. This labelling can capture
interactions that occur transiently or in specific cellular microenvironments without requiring
direct, long-lasting binding between proteins. After biotinylation, the labeled proteins can be
affinity-purified and identified using mass spectrometry, providing a more sensitive approach to

studying transient or context-specific interactions.”>"’

4.2.4 Indirect Interactions and Complex Formation
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It is possible that the predicted interaction between PKD3 and MP-GAP is indirect and mediated
by other proteins or cofactors that were not present in the experimental setup. Co-IP experiments
rely on the physical binding between two proteins, but if the interaction is mediated by an
intermediate protein, this would not be detected without the presence of the full protein complex.
Future experiments could explore alternative approaches such as Tandem Affinity Purification

(TAP) to identify potential mediators of the interaction.

TAP is a robust method designed to isolate protein complexes under near-physiological
conditions, reducing the chance of disruption of indirect or weak interactions in experimental
setups. This technique involves tagging one of the proteins of interest with a dual-affinity tag,
such as a combination of Protein A and calmodulin-binding peptide or other tag pairs. These tags
enable a sequential two-step purification process, where the protein of interest and its associated

interactors are isolated and enriched, minimizing the loss of intermediate proteins. ’®

Once purified, the components of the protein complex can be identified using mass spectrometry,
which would provide a comprehensive profile of co-purified proteins potentially mediating the
PKD3-MP-GAP interaction. This approach would not only confirm the presence of intermediates
but could also offer insights into the broader network of interactions involving PKD3 and MP-

GAP.

4.3 Studying PKD3 in the Context of the Cell Cycle and Cytokinesis

The cellular context in which these experiments were performed may also not reflect the
physiological conditions required for PKD3 and MP-GAP to interact. Protein interactions can be

highly context-dependent, influenced by cell state, post-translational modifications, or the
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presence of specific signaling pathways that were not activated in the experimental cell system
used here. "This is particularly relevant given that our hypothesis specifically analyzes PKD3 in

the context of cell cycle regulation and cytokinesis progression.

4.3.1 Synchronization of Cells and Time-course Analysis for Improved Detection

As the cells used in the Co-IP experiments were not synchronized and therefore not in the precise
phase of the cell cycle where PKD3 and MP-GAP are most likely to interact, this may have

significantly affected the likelihood of detecting an interaction. Synchronizing the cells to ensure
they were in the correct phase may have provided a more suitable environment for these proteins

to interact and increased the chances of observing a meaningful result.

In addition to cell synchronization, time-course experiments could be used to capture dynamic
interactions by analyzing different time points post-transfection. In the context of this study,
time-course experiments could provide insights into whether the PKD3-MP-GAP interaction
occurs only during specific cellular events or time windows. Collecting cell lysates at intervals
(e.g., every few hours after transfection) and performing Co-IP at each point would enable a
detailed analysis of interaction dynamics. This approach is particularly useful when combined
with synchronized cell populations, ensuring that the timing of sample collection aligns with
relevant cell cycle phases, such as mitosis or cytokinesis, where these proteins are most likely to
interact. Furthermore, monitoring protein expression levels at each time point using Western
blotting ensures that interactions are assessed during periods of sufficient protein availability.
Complementary techniques, such as flow cytometry for cell cycle staging or live-cell imaging,

can provide additional context, helping to correlate observed interactions with cellular events. If

82



the interaction is transient or mediated by other proteins, time-course experiments may also
reveal indirect effects, such as changes in the abundance or post-translational modifications of

associated proteins.®°

4.4 Future Directions

All of the previous sections highlight the broader challenge of studying PKD3 in the context of
cell cycle regulation and cytokinesis. Notwithstanding these challenges, the study of PKD3
function remains crucial because of its potential involvement in important cellular events such as

cytokinesis, which have wider implications in pathological conditions such as cancer.

In addition to the approaches mentioned above to improve the analysis of the PKD3-MP-GAP
interaction, a valuable next step would be to use proteomic studies to gain a more comprehensive
understanding of the broader PKD?3 interaction network. A valuable approach to further elucidate
the role of PKD3 would be to apply mass spectrometry (MS)-based proteomics to analyze
PKD3’s interacting partners during specific cell cycle phases. A study by D’Avino et al. (2019)
provides a framework for this type of investigation, in which they examined the midbody
interactome using a high-throughput MS-based approach ®!. By synchronizing cells into the
appropriate phase of the cell cycle and using PKD3 as bait, similar pull-down experiments could
be performed to identify top interacting partners. By using mass spectrometry to analyze pull-
down results, it may be possible to narrow down the list of potential PKD3 interacting partners,

which would provide valuable insights into its role during cytokinesis.

However, this type of study has its own challenges. High throughput approaches such as MS
generate large data sets that require parallel validation and rigorous in vivo studies to confirm the

physiological relevance of the identified interactions. These novel studies, while promising, need
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to be complemented by functional assays in living cells to verify the role of these interactions
and their involvement in the cell cycle. In addition, the regulatory mechanisms of PKD3, such as
post-translational modifications and its activity in different cellular contexts, need to be carefully

considered to fully understand its role during specific stages of the cell cycle.

4.5 Implications for Cancer Research and Therapeutic Strategies

Despite the challenges of functional studies, these studies are vital, particularly in cancer
research, where understanding the intricate mechanisms of cell cycle regulation can pave the way
for new therapeutic strategies. Proteins like PKD3, involved in cytokinesis and cell division, are
critical targets for cancer therapies due to their central role in cellular proliferation. Advances in
targeting kinases involved in cell cycle regulation, such as cyclin-dependent kinases (CDKs),
Aurora kinases, and Polo-like kinases (PLKs), have already revolutionized cancer treatment by
disrupting critical checkpoints in cell division. Cyclin-dependent kinases (CDKs) are central
regulators of the cell cycle, controlling transitions through phases like G1/S and G2/M. CDK
inhibitors, such as palbociclib, ribociclib, and abemaciclib, have been successfully used to treat
hormone receptor-positive breast cancers by arresting tumor cells in the G1 phase. Similarly,
Aurora kinases, which are essential for chromosome alignment and segregation during mitosis,
have become promising targets. Inhibitors like alisertib aim to exploit their roles in mitotic
spindle assembly to induce cancer cell death. PLKs, especially PLK1, are another class of
mitotic kinases that regulate centrosome maturation and cytokinesis. PLK1 inhibitors, such as
volasertib, have shown potential in preclinical and clinical trials for various malignancies. These

kinase inhibitors demonstrate the therapeutic power of targeting cell cycle dysregulation but are
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not without limitations. Resistance mechanisms, including compensatory pathway activation, and
off-target effects remain significant challenges. Furthermore, tumor heterogeneity and the
adaptive nature of cancer cells often limit the long-term efficacy of these therapies. Addressing
these issues requires a more comprehensive understanding of kinase interactions and functions in

the context of specific cellular environments®? 54,

A deeper exploration of PKD3’s role in cytokinesis and its interaction network could reveal new
opportunities to target cell cycle-related processes, offering innovative strategies to overcome
therapeutic resistance. Such insights might extend beyond oncology, impacting conditions like
fibrotic diseases, where aberrant cell proliferation drives pathology, or developmental disorders
tied to cell cycle dysregulation. Ultimately, the ability to precisely map PKD3’s interactions
within the cellular environment is not just a step toward unraveling fundamental biological

processes, it represents a pathway to innovation in disease treatment.
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