Role of Tks4 scaffold protein in normal and tumor cell signaling
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Introduction

The epithelial-mesenchymal transition (EMT) is a process that involves cells losing their
epithelial phenotypic properties and acquiring mesenchymal characteristics. Three types of
EMTs are known, the first type occurs during embryonic development (implantation,
gastrulation, neural tube formation), the second type appears during the process of wound
healing and tissue regeneration, and the third type is associated with tumor progression and
metastasis [1]. Recently, the concept of a hybrid EMT, also known as partial EMT has emerged,
meaning that cells co-express epithelial and mesenchymal markers. This is a form of plasticity,
in which the cells oscillate freely on the epithelial-mesenchymal axis, i.e. they are able to
change from one state to the other: epithelial to mesenchymal, or mesenchymal to epithelial
(the latter process is called MET)[1-4]. In my work, I focused on EMT in embryonic

development and EMT-like processes in tumor tissues.

The research on the Tks4 protein (gene name: SH3PXD2B) has been focused on Frank-Ter
Haar syndrome (FTHS). FTHS is a rare congenital developmental disorder caused by a
mutation affecting both alleles of the Tks4 gene [5]. The symptoms of the involved children
include skull and bone deformities (curved and shortened bones, dental abnormalities), as well
as eye disorders (glaucoma, protruding eyes), heart problems and fat differentiation problems
[5—8]. The molecular processes behind this monogenic disease can be investigated using the
already available Tks4-KO mouse models (our group has also generated a Tks4-KO mouse
strain for this purpose [6]), however the in vitro human stem cell-based model, which is also a
very useful tool, is not yet available. Our research group was also interested in the emerging
idea that Tks4 may serve as a potential biomarker in certain cancer types, which may be related

to its function in EMT and invadopodia formation [9—-14].

Aims
The aim of my PhD thesis was to elucidate how the Tks4 scaffold protein regulates signaling
in normal and tumor cells, and to explore the role of Tks4 in EMT, which is essential in both

embryonic development and tumor biology (Figure 1).

= Generating a Tks4-deficient embryonic stem cell model to unravel the role of Tks4 protein
in human embryonic development and the molecular mechanisms of FTHS.

= Investigating the role of Tks4 scaffold protein in tumor cells using a Tks4-deficient in vitro
lung tumor model.

=  Studying the EMT process in Tks4-KO cell lines in normal and lung tumor cells.



= Exploring the molecular network mediated by Tks4 in order to uncover previously unknown
Tks4 partner proteins and better understand the mechanism underlying EMT.
® Investigating the expression levels of Tks4 in lung tumor tissues to explore the possibility

of using Tks4 as a biomarker.
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Figure 1: A comprehensive overview of this Tks4-centered study.
Materials and methods

In vitro and in silico methods were used to investigate the role of Tks4 in EMT. We generated
a Tks4-deficient HUES9 embryonic stem cell line and A549 lung adenocarcinoma cell line
using CRISPR-Cas9. The HUES9 cells were spontaneously differentiated via embryoid body
(EB) formation in the mesenchymal stem cell direction at the Human Pluripotent Stem Cell
Laboratory of TTK with the help of Dr. Agota Apati's group to investigate the differentiation
abilities of Tks4-KO cells. The formation of invadopodia in A549 human lung adenocarcinoma
cells was assessed by F-actin and cortactin staining, EMT marker levels were measured by RT-
qPCR, Western blot and immunocytochemistry. Tks4 mRNA levels in human lung tumor
samples were examined by bioinformatic analysis (GEPIA2) and TissueScan cDNA array (RT-
qPCR). Tks4 interactome was identified by Tks4-IP mass spectrometry in different tumor cells
(MCF7- breast cancer, HPAC- pancreatic cancer, N87- gastric cancer, HCT116- colon cancer
and A549- lung cancer). Based on the Tks4-IP-MS results, I have identified a previously
unknown Tks4 partner protein CAPZA1 (F-actin-capping protein subunit alpha-1), explored its
localization and interaction with Tks4 by Duolink proximity ligation assay in three lung cancer
cell lines (NCI-H460, HOP-92, A549). We also predicted the possible binding site of CAPZA1

to Tks4 with the collaboration of Dr. Rita Pancsa. Afterwards, based on network analysis,



literature data and my own experimental data, I mapped the Tks4 interactome, and those

partners which are involved in EMT were investigated by Tks4-IP-Western blot in HUES9,
A549, NCI-H460, HOP-92 cells.

Results

We have produced two homozygous Tks4-KO clones and two heterozygous Tks4-KO
clones from the normal karyotype HUES9 embryonic pluripotent stem cell line (with
the collaboration of the Stem Cell Laboratory). Then, we tested the stem cell
differentiation potential of Tks4-KO cells and found that they were able to differentiate
into all three germline directions (mesoderm, endoderm, ectoderm), similarly to the
original WT HUESO cells.

With the collaboration of the Stem Cell Laboratory, we have differentiated
mesenchymal stem cells from the HUES9 embryonic pluripotent stem cell line, and we
have examined the levels of various differentiation markers. Our results showed reduced
levels of E-cadherin and Snail protein and lower expression of transcription factors
involved in bone tissue formation (GATA4, GSC) in Tks4-KO cells.

I have generated two homozygous Tks4-KO clones from A549 lung adenocarcinoma
cells. I have observed that the Tks4-KO A549 clones exhibit an altered morphology with
a more elongated phenotype, which I confirmed by calculating the form factor of F-
actin stained cells (a value close to 1 indicates a more rounded shape [15]).

I have shown that the number of invadopodia structures in Tks4-KO A549 cells is
decreased compared to wild-type cells through cortactin and F-actin colocalization
measurements. Furthermore, the results of the wound healing assay showed a slight
decrease in the migratory ability of Tks4-KO cells compared to wild-type cells.

I have examined the effect of Tks4 knockdown on the EMT process, where observed
that the gene expression profile of EMT markers was altered: the expression levels of
fibronectin, Snai2, N-cadherin were increased in both Tks4-KO clones, while the
expression of E-cadherin was decreased. In addition, one of the Tks4-KO clones showed
increased mRNA levels of the transcription factors Snail and Twist. Vimentin and
fibronectin also showed an increased expression in Tks4-KO cells compared to wild-
type cells based on ICC and WB measurements. No significant differences were
observed in the protein expression levels of other EMT markers, such as N-cadherin, in

Tks4-KO cells detected by Western blot and ICC. Overall, in the absence of Tks4, lung



adenocarcinoma cells were in an EMT-like state and showed a hybrid epithelial-
mesenchymal phenotype.

I have investigated the potential use of Tks4 as a biomarker by database analysis
(GEPIA2), where a significant decrease in Tks4 mRNA expression was detected in lung
tumor tissues compared to normal lung tissues.

Similarly, in the lung tumor cDNA array from patients, I have also measured the Tks4
mRNA levels and confirmed the results of the database analysis, as Tks4 expression was
reduced in lung cancer samples compared to normal samples. It was observed that
reduced levels of Tks4 mRNA correlate with poorer survival in lung cancer patients.

I have identified new partner proteins in the Tks4-IP-MS analysis from which I focused
on CAPZAL, since CAPZA1 was present in all five analyzed cell lines as a potential
Tks4 partner molecule.

To confirm the interaction of Tks4 and CAPZAI1, I have examined its localization in
three lung cancer cell lines (A549, HOP-92 and NCI-H460), which showed that both
Tks4 and CAPZA1 are present in the submembrane structures and cytoplasm of the
cells. We also identified a short linear motif within Tks4 (between 636-654), that could
be considered as a potential "capping protein interacting (CPI) motif" to which CAPZA1
could bind.

In addition, I have also performed a proximity ligation assay (PLA) to confirm the
interaction of the two proteins in cells (Tks4 and CAPZA1), demonstrating the close
proximity and binding of the two proteins in the cytoplasm in all three lung cancer cell
lines.

I have investigated the effect of low oxygen concentration condition on the EMT-like
phenotype in A549 lung cancer cells and found that Tks4-KO cell lines exhibited a more
pronounced EMT-like state than wild-type cells. We have also detected a faster response
to EMT-inducing low oxygen environment: Snai2 and Twist mRNA levels showed a
more significant increase, and E-cadherin mRNA level showed a decrease in Tks4-KO
clones. Furthermore, we detected decreased CAPZA1 levels in Tks4-deficient cells
under low oxygen conditions.

I have also studied the interaction network of Tks4 in HUES9 embryonic stem cells and
lung tumor cells (A549, HOP-92, NCI-H460). 1 generated a Tks4-based protein
interaction network with the STRING database incorporating our experimental data,

from which I selected the proteins involved in EMT and confirmed that these selected



proteins (Grb2, Cortactiny, CD2AP, CAPZAT1) are Tks4 partners in these cell lines by

Tks4-IP western blot experiments.

Conclusion

In the embryonic stem cells, Tks4 deficiency did not disrupt the basic germ cell differentiation
process, which is also the case in FTHS and Tks4-KO mice, as the viability of the affected
children is preserved despite the disease. Therefore, it is not surprising that Tks4-KO HUES9
cells also retained their broad differentiation ability. Thus, the absence of Tks4 does not cause
pronounced problems at this level of embryonic development. Next, we differentiated
mesenchymal stem cells from pluripotent stem cells and examined the levels of differentiation
markers, where the expression levels of the major EMT markers (E-cadherin and Snail) were
altered. These data suggest that Tks4 is not a key regulator of EMT but plays a role in the fine-
tuning process. Also, the lower levels of transcription factors involved in bone tissue formation
in Tks4-KO MSCs (GATA4, GSC [16,17]) suggest that the kinetics of the differentiation
process are impaired. These data are consistent with the observation that Tks4 has a role in bone

tissue formation [5,7], which may be related to the bone phenotype of FTHS patients.

The role of Tks4 in tumor biology is also being investigated by research groups, since its use
as a biomarker has been demonstrated in gastric cancer, hepatocellular carcinoma and
melanoma [10,11,18], but its role in lung cancer has not yet been studied. Therefore, I
performed database analysis and qPCR measurements of human lung cancer tissue samples.
The results showed that Tks4 mRNA levels are lower in lung cancer tissues than in healthy
tissues. This suggests that Tks4 may serve as a potential biomarker to distinguish between
healthy and cancerous lung tissues. Moreover, the lowest Tks4 expression levels were measured
in the most advanced stage of lung cancer. Accordingly, measurement of Tks4 mRNA
expression levels by qPCR in surgically removed lung tissue samples may help to determine

the possible prognosis of the disease.

Furthermore, I have also studied Tks4 deficiency in lung adenocarcinoma cells (A549) in vitro,
resulting in an elongated mesenchymal-like phenotype. This is similar to that previously
observed in Tks4-KO colon cancer cells by our group, where we discovered elongated and less
circular cell shapes [12]. In addition, our results in Tks4-KO lung cancer cells suggest the
presence of an epithelial/mesenchymal hybrid phenotype characterized by increased gene
expression of mesenchymal markers such as fibronectin, N-cadherin and transcription factor

Snai2 and decreased expression of the epithelial marker E-cadherin in Tks4-KO clones, which



are hallmarks of the EMT process. It is important to highlight that not all EMT-related markers
showed a uniform change in protein levels, as N-cadherin levels were maintained in Tks4-KO
cells, similar to the wild-type cells. In general, the ability to migrate and the development of
invadopodia are characteristics of invasive cancer cells. Interestingly, the migratory ability of
Tks4-KO cancer cells is slightly reduced, and these cells also show reduced levels of
invadopodia formation. We hypothesized that the mechanism behind the different effects
(decreased invadopodia formation, increased EMT marker expression, decreased migratory
ability) may be due to the fact that Tks4 partners can affect EMT in several ways. Thus, the
current level, ratio, binding and thus downstream signaling of Tks4 partner molecules
may have different effects on the outcome of EMT processes. To describe the Tks4
interactome, Tks4 IP mass spectrometry analysis was performed, where I identified new Tks4
partners, for example: the CAPZAT1 protein. The Tks4-CAPZAT interaction was validated by
western blot, Duolink proximity ligation assay and prediction analysis with Dr. Rita Pancsa. In
hepatocellular carcinoma cells it was also shown that decreased expression of CAPZA1 drives
the EMT process induced by low oxygen levels [19], and another research group has shown
that a decrease in oxygen levels in the A549 cell line induces the EMT process [20]. Thus, I
also tested the effect of low oxygen conditions in the Tks4-deficient lung cancer cell line. Tks4-
KO cells responded with a more pronounced EMT-like phenotypic change than wild-type A549
cells to the low oxygen stress. This result may indicate that, knocking out Tks4 results in a more

plastic cell type that responds more rapidly to EMT induction.

Based on our hypothesis, the presence of signal transduction molecules associated with the
Tks4 scaffold protein at a given moment and the binding relationships between them may affect
downstream Tks4 signaling in different ways. We performed additional Tks4 interactome
studies to identify Tks4 partner molecules. In these experimental sets, I included three lung
cancer cell lines (A549, NCI-H460, HOP-92) and the HUES9 embryonic cell line to perform
Tks4-IP-WB experiments. To select the target proteins for this experiment, firstly I created a
protein-protein interaction network based on the STRING database, literature data and my own
research data (Figure 2), from which I selected those proteins that are involved in the EMT
process (Grb2 [21], CAPZA1 [19], CD2AP [13], Cortactin [22]). The results show that these
partner proteins are present in the Tks4 interactome in embryonic mesenchymal stem cells and

in all the three lung cancer cell lines as well.
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Figure 2: Analysis of protein-protein interactions of Tks4 partner molecules: the interaction network of
Tks4. The interaction analysis was visualized using STRING (https://string-db.org/), incorporating
experimental and literature data.

Overall, the in vitro experiments I have presented indicate that the absence of Tks4 induces a
hybrid EMT process in tumor cells, while it slightly slows down this process in embryonic
HUES9 MSC cells and may further inhibit differentiation/commitment steps. This suggests that
normal and tumor cells respond differently to the absence of Tks4. These results show that Tks4
(Figure 2) and the molecules involved in its network contribute together to EMT-like processes,
invadopodia formation and regulation of differentiation. In conclusion, this PhD research
significantly extends our knowledge of the Tks4 interactome and its role in the regulation of

EMT-like processes in embryonic stem cells and lung cancer cells (Figure 3).
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Figure 3: Summary of the results shown in the PhD thesis.
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