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Tiivistelma

Tutkimuksen tausta ja tavoitteet: Verkkokalvon pigmenttiepiteelin yleisin klaudiini proteiini
on klaudiini-19. Aikaisemmin on tehty vain harvoja havaintoja klaudiinien sijainnista silioissa,
eikd klaudiineille ole 16ydetty tehtdvia sielld. Ryhmadmme aikaisemmassa tutkimuksessa on ha-
vaittu klaudiini-19 proteiinin sijoittuvan solujen kehitykselle tirkedén sensoriseen virekarvaan,
primadri siliaan (engl. primary cilium) kantasoluista erilaistettujen verkkokalvon pigmenttiepi-
teelin solujen maturaatiossa ja tiettyjen stimulusten, kuten epiteeli-mesenkyymi transition vai-
kutuksesta. Taméan tutkimuksen tarkoituksena oli selvittdé klaudiini-19 proteiinin rooli ja tar-
kempi sitoutumispaikka primééri siliassa. Liséksi tarkoituksena oli selvittdd, vaikuttaako epi-
teeli-mesenkyymi transitio klaudiini-19 proteiinin sijoittumiseen primairi siliaan.

Tutkimusmenetelmiit: Klaudiini-19 proteiinin roolia priméari silioissa tutkittiin hiljentdmalla
hetkellisesti sen luentaa. Proteiinin ilmentymisen muutosta seurattiin Western blot -menetel-
malla. Lisdksi tutkittiin, onko TGF-2 altistuksella vaikutusta proteiinin sijoittumiseen primaari
siliaan. Altistuksen avulla tutkittiin my6s klaudiini-19 proteiinin tarkempaa sijoittumiskohtaa
priméari silioissa. Solut vérjattiin klaudiini-19 ja priméari silia markkeriproteiinien vasta-ai-
neilla, ja kuvannettiin kdyttden konfokaali- ja ekspansiomikroskopiaa.

Tutkimustulokset: Klaudiini-19 proteiinin vaikutusta primaéri silioiden ylldpitoon ei saatu
selville, silld proteiinin hiljentdmisessé ei onnistuttu. Proteiinin tarkkaa sijoittumista primaéri
silian rakenteessa ei saatu selville, mutta todettiin, etta epiteeli-mesenkyymi transitio lisdd klau-
diini-19 proteiinin sijoittumista primiéri siliaan.

Johtopéitelmiit: Tutkimuksen aikana optimoitiin monia erilaisia tutkimusmenetelmié, ja Wes-
tern blot -analyysille, epiteeli-mesenkyymi transition induktiolle ja ekspansiomikroskopialle
tehtiin protokollat. Tima tutkimus osoitti, ettd klaudiini-19 proteiini ajoittain sijoittuu primaéri
siliaan. Kirjallisuudesta on havaittu yhtéldisyyksid klaudiini-19 proteiiniin liittyvien
sairauksien ja primééri siliaan liittyvien sairauksien vélilld. Téten on mahdollista, ettd klaudiini-
19 proteiinilla on rooli primééri siliassa, vaikka sitd el timén tutkimuksen aikana saatu selville.

Tédmain julkaisun alkuperdisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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Abstract

Background and aims: Claudin-19 is the most abundant claudin protein in human retinal
pigment epithelia. There have been only few observations of ciliary localization of claudin-19,
and its role in developmentally important primary cilia has not yet been established. Our
previous work has identified that human embryonic stem cell derived retinal pigment epithelial
cells possess claudin-19 immunopositive primary cilia during cell maturation and after certain
stimuli, such as epithelial-mesenchymal transition. The aim of this study was to establish the
role and more precise location of claudin-19 in primary cilia and also, whether epithelial-
mesenchymal transition affects ciliary localization of claudin-19.

Methods: The role of claudin-19 in primary cilia was studied by transiently knocking down its
expression with RNA interference. The change in protein levels was examined with Western
blot. It was studied whether inducing cells to epithelial mesenchymal transition with TGF-2
treatment would increase claudin-19 localization in primary cilia and also it was used to find
the precise localization site within primary cilia. The cells were immunostained against claudin-
19 and ciliary marker protein and imaged using confocal and expansion microscopy.

Results: It was not verified whether the claudin-19 knockdown would affect primary cilia
maintenance, as the claudin-19 knockdown was not successful. The exact localization of
claudin-19 in primary cilia was not identified, but it was shown that epithelial-mesenchymal
transition induces claudin-19 localization in primary cilia.

Conclusion: There were several different methods optimized during the study and protocols
for Western blot, epithelial-mesenchymal transition induction, and expansion microscopy were
established. This study showed that claudin-19 is occasionally located in primary cilia. It has
been noticed from previous studies that claudin-19 associated diseases and primary cilia
associated diseases have some similarities. Based on this evidence it is possible that claudin-19
has a meaning and role in primary cilia, even though it was not verified in this study.

Originality of this publication has been checked with Turnitin OriginalityCheck program.
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1 Introduction

Retinal pigment epithelium (RPE) is a monolayer of cells located between neural retina and the
choroid in the retina of the eye. It has several important roles in visual function, including light
absorption, epithelial transport and maintaining the visual cycle.! RPE is a tight epithelium that
has several cell-cell junctions, including tight junctions. One major tight junction protein family
is claudin proteins from which claudin-19 (CL19) has a role in determining the permeability

and selectivity in human RPE tight junctions.?

Cilia are microtubule-based protrusions in the apical side of almost every vertebrate cell type.
Primary cilia are non-motile, and their structure consists of nine outer microtubule doublets,
but they lack the central pair that motile cilia have. Primary cilia are functioning as signaling
hubs and they are crucial in development of several organs. After developmental phases, they

usually diminish. Nevertheless, some cell types remain ciliated during adulthood as well.?

There are a few observations of localization of claudin proteins in primary cilia.*> The role of
CL19 in primary cilia is not established, but claudin-7b and claudin-h downregulation has been
observed to lead to abnormalities in primary cilia structure in the kidney.” However, CL19
mutation leads to Familial primary hypomagnesemia with hypercalciuria and nephrocalcinosis
with severe ocular involvement. It is a serious disease that has onset already in childhood, which
indicates problems in developmental biology.® On the other hand, primary cilia are needed in
normal development. Therefore, it can be said that CLDN19 mutations lead to conditions that
resemble diseases caused by deficiencies in primary cilia (ciliopathies). It is possible that the
RPE cells of patients with CLDN19 mutations are not maturing normally, because primary cilia
are needed in their normal maturation.’” These aspects suggest that there could be a link between
CL19 and ciliopathies. In our previous data, we have observed how CL19 localizes to primary
cilia during maturation of human embryonic stem cell —derived RPE (hESC-RPE) and after
certain stimuli. This evidence leads to the hypothesis that CL19 could be involved with primary

cilia.

Studying primary cilia has expanded over the years because of their roles in vertebrate
development and association in human genetic diseases.® Because of the recent interest in
studying primary cilia, several new cilia associated proteins have been found. Nevertheless,
numerous cilia-associated proteins with unknown function in primary cilia remain.’ This thesis

is trying to answer the question, whether CL19 has a role in hESC-RPE primary cilia.



2 Literature review

2.1 Retinal pigment epithelium

RPE is a monolayer of cuboidal cells beneath neural retina structure, located in the back of the
eye between photoreceptor outer segments and the blood vessels of the choroid (Figure 1). The
fact that the RPE is facing a solid tissue on its apical side and forms a blood-tissue barrier makes
it special among other epithelia.? It mainly functions in maintaining the visual cycle by for
example light absorption, recycling photoreceptor outer segments and controlling transport of
nutrients and metabolic waste from the retina to bloodstream and the other way around.!
Different forms of retinal degeneration diseases can begin with degeneration or malfunction of
the RPE. Therefore, RPE has become widely studied as researchers are trying to establish stem

cell-based treatments to retinal degeneration.
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Figure 1. The structure of the human eye with schematic enlargement. RPE cells’ long
microvilli are facing photoreceptor outer segments. RPE is laying on top of the choroid, that is
not illustrated. By forming a solid barrier between blood vessels of the choroid and other tissues
of the eye, RPE has an important role as a blood-tissue barrier. (Modified from
https://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-

retina: 18.2.2020).

RPE cells are organized in a mosaic-like structure from hexagon-shaped cells, that is thought
to be the most energetically favorable cell-arrangement. The RPE cells’ apical membrane has
long microvilli that are surrounding photoreceptor outer segments. Basal membrane of RPE is

facing the Bruch’s membrane, that physically separates retina from choroid. The basal plasma
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membrane of RPE cells contains several infoldings that increase the surface area of membrane
and enhances transport.! RPE cells have pigment melanin granules that cause their
characteristic dark color."!® These granules are called melanosomes and they are lysosome-
like compartments that are specialized to synthetize and store melanin.!! RPE contains several
cell junctions, including desmosomes and hemidesmosome-like structures between basal
plasma membrane and Bruch’s membrane and tight-, adherens- and gap junctions and
occasional desmosomes between adjacent RPE cells. These junctions permit paracellular
permeability, cellular integrity and cell-cell contact.!® Without several cell junctions, RPE could

not serve its functions that demand an intact epithelium.!?

2.1.1 Functions of Retinal pigment epithelium

RPE has several functions in maintaining health and integrity of the distal retina and choroid?
(Figure 2). RPE’s primary functions are in forming the outer blood-retina barrier and
maintaining the visual cycle by ensuring correct composition of the sub-retinal space and
separating capillaries of the choroid from the neural retina. Different forms of retinal
degeneration and eventually loss of vision are possible outcomes, if the functions of RPE are

disrupted.!

Light Absorption Epithel Transport Glia Visual Cycle Phagocytosis Secretion

11 - cis retinal

Fenestrated Capiliary Bed

Glucose =
vitamin A Cl H,0 VEGF

Figure 2. The most important functions of RPE. RPE absorbs light energy, transports
molecules and ions, performs spatial ion buffering, maintains visual cycle by transforming
retinol to retinal, phagocytoses photoreceptor outer segments and secretes growth factors to
control nearby tissues. Modified from reference 1.

RPE cells absorb the light energy that is refracted to the retina. The amount of energy could

cause damage to the eye if it was not absorbed. Therefore, the light absorption to pigmented
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melanin granules is protecting the cells from photo-oxidative stress and damage.!!* RPE cells
enable transepithelial transport of water, ions and nutrients from blood to photoreceptor cells
and from subretinal space to blood. For visual function it is crucial to transport water out of the
subretinal space.'!'! Water accumulates into the retina due to metabolic reactions and
intraocular pressure that loads water from vitreous body to the retina.! RPE pumps the water
out together with Cl and K" ions. This transport is provided with the energy from Na™-K'-
ATPases located in the apical membrane of RPE cells. RPE also have exchangers for lactic acid
and bicarbonate. Therefore, RPE also controls the pH of subretinal space with this transport
machinery. In addition to ions and water, RPE transports metabolic end products from
subretinal space to blood and nutrients such as glucose, retinol and fatty acids from blood to
photoreceptors.!!! Retinol is not only transported, but it is constantly exchanged between RPE
and photoreceptors. This is because photoreceptors cannot reisomerize retinol to retinal. After
photoisomerization of 11-cis-retinal to all-trans-retinal, the latter is reduced to all-trans-retinol
and transported from photoreceptors to RPE. RPE transforms it to 11-cis-retinal that is
transported to photoreceptors in a usable conformation.'> Furthermore, RPE maintains
photoreceptor function by stabilizing the ion composition in the subretinal space and by
phagocytosing, digesting and recycling the shed photoreceptor outer segment components.
Finally, RPE secretes several growth factors that maintain stability and structure of
choriocapillaris endothelium, photoreceptors and retinal neurons.'® RPE also secretes
immunosuppressive factors that have a role in establishing the immune privilege of the eye.!!”
If these functions are somehow altered or loss, it can lead to several forms of retinal

degeneration.

2.1.2 Retinal degeneration, treatment and disease modeling

As indicated, RPE has several vital functions in maintaining the visual cycle and viability of
surrounding tissues. Disrupting the RPE disturbs normal fluid flow between choriocapillaris
and neural retina, which results in buildup of fluid, called edemas. However, this also alters the
metabolic circuits and function of the RPE itself.!> Therefore, it is understandable that the loss

of functional RPE cells leads eventually to loss of vision.

There are tens of millions of individuals affected by retinal degenerative diseases worldwide.'8
These diseases are rising from several different disease mechanisms and genes that are not
functioning properly. Therefore, there are also several different approaches to treat retinal
diseases, for example gene therapies, photodynamic therapy, angiostatic steroids, growth factor

suppressors and the artificial retina.!® Nonetheless, there are diseases that are untreatable with
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these approaches, for example a dry form of age-related macular degeneration (AMD). In the
AMD, the macula of the eye degenerates, which leads to a loss of central vision.'®* Wet form of
the AMD can be treated but not cured with intraocular antibody injections, but there are no
effective options to treat the dry AMD.!*!® Therefore, there is a need for new therapy
approaches, from which the cell replacement therapy is a tempting option. It is particularly
tempting for the RPE degeneration, as the RPE structure is relatively simple; a monolayer of
cells laying on Bruch’s membrane.!® This approach could not only treat the symptoms but also
restore visual function, if the photoreceptors remained viable before starting the treatment.
Nevertheless, there have been indicated several obstacles in RPE cell replacement therapies; 1)
will the transplanted RPE cells survive on diseased Bruch’s membrane, ii) how the cells are
delivered to subretinal space, iii) how to ensure transplant integration to target site, iv) how to
prevent immune rejection of the allogenic transplant, and v) how to prevent cells from
vigorously proliferating and emerging tumors and cancer.?’ All these pitfalls must be solved,

before cell replacement therapies can be used in treatment of retinal degeneration.

Cell replacement therapies are currently targeted to treat common retinal degeneration diseases.
However, each disease has its own characteristics and they require specific treatment options.
Therefore, disease models have to be developed to further study specific diseases.?! Animal
models were previously used, but their usage is restricted by ethical issues and the critical
differences between humans and other animals. For example, some common rodent animal
models are not that usable in eye research, as they lack the macular region found in human.?!
Cell culture -based disease models are preferred over animal models as the results are more
easier to reproduce and the experimental system can be easily controlled and manipulated.??
Stem cell technology enables in vitro disease modeling with for example human pluripotent
stem cells (hPSC) that are widely used and efficient in studying several different cell types of
the human body. RPE generated from hPSCs is a novel tool to study and understand RPE cells
function and eventually RPE related retinal degeneration diseases.?® Nevertheless, the usage of
human embryos brings ethical issues to research. A technique to reprogram fully differentiated
somatic cells to induced pluripotent stem cells (iPSC) was established in 2006.2* iPSCs are
similar to hPSC in their morphology, proliferation, differentiation capacity and genomic and
epigenomic states.?> Therefore, iPSCs have wide possibilities in basic research, drug screening,
disease modeling, toxicological studies and cell therapy.?® The ethical issues from using human
embryos are eliminated, as iPSCs can be produced from easily accessible cell types for example,

blood cells, keratinocytes and dermal fibroblasts.?” Furthermore, iPSCs make it possible to



study inherited diseases in detail from the patient cells in vitro. By differentiating RPE cells

from iPSC, several different RPE related retinal degenerations can be studied.?!

2.2 Claudin proteins

Different compositions are separated by epithelial sheets in organisms that have higher
structures.?® It is strictly regulated which molecules can be transported through these epithelia
and in what pace. In vertebrates, this regulation is mainly controlled by tight junctions.?®* A
tight junction is a form of cell junctions, that is responsible for maintaining the paracellular
barrier for large molecules and controlling the paracellular transport of ions.*° They are formed
by a complex of transmembrane and peripheral proteins that are connected to the cell
cytoskeleton.?® Each epithelium requires different barrier properties to suit its function in a

certain location of a human body. These different properties are arising from different

contributions of tight junction proteins.

The structure of different claudins is relatively conserved. They have four hydrophobic
transmembrane domains that anchor them to the cell membrane.®! The intracellular domain is
short, only 7 amino acids, whereas the cytoplasmic domain is longer 40-70 amino acids. The
length of the cytoplasmic tail is the biggest difference among claudin proteins, and presumably
it is the aspect that at least partly explains each claudin’s different paracellular selectivity
properties. These cytoplasmic tails include a PDZ-binding domain, that directly binds certain
proteins. Zonula occludens-1 (ZO-1) is a well-known cytoplasmic scaffold protein in human
RPE. Claudins are anchored to cell membrane when they bind ZO-1. By this manner, claudins
get linked to actin cytoskeleton and simultaneously stabilize the formed tight junctions on cell

membranes.?!?

Claudin proteins are the most abundant tight junction proteins in human epithelia. They are
mainly responsible for maintaining epithelia’s ion selectivity.>! There is a total of 27 different
claudin proteins encoded by the mammalian genome* and each of them is bringing different
contribution to the ion selectivity.?® Therefore, each epithelium has characteristic subset of
claudins. In addition to the subset of claudin proteins, the way they are co-polymerized affects

the properties of the given epithelium.**

The role of claudins in establishing semi-selectivity of epithelia occurs by forming aqueous
pores to tight junction structure. Inside the pore, the claudins interact with charged ions either
to prevent or permit their passing through the epithelium. This ability to select which ions can

pass, comes from the claudin amino acid sequence and their charges that are lining the pore.



Claudin protein family is divided into groups based on their ability to either form a barrier or
to form a pore structure. They can be classified to claudins that predominantly restrict or permit

anion/cation permeability through the junction.’

2.2.1 Claudin-19

CL19 is a member of the claudin protein family and it is expressed by peripheral nervous
system, kidney and RPE.*>>* It is the most abundant claudin protein in human RPE,? which
makes it interesting for human eye research. It determines the permeability and semi-selectivity
of tight junctions in the tissues it is expressed. It mainly functions as a barrier against anions.*
Nevertheless, there is also some data that indicate its role as a sodium ion barrier.>’ Furthermore,
it has recently been detected to regulate the expression of barrier related pathway proteins in
RPE cells.*® CL19 also regulates genes that are encoding retinal neurotrophic factors and
proteins of the visual cycle.*® It is notable, that decreased expression levels of a RPE maturation

marker Retinal pigment epithelium-specific 65 kDa protein have been observed with both

defective primary cilia’ and CLDN19 mutations.*

Mutations of CLDNI9 has pleiotropic effects, meaning that a single mutation has multiple
effects in the human eye. For example, they cause macular colobomata, myopia and horizontal
nystagmus.’ In addition, one of the best-known conditions of CLDNI9 mutations is Familial
primary hypomagnesemia with hypercalcuria and neprocalcinosis. In general, renal
magnesium and calcium wasting in the kidney occurs in this condition. In the kidney, and more
precisely in the thick ascending limb of Henle’s loop, claudin-16 and CL19 are forming
heteromultimers and are responsible for magnesium and calcium ion reabsorption. A mutation
in either of these genes leads to the condition, but only CLDN/9 mutations lead to ocular

involvement. This is understandable as claudin-16 is not expressed in the RPE.%¥

2.3 Primary cilia

Cilia are microtubule-based cell compartments that are protruding from the apical surface of
several cell types. In addition to RPE cells, primary cilia are found on other epithelial cells, for
example kidney tubule, endocrine pancreas and thyroid. Other cell types than epithelial cells
can produce primary cilia as well. These include for example Schwann cells, fibroblasts and
neurons.> There exist two types of cilia, motile and non-motile, from which the non-motile
cilia are called primary cilia.>*° In recent years, the role of primary cilia has been better
understood. They primarily function as signaling hubs in developmental phases after which

they diminish, but some cell types remain ciliated during adulthood as well. However, primary



cilia have not been observed in mature RPE cells.> Well-known signaling pathway proteins that
localize in primary cilia are Hedgehog (Hh) and Wingless. Their primary roles are in regulating

embryonic development and this further emphasizes primary cilium’s developmental roles.*

2.3.1 Structure

The structure of cilia is composed of microtubule skeleton called axoneme, that is surrounded
by a ciliary membrane (Figure 3). Primary cilia have a specific microtubule-organizing center
(MTOC) that is called a basal body. In addition, there are smaller compartments in the structure

of primary cilia, including transition zone, Y-linkers and ciliary tip.
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Figure 3. Structure and cross sections of motile and non-motile cilia. Microtubule pairs that
form the axoneme are made up by one whole microtubule (A tubule) that is connected to an
incomplete microtubule (B tubule).>” Basal body is anchored to immediate proximity to plasma
membrane, where it functions as MTOC elongating the axoneme and stabilizing primary
cilium’s location into one place. Transition zone separates ciliary membrane from plasma
membrane and ensures specific lipid composition that is crucial for primary cilium’s
functionality.”*! Modified from reference 9.



The aspect that enables different motility properties between motile and non-motile primary
cilia is their microtubule structure. Motile cilia have 9+2 microtubule axoneme, consisting of
nine microtubule doublets that form a cylinder structure, and inside the cylinder, there are two
microtubules. Non-motile cilia lack this inner doublet. Therefore, their axoneme is referred as
9+0.340 There are also some exceptions in motility properties of 9+2 and 9+0 cilia, but the basic
rule is as described.>® In addition to tubulin, there are also other components in the axoneme.
These are tektins and protofilament ribbon proteins and their supposed role is to bring stability
to the cilia. These structural components might explain why axoneme microtubules do not
disassemble spontaneously in vitro. Ciliary membrane surrounding the axoneme is continuous
with plasma membrane but still a distinct unit from it. The ciliary membrane contains several

different receptor proteins that link primary cilia to different cell signaling routes.**-*?

Basal body is a modified form of the older centriole, called a mother. Division of the mother
centriole during the previous S phase develops the daughter centriole.” The mother centriole
and daughter centriole have both structural and biochemical differences between each other and
mother centriole’s characteristics enable it to nucleate the primary cilium.** Basal body’s
structure consists microtubule triplets, and axoneme is extending from two of the three
microtubules. Mother and daughter centrioles together constitute the basal body complex

(BBC).?

The transition zone is an important component of primary cilium as it is located on the critical
site for ciliary function regulation at the bottom of the cilium. It connects axoneme to BBC and
forms a diffusion barrier, which enables specific microenvironment inside primary cilium. The
transition zone is surrounded by a specific periciliary membrane. The transition fibers in
transition zone that connect microtubule doublets of the axoneme to the cell membrane is
defined as Y-linkers.>* The ciliary tip is an important detail in ciliary structure that maintain
primary cilium’s function. It is a specialized region with certain protein composition and
ultrastructure. Different signaling pathway components accumulate there and the ciliary length

is remodeled by adding or removing subunits at the tip.>

2.3.2 Ciliogenesis

Assembly of a new cilium, or ciliogenesis, requires several different steps that must be strictly
regulated. There are three time points when cells can regulate primary cilia absence or
presence; synthesis of precursors, transport and assembly of precursors and cilium turnover.’

As the basal body is derived from the mother centriole, primary cilia form only in quiescent



cells or during G1 phase of the cell cycle*'*? (Figure 4). This link to the cell cycle brings
another level of regulation to ciliogenesis, as the cell cycle is one of the most strictly
regulated processes in cells.** Other aspects that regulate ciliogenesis are cell confluence,

fluid flow and cell spreading.’

The mother centriole requires some modification steps before it can be used as a basal body.
There must form structures that are anchored to cytoplasmic microtubules called basal feet.
These basal feet are derived from subdistal appendages of the mother centriole.”* Without this
anchoring of basal bodies, they are not sufficiently polarized inside cells.” Components of
primary cilium, such as tubulin, must be synthetized inside the cytosol because protein synthesis
does not occur inside the cilium.*** This is one of the key regulation steps. It can be indicated
by the fact that during primary cilia construction there are several hundreds of genes
upregulated.” The synthetized primary cilium components must be transported to elongating
primary cilium.***>43 This process serves as an important control point of ciliogenesis, as the

cargo size, speed, entry and selection are easily regulated parameters.’

The axoneme is not a static structure but rather dynamic. The length of cilia is not increasing,
when the turnover rate is balanced with incorporation of new tubulin at the cilia tip.” One key
protein in the regulation of ciliary length is ADP-ribosylation factor-like protein 13B
(ARL13B). In the absence of this ciliary protein, the observed cilia lengths are significantly
shorter compared to wild type. Correspondingly, cells that overexpress ARL13B has been

shown to produce relatively long cilia.**

Primary cilium turnover must happen shortly before the cell enters mitosis.*” Basal body must
be transformed back to centrioles that are transported to cell interior. This ensures mitotic
spindle formation and correct cell division.* There are two possible routes to primary cilium
turnover specified in literature; whether the primary cilium is cleaved off from the basal body

before further disassembly or it is actively disassembled by cooperation of different proteins.’
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Figure 4. Primary cilium formation during cell cycle. Cells that are newly divided in early
G1 phase do not possess primary cilia. Mother centriole docking to actin-rich cell cortex occurs
during G1 and the primary cilium is nucleated. During S-phase the centrioles are duplicated
and just before mitosis the primary cilium is resorbed. Therefore, the centriole pairs are allowed
to detach from the cell cortex and perform their function in cell division. Primary cilium is re-
formed again in G1. Modified from reference 9.

There are two possible pathways for assembly of a new primary cilia, extracellular and
intracellular pathway (Figure 5). The extracellular pathway, that appears to be common among
epithelial cells, is working through basal body’s docking straight to the apical membrane*®*,
and more precisely onto the actin-rich cell cortex.” Therefore, primary cilium is constructed
straight to extracellular space. On the contrary, intracellular pathway is well known for
fibroblasts and smooth muscle cells, and it leads to ciliary pocket structures.* In this pathway,
the basal body is docked to a vesicle, wherein primary cilium is produced. The vesicle together
with a mature primary cilium is translocated to proximity of the apical membrane. Fusion of
the vesicle and cell membrane leads to protrusion of the primary cilium towards extracellular
space.***“¥> Usually in this pathway, the primary cilium remains partly invaginated by the
membrane and is not fully exposed to the extracellular space. These invaginations are called
ciliary pockets. For example, Madin-Darby canine kidney (MDCK) cells have been proved to

possess only few ciliary pocket structures, whereas most RPE cells have primary cilia
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protruding from ciliary pockets.* This aspect shows that RPE is an exceptional epithelium

among others based on primary cilia formation.
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Figure 5. Ciliogenesis pathways. Intracellular pathway (left) is common for fibroblasts,
smooth muscle cells and neurons but also RPE. In this pathway, primary cilium is elongated
into primary ciliary vesicle. Eventually, this vesicle is fused with cell membrane and primary
cilium gets protruded to extracellular space. In extracellular pathway, the basal body is docked
straight to cell membrane, and forming primary cilium is constantly exposed to extracellular
space. Modified from reference 45.

2.3.3 Function

There is a special microenvironment inside a primary cilium and on ciliary membrane. This
microenvironment enables specific molecular interactions between signaling molecules, for
example receptors, ligands and downstream transducers. This unique microenvironment
enables primary cilia to function as a signaling hub.”*® Studies indicate that ciliary composition
is kept unique by similar mechanisms that are used in neuronal axons. These include selective
targeting, exclusion, retention, and diffusion barriers. Some proteins are transported in or out
the cilium or kept inside the cilium by a specific manner. The base of the cilia maintains this
unique microenvironment, since it is the only part of the cilium that is not covered by a
membrane.*! Basal body acts as a gatekeeper that regulates which downstream signaling events
are able to happen after activation of ciliary receptors.*? The association between the axonemal

microtubules and membrane within transition zone forms a barrier that allows the selective
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passage of materials into the cilium.* Therefore, both basal body and transition zone function

in enabling sensory properties of primary cilia.

Primary cilia associated pathways control processes of embryogenesis, tumorigenesis, feeding

behavior, kidney function, vision and smell.*!

The well-known signaling pathways that localize
into primary cilia are for example Hh, Wingless, Fibroblast Growth Factor, Notch, mMTOR and
Platelet-derived Growth Factor signaling pathways.*” Hh serves as an example on how

signaling pathways function utilizing the microenvironment in primary cilia.

While inactive, Hh receptors are accumulated in ciliary membrane keeping the next
downstream receptor inactive and located in cell membrane. When the first receptor binds Hh
ligand, it gets inactivated and transported out of primary cilium. The next receptor protein can
be transported to ciliary membrane, where it enables transcription factor activation.
Transcription factor together with its inhibitor are located in primary cilium tip. When the
inhibitor is inactivated, it dissociates from transcription factor. The active transcription factor
can be translocated to nucleus where it activates its target gene’s expression. This is a general
example on how players of a signaling pathway can be recruited in primary cilium and how
primary cilium is functioning as a signaling hub. As a conclusion, several signaling pathway
components are separated from each other by localizing them to different compartments in or
around primary cilium. After activation processes they are brought together resulting in gene

expression regulation.*’4®

In addition to serving as a signaling hub, primary cilium also functions as a cellular global
positioning system and it detects changes in its environment. In this manner it can for example
initiate cellular replacement after damage.* It is also indicated that ciliary length might affect
primary ciliary functions as several cilium related diseases involve observations of alterations
in ciliary length. For example, the ciliary length differs from normal in Retinitis pigmentosa.’
In addition, the primary cilium length has been observed to be related in primary cilia’s
mechanosensitivity features. Mechanosensitivity is important in primary ciliary function, as it
enables primary cilia to transmit external stimuli, for example fluid flow, to cells via cell

signaling pathways.*’

Physiological problems in primary cilia cause deregulation of signaling pathways that in
downstream causes broad complications in organism level.*’° These problems often lead to
severe developmental disorders, called ciliopathies. For example, defects in primary cilia cause

cysts in kidney, liver and pancreas.® In other tissues it can cause anosmia, retinal degeneration,
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obesity or polydactyly.’ Problems in cell cycle regulation are also connected to primary cilia as
ciliogenesis is strictly regulated together with the cell cycle. Therefore, it is understandable that
defects in primary cilia are found in several cancers.* Studying and gaining extensive
knowledge of primary cilia and their function may help in development of new treatments for
ciliopathies.’®>? For that reason, primary cilia have become notable research subject in cell

biology in the last decade.?’

2.3.4 Claudin in primary cilia

There are limited observations of claudin localization in primary cilia in general*®

and only one
study showing this happening in RPE cells.* In this study, the used antibody was against
claudin-1 and it was stated possible that it cross-reacts with claudin-3. Claudin immunopositive
primary cilia were not detected in any other cells that were tested, including photoreceptor cells,
epithelial cells of nasal mucosa, small intestine and colon. Therefore, the authors suggested that
claudin positive primary cilia is a unique phenomenon in only RPE cells. Nevertheless, claudin-
2 but not claudin-4 have been found in primary cilia of MCDK cells.>® The localization of
claudin in primary cilia has not been studied further to date. In our previous studies it has been
shown that CL19 localizes to primary ciliua during hESC-RPE cell maturation. We have also
observed that in certain circumstances the primary cilia are elongated with frequent
observations of CL19, indicating that claudin serves some functions in primary cilia. These
circumstances include certain stress inductions and in addition, fibrotic cells that are similar to
cells in EMT possess these elongated and CL19 immunopositive primary cilia. Clearly, this is

an issue that requires further studies.
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3 Aims of the research

The first aim of the thesis work was to establish if CL19 is involved in elongating primary cilia.
The hypothesis was that if CL19 has a role in primary cilia elongation, knocking down CLDN19
either prevents the elongation or disrupts it so that the eventual length of the primary cilia is
reduced. Decrease in expression of CL19 was verified by Western blot (WB). The second aim
of the thesis was to investigate where CL19 is located in primary cilia. This was done by
inducing cells to epithelial-mesenchymal transition (EMT) and microscopy methods using
primary cilia specific marker proteins. These methods were also used in the third aim, that was
to study whether EMT would increase CL19 localization in primary cilia. Microscopy methods
that were used in this study were laser scanning confocal microscopy (LSCM) and expansion

microscopy (ExM).
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4 Materials and methods

4.1 Cell culture

The hESC cell lines used in this study were Regea08/017 and Regea08/023. They were derived,
characterized and differentiated to RPE as previously described.’*>> Tampere University has
the approval of the National Supervisory Authority for Welfare and Health (Dnro
1426/32/300/05) to conduct research on human embryos. The institute also has supportive
statements of the Ethical Committee of the Pirkanmaa Hospital District to derive, culture, and
differentiate hESC lines (Skottman/R05116). No new hESC lines were derived for this study.
The primary RPE cells used in this study were previously isolated and cryopreserved from
porcine eyes acquired from the local abattoir as a side product of food production. The isolation

was performed by previously described protocol.*

Previously differentiated and cryopreserved cells were thawed and plated to either porous,
hanging cell culture inserts (polyethylene terephthalate coated, pore size 1.0um, Sarstedt AG
& Co. KG) with a density of 2.5 x 10° cells/cm?, 6-well cell culture plates (Corning CellBIND;
Corning Inc., USA) with a density of 1.1 x 10° cells/cm? or Thermanox Plastic Coverslips
(Thermo Fisher Scientific Inc., USA) with a density of 1.0 x 10° cells/cm?. Platforms were
coated with laminin (1,8 ug/cm?, LN521, Biolamina AB, Sweden) and collagen (CIV, 10
ug/cm?, Sigma-Aldrich Co. Ltd., USA) diluted in 1x Dulbecco’s Phosphate-Buffered saline
(DPBS) containing Ca*" and Mg?* (Gibco, Thermo Fisher Scientific). Cells on culture inserts
were subjected to immunofluorescence (IF) staining or EMT induction, well plates to RNA
interference (RNA1i) and coverslips to ExM. Cells were incubated at 37°C and 5.0% CO; and
the growth media were changed three times a week. Growth media contained KnockOut™
Dulbecco’s modified Eagle’s medium (KO-DMEM) supplemented with 15% KnockOut™ SR
XenoFree CTS™ (XF-KO-SR), 1% MEM non-essential amino acids, 2 mM GlutaMAX™,
0.1 mM B-mercaptoethanol, and 50 U/ml penicillin-streptomycin (all from Gibco, Thermo

Fisher Scientific).

4.2 RNA interference

The CLDN19 gene expression was knocked down using a commercial small interfering RNA
(siRNA) kit (OriGene Technologies Inc., USA). It contained three distinct siRNA duplexes
against CLDN19, each duplex being against different splicing variants of CLDNI9 gene
product. The reference sequences of the variants can be found in National Center for

Biotechnology Information with codes NM_001123395, NM_ 001185117 and NM_ 148960.
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Trilencer-27 Fluorescent-labeled transfection control siRNA duplex, that was conjugated with
TYE-563 fluorescence tag, was used in determining the siRNA intake efficacy (OriGene
Technologies, SR30002). Transfections were performed with Lipofectamine RNAIMAX
(Thermo Fisher Scientific) transfection reagent according to manufacturer’s protocol. Briefly,
fresh growth medium was changed two hours before starting the experiment to activate cells’
normal metabolism. Cells were subjected to 1% XF-KO-SR and antibiotic free growth medium,
as serum proteins and antibiotics tend to disrupt transfection by accumulating to cells. Three
siRNA duplexes against CLDN19 were pooled together and diluted to KO-DMEM, that did not
contain serum proteins which could interfere the formation of siRNA-lipid complexes. To
reduce transfection reagent’s and siRNA’s cytotoxic effects, the cells were incubated with
siRNA for only 5 hours, washed with DPBS (Lonza Group AB, Switzerland) and subjected to
regular growth medium. Cells with fluorescence control siRNA were fixed with 4%
paraformaldehyde (PFA, Bio-Rad Laboratories Inc., USA) diluted in DPBS for 15 minutes in
room temperature (RT), mounted with Vectashield (Vector Laboratories Inc, USA) containing
4’ 6-diamidino-2-phenylindole (DAPI) and imaged with Olympus IX51 fluorescence
microscope (Olympus Co, Japan) 24 hours post-transfection. Cells with siRNA against
CLDN19 were harvested using TrypLe (Gibco, Thermo Fisher Scientific) on day 3 and day 5
post-transfection. Non-treated control cells were harvested similarly on day 3. TrypLe was
neutralized by adding growth medium and the cell suspensions were centrifuged in 300 x g for

five minutes. The constituting cell pellets were dissolved in DPBS and stored in -80°C.

4.3 Western blot

The cells were solubilized into commercial Radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific). The buffer was prepared by adding Complete Mini EDTA-free
Protease Inhibitor Cocktail (Sigma-Aldrich) on ice. Cell pellets were suspended to 80ul
prepared RIPA buffer. Samples were incubated on ice for 30 minutes, gently shaking the tubes
occasionally. Sonication was performed with Bioruptor sonicator (Diagenode S.A., Belgium)
twice with 30s on/30s off pulses with low intensity. Finally, the samples were centrifuged with
12000 x g for 20 minutes in 4°C and the supernatants were transferred to fresh pre-cooled
microcentrifuge tubes. Protein concentrations were measured using DC protein assay kit (Bio-
Rad Laboratories) and absorbances were measured with a microplate reader (Wallac 1420

Victor2, PerkinElmer Inc., USA).

Laemmli 4x (Bio-Rad Laboratories) sample buffer was prepared by adding -mercaptoethanol

to 355mM concentration. Sample buffer was added to the samples, and incubation at 95°C for
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10 minutes was performed. Proteins were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The contents of SDS-PAGE gels are
represented in table 1. Total protein amounts loaded to lanes were 15ug and 80-90ug for
primary porcine RPE and hESC-RPE, respectively. PageRuler Prestained Protein Ladder
(Thermo Fisher Scientific) was used as a molecular weight marker. SDS-Page was performed
with 60V for 20 minutes following 120V for 90 minutes. A semi-dry transfer from gels to
polyvinylidene difluoride (PVDF) membranes was performed using Transblot Turbo transfer
system (Bio-Rad Laboratories) with Mixed MW program. The membranes were blocked with
5% non-fat dry milk in Tween20 diluted in tris buffered saline (TBS) in 0.05% concentration
(0.05% TBS-Tween) in RT for one hour. The membranes were immunoblotted against CL.19
with mouse anti-monoclonal CL19 (R&D systems, USA) and mouse anti-monoclonal CL19
(Abnova Co., Taiwan) with 1:200 dilutions in 5% non-fat dry milk in 0.05% TBS-Tween. [
actin (Santa Cruz Biotechnology Inc., USA) staining with 1:1000 dilution was used as a
housekeeping protein to normalize each sample. Primary antibodies were incubated in 4°C
overnight. The secondary antibody was mouse immunoglobulin G kappa binding protein (m-
IgGk BP) conjugated to Horseradish Peroxidase (Santa-Cruz Biotechnology). It was used in
1:500 dilution in 5% non-fat dry milk in 0.05% TBS-Tween and incubated in RT for one hour.
Primary and secondary antibody solutions were washed with 0.5% TBS-Tween, 0.1% TBS-
Tween and twice with 0.05% TBS-Tween with constant agitation for 5 minutes each.
Immunoblots were created with ECL chemiluminescent detection reagent (ECL Prime, GE
Healthcare Co., USA) and imaged with Molecular Imager ChemiDoc XRS+ (Bio-Rad

Laboratories).

Table 1. Contents of the SDS-PAGE gels. The volumes are in microliters.

Reagent 12% Separating gel 7.5% Stacking gel
volumes volumes
30% Acrylamide/Bis 4000 660
0.5M Tris-HCL pH 6.8 - 1250
1.5M Tris-HCL pH 8.8 2500 -
10% SDS 100 50
H20 3360 3000
TEMED 5 5
10% APS 50 25
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4.4 EMT induction with TGF-B2 treatment

Cell lines Regea08/023 and Regea08/017 were in culture for 2 weeks and 4 weeks, respectively.
Morphology images were taken with phase contrast light microscope (Nikon Eclipse TE2000-
S, Nikon Inc., Japan) and transepithelial electrical resistance (TEER) values were measured
(Millicell ERS-2 Voltohmmeter, Millipore Corp., USA) before starting the experiment. Cells
were exposed to Transforming growth factor-beta 2 (TGF-B2, PeproTech Inc., USA) and time-
response was tested with incubation times 6, 24 and 72 hours and dose-response was tested with
concentrations of 10, 30 and 60 ng/ml. EMT state in living cells was evaluated with changes in
cell morphology and TEER values. Cells were fixed and IF stained for further EMT state

evaluation.

4.5 Immunofluorescence staining and imaging

Cells were fixed with 4% or 1% PFA in DPBS for 15 minutes or 20 minutes, respectively, and
washed three times with DPBS. Permeabilization was performed with 0.1% Triton X-100 in
DPBS for 15 minutes, followed by blocking with 3% bovine serum albumin (BSA) in DPBS
for one hour in RT. The inserts were removed from insert holders with a scalpel. Primary
antibodies were incubated overnight in +4°C (Table 2). Excess primary antibodies were washed
off 3x5 minutes with DPBS and secondary antibodies were incubated in RT for 1 hour (Table
3). Antibody washes were repeated. DNA marker Hoechst (Thermo Fisher Scientific) was
added simultaneously with the first secondary antibody wash in 1:3000 dilution for detecting
nuclei. Inserts were mounted between two cover slips (18x18mm, thickness 0,170+0,005mm,
Carl Zeiss AG, Germany) using ProLong Gold Antifade Mountant (Thermo Fisher Scientific).
Samples were imaged using Zeiss LSM800 laser scanning confocal microscope (LSCM, Carl

Zeiss) with 63x oil immersion objective.

Table 2. Primary antibodies and dilutions used in immunofluorescence staining.

Primary antibody Function Origin Manufacturer Dilution
RPE tight junction

Claudin-19 protein marker mouse R&D Systems 1:200
RPE tight junction

Claudin-19 protein marker mouse Abnova 1:200

ARL13B primary cilia marker | rabbit Proteintech 1:1000

Z0-1 RPE marker rabbit Invitrogen 1:200

a-SMA EMT marker mouse R&D Systems 1:400

N-Cadherin EMT marker mouse Sigma-Aldrich 1:200

Vimentin EMT marker goat Millipore 1:400
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Table 3. Secondary antibodies and dilutions used in immunofluorescence staining.

Secondary antibody | Origin Target Ig-class Manufacturer Dilution
Alexa Fluor 488 Donkey anti-mouse | IgG Molecular Probes 1:200
Alexa Fluor 568 Donkey anti-rabbit IgG Molecular Probes | 1:200
Alexa Fluor 488 Donkey anti-goat lgG Molecular Probes 1:200
Alexa Fluor 488 Donkey anti-rabbit IgG Molecular Probes | 1:200
Alexa Fluor 568 Donkey anti-mouse | IgG Molecular Probes 1:200

4.6 Expansion microscopy

ExM was performed as previously described.”’ IF staining was performed as already explained
(4.5) with minor adjustments. Primary antibody dilutions for CL19 and primary cilia marker
ARLI3B were 1:50 and 1:500, respectively. Secondary antibody dilutions were 1:100. Both
antibodies were incubated in RT for 1 hour. 6-((acrolyl)amino)hexanoic Acid Succinimidyl
Ester (Acrolyl X-SE, Thermo Fisher Scientific) was used as an anchoring reagent with a
concentration of 0.1 mg/ml. 300 pl of anchoring solution was added on top of each sample.
Anchoring treatment was incubated in RT protected from light overnight following washing

with DPBS for 2x15 minutes.

The protocol for gelation and expansion steps is illustrated in Figure 6. In-house three
dimensional (3D) printed coverslip spacer (diameter 10 mm, depth 400 pm) was placed on the
parafilm coated glass coverslip (Carl Zeiss). Gelling solution was prepared on ice. Gelling
solution contained 94ul monomer solution (Table 4), 1.5 pl H20, 0.5 pl Hydroxytempo, 2 pl
tetramethylethylenediamine (TEMED) and 2 ul ammonium persulfate (APS). 70 ul of gelling
solution was added to the spacer. Coverslip that had the cells attached to it was placed on top
of the spacer, cells towards the gelling solution. Samples were left in RT for 45 minutes to
polymerize. After polymerization, the parafilm coated coverslip and the spacer were removed,
and the gel attached to the sample coverslip was placed to a fresh well plate. The gel was
measured to know the original gel diameter before the expansion. Digestion solution contained
50 mM Tris pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5% Triton X-100 and
0.8 M guanidine HCL. Prior to use, proteinase K was added to the digestion solution to a final
concentration of 8 units/ml. Digestion solution was added to the gel and incubation in RT
protected from light was performed overnight. After digestion, the gel was moved to a 6-cm
dish for expansion steps. The gel was washed 5x1 hour with an excess volume of H>O. During
the expansion, the coverslip detached from the gel. After the expansion, the gel diameter was

measured, and the expansion factor was calculated according to the equation:
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Diameter after expansion

Expansion Factor = — -
Diameter before expansion
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Figure 6. Schematic representation of gelation and expansion steps. A) A sideview of the
gelation chamber. The spacer is attached to a parafilm coated coverslip and gelling solution is
added to the spacer. Cells grown on a coverslip are placed on top of the chamber. B) The gel is
left to polymerize in RT for 45 minutes. C) A schematic showing that after polymerization the
gel is attached to cells. The parafilm coating of the bottom coverslip prevents the gel from
sticking to it. D) The gel is placed to digestion buffer and left to incubate in RT overnight. The
gel with cells is still attached to the coverslip. E) After digestion the gel is moved to another
dish and incubated with excess water for 5x1 hour until the expansion reaches plateau. The
coverslip detaches from the gel during the expansion.

Table 4. Components of the monomer solution. The concentrations are
in g/ml (except DPBS) and the amounts are in microliters.

Stock Final
Component concentration | Volume | concentration

Sodium Acrylate 0.38 2250 0.086
Acrylamide 0.4 (40%) 580 0.025
N,N'-Methylenebisacrylamide 0.02 (2%) 750 0.0015
Sodium chloride 0.292 4000 0.117
DPBS 10x 1000 1x

H,0 820

The gel was prepared for imaging to live-cell imaging chamber (Aireka Scientific Co. Ltd.,

China). A round piece of the gel was cut by using an in-house 3D-printed holder with a diameter
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of 14 mm. The gel was transferred to the imaging chamber, cells downwards, and the holder
was placed around the gel. 13 mm coverslip was placed on top of the gel and low-melt agarose
was heated and added inside and outside the holder to keep the set-up stable. Samples were

imaged with Nikon A1R microscope using water immersion 60x objective.

4.7 Image data-analysis

Image processing of confocal images from LSCM and ExM was performed with ImageJ.>® Only
brightness and contrast were adjusted for LSCM images. In addition, deconvolution was
performed to the images from ExM with Huygen Essential Deconvolution Wizard. Image
properties were adjusted so that the pixel sizes were divided with the expansion factor to convert

scale bars that were in correlation with the expanded cells.

Maximum intensity projections (MIP) of ARL13B marker images were converted and primary
cilia lengths were calculated with Imagel (Figure 7). Before skeletonization, narrow primary
cilia had to be thickened to prevent skeletonization from cutting the cilium. Maximum Branch
Lengths were exported from the resulting table and these lengths were collected into Excel and

imported to R as a CSV file.

run({"Adjust”, "Threshold..." "B&W", "Dark background")
run({"Process”, "Binary", "Skeletonize")
run("Analyze", "Skeleton”, "Skeleton 2D/3D")

Figure 7. The imageJ commands to measure primary cilia lengths.

4.8 Data-analysis

Normality of the data was tested using Shapiro-Wilk normality test. As the cilia lengths were
not normally distributed in either of the groups, Mann Whitney U test was performed to test
whether primary cilia lengths differed between groups. A p-value less than 0.05 was considered

significant. All the tests were performed with R version 3.6.0.
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5 Results

5.1 RNA interference failed to knock down CLDN-19 expression

5.1.1 RNA interference and Western blot optimizations

Before starting RNAI studies, the transfection reagent’s transfection efficiency was tested with
siRNA tagged with a fluorophore TYE-563 and hESC-RPE cells cultured 24 hours after plating.
Cells were fixed, mounted and imaged to evaluate the siRNA intake efficacy (Figure 8). The
test showed Lipofectamine RNAIMAX to be functioning in transfecting hESC-RPE cells with
73% (n=590 cells, calculated from 1 image) siRNA intake based on one experiment.

Furthermore, several parameters were optimized (Table 5).

Figure 8. siRNA intake evaluation. Transfection of fluorophore tagged siRNA (10nM) with
Lipofectamine RNAIMAX transfection reagent was tested on hESC-RPE cells 24 hours after
plating. A) Fluorescence control. The siRNA intake was 73% (n=590). B) Nuclei stained with
DAPI marker. Scale bars 200pum.

Table 5. RNAI protocol optimization. Data not shown. Transfection reagent incubation time
and transfection medium were important parameters to be optimized.

Parameter Method Outcome
siRNA and Lipofectamine Cell deaths, wide areas without
incubation time 72h intact cells

5h No cell death, remained confluent

Cells cultured before WB |2 days

Harvest day did not alter the

3 days protein levels in WB
5 days

Transfection medium Poor siRNA intake by visual
Regular growth medium evaluation
Modified medium (1% XF-KO-SR, |Increased siRNA intake by visual
no antibiotics) evaluation

siRNA concentration 10nM Did not affect protein levels in
30nM WB, best siRNA intake by visual
50nM evaluation with 30nM
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WB optimizations were performed with primary RPE extracted from porcine eyes. Throughout
optimizations, the resulting CL19 band was around 40 kDa (Figure 9) whereas its calculated
molecular mass is approximately 23 kDa based on the amino acid sequence

(https://www.uniprot.org/uniprot/Q8N6F1:28.1.2020). The resulting 40kDa band could have

possibly been a dimer of CL19, as claudin proteins have previously been detected from tissue
samples in WB.%* However, this issue was not further studied in this project. Furthermore,
several parameters were optimized (Table 6). As siRNA transfection and WB protocols were

optimized, RNAI studies were started.
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Figure 9. Western blot optimization with porcine RPE cells. WB protocol was optimized
with primary RPE cells from porcine eyes with two CL19 antibodies from different
manufacturers and B-actin as a loading control. 10 or 15ug of total protein extract was loaded
per lane. A) WB stained against CL19 (R&D Systems). B) WB stained against CL19 (Abnova).
C) WB stained against B-actin.
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Table 6. Western blot optimization. The most notable difference was brought by optimizing
total protein amounts per lane.

Additional buffer*

Excellent lysis of the cell pellet

Parameter Method Outcome Chosen method
Lysis buffer Laemmli 2x Good lysis, not compatible with
protein assay
Laemmli 4x Really thick solvent, hard to handle

RIPA Good lysis RIPA
Boiling

95°C 10 min

95°C 5 min

70°C 5 min

37°C 10 min + 95°C 5

min

40°C 30 min Different boiling procedures did not

affect the band sizes or migration

RT 45 min 95°C 10 min
Protein amount per
lane
primary porcine RPE | 10 ug Clear band

15 pg Clear band

50 ug Smeared band 15 ug
hESC-RPE 30 ug No band

70 pg Faint band

80 ug Good band

90 pg Good band

110 pg Dark lanes 80-90 pg
Denaturing Laemmli (b-metOH)
environment

Novex (EDTA, DTT)

Laemmli (b-metOH + Different reducing agents did not Laemmli

Urea) dissolve 40kDa band to 23kDa. (b-metOH)
Sonication Low voltage, 30 s on Strong band, more protein extracted

30 s off, 1 pulse from cells

No sonication Fainter band Low voltage,

30son30soff, 1
pulse

Antibody dilutions

CL19 (R&D Systems 1:1000 Faint band
and Abnova)

1:500 Faint band

1:200 Good band 1:200
m-lgGkappa BP-HRP 1:1000 Nothing detected

1:500 Good band detection 1:500

* Additional buffer contained 50nM HEPES and 150mM NaCl supplemented with 1% Triton
x-100, 1xEDTA, Ixproteinase inhibitor
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5.1.2 RNA interference experiments

RNAIi experiments were performed on hESC-RPE cells cultured for 14 days to ensure
monolayer confluency. Confluency increased CL19 levels, and higher CL19 amount ensured
detection in WB. Nevertheless, the transfection optimization 24 hours after plating was
performed to confirm that hRESC-RPE cells can be transfected with this transfection reagent, as
RPE cells more easily intake molecules while they are still proliferating. Further optimization
steps would have been required to optimize the transfection in day 14 time point. Transfection
reagent with fluorescence control siRNA were incubated for 5 hours, washed off and siRNA
intake was evaluated 24 hours post-transfection (Figure 10 A, B). The siRNA intake was poor
as only few cells were transfected. Transfection reagent with siRNA against CLDNI9 was
incubated for 5 hours, washed off and cells were harvested 3- or 5-days post-transfection. The
fluorescence control and siRNA against CLDNI9 were not incubated similarly, as the
manufacturer advised that the fluorescence control had to be evaluated no later than 24 hours
post-transfection. In addition, CL19 siRNA incubation must be days rather than hours, to ensure
protein level decreasing by protein turnover, when the CL19 expression is knocked down.
Protein samples were extracted and subjected to WB (Figure 10 C, D, E). RNAI had no effect
on CL19 protein levels as indicated with relative signal intensities normalized to B-actin. As
RNAI failed to produce CL19 knockdown cells, physical changes of primary cilia were not

examined.
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Figure 10. RNA interference failed to decrease CL19 protein level. A) Fluorescence control
image. TYE-653 fluorophore got presumably caught to the cell membrane which can be seen
as bright aggregates. The transfected cells in the image are much fainter. B) Nuclei stained with
DAPI. C) WB stained against CL19. D) WB stained against B-Actin. E) Quantification of CL19
band intensities between samples (n=1). Intensities are normalized against B-actin band
intensities. d5 bar is relatively higher than others, which indicates higher CL19 protein level in
that sample. Scale bars 200 pm.

5.2 Paraformaldehyde concentration and expansion microscopy optimizations

CL19’s localization in primary cilia was studied to find a connection between the protein and
primary cilia and ultimately the reason, why this ciliary localization of CL19 is only occasional.
PFA concentrations 1% and 4% in DPBS were tested to enhance antibody specificity on tight
junctions. CL19 antibodies reached the target protein better when excess crosslinking is not
blocking the epitopes (Figure 11). Fixation with 4% PFA led to ruptures of the epithelium while
expanding the gel during ExM, whereas 1% PFA did not lead to similar rupturing effects (data
not shown, n=3). Therefore, 1% PFA was preferred as fixative throughout this study in IF
staining when possible and in ExM. Furthermore, ExM permitted efficient resolution in
confocal images (Figure 12). The ARL13B localization was comparable with our previous
structured illumination microscopy images of primary cilia (unpublished data) and with a
previous study about ciliary proteins by Kohli and colleagues.®® Therefore, the ExM was
confirmed to be reliable method to study CL19 localization in primary cilia. EMT inductions
were performed to study if it could direct CL19 to localize in primary cilia. It was also used to

find the precise localization site of CL19 within primary cilia.

27



4% PFA 1% PFA
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CL19 (Abnowa)

Figure 11. MIP images of PFA concentration optimization in IF staining. PFA
concentrations 4% and 1% were compared with two CL19 antibodies from different
manufacturers. With 4% PFA, staining is diffuse as the CL19 antibody binds non-specifically.
Using 1% PFA enhances CL19 antibody binding specificity. Cells cultured 5 weeks after
plating. Scale bars 15um.

Figure 12. Expansion microscopy MIP images. CL19 (R&D Systems) is localized to tight
junctions and is seen as beaded-necklace arrays. ARL13B is showing a single primary cilium.
Scale bars Spm.



5.3 EMT induction with TGF-2

Previous studies have indicated that TGF-f treatment is effective in inducing EMT in human
fetal PRE (hf-RPE) and Adult Retinal Pigment Epithelial cell line-19 (ARPE-19) cell lines.®"
63 Our previous data has indicated that poorly differentiated, rather fusiform cells possess long
primary cilia with CL19 localizing to it (unpublished data). Therefore, hESC-RPE cells
(Regea08/023) were subjected to EMT induction two weeks after plating using TGF-p2
treatment with different concentrations and exposure times. During TGF-B2 treatment, the EMT
progression was evaluated with changes in cell morphologies and TEER values. However, at 2
weeks already prior the TGF-B2 treatment, cells were unmatured and unpigmented and as result
not visible with phase-contrast microscope. In addition, TEER values under 50Q*cm? are
considered low, whereas RPE that has a TEER value over 200Q*cm? is considered a tight
epithelium.'? Therefore, the average TEER value before starting the experiment,
31Q*cm?+3Q*cm? (mean + standard deviation, n=16), was relatively low. The TEER value
changes were normalized against non-treated control and the percentual changes were plotted
into a bar plot (Figure 13). Slight decrease of TEER values was detected based on the bar plot.
Nevertheless, the starting TEER values were relatively low, indicating that there the epithelium
is not intact. Therefore, the detected changes were not reliable and statistical testing to confirm
differences between groups was not performed. Therefore, EMT state had to be evaluated
merely based on the IF staining. Cells were immunolabeled against tight junction marker ZO-
1 and EMT marker Alpha-smooth muscle actin (a-SMA) to evaluate the EMT state (Figure 14).
Both markers show that cells had turned to more fusiform morphology. ZO-1 intensity was
decreased, and the morphology of the junctions had changed in both concentrations.
Simultaneously, a-SMA expression is upregulated with both concentrations. In addition, the
nuclei with TGF-B2 treated cells have taken more elongated morphology. Immunostainings
were also performed against CL19 and ARL13B to see whether EMT induces ciliary length and
CL19 localization to primary cilia (Figure 15). It was noted that these cells produced very few
primary cilia and CL19 is faint and not localized to tight junctions. Together with the fact that
TEER values were relatively low, it was thought that the cells did not produce good enough
RPE and the EMT testing was repeated with another cell line Regea08/017. In addition, the
cells were cultured 4 weeks to make sure that the cells were mature enough for normal CL19

localization and to produce primary cilia.
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Figure 13. Changes in Regea08/023 RPE TEER values due to the TGF-B2 treatment. The
TEER value changes are normalized against non-treated control. The error bars show standard
deviation.
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Figure 14. MIP images of EMT state evaluation IF staining for cell line Regea08/023. Non-
treated hESC-RPE as a control and hESC-RPE treated with 10 or 30ng/ml TGF-B2 for 24 hours.
Cells are stained against ZO-1, aSMA and DAPI. Scale bars 15um.
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Figure 15. MIP images of ciliary responses to EMT in cell line Regea08/023. Non-treated
hESC-RPE as a control and hESC-RPE treated with 10 or 30ng/ml TGF-B2 for 24 hours. Cells
are stained against ARL13B, CL19 and DAPI. Scale bars 15um.

Regea08/017 hESC-RPE cells subjected to EMT induction were visible with phase-contrast
microscope (Figure 16) due to pigmentation which indicated higher maturation state than with
the Regea08/023 cell line. Surprisingly, there were some fusiform cells disrupting the RPE
monolayer. This explains why the TEER values remained relatively low, 43Q*cm? + 12Q*cm?
(n=16), also with this cell line despite they were cultured for four weeks. The TEER value
changes were normalized against non-treated control and the percentual changes were plotted
into a bar plot (Figure 17). The possible change seen in the TEER values were stated

nonsignificant, as the RPE was not intact before starting the experiment.
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Figure 16. Phase-contrast images representing hESC-RPE morphology. A) hESC-RPE
layer before starting the TGF-B2 treatment. B) hESC-RPE monolayer treated with 30ng/ml
TGF-B2 for 24 hours. Scale bars 200pm.
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Figure 17. Changes in Regea08/017 RPE TEER values due to the TGF-$2 treatment. The
TEER value changes are normalized against non-treated control. The error bars show standard
deviation.

With Regea08/017 cell line, ZO-1 and a-SMA were down- and upregulated, respectively,
similarly as with the Regrea08/023 (Figure 18). This cell line produced primary cilia with
prevalence typically observed with these cells (unpublished data, Figure 19). Nuclei were again
elongated, indicating that the EMT causes the cells to become more fibrotic. Interestingly, cells
treated with 30ng/ml TGF-B2 show CL19 and ARL13B colocalization, which was observed in
more detail (Figure 20). Primary cilia lengths were measured and resulted data is shown in box
plots (Figure 21). Shapiro-Wilk test of normality was performed to see whether the cilia lengths
are normally distributed among control, 10ng/ml and 30ng/ml samples. The p-values from this
test were 1.5x107!!, 1.5x10* and 2.2x10°!6, respectively. Thus, null hypothesis of data normality
was rejected, and a nonparametric statistical test was chosen for further testing. Mann-Whitney
U test was performed between control and 10ng/ml sample and control and 30ng/ml sample.
The medians of primary cilia lengths were 0.80um, 0.93um and 0.81um for control, 10ng/ml
treated and 30ng/ml treated groups, respectively. The difference between primary cilia lengths
against control group was not significant for 10ng/ml (p-value=0.19) or 30ng/ml (p-
value=0.92). Thus, there were no statistically significant differences in primary cilia lengths
between groups, even though there were more of elongated primary cilia with the higher
concentration of TGF-B2. It is possible that the primary cilia counts were too little to get
significant differences. However, this study suggests that EMT state directs CL19 to primary

cilia.
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Figure 18. MIP images of EMT state evaluation IF staining for cell line Regea08/017.
Non-treated hESC-RPE as a control and hESC-RPE treated with 10 or 30ng/ml TGF-B2 for 24
hours. Cells are stained against ZO-1, aSMA and DAPI. Scale bars 15um.
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Figure 19. MIP images of ciliary responses to EMT in cell line Regea08/017. Non-treated
hESC-RPE as a control and hESC-RPE treated with 10 or 30ng/ml TGF-B2 for 24 hours. Cells
are stained against ARL13B, CL19 and DAPI. Scale bars 15um.
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Figure 20. Comparison of CL19 protein’s ciliary localization. A) Control cells do not
possess CL19 immunopositive primary cilia. B) Cells treated with 30ng/ml TGF-B2 for 24
hours produce multiple CL19 immunopositive primary cilia, shown as yellow color indicating
colocalization of CL19 and ARL13B. White arrows indicate few CL19 immunopositive
primary cilia. These are visible also in the cross-section image under the overlay image. All
images are MIP. Scale bars 15um.
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Figure 21. Primary cilia lengths. Boxplots represent ciliary lengths in control sample, 10ng/ml
and 30ng/ml TGF-B 24 hours treated samples. Medians for each group were 0.80um, 0.93um
and 0.81um respectively. The data was from 1 experiment and analyzed primary cilia counts
for control, 10ng/ml and 30ng/ml were 220, 115 and 209, respectively.
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6 Discussion

The aims of this thesis project were to study the role of CL19 in hESC-RPE primary cilia
maintenance, EMT’s effect on CL19 localization in primary cilia and the localization site of
CL19 in primary cilia. RNAi was selected to knock down the expression of CL19 because of
its low cost and simplicity to use. It has also been used by others, which gave insights to
optimizations. WB was used in assessing RNAi efficacy. Quantitative polymerase chain
reaction could have been used in this intention to detect changes in RNA levels. It would have
been more suitable as quantitative analysis as WB is producing only relative quantities of the
proteins. However, in this study it was crucial that the RNAI affects directly to the protein
levels, in order to find reliable physical effects in cells in response to decreased CL19
concentration. RNA concentration does not always correspond to protein levels in given time
point; thus, WB was chosen to observe RNAI efficacy in this study. The microscopy methods
that were used were LSCM and ExM. The cells were subjected to EMT using TGF-2

treatment. TGF-B2 was chosen because it has been used by others, its low cost and efficacy.

6.1 Detected claudin-19 band with Western Blot was bigger than expected

The WB was optimized with primary RPE cells that were derived from porcine eyes. Several
different approaches were tested in cell lysis and denaturing of the protein solution. The major
difference was accomplished with reducing the protein mixture amount in SDS-PAGE wells.
In primary RPE cells the amount of CL19 is enormous compared to RPE cells cultured in vitro.
Cultured cells will probably never reach the same level of maturity that is observed in primary
RPE cells. Therefore, the total amount of protein solvent from hESC-RPE cultured in vitro was
over 5 times greater than required from primary RPE cells. The RIPA buffer was shown to be
most promising among other lysis buffers. Laemmli sample buffer was efficient in lysing the
cells, but due to its’ strong color, it is not compatible with protein concentration assays.
Additional lysis buffer tested was efficient in lysing the cells. It immediately dissolved the cell
pellet after adding the buffer, whereas in other buffers the cell pellet had to be physically
dissolved by pipetting. Nevertheless, the commercial RIPA buffer was simpler to use, as it did
not require preparation. Therefore, RIPA buffer was selected to be used in later parts of the
study. Adding sonication to the protocol seemed to increase the overall protein yield based on
DC assay results. Supposedly, the sound beams of sonication break the cell membranes even
further and more protein is dissolved into the protein solution. Therefore, sonication became a

part of the standard extraction protocol.
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Membrane proteins can have properties that affect SDS-PAGE in a way that they do not
dissolve normally as highly hydrophobic proteins tend to form aggregates in high
temperatures.®*% A crucial step to be considered was whether to boil the samples during
denaturation or not. Thus, different boiling temperatures for CL19 detection with WB were
tested. However, the boiling did not seem to cause CL19 aggregate formation. CL19 has only

four transmembrane domains®®-®’

, therefore it can be assumed that the hydrophobic properties
of the protein are so minor that high temperatures do not cause aggregate formation. Thus, the
samples were boiled after adding sample buffer to strengthen the denaturing effects. During the
experiments, it became evident that freezing the protein lysate before SDS-PAGE had effect on
the CL19 detection from the PVDF membrane. When protein lysate was directed straight to
SDS-PAGE after the lysis, the CL19 bands in the membrane were clear and there was not any
nonspecific binding of antibodies. When the samples were frozen and thawed before SDS-
PAGE, the constituting images of the blots were bad quality. They were dark and had a lot of
nonspecific binding and CL19 antibody from Abnova even failed to detect the CL19 bands.
This leads to the idea that perhaps the hydrophobic proteins’ conformation is affected after
freeze-thaw cycle and they do not dissolve normally in SDS-PAGE. This cycle could also break
the protein so that it cannot be detected in WB. Therefore, it should be preferred to subject

membrane protein samples to SDS-PAGE straight after cell lysis.

An interesting issue that arose during WB experiments was the size of the detected CL19 band.
The detected band repeatedly was the size of 40kDa, whereas according to the literature, the
CL19 monomer is only 23kDa.>” WB is not ideal in protein mass determination. In principal,
the migration is based solely on the mass of the protein as 3D structure is reduced and charge
is controlled by SDS molecules.® However, different post-translational modifications (PTM)
affect the expected band sizes. The reference mass 23.229 kDa from UniProt is determined by
estimating based on amino acid sequence. Thus, it does not consider the PTMs. Claudin proteins
are reported to have at least phosphorylations, palmitoylations, glycosylations and
ubiquitinations.?®3° However, in PTM database PhosphoSitePlus® (v.6.5.8) there are only three
phosphorylations reported for CL19. One phosphorylation to a molecule adds around 80Da to
its molecular weight.® Thus, the actual mass change from three phosphorylations in CL19
cannot entirely explain the difference between observed and predicted band size. Nevertheless,
even one phosphorylation can have drastic effect in detected molecular weight in WB, because
it can change the mass-charge expectations. In addition, proteins that have multiple positive

amino acid residues in their sequence tend to migrate slower than expected based on their
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mass.*® For example, it is shown how REDDI protein migrates around 35kDa on WB, even
though its’ predicted molecular mass is around 25kDa. This is said to be because of its multiple
positive lysine residues.”’ According to UniProt, REDDI1 has 6/232 lysines in its sequence
whereas CL19 6/224 lysine residues. This could explain the slower migration than expected for

CL19.

One reasonable explanation to this relatively slow migration could be that the protein has a
dimeric conformation. Based on a previously published protocol, the claudin proteins can be
detected as dimers in WB, especially while extracted from tissue samples.> There are not too
many studies on CL19 protein properties that could help in speculating the challenges in WB
in this study. For example, the half-time or conformation in RPE are not reported for CL19.
The crystallography conformations for different claudin proteins were determined in a previous
study by Irudayanathan and colleagues.”! For CL19, it was stated that it forms dimers or even
trimers with CL16 in kidney. It has also been studied whether the monomers of emerging CL19
homodimers are produced by two adjacent cells or are they produced by a single cell.® Thus, it
is reasonable to speculate that the detected band of 40kDa could be a dimer form of CL19.
Nevertheless, the denaturing environment before SDS-PAGE is powerful. Different denaturing
conditions were tested with B-mercaptoethanol and dithiothreitol (DTT), and they both resulted
with the same band size. Therefore, it could be hypothesized that after denaturation, the
monomers could renature back to the original dimeric conformation. This was studied by adding
EDTA to prevent renaturation from happening as was done in a previous study.” Nevertheless,

it did not have an effect and the band size remained 40kDa.

The nature of antibodies should also be considered in this situation. Two different antibodies
were tested in WB against CL19. They both are also used in IF; therefore, they bind the protein
when it is in 3D conformation in tight junctions. Either of the antibody manufacturers do not
report the target sequence of the antibodies. Thus, it cannot be verified, whether these antibodies
require specific 3D-structure in order to detect the protein. There is a slight possibility that these
antibodies are not able to bind CL19 protein monomer. This could happen when the antibody
does not recognize the required structure that forms when two monomers combine into a dimer.
Nevertheless, the antibody from Abnova is particularly manufactured to WB analysis, thus it
should be able to bind also the monomer structure of CL19. All in all, the most reasonable
explanation to surprising molecular mass is the differing charge-mass ratio due to positively

charged residues and phosphorylations.
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It should be ensured that the detected band reliably was CL19. ARPE-19 cell line could have
been used in this manner, as it does not express CL19.” Another approach could have been
using a significant blocking peptide.”® Blocking peptides are used by first performing WB and
antibody stripping in a conventional manner and detecting the suspected CL19 band. After
stripping, the blot is treated with blocking peptide that binds to CL19, after which the antibody
treatments are repeated. If this approach fades the suspected CL19 band, it can be confirmed
that it surely is CL19 and not nonspecific binding of antibodies. Nevertheless, the WB
experiments repeatedly resulted with 40kDa band with cells from different sources and with
different antibodies. More optimization steps about this issue can be performed in the future,
but in this study the RNAi experiments were performed with the assumption that the 40kDa
band was CL19.

6.2 Transfections led to poor siRNA intake

The transfection reagent Lipofectamine RNAIMAX was shown to be efficient in transfecting
RPE cells that were plated one day before the transfection and 90% confluent. This time point
would have been optimal to study early stages of ciliogenesis as it begins soon after confluency
is reached, and the cell division machinery is shut down.” To study CL19’s role in ciliogenesis
would have probably been straightforward. If the role of CL19 was in ciliogenesis, the knock
down would lead to absence or shortening of primary cilia, which is relatively easy to verify
with microscopy. Nevertheless, the production of CL19 on protein level can be observed only
after certain time since the cells have reached confluency. Therefore, the focus of this study
was to investigate, if CL19 knockdown would affect primary cilia maintenance and the cells
were cultured 14 days, before starting the RNAi experiments. Nevertheless, RPE cells are
relatively difficult to transfect. The uptake of fluorescence labeled siRNA was deficient with
cells that had been 14 days in culture. The transfections were performed three times with
different set ups but only few cells showed fluorescence. 30nM siRNA was most efficient based
on fluorescence control siRNA intake. However, it was performed only once, and it cannot be
stated whether this slight increase in fluorescence control siRNA intake was because of the

siRNA concentration rather than other adjustments in the experiment.

It is impossible to conclude on why the transfection was inefficient. There was time for only
few repetitions and many promising adjustments in the protocol were not tested. While starting
a RNA1 study with cells that are hard to transfect, it could be useful to confirm that the protocol
is otherwise functional with a cell line that is easy to transfect.”® It should be a cell type that

expresses CL19 and is easy to transfect in order to test the whole protocol with all reagents and
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components. The problem is that presumably all CL19 expressing cells are robust and therefore
hard to transfect. If the protocol can be proved efficient, the major pitfall of siRNA intake must
be solved. In a previous study, CL19 knockdown in hf-RPE was established with parallel
transfections on day 1 and 3.? Nevertheless, it must be noticed that hf-RPE cells are not as
robust as our hESC-RPE cells. In addition, hRESC-RPE cells in different confluency stages were
successfully transfected with RNA using Stemfect transfection reagent (Stemgent Inc., USA).
Even cells cultured for 28 days showed great transfection efficacy.”” These results seem
promising, even though the RNA used was mRNA and not siRNA. The manufacturer states
that the reagent can be used also with siRNA (Stemgent, 00-069), therefore this reagent could
be tested in further experiments. Nevertheless, the change of transfection reagent might not
bring drastic increase in siRNA intake, as both RNAiIMAX and Stemfect are lipid particles and

rely on the same biological mechanism.

6.3 RNA interference failed to knock down CLDN19 expression

In fluorescence control images it can be seen that the fluorophores accumulate to cells (Figure
10, 5.1). Z-stack images were not taken, but the hypothesis is that these molecules stick to cell
membranes and do not enter the cells. The problem is that fluorescent labeling can change cell
responses and surface properties of the particles.”® Consequently, fluorescence labeled particles
are not entering cells as efficiently as non-labeled particles. Therefore, it was thought that the
WB experiment of the cells transfected with siRNA against CL19 should be done, even though
the fluorophore tagged siRNA did not have good intake efficacy.

RNAI1 with each three repetitions was proven insufficient with WB. In one of the experiments
the CL19 band was relatively smaller in CL19 knockdown sample compared to control sample
(data not shown). This was stated as nonsignificant finding because the house-keeping control
B-actin band was also smaller in RNAI1 treated sample. Therefore, the fainted signal of CL19
band was stated to result from the cytotoxic effects and not the decreasing of the expression of
the protein. In other experiments, there were no decrease in CL19 protein levels between RNAi
samples and control samples. In the relative signal intensity bars (Figure 10 E, 5.1) for CL19
bar for day 5 cell harvest is relatively higher than others, which indicates higher CL19 protein
level in that sample. It is not a reliable finding, as it would require day 5 control sample to verify
the result. In addition, the intention was to decrease the protein level, therefore this ostensible

increase in protein level is not of interest in this study.
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In RNAI experiment, the protein half-life is crucial. The effect of siRNA is changing due to cell
divisions and mRNA stability. If CL19 is produced and broken down in a dynamic manner with
a fast turnover rate, the effect of RNAi can end relatively quickly.”” If the cells are not harvested
in a suitable time point, the knock-down effect can be missed. Therefore, it is remarkably
important to find an optimal time point for cell harvest after RNAi. Half-lives for claudin-2
(CL2) and claudin-4 are reported to be 12 and 4 hours, respectively.”® Therefore, it could be
estimated that the half-life of CL19 protein is approximately in the same scale. In a previous
study, parallel transfections were used against CL19 at time points of dO and d3 and cells were
harvested five days post-transfection.> With this approach the knock down of gene expressions
was successful. It could be stated that the harvesting time points in this study, d3 and d5, would
have been successful, if the siRNA had passed the cell membrane. Therefore, RNAI failed
probably because of the poor intake of the siRNA.

It could be considered, whether nuclear-targeted siRNA delivery for long-term gene silencing
could be used to study CL19’s role in ciliogenesis. This protocol uses nanocarriers that consist
dense shells for siRNAs and peptides that target the carriers to be transported to nucleus. siRNA
can bind to target gene’s promoter and knock down gene expression inside the nucleus. The
knock down induced by this protocol can last even for 30 days, as shown with RNAi against
Thymidine Kinase 1.7 As hESC-RPE cells are hard to transfect, this kind of long-term gene
silencing could be a tempting approach to test. Transfection was proven efficient while
transfecting the cells one day after plating. If this long-term silencing is performed with good
translocation rate to the nucleus soon after plating, the CL19 could be silenced efficiently for
longer time periods. This approach could be used to target exact time when the ciliogenesis
initiates. Nevertheless, it must be considered, whether knocking down CL19 for such a long
period affects RPE properties. As CL19 is the most abundant tight junction protein in human
RPES3¢ its silencing can lead to drastic effects for example in morphology and functionality.

This could also affect ciliogenesis in a way that it cannot be studied by this manner.

It was stated that the RN A1 failed to produce CL19 knockdown cells and the physical effects of
CL19 knockdown on primary cilia was not studied. With the remaining time reserved for this

project, it was decided to focus on studying the localization of CL19 in primary cilia.

6.4 EMT altered claudin-19 localization but had no effect on primary cilia lengths
Finding CL19 localization site in primary cilia was one of the main aims of this project. This

was of interest because the localization sites of ciliary proteins could give insights on the
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protein’s role in primary cilia. For example, actin binging proteins have been suggested to have
a mechanosensitive role in primary cilia and they could have functions in cilia membrane
dynamics.®® Both primary cilia dysfunctions and CLDN19 mutations have been connected to
developmental diseases.”*® The actual localization site of the protein could help to study also
the possible disease mechanisms, by giving more information about the protein and its function.
ExM was used in making super resolution images of primary cilia. It is a novel technique that
allows nanoscale resolution imaging with conventional diffraction limited microscopes.®’
Learning to expand the sample before conventional confocal imaging is easier and faster than

learning to use complex super resolution microscopes.

The studies of the CL19 localization were started with optimization of ExM protocol for hESC-
RPE cells. The crucial steps in ExM to be optimized were fixation and IF staining. Usage of
4% PFA resulted with stiff fixation, and the epithelium got ruptured during the expansion steps.
Therefore, 1% PFA was preferred in ExXM. Expansion fades the fluorescence as the gel causes
some quenching. Thus, it is preferred to use as high antibody concentrations as possible. In this
study, the antibody concentrations were doubled compared to their regular concentrations in
conventional IF staining. From our previous data, we have seen that when RPE cells are rather
fusiform, primary cilia tend to be drastically long and CL19 is observed in them. In general,
fusiform cells are similar to cells that are in EMT. For that reason, EMT was induced to direct
the RPE cells towards fibroblast direction using TGF-B2 treatment, to study if EMT directs

CL19 to localize in primary cilia.

TGF-p signaling pathway has an important role in inducing EMT during development and
different morphogenetic events, among other important functions. Transcription factors TGF-
B1, TGF-B2 and TGF-B3 bind to the same receptor and induce similar downstream effects that
lead to EMT.® In literature, RPE cells were directed to EMT with varying TGF-B2

concentrations and treatment times®!'®3

. Most common concentration was 10ng/ml and
treatment times were 24 and 48 hours. Nevertheless, this concentration was used to hf-RPE and
ARPE-19 but it was thought to be too gentle treatment for our robust hESC-RPE. Therefore,
10, 30 and 60ng/ml concentrations were tested with exposure times of 24 and 72 hours. The
progression of the EMT state was planned to be evaluated during the TGF-B2 treatment based
on changes in cell morphologies and TEER values. The EMT state is thought to decrease the
TEER values as tight RPE is disturbed by emerging fibrotic cells. However, Regea08/023 cells

were not visible in phase-contrast images and morphology evaluation of Regea08/017 EMT

state was challenging, as it was impossible to say whether fusiform cells resulted from TGF-32
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treatment or poor differentiation to RPE cells. There was a small decrease in TEER values
between TGF-B2 treated cells and non-treated control cells, and 10ng/ml concentration seemed
to decrease the TEER values more than 30ng/ml concentration. Nevertheless, the changes in
TEER values were not considered significant as the starting TEER values were low to begin
with because of the fusiform cells among RPE cells. Therefore, the EMT state evaluation relied
on IF staining. The most promising effect was seen with 30ng/ml concentration for 24 hours
exposure. This EMT induction set-up would have been chosen for further CL19 localization

studies with ExM, if the study was continued.

The IF staining indicates how RPE cells were directed to EMT state as a response to TGF-32
treatment. Interestingly, CL19 localized to primary cilia after the treatment, which was in
concordance with our observations that rather fusiform RPE cells possess CLI19
immunopositive primary cilia. The hypothesis was that CL.19 could have a role in controlling
cilia length, because in our previous studies exceptionally long primary cilia have often been
CL19 immunopositive. This was not detected in this study, as there were no significant
differences in primary cilia lengths between treated and non-treated groups, even though the
boxplots show that there are some longer primary cilia in the group with highest TGF-2
concentration (Figure 21, 5.3). Nevertheless, only a small fraction of cilia in TGF-B2 treated
groups were CL19 immunopositive. This brings bias to the statistical testing as the test is
actually investigating whether TGF-B2 treated cells possess longer primary cilia than non-
treated cells. Therefore, the effect of CL19 positivity in primary cilia length does not become
evident in this testing. The differences in primary cilia lengths should be studied more carefully
between CL19 immunopositive and CL19 immunonegative primary cilia to make conclusions
about CL19’s role in elongation of primary cilium. Furthermore, this issue could be studied
further with more mature RPE cells. Our previous data has suggested that mature hESC-RPE
cells possess relatively short primary cilia (unpublished data). If this EMT induction experiment
was repeated with more mature cells, the variation in length would be reduced and the

lengthening effect would become more evident.

In addition, MDCK cells have been proven to possess CL2 positive primary cilia. It was stated
that CL2 is not necessary in ciliogenesis as these cells produce also cilia that are CL2 negative.*
However, cells may possess primary cilia that look rather normal, but are dysfunctional because
ciliary protein composition is not normal. This can lead to ciliopathies.’* Previous data from
our group indicates that CL19 is in primary cilia in certain stages of cell maturation process and

is absent from primary cilia in mature RPE cells (unpublished data). The suggestion of normal
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primary cilia without CL2 might be that CL2 had already been removed from primary cilia. In
addition, ARPE-19 cell line does not express CL19 and still possess normally looking cilia.”
It cannot be stated that the role of CL19 is not in maintaining primary cilium by indicating that
primary cilia look rather normal without CL19. The functionality of primary cilia should be
investigated in order to verify CL19’s role in primary cilium maintenance. Furthermore, the
next step of this study could be to investigate CL.19’s possible role in ciliogenesis. It would
require the RNAIi to be optimized in the time point of 24 hours, to block the primary cilia

formation before ciliogenesis begins.

ExM was proven to be an efficient tool to study ciliary protein localization as the results of
ARL13B localization was comparable with a previous study about ciliary proteins.®® In
addition, based on the ExM images, CL19 is present as beaded-necklace arrays. The resolution
of ExM could be efficient enough to study the issue whether CL19 is produced by either two
adjacent cells or a single cell. This kind of trans interactions for claudin dimers between two
adjacent cells are shown for claudin-1, CL2 and claudin-33?, but not for CL19. It would be
interesting to compare CL19 staining with ZO-1 staining to get more information on their
locations compared one another. Furthermore, the high resolution also brought insight into
whether the primary cilium was on the apical membrane of the cell or inside the cell in the same
level with the tight junctions (data not shown). This method could be used in assessing the state
of primary cilia, as the growing cilia in RPE are synthetized by the intracellular pathway.
Therefore, the primary cilia that were observed in the level of tight junctions, presumably were

cilia that were under construction.

Furthermore, there has been two recent studies indicating that CL19 has a role as a signaling
molecule and it regulates pathways that control barrier properties in RPE.**7> While considering
CL19’s signaling molecule function and primary cilium’s role as a signaling hub, it could be
possible that CL19 could localize into primary cilium while it is functioning in regulating
signaling pathways. The role as a signaling molecule controlling barrier properties could
explain why CL19 is localized in primary cilia only occasionally. We have found CL19 in
primary cilia during cell maturation as barrier properties were evolving, and epithelium was
forming its cell-cell junctions. This observation is further demonstrated in a study, that indicated
that the regulatory role of CL19 occurs before tight junctions are fully matured.*® This study
indicated how EMT process affects ciliary localization. As cells were becoming more fusiform,
CL19 was located in primary cilia and the cells lost some of their cell-cell interactions. This

indicates that CL19 might possibly control also the degradation of epithelial barrier. In a
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previous study, it is shown that loss of cell-cell contacts leads to EMT and onset of proliferation
of RPE cells®!, which differs from to this study’s finding. This difference could be explained
by different cell types used, as in this study the cells were hESC-RPE cells, and the other study
had primary porcine RPE cells. Our hESC-RPE are more similar to fetal RPE cells than adult
RPE cells, which could explain the difference in the findings. Nevertheless, the role of CL19
in regulating not only tight junction formation but also degradation seems like a promising

alternative hypothesis for the ciliary localization of CL19.

All in all, this study obtained protocols to study ciliary localization of CL19 and its protein
levels in cells. Further studies about CL19’s role in primary cilia is still required as this study
failed to indicate whether CL.19 knockdown cells produce abnormal primary cilia. This study
provided evidence for our hypothesis that EMT could affect CL19 ciliary localization, which

indicates that there could be a biological reason for CL19 transient primary cilia localization.
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7 Conclusion

The purpose of this study was to set up protocols for studying CL19 and its role in hESC-RPE
primary cilia maintenance. WB, EMT induction and expansion microscopy were optimized and

proved to be reliable in studying this issue.

This study indicated that EMT is a process that induces CL19’s primary cilia localization. Due
to this data and the similarity between ciliopathies and CL19 associated diseases, it is evident
that CL.19 somehow alters primary cilia. Further studies are needed to estimate the role of CL19

in hESC-RPE primary cilia.
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