ABSTRACT

ZHANG, BO. The Role of Claudin-5 on Xenopus Heart Development. (Under the direction
of Dr. Brenda Judge Grubb.)

Claudin-5 is an important member of the claudin gene family. The expression of
claudin-5 in the heart of Xenopus laevis was determined by whole mount in situ
hybridization. RNA over expression and knock down experiments demonstrated that
claudin-5 is critical for heart development. Meanwhile, claudin-5 down regulated bone
morphogenetic protein 4 (BMP4) expression in early stage through upregulating chordin
(chd). In addition, other pathways such as estrogen hormone and transforming growth
factor-p (TGF-B) may also affect claudin-5 activity. The results show that claudin-5 plays
an important role in heart development and is involved in a complex pathway of gene
regulation. The mRNA expression of claudin-12, another member of claudin protein family
was also determined from cleavage stage to tadpole stage by whole mount in situ

hybridization.
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CHAPTER 1 Literature review

1.1 What is the cell-cell junction?

Xenopus development is initiated with fertilization of the single cell oocyte by the sperm. A
cascade of signaling events triggers rapid cell divisions, without growth, called cleavage. A
hollow ball of cells called the blastula results from these divisions. During the mid-blastula
transition, zygotic gene expression begins, the cells become compacted and junctions form
between cells (Figure 1.1-1). The presence of cell-cell junction makes sure molecular
signals move quickly in the lateral cells; meanwhile, cell-cell junction can prevent signals
from other tissues in order to keep the specific communication. At gastrulation, cell
movement allows placement of the germ layers and induction to occur creating
differentiation of the ectoderm, mesoderm and endoderm, which result in development of
distinct tissues and organs. This is known as Morphogenesis. One example for cell-cell
junction in development is from the life cycle of Dictypstelium (Devreotes, 1989). In the
process of amoabac forming the multicellular structure, cAMP (cyclic adenosine
monophosphate/protein) binds with receptor on the cell surface and stimulates cAMP
synthesis signal in the cell. This signal transfers through cell-cell junction to the adjacent
cells, which generates gradient of cAMP from cAMP aggregation center. The concentration
of cAMP oscillates and peak moves for some time. This movement cycle results in the

multicellular structure. Even within the structure, movement of signal can work as a



development timer and produce the final organs (Devreotes, 1989). Another example can
be seen from frog cardiac muscle. The cell-cell junction such as adherens junction together
with tight junction mediate intercellular metabolism by controlling Ca2+-dependent,
homophilic trans-interactions (Kooistra, 2007).Functionally, cell-cell junction is a chemical
and physical barrier between adjacent cells. The cell-cell junction is used to control cellular
molecular movement such as Na+ and K+ (Wright, 1968) and also used to maintain the
composition stability between the adjacent cells, involve the stability of fluxes such as ions,
water or nonelectrolytes (Luis, 1992). The cell-cell junction function is different in
various cell types and organs. Cell-cell junction composition is formed in the mucosal
epithelia of the stomach, intestine, gall bladder, uterus, and oviduct; in the glandular
epithelia of the liver, pancreas, stomach, and thyroid; in the epithelia of pancreatic, hepatic,
and salivary ducts; and finally, between the epithelial cells of the nephron , proximal, distal
convolution and collecting ducts (Lipschutz, 2005). The cell-cell junction is a critical factor
both in heart development and in maintaining heart function. For example,
calcium-dependent adhesion-- N-cadherin is important in forming the distinct cardiac
compartment (Linask, 1997). In addition to the cardiac compartment separation,
N-cadherin also plays an important role in stabilizing commitment of cardiomyocytes and
enables phenotypic differentiation (Linask, 1997). On the other hand, cell-cell interaction is

important for bone marrow stromal cells to differentiate into cardiomyocytes. In addition to



the heart development, cell-cell junctions also maintain electrical and mechanical structure

of cardiac vessels (Peters, 1994).
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Figure 1.1-1 Cells compact and junctions form.

1.2 Overview of cell-cell junction

The cell-cell junctions include gap junction, tight junction (TJ), adherens junctions (AJs)

and desmosome(Figure 1.1-2), with varying function and protein compositions.
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Figure 1.2-1 Main cell-cell junction in the epithelia cell or endothelia cell.

The gap junction is composed of a protein family named the connexons. The connexons
form transmembrane hydrophilic channels, which can allow direct exchange of ions and
small molecules (Sdeza, 2005). The gap junction works in coordinating endothelial cell
migration and replication during repair of injury after mechanical denudation and during
angiogenesis (Pepper, 1989). Adherens cell junction is made of the cadherins protein
family. The cadherins are transmembrane glycoproteins, which form a very complex
intracellular undercoat network with cytoplasmic proteins and actin microfilaments (Geiger,

1992; Kemler, 1993).The cadherins have two conserved regions. One is a highly conserved



cytophasmic region; another one is an extracellular region containing Ca+2 binding motifs.
So the adherens cell junction involves the Ca+2 dependent cell-to-cell recognition
(Takeichi, 1991; Kemler, 1993). Desmosomes are specialized junctions called “anchoring
junctions” (Yin, 2004). The desmosome junction uses outer and inner plaque to connect
cytoskeletal elements to the plasma membrane at cell—cell or cell-substrate adhesions (Yin,
2004). The desmosome consists of at least three different gene families: cadherins,
armadillo proteins, and plakins (Huber, 2003;Getsios, 2004). Different from other
junctions, the desmosome can bind with some stress-bearing intermediate filaments (IFs) at
strong intercellular adhesion points (Yin, 2004). This is a very useful protection from
mechanical damage. This protecting mechanism is in the epidermis and the heart. The tight
junction is a special cell-cell junction located in the apical of epithelia and endothelia tissue.
Most tight junctions are located in the apical side of epithelia and endothelia cells, which
can separate apical space from the lateral plasma (Anderson, 1995; Tsukita,
1996).Recently, more research has been focused on the tight junction, the main protein

studied in this project.

1.3 What are tight junctions?

The tight junctions are most located in the apical side of cells in the epithelial and
endothelia tissues. It is seen as a continuous, anostomosing network of intramembranous

particle strands (Staehelin, 1974) using the freeze fracture technique. Many proteins are



included in the tight junction complex: occludin, claudins, MAGUKs, cingulin (Citi, 1988),
7TH6 (Zhong, 1993), symplekin (Keon, 1996), ZA-1TJ (Kapprell, 1990) and others to be
discovered later. The barrier and fence functions are most important functions for tight
junction. For the barrier function, the tight junction acts to seal the “sheet” of cells and
prevent the tissue permeability. Another function of tight junction is called fence function
(Schneeberger, 1992; Gumbiner, 1987;1993; Anderson, 1995). It is used to helps keep the
cell polarity. At this time, there are a lot of popular topics relating to tight junction. The

blood-brain barrier (BBB) and cancer research are two of them.

The BBB was recognized and demonstrated by German microbiologist Paul Ehrlich in the
late-19th century. The function of the BBB is to separate the brain from blood circulation.
This protects the brain from hydrophilic and toxic substances (Jiang, 2000). Adherens
junctions and tight junction are existing cell junction in the BBB (Figure 1.2-1).The tight
junction has a primary effect in limiting transcellular flux of BBB, due to the barrier and
fence function. In the BBB, the cell junction not only separates the toxic substances, but
also provides nutrition in the form of amino acids to the brain. Both of these functions
require some active transport. Some of them are receptor mediated. Well known receptors
include transferrin receptor (Pardridge, 1997) which has a strong ability to cross the BBB

and other receptors with lower ability (Mclay, 1997). These receptors co-localize with the



tight junction and some of the receptors contain some proteins from tight junction protein

families.
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Figure 1.3-1 Cell junctions in the blood- brain barrier.
TJ is thought to play an important role in the BBB (Jiang, 2000).

Cancer research is a very important area of public health in biology. Also, it is a new topic
for cell-cell junction study. It is known that tumor cells require long distance movement to
the target organ, referring to the formation of metastasis (Hart, 1989; Jiang , 1994). Tumor
cells can cross cell layers and enter blood vessels, following in the blood circulation to the
target tissues or organs. In the target tissues, tumor cells penetrate endothelia and basal
membrane, where tumor cells meet the tight junction. This tumor cell--tight junction
interaction is slow but strong and long-term. Also, tumor cells may experience interaction

mediated by carbohydrate-carbohydrate reactions (locking), which is faster but weak



compared with tight junction interaction (Jiang, 2000). From this, we may hypothesize if
treatment for the tight junction in the target tissue and organ can be good to control the

tumor cell diffusion. This will be a significant advance in the area of cancer research.

1.4 The anatomy of the tight junction

Much research has been done on techniques to measure the barrier ability of tight junction
and several models have been proposed to explain the tight junction. The central technique
is measuring transepithelial electrical resistance (TER) (Gitter, 1997). This method is a
measurement of the junction barrier to small ions such as Na+ and Cl- in an electrical
media. This measures the barrier ability of the tight junction. Another method uses
radiolabeled inulin or mannitol (Fanning, 1999). By tracking these radiolabeled materials,
cell junction characteristics can be located. A model is needed to explain the fact in the
tight junction: why the TER varies by a wide range in the different tissues. For example,
the paracellular barriers of collecting ducts are approximately 300Q2Xcm?2. The very “tight”
epithelium of the bladder is about 6,000 to 300,000 QX cm2 (Fanning, 1999). At the same
time, the size cutoff seems to keep in the same level, 5 A to 20 A (Fanning, 1999). The most
acceptable model appears to be from Claude and Goodenough. (Figure 1.3-1, Claude, 1973).
In figure 1.3-1 the occludin and claudin proteins compose several layers barrier in the cell
including the closed channels (Black beads) and open channels (white beads). The molecule

(X) can cross the junction only through the open channels (left one). In other cases, the



molecules cannot cross the junction. This model has three advantages in constructing the
tight junction model: First, the model is in consistent with the tight junction network
proposed by some research. The ratio of occludin and claudin in TJ is random, which
explains the diversity of the tight junction network. Second, the model is the one used to
explain the tight junction figure under the electron microscope. The micrograph of the tight
junction shows that the occludin and claudin proteins from adjacent cells can form the
spot-like contact or “kiss”contact (Cereijido, 1992; Farquhar, 1963). The spot-like
characteristic is unique to the tight junction, makes the junction dense. This is why we call it
“tight junction”. Claude’s model is identical to the figure. Third, the model explains the
logarithmic, rather the linear relationship between the number of barrier and the net
paracellular permeability (Fanning, 1999). Claude said the barrier in the model is not fixed
but flicked open and closed (Claude, 1978). From Claude’s model, the two important

proteins in the tight junction-occludin and claudin are recognized.



X

Figure 1.4-1 TJ is composed of many barriers (claudin and occludin).
Some of them can form open channels (white bead), some of them form closed channels (black bead) at a time.
Solute molecules(X) can cross membrane only through open channels and be stopped by closed channels. This
process is regulated by channel precisely. Such a model explains the logarithmic, rather than linear relationship
between the number of tight junction and net paracellular permeability. The molecule on the left passes through

membrane successfully (Fanning, 1999).

Since the discovery of the electron microscope in the early 1960s, the different kinds of
junctions have been revealed (Mitic, 1998). Biochemical functions and protein
compositions of adherens junction and desmosome have been gradually discovered.
Meanwhile, research on the tight junction has never stopped. The dynamic network of the

tight junction complex has at least three proteins. They are MAGUK protein family,



occludin, and claudin protein family (Figure 1.4-2).

Membrane-Associated Guanylate Kinase (MAGUK) is a large protein family. This family
shares common domains of SH3, a region homologous to guanylate kinase (GUK), and one
or more PDZ domains (Jiang, 2000). ZO-1 and ZO-2 are the first two proteins found in the
tight junction for this family. ZO-1 is 220-kDa (Fanning, 1996; Stevenson, 1986; Willott,
1993). Different from claudin and occludin, ZO protein is peripheral protein not
transmembrane protein. Some experiments show that ZO-1 binds directly to a 150-amino
acid domain at the cytoplasmic tail of occludin (Furuse, 1994) and may bind to the
actin-binding protein spectrin (Itoh, 1993). ZO-2 is the second protein found in the family
(Gumbiner, 1993) and is a phosphoprotein of 160kDa and coprecipitate with ZO-1. There is
high homology between ZO-1 and ZO-2. ZO-2 contains three PDZ domains, a SH3 domain
and a GUK domain. ZO-3 is a new found protein in the family and 130 kDa in size and
shares high sequence homology with both ZO-1 and ZO-2 (Stevenson, 1998). ZO-3 can
bind with ZO-1 and occludin in the cytoplasm. Of the three proteins, ZO-1 is thought to be
the most important. Actually, it is the bridge connecting the tight junction protein and the
action cytoskeleton. ZO-1 can interact with AF-6, ZAK, actin catennin and occludin, as
well as ZO-2 and ZO-3 in the same family. Interestingly, ZO protein can be found in some

tissue without tight-junction, in association with adherens junction.
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Figure 1.4-2 Network of the tight junction.

Claudin and occludin proteins are transmembrane proteins, while ZO locates intracellularly. Occludin interacts

with ZO-1, and 2. ZO-1 is proved to connect actin with occludin and claudin.

Occludin was the first transmembrane protein found in the tight junction (Furuse, 1993). It
has a weight of 55.9 kDa. Occludin is similar to claudin in structure. Occludin has four
membrane-spanning segments, and two extracellular loops as regions II and I. This is the
same as the claudin protein family (Figure 1.4-1). In the two extracellular loops, the first one
includes a high content of alternating glycine and tyrosine residues, 36% and 22% (Mitic,
1998). The first loop seems likely to be involved in the tight junction’s barrier function and in

cell adhesion. High glycine content can form a highly flexible structure; the tyrosine will

12



stick together (Mitic, 1998). The structures from adjacent cells may interact with each other
and create a zipper-like seal. Compared with the claudin protein, the occludin protein has a
longer C-terminal in the cytoplasm. The ZO protein family seems important for localization
of occludin. Occludin may bind with ZO-1, 2 and 3. Occludin binds mostly with ZO-1 (Balda,
1996; Chen, 1997; Furuse, 1994; Matter, 1998). This may explain why the occludin cannot
exist in tissues without the tight junction especially ZO protein. Occludin is widely expressed
in epithelial and endothelial cells, with a very high level of occludin in brain endothelial cells,

but not in fibroblasts (Saitou, 1997).

Besides the big protein families in the tight junction, there are small proteins, such as cingulin
and 7H6. Cingulin was first found by Citi et al (Citi, 1988). It may interact with actin in the
junction plaque. 7H6 is another new protein found in the tight junction.7H6 may be involved in
the mechanism cells use in response to different environments. Zhong Y 1994 paper states that
7H6 could connect and disconnect with the tight junction complex according to different
conditions of ATP level and its expression reduces continuously when cells change from

normal to dysplastic to carcinomatous states (Zhong, 1994).

1.5 What are claudin proteins?

Claudin proteins are the main transmembrane proteins in the tight junction. Compared with

occludin, claudin proteins also have four tansmembrane domains, and a short C-terminal

13



(Figure 1.4-1). Claudin proteins share little similarity with each one in the amino acid
sequence; different members of the family have different sequences. Claudin has a big family
of at least 24 proteins found in mice or in humans (Morita, 1999; Tsukita , 1996). Claudin-1
and -2 are the first two claudin proteins in the family discovered by Furuse from a chick liver.
They are 23-kDa integral membrane proteins that are structurally related 38% identical at the
amino acid sequence level (Furuse, 1998). It is still not clear how many proteins are in the
multigene family. There are 24 claudin or claudin-like proteins discovered. Due to a large
family, claudin proteins are co-expressed in the different tissues, which make it hard to
investigate the function for a unique protein. Claudin protein can reconstruct TJ strands in the
fibroblasts without TJs, while occludin can only constitute a small amount of the network
(Furuse, 1998; Brizuela, 2001). This means claudin proteins are important and major
components in the TJ network. Claudin proteins interact with other claudin proteins in
adjacent cells to form a pair structure. Until now, no evidence shows that claudin proteins can
link with occludin or other actin in the TJ. It is hypothesized that claudin may act more as a
structural component than a functional component in the TJ, although claudin proteins clearly

have multiple functions in the cell.
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Figure 1.5-1 Occludin, claudin and JAM are three kinds of transmembrane proteins in TJ.
Both of occludin and claudin have four spanning regions and two extracellular regions. Occludin has a longer
c-terminal than claudin. JAM only has one single spanning protein. It is one of the Ig superfamily (Fanning,
1999).

1.6 Why is claudin protein so important?

The TJ is a complex network and the distribution of TJ is broad and it lies in most epithelia
and endothelia tissues. Meanwhile, composition and function are different in the different
tissues. All of these can be ascribed to the diversity of the claudin proteins family. From table
1.1, we can see claudin proteins disperse all over the body. For example, claudin-1 is in the
skin and liver, claudin-3 in the ear and intestine, claudin-5 in the heart and eyes etc. The
claudin proteins can express from skin to heart, almost in every tissue. Claudin genes have
become the critical markers for the TJ in molecular research. People rarely use occludin as

the TJ marker because occludin does not always go with TJ. On the other hand, claudin exists
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in all the TJ. As we discussed before, why TJ is so important is due to their close relation
with cancer research. From table 1.3, we can see claudin protein has been involved in many
kinds of tumors. For example, claudin-1 and —4 relate to skin cancer, claudin-2, 3, 4, and 5, 7,
22 in breast cancer, claudin-3 and 4 in prostate and ovarian tumors. Claudin-5, 20, 22 are
recently found in brain cancer. Meanwhile, the function of claudin protein in cancer seems to
be more complex than previous. Some claudin genes such as 1,2,3,4,5,7,11,12 and 15 are
expressed in a lot of tissues and many cases of tumors. While, others such as 14,16,17,20,
and 22 have more limited expression region (Hasegawa, 2002). Claudin-14 for example is
only found in the Cochlea Vestibule and Heart. Claudin-17 is expresseed in low level in

normal kidneys. Claudin-20 only exists in the small intestine in very low level.

Same claudin gene may even act as different or reverse function in the different cancers. The
extreme case is claudin-17. Claudin-17 has been found downregulated in breast and head and
neck cancer, but upregulated in stomach cancer (Johnson, 2005; Kominsky, 2003). Overall, it
is very clear the correlation between cancer and TJ is due to correlation with the claudin
genes. In addition to the cancer, claudin genes have been implicated in a lot of syndromes in
human beings (Table 1.2), such as claudin-2, 3, 4, 5 with Paget’s disease (Ylermi, 2004),
DiGeorge’s syndrome with claudin-5, Williams-Beuren syndrome with claudin-3 (Paperna,

1998).
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More importantly, claudins are the proteins located in the cell surface so that they can be
good targets for many medical treatments. There is special interest in the Clostridium
perfringens enterotoxin (CPE) as a novel chemotherapeutic compound. CPE is a natural
ligand for claudin-3 and -4 proteins; it can bind toxins to these claudins, leading to a rapid
cytolysis of the cells (Katahira, 1997). So this will let us think about treating cancer or

other disease through the claudin protein pathway.

Table 1.6-1 Claudin proteins in different tissues.

Claudin protein Tissue or cell line Reference list

Claudin-1 Liver kidney,skin (Furuse, 1998)

Claudin-2 Kidney liver (Furuse, 1998)
Madin-Darby canine kidney | (Lipschutz, 2005)
(MDCK) strain I and II | (Enck, 2001)
cells (Fujita, 2008)
Intestinal epithelial cell

Claudin-3 Madin-Darby canine kidney | (Lipschutz, 2005)
(MDCK) strain I and II | (Rangel, 2003)
cells

Claudin-4 Madin-Darby canine kidney | (Lipschutz, 2005)
(MDCK) strain I and II | (Ylermi, 2004)
cells (Rangel, 2003)

Claudin-5 Heart, brain,eye and tail (Ishizaki, 2003)

(Turksen, 2002)

Claudin-6 Liver, kidney, stomach, | (Turksen, 2001)
lung and calvarias (Hasegawa, 2002)
embryonic stem cells

Claudin-7 Skin (Ylermi, 2004)
Lung, kidney, ovary, colon | (Morita, 1999)
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Table 1.6-1 continued

Claudin-8 Skin, Cochlea (Ylermi, 2004)
Vestibule (Kitajiri, 2004)
Lung, kidney, colon, breast | (Morita, 1999)
(Heiskala, 2001)
Claudin-9 Cochlea, Vestibule (Kitajiri, 2004)
Brain, tumors. (Heiskala, 2001)
Claudin-10 Skin, Cochlea (Ylermi, 2004)
Brain, tumors (Kitajiri,2004)
Ear (Heiskala, 2001)
(Cheung, 2005)
Claudin-11 Testis, skin (Ylermi, 2004)
Brain, spinal cord (Bronstein, 1996)
(Morita, 1999)
(Gow, 1999)
(Bronstein, 2000)
Claudin-12 Cochlea Vestibule (Heiskala., 2001)
Brain, prostate, colon, | (Belanger, 2007)
uterus (Fujita, 2008)
Brain
Intestinal epithelial cell
Claudin-13 Embryonic tissues (Heiskala, 2001)
Claudin-14 Cochlea Vestibule (Kitajiri,2004)
Heart (Heiskala, 2001)
Claudin-15 Small intestine (Heiskala, 2001)
Claudin-16 Kidney,tumors, (Heiskala, 2001)
Genitalia
Claudin-17 Skin (Ylermi, 2004)
Low level normal kidney (Hasegawa,2002)
(Heiskala, 2001)
Claudin-18 Stomach and the lungs (Hasegawa, 2002)
Cochlea, Vestibule
Claudin-19 PNS, kidney (Miyamoto, 2005)
Claudin-20 Small intestine (Heiskala, 2001)
Claudin-21 Human intestine (Katoh, 2003)
(Krause, 2008)
Claudin-22 Human trachea (Katoh, 2003)

(Miyamoto, 2005)
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Table 1.6-1 continued

Claudin-23 Colon, stomach, placenta, | (Katoh, 2003)
human skin, rat duodenum, | (Krause, 2008)
mouse taste receptor cells

Claudin-24 Human intestine (Katoh, 2003)

(Krause, 2008)

Table 1.6-2 claudin study in some model animals.

Claudin protein

Model animal

Symptom

Reference list

Claudin-1

Mice

Epidermis abnormal
thinkness with
hyperproliferation,
Die within one day
of birth

(Furuse, 2002)
(Buhr,2007)

Claudin-3

Xenopus

Left-right
asymmetry defect

(Brizuela, 2001)

Claudin-4

Xenopus

Left-right
asymmetry defect

(Brizuela, 2001)

Claudin-5

Mice and Xenopus

Defect in BBB and
die in 10 days

(Nitta, 2003)
(Xie & Brizuela,
2005)

Claudin-6

Mice

Transgenic newborn
mice have smaller
size , red, shiny skin

(Turksen., 2001)

Claudin-7

Xenopus

(Fujita,2006)

Claudin-11

Mice

Claudin-11
deficiency mice
show CNS defect
and sertoli cell
defect in testis

(Gow, 2004)

Claudin-12

Xenopus

(This work)

Claudin-14

Mice

Hearing loss

(Yosef, 2003)

Claudin-19

Mice

Claudin-19
deficiency mice
suffered from a kind
of peripheral
neuropathy.

(Miyamoto, 2005)
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Table 1.6-3 claudin protein interaction with human being.

Claudin protein

Symptom or disease

Reference list

Claudin-1 Cell carcinoma (SCC) of | (Morita, 2004)
the skin and Bowen’s
disease (BD) genotype and
weight loss
Claudin-2 Paget’s disease, Breast | (Ylermi, 2004)
Carcinoma
Claudin-3 Paget’s  disease, Breast | (Ylermi, 2004)
Carcinoma (Long, 2001)
Prostate and ovarian | (Hough, 2000)
carcinomas. (Paperna, 1998)
Williams-Beuren syndrome
Claudin-4 Cell carcinoma(SSC) of | (Morita, 2004)
skin and Bowen’s | (Ylermi, 2004)
disease(BD) (Michl, 2003)
Paget’s  disease, Breast | (Terris, 2002)
Carcinoma (Long, 2001)
Claudin-5 Paget’s  disease, Breast | (Ylermi, 2004)
Carcinoma
Velocardiofacial syndrome
and DiGeorge’s syndrome
Claudin-7 Breast, head and neck | (Kominsky, 2003)
cancer and stomach cancer | (Johnson, 2005)
Claudin-8 Crohn's disease (Zeissig, 2007)
Claudin-10 Hepatocellular carcinoma (Cheung , 2005)
Claudin-11 Sclerosis,sterility paralysis | (Yosef, 2003)
Claudin-14 Human hereditary deafness | (Yosef, 2003)
Claudin-16 Hypomagnesaemia (Simons, 1998)
Claudin-17 Head and neck cancer, and | (Johnson, 2005)
stomach cancer
Claudin-18 Gastric cancer (Sanada , 2006)
Claudin-19 Familial hypomagnesaemia | (Sanada , 2006)

with hypercalciuria and
nephrocalcinosis, visual
impairments;
hypomagnesaemia
mutations in TMDI, 2.
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Table 1.6-3 continued

Claudin-20 Chondrosarcoma, a brain | (Hasegawa, 2002)
cancer, and a liver tumor

Claudin-22 Breast cancer libraries and | (Hasegawa, 2002)
one brain astrocytoma

Claudin-23 Downregulation: (Hasegawa, 2002)
intestinal-type gastric
cancer

1.7 What is claudin-5 ?

Claudin-5 is a gene found early in the claudin gene family. The claudin-5 gene expresses
ubiquitously, in endothelia and epithelia tissue, although most in the endothelia tissues. Work
previously done in the Grubb has demonstrated the structure and topology. Claudin-5 protein
has four transmembrane regions and two extracellular loops, as found in classical members
of the claudin-gene family. There are 7 amino acids in the amino termini and 25 amino acids
in the carboxyl termini. Since claudin-5 distributes widely, it is a key protein of tight junction
in controlling cell permeability and molecular diffusion. The function of claudin-5 can be
reduced to three ways. Claudin-5 is also called the transmembrane protein deleted in
velo-cardio-facial syndrome (TMVCF) in human being. TMVCF has many different
symptoms such as conotruncal cardiac abnormalities, cleft palate, learning disabilities, and a
typical facial dysmorphology (Sirotkin, 1997). Meanwhile, TMVCEF is a variable syndrome
which has been found in more than 40 phenotypes in clinic study (Goldberg, 1993). Although
Digeorge syndrome shares some phenotypes with TMVCEF, it is more severe than TMVCEF.

Some patients with Digeorge appear to also have immune abnormalities and hypocalcaemia.
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In the brain, claudin-5 is the primary factor in protection and molecular permeability
regulation. The well known example is the blood-brain barrier (BBB). BBB is one of most
important protection mechanisms in the central nervous system; also it is one of the most
significant functions for the TJ. BBB can prevent material flow away from the brain;
meanwhile it can prevent hazardous material from entering nervous system. Disorder of the
BBB can introduce many diseases such as brain edema (Yang, 1994). Claudin-5 plays a very
important role in the molecular selection in the BBB. Claudin-5 deficiency mouse show
peculiar abnormalities (Nitta, 2003). A claudin-5 knockout in the mouse results in alterations
of the blood-brain barrier and death within 10 days of birth (Nitta, 2003). Thus a claudin-5
deficiency in the BBB has severe consequence. Interestingly, some experiments reveal that
claudin-5 deficiency mouse result in loss of normal regulation against small molecule
(<800Da) but not large molecule (Nitta, 2003). This may tell us claudin-5 not only manages
molecular movement in the blood brain barrier but only has special selection according to the
molecular size. Moreover, some authors even suggest that there are two kinds of TJs in BBB
and one of them is composed of claudin-5 only. The claudin-5 TJ used to restricts the
paracellular permeability of small and large molecules, another TJ restricts only larger
molecules (>800 Da) (Ohtsuli, 2007). In addition to the brain, claudin-5 also has strong
expression in the heart (This work). It has been found that claudin-5 protein level decreases

in the cardiomyopathic mouse models (Sanford, 2005). Claudin-5 is a critical component of
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TJ in the cardiac muscle lateral cell membrane. Dystrophin and utrophin knockout mouse can
breakdown the connection between submembranous action protein and transmembrane
protein- claudin-5 thereby causing cardiomyocyte disorder (Sanford, 2005). Previous
experiments from the Grubb lab have revealed that claudin-5 RNA injection in xenopus
produces beating tissue similar to the heart (Xie & Brizuela, 2005). This interesting find
shows that the TJ such as claudin-5 is critical in determining heart development and should
be the first step in constructing the heart structure of Xenopus. Recently, many experiments
have revealed a lot of new functions for claudin-5. For example, hyperstimulation and
Gonadotropin-Releasing Hormone Agonist downregulate claudin-5 mRNA to change ovarian
vascular permeability in ovarian hyperstimulation syndrome (OHSS) (Kitajima, 2005). On
the other hand, claudin-5 is also responsible for disruption of the barrier of neural blood

vessels and other symptoms by hypoxia (Koto, 2007).

1.8 Claudin-12 protein

Claudin-12 protein is new in the claudin family. Little research has been done regarding to
claudin-12. It is known that claudin-12 coexpresses with claudin-5 in the BBB. Claudin-12
compensates for claudin-5 loss in the claudin-5 deficiency mouse (Nitta, 2003). Although
claudin-5 mRNA expression in the rat brain capillary fraction was 751-fold greater than that
of claudin-12 mRNA (Ohtsuli, 2007), claudin-12 protein seems to act as a primary

component in the central nervous system. TGF-f signal inhibits endothelial cells proliferation
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and integrity through down-regulation of claudin-5 protein but not claudin-12 protein
(Watabe, 2003). So BBB may not lose size-selective ability completely in TGF-f signal
treatment. On the other hand, Claudin-12 is also a target for vitamin D signaling (Fujita,
2008). It is down-regulated in the vitamin D receptor knockout mouse which has decreases in

Ca2+ update in the intestine (Song, 2002).

1.9 BMP4& chordin

BMP (bone morphogenetic protein) is a member of superfamily transforming growth factor-3
(TGF-B). BMP is very important in specifying the cell fate in the gastrula stage of Xenopus,
which directs ectoderm to form epidermis not neural tissue (Moreno, 2005). BMP is
regulated in a concentration-dependent manner and is modulated by the secreted signals from
Spemann’s organizer: noggin, chordin (Wilson, 1997). These signals work as the antagonist
to BMP, which direct ectoderm to neural tissue instead of epidermis (Piccolo, 1996;
Yamashita, 1995; Zimmerman, 1996). Chordin (chd) is a primary antagonist for BMP4, it is
able to bind BMP4, BMP2 and BMP4/7 heterodimer to prevent them binding with their
receptors (Piccolo, 1996). The final cell pattern decision depends on the stage, as well as

depends on the concentration ratio between BMP and antagonist.

1.10 Heart development

Xenopus heart development includes four continuous processes: precursor cardiac cell
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production, heart tube formation, heart looping, and chamber specification. From late
blastula and early gastrula stage, mesoderm specifies into precardiac cells. These cells move
anteriorly and ventrally during the gastrula stage. These special precardiac cells can be
marked by early heart marker XNkx2.5. During the late tail bud stage, a straight heart tube is
formed (Kolker, 2000; Mohun, 2000), which will undergo rightward and dorsal looping until
the sinus venosus and atrial structures are located on the dorsal side of the ventricle. After
looping, chamber specification starts. Ventricle chamber becomes thickener. At the same
time, an atrioventricular valve has been gradually constructed. Atria and ventricle separate
with each other (Kolker, 2000; Mohun, 2000). Except for the XNkx2.5, BMP is another early
heart marker in the Xenopus heart development. Over expression of dominant-negative BMP
receptors in the gastrula stage will inhibit heart formation and downregulate xNkx2.5
expression (Shi, 2000). These results reveal that BMP is very important for the normal heart
development and is upstream factor of XNkx2.5. Many experiments provide information that
BMP can induce cardiac myocytes and required for cardiac differentiation. These functions
are time and position dependent. Moreover, BMP may induce mesoderm to stimulate
cardiogenice markers and produce beating tissues (Shi, 2000). In addition to inducing heart
formation, BMP4 is also necessary for right-side development. The BMP/ALK2/SMAD
signaling pathway is important in determining the right side (Hyatt, 1996; Hyatt, 1998;

Ramsdell, 1999). On the other hand, TGF-f seems to have inverse function, inducing left
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side development (Lohr, 2000). The two pathways interact with each other with many
regulators, such as xLefty (Wright., 2007) and Xnr-1 (Brizuela, 2001). Although much work
has been done in the BMP decision on the right side, less work has involved in the claudin
gene in the left-right decision. Xenopus experiment shows that overexpression of claudin-3
and 4 mRNA causes bilateral Xnr-1 and left-right randomization (Brizuela, 2001). So far, it

is still not clear about the mechanism for claudin-5 in the left-right decision.
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CHAPTER 2 Main Body

2.1 Introduction

Research reported in the literature has shown that claudin genes are critical in determining
cell permeability in endothelia and epithelia tissues. As a major component of the BBB,
claudin-5 plays an important role in brain development. Meanwhile, previous work done in
Grubb lab has demonstrated that altered claudin-5 expression affects heart development.
These have led to the following two hypotheses:
1. Claudin-5 expression is required for normal heart development.
To understand this hypothesis, the objectives below are necessary:
A. Determine where claudin-5 and -12 are expressed in the Xenopus embryo with whole
mount in situ. To Determine if claudin-12 and claudin-5 is co-expressed in heart as in
BBB of mice.
B. Find suitable heart marker genes to examine claudin-5 function in Xenopus heart
development.
C. Use claudin-5 mRNA injection experiment to decide what happen to heart
development when claudin-5 is over expressed.

D. Use claudin-5 Morpholino injection experiment to decide what happen to heart
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development when claudin-5 is reduced.
2. Claudin-5 is involved in a signaling cascade with other genes for normal heart
development.
The objectives for the second hypothesis should be
A. Determine if claudin-5 involve in pathway with early markers-BMP4 and chd.
B. Determine what other signaling pathways be affected by examining TGF-f and
estrogen signaling

All the experiments in this thesis are based on the hypothesis and objectives above.

28



2.2 Method and material

2.2.1 Synthesis of RNA probe and heart markers

All the plasmids in the experiment were extracted from E.Coli with the Qiagen Maxprep Kkit.
Sense and antisense claudin-5 probe were from the plasmid pCMV-SPORT6, while
claudin-12 was from the plasmid pBluescript SK minus. The antisense probe can be used as
probe in the in situ experiment and sense strand was just used as control. 10ug plasmid was
used DNA in linearization reaction. The claudin-5 plasmid was linearized with restriction
enzyme EcoRI and claudin-12 plasmid with enzyme Xhol at 37 degrees for over two hours.
Digestion completeness was checked by running an aliquote on a 1% agarose gel. Template
was then extracted with phenol/chloroform once and chloroform /isoamyl twice,
precipitated in 100% ethanol overnight and washed in 70% ethanol before use. The DNA
was then resuspended in about 10ul TE buffer to a final concentration 0.5-1ug/ul measured

by a nanodrop machine (DN-1000) and stored at -80 degrees.

To set up the RNA transcription reaction, 1000ng of template DNA was taken from TE
buffer. This reaction must be RNase-free. 1ul RNA guard or RNase inhibitor was used to
protect RNA against RNase. T7 RNA polymerase was used for claudin-5 RNA template and
T3 was used for claudin-12 template. Labelling mix was Digoxigenin labeled. Distilled water

was added up to 20ul. The transcription reaction was incubated at 37 degrees about two hours
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in order to get enough RNA probe. Unincorporated probe was then removed; free nucleotides
were spun down with Quick Spin Columns (Roche). High speed spin removed the unbound
RNA and collect mRNA. All the spins were carried out at 4 degrees in order to prevent
mRNA from degradation. Probe mRNA was aliquoted at -80 degrees until used for the in situ
experiment. The procedure was based on the protocol from Dr Robertis laboratory.

http://www.hhmi.ucla.edu/derobertis/protocol page/XenopusWholeMountInSitu.pdf

Heart markers XNkx2.5, cardiac Troponin, XMsr and xTbx, also BMP4 and chordin(chd)
probe mRNA were synthesized through the similar procedure. The difference was that
XNKx2.5 with pGEM plasmid, Troponin with pSK, xMsr with pSK a, xThx with pGEM

T-easy, BMP4 with pCS2 and chd with pCS2.

2.2.2 Preparation of Xenopus embryos

The Xenopus fertilization procedure was based on the protocol from Grubb laboratory

(Brizuela, 2001).

Female frogs were primed a week before fertilization with human chorionic gonadotropin
(hCG) (Sigma Inc, Cat.9002-61-3) in about 30-40 units. Also, HCG can be used in male
frog to induce sperm development. Night before fertilization, female frogs were induced

for ovulation with about 300-400 units HCG. Female frogs were kept in 1X high salt Barth
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(NaCl 0.1095M, KC1 0.001M, NaHCOS’ 0.0024M, HEPES 0.01M, MgSO4'7HZO 0.0008M,
Ca (NO3)2'4H20 0.0003M, CaClz'ZHZO 0.0004M) until fertilization starts. Sperm can be
isolated from male frog testis and saved in about 1 mL of Steinberg’s solution (NaCl 3.4g,
KCl 0.05g, Ca (NO3)2'4H20 0.08g, MgSO4'7H20 0.2g, Kanamycin 0.01g, C4H11NO3
(Tris-HCI) 0.6g). Fertilization was started after the eggs were dried as well as possible. 2%
and PH 7.8 cysteine (Fisher, Cat.376-100) was used to remove the jelly coat. After

removing jelly coat, cysteine was decanted and eggs were washed for several times with

0.1X Barth (NaCl 0.009M, KCI 0.0001M, NaHCO3 0.00024g, HEPES 0.00999M,

MgSO4'7H20 0.00008M, Ca (NO3)2'4H20 0.00003M, CaC12'2H20 0.00004M) solution.

About one and half hour, eggs went to two-cell stage. Fertilized eggs can be kept at room
temperature to different stages. Eggs were fixed to stage we want according to Nieuwkoop
normal table (Nieuwkoop, 1994). MEMFA (37% Formaldehyde, 10X MEMFA, and DEPC
H20) was always used to fix fertilized embryos. After that, embryos were needed to be
dehydrated in a continuous wash from 25% PBSw/Methanol (Fisher Cat.A433-4), 50%
PBSw/Methanol and 75% PBSw/Methanol. Finally, embryos were washed with 100%

PBSw/Methanol for two times and stored in -20 degrees freezer.

2.2.3 RNA microinjection

Claudin-5 mRNA was injected into embryos resulting in overexpression of the gene. While,

antisense morpholino oligomers were designed to inhibit claudin-5 expression. Morpholino
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oligomers are targeted to block translation by choosing sequences extending from 5’ cap to
the start 25 bases against the upstream 5’ untranslated region and near the initiation

sequence in the gene promoter (Figure 2.2-1).

XCLAS5-MO1
TGA GCGGTGATAA CTGTAGAGAAGCCCTGCTCT CGAGGTGACT GGAAATGGCA TCCGCCGCAA

XCLAS5-MO2

TGA GCGGTGATAA CTGTAGAGAAGCCCTGCTCT CGAGGTGACT GGAAATGGCA TCCGCCGCAA
XCLA-MO™

TGA GCGGTGATAA CTGTAGAGAAGCCCTGCTCT CcAGGTeACT GeAAATCGCA TgCGCCGCAA

Figure 2.2-1 Claudin-5 morpholino sequences injected to block gene expression.

Microinjection experiments were carried out by pneumatic pressure (PL-100, picoinjector,
Harvard Apparatus, Cambridge, MA) with Narishige manipulators (Medical Systems
Corporation) and microscope (Leica Cat.Mz75). Glass micropipettes were heated and

pulled through puller (Model P-97 micropipette puller, Sutter instrument).

GFP (green fluorescent protein) was used as a reporter and marker of expression in the
microinjection experiment (Rosorius, 1999). The mRNA was co-injected with GFP. GFP
can mark the location of mRNA and show whether mRNA has been injected successfully.
The original concentration for the claudin-5 mRNA and GFP were 180 ng/ul and 250 ng/ul.
The claudin-5 RNA and GFP were diluted to 1:1 ratio. The mRNA was co-injected with

GFP in 2 cells of 4-cell stage, about 1 nl in each cell, also in 4 cells of 8-cell stage.
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Microinjection was done in 1X Barth (NaCl 0.09M, KCI 0.001M, NaHCO3 0.0024¢,

HEPES 0.0999M, MgSO4'7H20 0.0008M, Ca (N03)2'4H20 0.0003M, CaC12'2H20

0.0004M) plastic dish because 1X Barth can heal injected embryos. The eggs were then
moved to 0.1 X Barth plastic dishes and incubated at room temperature until they were at
the stage for in situ experiment. Uninjected embryos and embryos injected only with GFP

were used as controls.

2.2.4 Whole mount in situ hybridization

The Xenopus whole mount in situ procedure was based on the protocol from Dr Robertis
laboratory.

http://www.hhmi.ucla.edu/derobertis/protocol page/XenopusWholeMountInSitu.pdf

The whole mount in situ hybridization experiment took as long as about 3-4 days. In the first
day, the embryos were digested with 10ug/ml Proteinase K (Roche, Cat.1413783) in PBSw
and stopped by washing with 2mg/ml glycine (Sigma) in PBSw. Embryos were refixed in
5ml of 4% paraformaldehyde (ICN Biomedical Inc) /0.2% glutaraldehyde (Electron
Microscopy Science Inc) in PBSw for 15 minutes. The probe was denatured in hybridization
solution at 95°C for 5 minutes; following washes three times with PBSw. Before starting the
second day, the antibody buffer (10% heat inactivated goat serum, 10% Boehringer blocking
stock solution and 80% PBSw) was prepared. Embryos were washed in several solutions that

day, from 2x SSC, pH4.5 for 5 minutes at 70°C for three times, 2x SSC, pH7/0.1% CHAPS
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at 70°C for 30 minutes to 2 times wash in MAB at room temperature and 70°C for 30 minutes.
Before adding antibody, embryos were blocked by Iml Antibody Buffer (without antibody)
at 4°C, rocking, for at least 2 hours. The antibody was blocked at same time. The antibody
was Anti-Dig - Alkaline Phosphatase dilutes 1:7,000 from a stock of 150units/200ul (Enzo
Company, Cat. 1093274). The pre-blocked antibody was then added to embryos and the
embryos were kept rocking in 4 degree overnight. In the last day, the embryos were washed
more than 5 times with PBSw. The AP1 Buffer wash was necessary for BM Purple staining.
Finally, the AP1 Buffer was replaced with 1ml BM Purple (Roche, Cat.904152). The
embryos were covered with foil and incubated with rocking at 4 degree. Cold condition and
longer rocking overnight help get less background (Xu, 1997). When purple color was strong
enough, staining reaction was terminated through stop solution wash and dehydrated with a
series of methanol wash (25%, 50%, 75%, and 2x 100%) and stored in 100% methanol in -20

degree for a long time.

2.2.5 Embryo paraffin section after whole mount in situ hybridization

After whole mount in situ hybridization, the embryos were incubated for an extended time
in metal before paraffin embedding. First, embryos were dehydrated in isopropanol (Acros
Organics, Cat.67-63-0) at room temperature for 15 minutes and incubation with heat (62
degrees) for another 15 minutes. The embryos were then incubated in 50% isopropanol/

paraplast (Fisher) for half an hour. The embryos were always incubated in pure paraplast
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for more than two hours. The embryos were rapidly oriented under a dissecting microscope
(Fisher Histo-center II) when they were solidified slowly on the heat platinum wire. The
solidified embryos were cool down gradually in the cold plate of the machine and were
stored at 4 degree for use. The embryos were cut on the section 820 microtome (Spencer) at
25um thickness and put on the microscope slides (Fisher). The slides were then dried on

the slide warmer at room temperature (Fisher).

2.2.6 Exposure

Embryos were treated with TGF-f, estrogen and estrogen inhibitor (Coenzyme Q-10)
(Jolliet, 1998) to examine the effect of these signaling pathways on claudin-5 gene
expression. TGF-f was set up as 0.0lug/ml in 0.1X Barth from 2ug/ml (Sigma, Cat.
35H0952) stock. 0.1X Barth only was the control in the experiment. TGF-p was added to
embryos from about stage 16 until embryos fixed in MEMFA around stage 36. Control
embryos were fixed at the same stage without exposure. The exposure experiment was

done at the room temperature.

Estrogen and inhibitor exposure were performed in three petri dishes containing about 100
embryos per treatment group. Control embryos were placed in 0.1X Barth dishes. In
another dishes, embryos were exposured to 20um 17 beta Estradiol. In the other dishes,

embryos exposed to estrogen inhibitor with 20um concentration. Embryos were left to
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grow and remained in solution for three days before data was collected.
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2.3 Result

2.3.1 Characterization of Claudin-5 and claudin-12 expression by whole mount in situ
followed by paraffin sections.

Claudin-5 is a critical component for the TJ primary in the epithelial and endothelia tissue.
The results presented here support previous findings that claudin-5 is expressed in the brain
and participates in the Blood Brain Barrier (BBB) (Nitta, 2003). In this project, claudin-5
expression is further characterzed. Claudin-12 is another important member in claudin gene
family. However, its location in Xenopus development is still not clear. Claudin-12
coexpresses with claudin-5 in the BBB of mouse and compensates claudin-5 loss in the
claudin-5 deficiency mouse (Ohtsuki, 2008). The next objective was to determine the

expression pattern for claudin-12 in Xenopus development also.

First, whole mount in situ hybridization for claudin-5 in embryos around late tail-bud stage

was performed. From the claudin-5 whole mount in situ figure 2.3-1 (shown as arrow),

claudin-5 is strong expressed in mid-brain, heart region and eye. Also, weakly in somite.

37



claudin-5

Figure 2.3-1 Claudin-5 whole mount in situ in the Xenopus late tail bud stage.
The BM purple color represents claudin-5 expression and darker color means more expression. BM purple
can be seen in mid-brain(MB), eyes(E) and heart(H).
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To confirm expression of claduin-5, paraffin section was done next. From the paraffin
section (Figure 2.3-2), strong expression of claudin-5 RNA can be seen in midbrain and
heart. For eyes expression, claudin-5 RNA is localized in the retina. In the heart,
myocardial tissue encompasses the endocardial tube in this stage. The myocardial tissue
remains a thin, single —cell layer. Claudin-5 is expressed mostly in myocardial (shown as B,
C); expressions can also be seen in endocardial in the anterior section (shown as A). With
posterior section, claudin-5 is shown in neural tube (shown as D). No claudin-5 expression
in liver primordium. Claduin-5 is appears to be the only one found in the claudin gene
family so far with expression in myocardium and endocardium. Claudin-5 also has a very
complex expression pattern in heart. These results taken together with previous findings in
the lab by J.Xie (Xie & Brizuela, 2005) lead us to investigate claudin-5 function in

Xenopus heart development.
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claudin5 claudin-12

in situ section in situ section

Figure 2.3-2 Paraffin sections on claudin-5 (A-D) and claudin-12 (E-H) whole mount in situ embryos.
Claudin-5 expression can be seen in brain, eyes and heart. In heart, most of staining is in myocardium. None
or just little staining is in the liver primordium. Claudin-12 has little expression in heart but very strong
expression in the epidermis. MB; mid-brain, EC: endocardium, MC:myocardium, LP: liver primordium, NT:

neural tube, H:heart, E: epidermis.
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claudin-12

Figure 2.3-3 Expression pattern for claudin-12 with whole mount in situ hybridization.
From four cell stage(A),blastula stage(B), gastrula stage (C) , early neural stage(D), late neural stage(E,F),
early tailbud stage(H, I, G), late tail bud stage (K,) to tadpole stage(L). Claudin-12 started to express in
gastrula stage (C). In neural stage, claudin-12 expression is around neural tube (shown as arrow, E, F). In tail
bud stage, claudin-12 expression can be seen in eyes, heart and branial arch (H, I, J, K) also in somite (J,K,I).

In the tadpole stage, expression is in heart and posteior skin (L).

The claudin-12 expression pattern can be seen from whole mount in situ hybridization
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figures (Figure 2.3-3). There is no staining in four cell stage. Claudin-12 started to express
in gastrula stage. In gastrula stage, claudin-12 is expressed in ventral side. Claudin-12
expression is strong around neural tube in both of the early and late neural stages (shown in
E and F). In tail bud stage, claudin-12 expression can be seen in eyes, neural tube and
brachial arch also a little in heart. In the tadpole stage, expression is in brain and epidermis.
Overall, claudin-12 has complicated expression pattern in Xenopus development. In section
figures (Figure 2.3-2), claudin-12 is expressed very weak in the heart region. It has strong
expression in neural tissue, where claudin-12 is well known for BBB composition.
However, claudin-12 has no similarity in heart region with claudin-5. So we can conclude
that although claudin-12 and claudin-5 have same expression in somewhere such as brain

but they still have very different expression pattern such as heart.

In conclusion, claudin-5 has much better and more special expression pattern in the heart so

our future experiments will focus only on claudin-5.

2.3.2 Identification and description of suitable heart markers genes in Xenopus
tailbud stage.

Strong expression of claudin-5 in Xenopus heart structure during development was
characterized by whole mount in situ and section. To determine if claudin-5 is important in

heart development, over expression and knock down of claudin-5 gene expression was used.
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It is required to find good markers for heart development in Xenopus. So the second task
was to make RNA probes and demonstrate expression of these markers in Xenopus
embryos. Four markers were shown to expressed in the developmental stage of interest and
in the heart tissue: XNkx2.5, Troponin(Tro), XMsr and xThx. These marker genes are been
popular used (Cleaver, 1996: Allen, 2005; Miskolczi-McCallum, 2005). The goal in this

part is to screen the best genes which co-localize with claudin-5.

The methods are whole mount in situ hybridization and paraffin section in this part.
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xNkx2.5 Tro xMsr X Tbx

Figure 2.3-4 Whole mount in situ hybridization and paraffin sections for heart marker genes.
The whole mount in situ results(A1,B1,C1,D1) and sections (A2-D2, A3-D3) for heart markers--xNkx2.5
(A1-A3), Tro (B1-B3), xMsr (C1-C3) and xTbx (D1-D3). Figures A2, B2, C2 and D2 are sections in heart
region while A3,B3,C3 and D3 are section figures in more posterior. Lines in the in situ show the dissection

site.

Paraffin sections were done on pigment embryos chosen from late tail bud stage and
stained darkly according to the whole mount in situ hybridization protocol (Figure 2.3-4).
All of the heart markers have bilateral expression in Xenopus embryos. The XNkx2.5 and
Tro genes have similar expression pattern which is strong in the myocardium. The

expression domain is also seen in claudin-5, however, much stronger can be seen in the



XNkx2.5 and Tro section figures. The xMsr gene has a complicated expression pattern in
Xenopus. From in situ figure, expression can be seen in four regions such as brachial arch,
somite, heart and tail. Sections of XMsr show expression in the neural tube, eyes, and
epithelia of midgut and endocardium of heart. More attention should be paid to the
difference between XMsr and other marker genes. Only XMsr expresses in endocardium in
this paper. The next heart marker is XTbx, XThx is not only specially fixed in heart. Instead,
XThx is widely expressed from head to neural tube and notochord. Compared with other
markers, XThx expression is continuous in the dorsal of embryo. This may be due to XThx
expression along the neural tube which is in dorsal side of embryo. Because XMsr and XThx
have multiple expression regions in the Xenopus embryo, they were not selected as
markers for the experiment below. The xNkx2.5 and Tro expression coincides with
claudin-5 location and were therefore the best two candidates for heart makers for these

experiments.

2.3.3 Claudin-5 over expression experiments

Claudin-5 mRNA injection following heart marker genes whole mount in situ

Injection of synthetic claudin-5 mRNA can result in over expression. GFP was coinjected,
which has been applied as a microinjection tracer in Xenopus research (Sobkow, 2006).
Green fluorescent was checked by fluorescent microscopy (Figure 2.3-5). This must be

done on live embryos fixed for in situ experiment. The green spots in figure indicate
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successful injection of the RNA and also the location of the injection. For instant, from
figure 2.3-5, it is easy to see that claudin-5 RNA was injected in the heart and head. Only
the embryos with heart injection were picked for future experiment such as whole mount in

situ hybridization and paraffin section.

Normal light

GFP filter

Figure 2.3-5 Claudin-5-GFP co-injected embryos under fluorescent microscope.
The embryos are taken pictures after co-injected with GFP RNA and claudin-5 RNA. A is under normal light
and B is under GFP filter. GFP is green color under filter as arrow shown. The green spots mark location of

claudin-5 and means successful injection (shown as arrow).

The methods in this part are microinjection, whole mount in situ hybridization and paraffin
section. One hundred embryos were set up in each plastic dish for control (GFP injected only)

and over expression (claudin-5 mRNA+GFP).

The Xenopus heart is formed from bilaterally symmetrical patches of mesoderm which fuse
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at the ventral midline to form a linear heart tube (Miskolczi-McCallum, 2005). The
myocardium or heart muscle is derived from the mesoderm of embryo also. Claudin-5
expression starts in blastula stage and dorsal lip in gastrula stage (Xie & Brizuela, 2005).

From former student work, over expression of claudin-5 mRNA causes ectopic heart in

tadpole stage (Xie & Brizuele, 2005).

Morphology

Figure 2.3-6 Ectopic heart found after claudin-5 over expression ( Xie & Brizuela, 2005).
A is control embryo while B is claudin-5 mRNA injected embryo. The arrow shows the ectopic heart.

The ectopic heart is labeled by xNkx2.5 in tailbud stage (Figure 2.3-7, C and D) in my study.
The tinman homolog Nkx-2.5 is expressed in the precardiac mesoderm prior to heart
formation and essential for normal heart development (Bartlett, 2007). The Tro expression

shown by whole mount in situ hybridization after claudin-5 over expression (Figure 2.3-8)

47



illustrates that injected embryos have larger heart compared with control embryos. The
region of heart enlarges a little bit and vessels include arteries extend from anterior ventral
side to posterior dorsal side. The ectopic expression for XNkx2.5 is found about half (about 35
out of 70) in the survival embryos and 57% (about 40 out of 70) for Tro. 100% (98 out of 98)

of control group show the normal heart development.

Ectopic expressions of heart marker gene-xNkx2.5 and beating tissue in tadpole stage have
proved that claudin-5 can induce ectopic heart, which demonstrates claudn-5 may play a very
important role in heart formation. In addition of main component of TJ, claudin-5 may be a
strong regulator for heart formation and can initiate ectopic heart. These results mean
claudin-5 should be work in heart formation as early as gastrula stage to initiate ectopic heart

and involve in a complex pathway.
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xNkx2.5 in situ section

Figure 2.3-7 XNkx2.5 whole mount in situ hybridization from claudin-5 mRNA injection experiment.

A and B are control embryos and C and D are injected embryos. Extra xNkx2.5 expression can be seen in

claudin-5 mRNA injected embryos (shown as arrows in C and D).
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Tro in situ

Figure 2.3-8 Tro whole mount in situ hybridization after claudin-5 over expression.
Control embryo is without injection (A) while injected embryo is after claduin-5 RNA injection (B). Tro
expresses in heart in both of embryos although expression of claduin-5 over expression is a little bit stronger

(shown as arrow in B).

2.3.4 Knock down by claudin-5-morpholino causes abnormal heart development

To further investigate claudin-5 function in heart development, claudin-5 knock down
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experiment was done with Morpholino Oligomers (MO). MO is targeted to block
translation (Method and material) and is useful in knocking down claudin-5 expression.

The methods are microinjection and whole mount in situ hybridization in this part. Same as
last part, one hundred embryos set up for control (without injection) and knock down group

(MO injection).

From the figure 2.3-9 and 2.3-10, the injected embryos obviously show much weaker
expression. For the XNkx2.5 in situ after claudin-5 MO injection, the region of heart reduces
and XNkx2.5 mRNA level is depressed in the injected embryos. For the Tro in situ after MO
injection, no Tro expression is found in injected embryos (shown in Figure 2.3-10 B). Loss
of claudin-5 expression by claudin-5 MO results in reduced heart tissue and a tube fail to
loop. All of these results demonstrate XNkx2.5 and Tro mRNA activities are downregulated
after claudin-5 knock down and heart development is abnormal. The light color in injected
embryos may attribute to loss of cell layers and cell number after claudin-5 RNA knock
down. The weaker expression for XNkx2.5 and Tro can be seen in 80 % (about 60 out of 75)
and 75% (60 out of 80) of survival embryos. While the normal heart development can be

found 100% from control dish (99 out of 99).

Combining claudin-5 over expression and knock down experiments, it is very clear that

51



claudin-5 affects heart formation and plays an important role as early as heart initiation.
Over expression of claudin-5 causes ectopic heart while knocking down claudin-5 induce
heart defect. This can explain why claudin-5 protein less could cause TMVCF and

Digeorge syndrome in human being.

xNKXx2.5

control

injected

Figure 2.3-9 XNkx2.5 whole mount in situ hybridization after claudin-5 knock down.
A is control embryo. B is embryos after Morpholino injection. Morpholino was used to knockout claduin-5
RNA in the embryos. The morpholino injected embryos has much weaker expression for XNkx2.5 (shown as

arrow).
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Tro

control

injected

Figure 2.3-10 Tro whole mount in situ hybridization after claudin-5 knock down.
A is control embryo. B is embryo after Morpholino injection. The morpholino injected embryo has little or no
expression for Tro after claudin-5 mRNA knockdown (shown as arrow in B).

2.3.5 Investigation possible signaling pathways for claudin-5

A Over expression of claudin-5 causes ectopic expression of chordin and reduced
expression of BMP4
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In last part, morphogenesis of heart in late stage with heart marker gene is investigated.
Next object will be further investigation of possible pathway for claudin-5. First, to find
exact claudin-5 function in heart development, it is important to see what happen as early
as cardiac precursor initiate----gastrula stage. Meanwhile, the claudin-5 over expression is
dose dependent. The embryos with 2nl in 4-cell injection could survive to late stage as last
chapter shown. Other embryos with 4nl in 4-cell injection all died in gastrula stage. What
happen in gastrula stage is critical for understanding claudin-5 function in heart
development. The object in this part was to analyze claudin-5 function in gastrula stage

with early markers.

Embryonic patterning is established as early as gastrula stage through a complex network
with many molecules. Dorsoventral patterning of vertebrate embryos has been well studied
and is one of important paradigms to understand morphogen function (Moreno, 2005). The
gradient of BMP4 activity in extracellular determines dorsoventral axis. The final gradient of
BMP4 depends on BMP4 concentration (Moreno, 2005) and antagonist proteins including
chordin (chd) (Xie, 2005), noggin (Piccolo, 1996), Xolloid (Xld) (Moreno, 2005), also some
bilateral function protein such as Twisted gastrulation (Tsg) (De Robertis, 2000; Wills, 2006).
Chd is the central regulator of BMP4 and it can bind BMP4 through conserved cysteine-rich

domains (CRs) and blocks binding of the growth factor to its cognate receptor (Moreno,
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2005). Compare with other factors such as noggin, chd can gain detectable dorsalizing and
neutralizing activity in lower amount and has much stronger blocking function for BMP4
(Piccolo, 1996). Except for dorsal axis determination, BMP4 is also important in causing a
specific region of mesoderm to form heart tissue while this function is dose dependent.
Recently, it been found that BMP4 implantation can lead to increase expression of Nkx2.5 in
chick and induce robust cardiac myocyte differentiation (Schuhheiss, 1997). The antagonist
of BMP signaling inhibits cardiac myogenesis. Furthermore, the regulation is time and
position dependent which is in the anterior paraxial mesoderm. The effect of BMP4 on
Nkx2.5 is by stabilizing the existing precursors against inhibitory signals arising from nearby
tissues or by recruiting additional cells to the specified state (Sater, 1990). In conclusion,
BMP4 is critical in cardiac myocyte specification through regulation of Nkx2.5 and is an
appropriate candidate for early marker in claudin-5. Meanwhile, since chd is a primary

blocking factor for BMP4 (Xie, 2005), we shoose it as the main antagonist for BMP4 in this

paper.

The methods in this part are claudin-5 mRNA microinjection, whole mount in situ
hybridization. One hundred embryos were set up each dish: claudin-5 mRNA injection for

chd in situ and BMP4 in situ; control (without injection) for chd and BMP4 in situ.
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BMP4 control in situ results show BMP4 mRNA expression in the ventral side (Figure
2.3-11 C). Meanwhile, chd control mRNA expression is in the dorsal lip (Figure 2.3-11 A).

Due to chd inhibition on BMP4, their expressions are complementary.

After claudin-5 RNA injection, cells movement pattern has been changed by over
expression of claudin-5. In injected embryos, the shape is abnormal. On the other hand,
injected embryos have big yolk plug compare with control group and this dues to a loss of
ingression at the dorsal lip and cells fail to move inward. For chd in situ after claudin-5
microinjection, about 93 percentages of survival embryos (75 out of 80) show the cells
expressing chd move to the marginal of embryos instead of dorsal lip (compare arrows in A
and B). Ectopic expression of chd can be seen in injected embryos and expression region
extends from dorsal lip to ventral side. Due to larger region of chd mRNA, BMP4 activity
decreases to ventral point. This can be seen about 82% (70 out of 85) in survival embryos.
It is very clear that chd mRNA level enhances while BMP4 mRNA expression is depressed
after claudin-5 mRNA microinjection. 100% embryos in control dish show the normal

expression for chd and BMP4.
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control claudin-5 injected

Figure 2.3-11 BMP4 and chd whole mount in situ hybridization after claudin-5 mRNA injection.
All the embryos are from gastrula stage. A and C are control embryos while B and D are embryos after
claudin-5 mRNA injection. A and B are in situ with chd; C and D with BMP4. Ectopic expression of chd is

shown after injection (shown as arrow in B).

Furthermore, cell spots with chd expression which are migrating from dorsal lip to
marginal (shown as arrow in Figure 2.3-12) can be seen. In summary, claudin-5 affect
BMP4 and chd expression pattern in embryos through changing cells migrating pathway
especially in the gastrula stage. Over expression of claudin-5 mRNA disturbs normal cells

movement.
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Figure 2.3-12 Chd whole mount in situ hybridization after claudin-5 mRNA injection.

Migrating cells with chd expression can be seen in the figures (shown as arrow).
2.3.6 Determine what other signaling pathways be affected by examining TGF- and
estrogen signaling

A Analysis claudin-5 expression in embryo exposed to TGF — 8

BMP4 is a member of the transforming growth factor (TGF) — B. To decide if other member
such as TGF-f interacts with claudin-5, embryos were exposed to TGF-f to determine the in
vivo effect on claudin-5. Watabe show in his paper that TGF- suppresses the expression of

claudin-5, while SB-431542 (a synthetic molecule that inhibits the kinases of receptors for
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TGF-B) strongly enhances claudin-5 expression. At the same time, TGF — 3 does not change
expression of claudin-12 or VE-cadherin (a component of adherens junctions) (Watabe,
2003). The inhibition of TGF — B depends on ALK-5-Smad 2/3 pathway while TGF — B has
ALK-1-Smadl/5 which can induce cell proliferation. BMP4 activates Smadl/5 through

AIK-1 so it may increase claudin-5 activity although not proved yet.

In this paper, Xenopus embryos were exposed to TGF- at about stage 16, with 0.01ug/ml
concentration about 100 embryos in each dish, the embryos without TGF-p} treatment were
used as control. After exposure, embryos were checked for claudin-5 RNA expression level
with paraffin section. From the section result (Figure 2.3-13), Brain and heart are the two
locations where claudin-5 has strong expression. For mid-brain, claudin-5 expression of
exposure treatment has prominent difference with control ones. Claudin-5 is down-regulated
in mid-brain especially for the right side. The expression of claudin-5 on the right side is
almost invisible (shown as arrow in B). At the same time, the effect of TGF-B on claudin-5 is
one-side also. The left side of myocardium seems to be the same whether in control or in
exposure. While, the right side of myocardium is down-regulate after exposure. Part of cell
layers loses claudin-5 expression becoming weaker in the right side. In conclusion, TGF-3
has asymmetry effect in controlling claudin-5 expression in heart. The can be seen from

about 80% (8 out of 10) from section slide in TGF-p treated dish.
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control TGF-B exposed

Figure 2.3-13 Section for claudin-5 with and without TGF-B exposure.
Figure A and C are figures for control. B and D are section after exposure. Figure A and B are for brain
section while C and D for heart. Exposed embryos seem to have weaker expression in right side of brain and
heart (B, D) compare with control (A, C). Right side of myocardium loses claudin-5 expression after

exposure (shown as arrow).

C Analysis of claudin-5 expression in the presence of estrogen & estrogen inhibitor.

Estrogens are a group of steroid compounds, named for their importance in the estrous
cycle and functioning as the primary female sex hormone in mammal. It has reported that
estrogen is a negative regulator for TGF-f signal transduction pathways (Pinkas, 2006).
This work suggests that TGF-$ downregulates claudin-5 expression. Next objective was to

ask if estrogen hormones can enhance claudin-5 level by inhibiting TGF- signal. Estrogen
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and estrogen inhibitor were used in this paper to address this question. Estrogen inhibitor is
Coenzyme Q-10 in this project (Jolliet, 1998). The methods in this part are chemical
compound exposure and whole mount in situ hybridization. One hundred embryos were
selected in three dishs: control, estrogen treated and estrogen inhibitor treated. Same as
expectation, estrogen can activate claudin-5 expression. From claudin-5 in situ results
(Figure 2.3-14), embryos with estrogen treatment have very strong staining especially for
brain, heart and eyes. Focus on anterior head region; claudin-5 expression is not just in
mid-brain but also reaches to hind-brain area. Meanwhile, claudin-5 expression can be seen
in whole eyes from estrogen treatment embryos, comparing with control groups which has
staining only in retina. In the heart region, ventricle and myocardium enlarge in estrogen
exposure embryos (arrow in E); also extra vessels can be identified. This can be found
almost hundred percentages in survival embryos. Claudin-5 shows a much weaker
expression in estrogen inhibitor embryos. The heart of embryos treated with inhibitor loses
the function of looping (shown in arrow in F). The phenotypes in estrogen and estrogen

inhibitor treated embryos can be found almost hundred percentages.

Overall, estrogen is a positive regulator for claudin-5. The conclusion is also supported

partly from ELISA work done together with Carmel. Martin-Fairey(data not shown). The
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regulation may be through depressing TGF-f signal transduction pathways or upregulating

claudin-5 directly. This need further work to prove this signaling pathway.

control  estrogen inhibitor

- - - -

ventral
view

Figure 2.3-14 Whole mount in situ hybridization for claudin-5 after estrogen and inhibitor exposure.
Control (A, D,), estrogen exposure (B, E) and estrogen inhibitor (C, F). A, B, C are focus on head area. D, E
and F are from ventral view and in heart region. Estrogen treated embryos have darker staining in brain, eyes
and heart also staining in after-brain (B). Ventricle and myocardium enlarge in estrogen exposure embryos
(arrow in E), also extra vessels can be identified. Claudin-5 show much weaker expression in estrogen

inhibitor embryos. The heart of inhibitor is without looping (shown in arrow in F).
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2.4 Discussion
Cardiac development is a relatively complex process and understanding the heart
morphogenesis is important for treating heart defects. In the process of heart development,
differentiation of cardiac muscle is a critical event and TJ proteins must exert an essential
function in this process. From whole mount in situ and cross section results, claudin-5 has
special expression in myocardium and part of endocardium,; it should be main composition of
TJ in Xenopus heart development. The ectopic heart and morphology change induced by
claudin-5 mRNA injection show the claudin-5 function in heart development. Claudin-5 may
not only be an important part of the TJ junction but also have the ability to initiate heart
formation. Over expression of claudin-5 may disturb normal the TJ network, which impacts
on channels for some molecules such as chd. More molecules flow may ultimately lead to

ectopic heart. Alternatively, claudin-5 could affect cell-cell interactions and cell migration.

At the gastrula stage, where heart development initiates, over expression of claudin-5
changes cell movement especially for the cell expressing chd. Chd is well known as a
molecule secreted from the Spemann’s Organizer. The interaction between claudin-5 with
organizer genes can result in two things. First, upregulation of organizer molecules pushes
mesoderm formation. Ectopic random chd expression may induce ectopic mesoderm tissue

such as heart. Secondly, larger expression region of chd decreases BMP4 expression. This
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may be another explanation for claudin-5 function in heart development. It is known BMP4
is regulator for the xXNkx2.5 gene and heart formation. Over expression of claudin-5 may
upregulate XNkx2.5 and causes ectopic heart through decreasing BMP4 activity (Schuhheiss,
1997). It was concluded by Schuhheiss that BMP4 implantation can lead to increase
expression of Nkx2.5 in chick and induce robust cardiac myocyte differentiation
(Schuhheiss, 1997). His work seems to be different from result in my paper. How to
interpret the difference? First, xenopus is not same animal model with chick although
they share some similarity. Secondly, the function of BMP4 depends on concentration.
Low dose of BMP4 stimulate muscle. Intermediate dose can induce kidney while high does
direct cells form blood. Combine my result with Schuhheiss’, it can be suggested the effect
of BMP4 on xNkx2.5 or heart formation may be different depending on the time in
development and region of the embryos. Downregulation of BMP4 on the dorsal side or
upregulation of BMP4 on the anterior and ventral domains stimulate XNkx2.5 activity to

enhance initial heart formation at gastrula stage.

Claudin-5 may affect multiple steps in heart formation (Figure 2.4-1). Over expression of
claudin-5 could alter BMP4-chd pathway in gastrula stage; induce ectopic heart marker
gene expression and ectopic heart during late stage. The ectopic heart may be the result of

interaction with extracellular matrix and XNkx2.5. On the other hand, reducing the level of
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claudin-5 could result in less heart tissue or a tissue fail to loop.

With exposure experiment, other possible pathways have been suggested for claudin-5.
Estrogen exposure increases claudin-5 activity while estrogen inhibitor causes a decrease.
Further investigation is needed to decide the mechanism of this effect. TGF —  has an
asymmetric effect on claudin-5 function, positive on left side while negative on right side.
This function could be through the ALK-5-Smad 2/3 pathway but it is still not clear if
left-right signal molecules such as xLefty are involved in this pathway. BMP4 is a positive
regulator for ALK-1-Smadl/5 which has been shown to increase claudin-5 level in
microarray analysis (Ota, 2002). BMP may have a negative feedback on itself by the
ALK-Smadl/5-claduin-5 pathway. This will be a new mechanism for BMP4 activity and

embryo dorsal-ventral pattern.

In conclusion, claudin-5 is an important factor for Xenopus development especially for
heart formation. It may be involved in other critical pathways that regulate many molecules.
Enhancing claudin-5 level is good for differentiation of cardiac muscle and may be a
candidate gene defective for some heart disease such as TMVCF and Digeorge syndrome
in human being. This paper offers some suggested pathways to alter claudin-5 levels. This

line of research may provide a new approach to deliver potential drugs across the BBB into
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the central nervous system. TGF-f knocks down claudin-5 and decreases cell membrane

resistance in BBB to deliver drugs of small molecular size into the central nervous system.

Thus downregulation claudin-5 is a potential method for treatment in the adults, while

upregulation of claudin-5 may have potential for gene therapy in the developing embryos.

gastrula (9 hours) neurula (16 hours)

Altering chd-BMP4 pathway

T

er gene Induce ectopic heart

/

TGF:B Estrogen Es
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Figure 2.4-1 The claudin-5 may function in multiple steps during heart formation (Mohun, 2003).

Xenopus heart formation is a multiple process that begins with specification of cardiogenetic mesoderm,

followed by heart tube formation, looping and finally formation of the heart chambers.
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