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Abstract

THE HETEROTAXY CANDIDATE GENE, TMEM195, REGULATES NUCLEAR
LOCALIZATION OF BETA-CATENIN. Anna R. Duncan, John Griffin, Andrew Robson,
and Mustafa K. Khokha. Department of Pediatrics, Yale University, School of

Medicine, New Haven, CT.

Congenital heart disease (CHD) affects 1 in every 130 newborns and is the
leading cause of infant mortality (2). Heterotaxy (Htx), a disorder of left-right (LR)
development, commonly leads to CHD. Despite aggressive surgical management,
patients with Htx have poor survival rates and severe morbidity due to their
complex CHD. Many of the genetic causes of Htx remain undefined, however, a
recent genetic analysis of Htx patients identified a single mutant allele in the novel
candidate gene, TMEM195 (3). TMEM195 is an alkylglyercol monooxygenase that
cleaves ether lipids, but neither its molecular target nor its role in development has
been described (4).

The aim of this project is to identify the molecular mechanism by which
TMEM195 alters LR cardiac development. I examined the role of TMEM195 using
morpholino (MO) knockdown and mRNA overexpression in Xenopus tropicalis. At a
low dose of MO, the patient’s Htx phenotype was recapitulated in Xenopus. At a
higher dose of MO, a significant gastrulation defect occurs. Experimental data
suggest that the gastrulation defect is secondary to changes in the Wnt signaling
pathway. Analysis of TMEM195 knockdown shows a significant decrease in beta-

catenin expression and nuclear localization during gastrulation. Nuclear localization



of beta-catenin cannot be rescued by stabilizing beta-catenin, but is rescued by
adding a nuclear-localization signal (NLS). These results suggest for the first time
that TMEM195 plays a role in the nuclear import of beta-catenin.

TMEM195’s role in nuclear localization many not only be specific to Wnt, but
may also affect TGF-beta signaling. Smad2 is an important transcription factor for
TGF-beta signaling and must be phosphorylated prior to entering the nucleus.
TMEM195 depletion leads to an increase in phosphorylated but not total SmadZ2. In
contrast, Smad1 is unaffected. Significantly, both Smad2 and beta-catenin lack NLS
signals, while Smad1 has one (5). These results suggest a potentially broader role of
TMEM195 in nuclear localization of non-NLS tagged proteins.

Defining the role of TMEM 195 will permit a better understanding of the
relationship between nuclear localization, gastrulation errors and defects in LR axis
development. Importantly, it may also inform our understanding of the currently
unknown mechanisms regulating nuclear import of several key signaling factors
including beta-catenin and Smad?2 and thus pave the way for the development of
novel clinical treatments. Both Wnt and TGF-beta signaling are important for a
myriad of different disease processes including congenital and vascular

malformations, stem cells and cancer.
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1.0 Introduction

1.1 Congenital Heart Disease

Congenital heart disease (CHD) is a major pediatric public health problem.
The most common major congenital malformation, CHD affects 9 in every 1000 live
births and 1.3 million newborns annually world wide (2). CHD is associated with
high rates of morbidity and mortality in those affected and typically requires
surgical intervention early in life (6). Finally, the care costs for patients with CHD in
the United States exceeds 1.75 billion dollars annually (7).

Recent medical and surgical advances have permitted a greater number of
infants with complex CHD to survive to adulthood. There were at least 117,000
adult survivors with CHD living in the U.S. in 2000; this number has increased
greatly over the past fifteen years and is predicted to rise by approximately 5% per
year (8, 9). Coincident with increasing survival for children with CHD is the
recognition of the associated medical and surgical disorders they may harbor.
These range from hemodynamic instability and arrhythmias to infertility,
pulmonary disease and significant neurodevelopmental disorders (10, 11).

Emerging data suggest that both the rate and type of CHD vary significantly
across the world, ranging from 6.1/1000 live births in the U.S. to 9.3/1000 in Asia.
Although access to health care may contribute to global differences in CHD, both

environmental and genetic factors most certainly play a role (2). In the age of



molecular medicine, identifying those genetic and epigenetic mechanisms

responsible for CHD is a priority for both physicians and developmental biologists.

1.2 Congenital Heart Disease and Heterotaxy

Heterotaxy (Htx) is a significant cause of CHD and causes a particularly
severe form of CHD. Heterotaxy is an abnormal development of the left-right axis,
which leads to incorrect position and organization of the internal organs. The heart,
whose function depends on its asymmetry, can be severely affected by abnormal
development of the left-right axis (12), and patients with Htx are at high risk for
increased post-operative and respiratory complications, arrhythmias, and
complications due to other congenital malformations (13, 14). Positioning of the
internal organs can be divided into three categories: Situs solitus or a normal
positioning of the internal organs; situs inversus, in which the organs are a mirror
image; and finally, situs ambiguous, in which there is no clear specificity of the
organs along the left-right axis. Htx falls within the category of situs ambiguous.
Occurring in 1 in 10,000 newborns, Htx is the cause of 3 % of CHD (12, 15).

Only about 15% of causes of heterotaxy are known to date (16, 17). One
commonly studied form of Htx is Primary Ciliary Dyskinesia (PCD). Six to twelve
percent of patients with PCD have Htx, (12, 15) and in this disorder the cilia are
immotile due to mutations in the inner dynein arms. Cilia are important for
establishing the left-right axis of development, and when they are unable to beat,

Htx can occur. Work in multiple model systems has elucidated a genetic framework



of embryonic signaling that establishes the LR axis in the developing heart and
provides candidate genes, such as DNAH9 in PCD, that are associated with Htx (15,
18).

Unfortunately, much of the genetic burden in heterotaxy remains
unexplained at the molecular level despite a sizable array of candidate genes that
have been tested (19). Therefore, the Khokha, Brueckner and Lifton labs along with
others have initiated human genetic studies on patients with Htx in order to
discover the molecular basis of these diseases (3, 16, 20, 21). In 2011, a copy
number variant screen by Fakhro et al identified variants in 61 genes (3). Further
evaluation of these genes showed that 7 were strongly expressed in the left-right
organizer of the frog and 5 of 7 initially tested demonstrated severe cardiac looping
defects in Xenopus (3). Robson, a member the Khokha lab, later examined these 61
genes through an overexpression screen in Xenopus and a significant percentage
gave cardiac looping defects (unpublished data from Khokha lab). The results of the
initial copy number variant and subsequent overexpression screens have identified
many new candidate genes and pathways that may be causative of Htx. One of the
genes identified by Fakhro et al was Transmembrane protein 195 (TMEM195), a

gene that currently has no known role in embryonic or cardiac development (3).

1.3 Transmembrane protein 195 (TMEM195/ AGMO)

Fakhro et al identified TMEM195 as a candidate gene for Htx in 2011,

however, neither its role in development nor its molecular target have been



previously described (3). TMEM195 has been associated with type Il diabetes
mellitus and insulin resistance in 7 genome wide association studies (GWAS) and
intracranial aneurysms in another (22-29).In 2010 TMEM195 was identified as an
alkylgycerol monooxygenase (AGMO), an orphan enzyme that is
tetrahydrobiopterin dependent and has an iron core (4). AGMQ’s are necessary for

cleaving the O-alkyl bond of ether lipids (Figure 1) (1), and to date TMEM195 is the

only AGMO recognized.
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Figure 1: Alkyglycerol monooxygenase reaction (1)

Watschinger and Werner in Austria demonstrated that putative AGMO
compounds such as TMEM195 can only cleave specific types of ether bonds. The
rules that they and their predecessors established include (1):

(1) No double bond next to the ether-linked fatty alcohol residue at sn1

(2) The fatty alcohol residue at sn1 must have a chain length between 12 and

20 carbon atoms long

(3) The hydroxyl group at sn2 must be free, as with lyso-lipids

(4) Sn2 cannot have acetyl or acyl groups present



(5) Free hydroxyl groups or common phospholipid substitutes are accepted
atsn3
(6) The third carbon is not necessary for the reaction to proceed

(7) Phosphate groups cannot be present at the sn3 position (1)

These rules highlight the specific nature of TMEM195; however, to date
researchers have not identified a molecular target for this catalytic site. They believe
that it maybe acting at the level of the endoplasmic reticulum, since they have
shown its localization there in transfected CHO cells (4).

TMEM195 is well conserved across species ranging from C. Elegans to
zebrafish, Xenopus, rodents and humans. Due to TMEM195’s extreme instability, the
protein structure has not been ascertained experimentally. Instead, the Werner lab
predicted the structure of TMEM195 using the Rosetta membrane protein
prediction tools (Figure 2, adapted from (1)). TMEM195 is believed to be 445 amino
acids long and contains 5 membrane-spanning sections and a non-membrane
associated helix. Amino acids 132 through 244 are required for enzymatic cleavage.
Wastchinger et al identified this region through a mutagenesis screen. The region
contains one glutamate with which the co-factor tetrahydrobiopterin can bind, eight
histidine residues within the fatty acid motif, and three additional amino acids, all of

which are necessary for catalytic function (4).
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Figure 2: Schematic of TMEM195’s predicted protein structure.

In Fakhro et al’s study, the Htx patient’s variant was a deletion between
amino acids 1 through 137; thus this deletion putatively disrupts the region
necessary for enzymatic activity (1, 3, 4).

While there may be a biochemical role for TMEM195, the physiologic role of
TMEM195 remains undefined. To address this further, one can examine the role of
ether lipids in physiology to determine if developmental processes may overlap.
Ether lipids are found primarily within lipid membranes. There are several types of
ether lipids based on chemical structure. The first is 1-0-alkyl-sn-glycerol lipids or
plasmanyl-phospholipids, which are a group of lipid mediators that include platelet-
activating factor. The second type is 1-0-(alk-1'-enyl)-sn-glycerols, which make up

much of the lipid membranes in animals. The third is 1-0-(alk-1'-enyl)-sn-glycerols



or plamalogens, which are important for membrane fluidity, membrane fusion,
myelination, and spermatogenesis. Finally, (2'R)-1-0-(2'-methoxyalkyl)-sn-glycerols
or methoxylated alkyglycerols comprise the fourth type; they have been isolated
from many organisms, including the livers of sharks, and are thought to inhibit
tumor growth (30). Types 1, 2, and 4 are all possible substrates for TMEM195;
however, type 3 cannot be since it has a double bond present next to the ether
linkage (4).

This classification of ether lipids helps one to hypothesize what TMEM195’s
target may be. These include a lipid signaling mediator, a molecule involved in
carcinogenesis, a component of a lipid raft or a GPI anchor, but it is unlikely to be
involved in membrane fusion or myelination. The possibilities are numerous, but
the rules outlined by Watschinger, Werner and colleagues help to frame a network
by which to analyze them.

Other than its biochemical activity, very little is known about TMEM195 to
date. Fakhro et al’s findings suggest that TMEM 195 plays an important role during
development, helping to establish left-right patterning and heart development.
However, the molecular mechanism by which this occurs has not yet been

established and is key to understanding the index patient’s phenotype.

1.4 Xenopus as a model organism for human disease

The frog model, Xenopus tropicalis, is a rapid, efficient, and in vivo system to

study left-right patterning and cardiac development (31, 32). There are two types of



Xenopus typically used in developmental biology—X. laevis and X. tropicalis. X. laevis
is an allotetraploid and X. tropicalis is a diploid, making X. tropicalis a more
appropriate organism for genetic modification. Xenopus embryos can be easily
generated in large numbers. Hundreds of synchronized embryos can be injected at
cleavage stages after in vitro fertilization. Then, just three days later, cardiac looping
can be examined by simply looking at the heart through transparent skin.
Microinjection of embryos is straightforward, and mRNA or morpholinos (MOs) can
be used for gain or loss of function studies, respectively. By targeting one cell at the
two-cell stage, the right or left side of the embryo can be manipulated, while the
other side serves as an internal control. This is not possible in other heterotaxy
disease models. Lastly, Xenopus is the closest vertebrate model to humans that
retains the advantages of speed and cost when compared to zebrafish and mouse.
For all of these reasons, Xenopus is an ideal system to model human congenital heart

disease.

1.5 The Left-Right Organizer in LR patterning
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in figure to the right), which forms in the dorsal posterior region of the embryo. In
cells of the LRO, motile monocilia beat to create a leftward flow in the extracellular
fluid of the LRO (33, 34). According to the two cilia model, immotile cilia on
surrounding cells act as sensors, detecting the flow and eventually translating it into
asymmetric gene expression. Coco (CERL2), a nodal antagonist, is one of the earliest
genes that is asymmetrically expressed and eventually transmits the LRO
asymmetry to the left lateral plate mesoderm via phosphorylated-Smad2 activating
Pitx2 (35, 36). Pitx2 is also involved in the organogenesis of the heart, gut and lungs
(37, 38). Following activation of these developmental pathways, cardiac precursor
cells that first form in the midline as a straight heart tube are then looped to the
right, establishing cardiac asymmetry. In addition to the nodal cascade a number of

other signaling pathways have been implicated in LR patterning (39).

1.6 Initiation of dorsal ventral patterning

As discussed in detail below, TMEM195 depletion affects gastrulation and
dorsal ventral patterning. To provide context, [ will briefly review dorsal ventral
(DV) patterning in developing embryos. DV patterning is established as soon as the
sperm enters the oocyte. The sperm entry point marks the ventral side of the
embryo, and the opposite side will become the embryo’s dorsal side. Once the sperm
enters, cortical rotation takes place, during which a microtubule array helps the
cortical cytoplasm to rotate 30 degrees with respect to the internal cytoplasm. This

rotation creates the grey crescent. The grey crescent is key in establishing dorsal



10

ventral patterning because not only does the first cleavage bisect the grey crescent,
but also gastrulation will take place in this location. Therefore, establishing the
dorsal side of the embryos begins at fertilization. Further signals will propagate this

message as the embryo grows and divides (40).

1.7 Dorsal ventral patterning during gastrulation

Gastrulation is the process by which the embryo involutes to form its distinct
cellular germ layers—endoderm, mesoderm and ectoderm. Each of these cellular
layers influences one another and sends signals that differentiate the embryonic
tissue further by activating different genetic expression patterns. This important
involution of dorsal tissue begins at stage 10 in Xenopus at the site of the grey
crescent, now called the blastopore lip. The blastopore lip is within the marginal
zone of the embryo—the region where the animal and vegetal poles meet (40).

Spemann and Mangold were the first to show that the blastopore lip is
essential for determining cell fate (40). They performed dorsal marginal zone
transplantation experiments and demonstrated that gastrulation could be initiated
in a new region of the embryo. This transplanted tissue acted like an organizer,
because it was able to induce the host tissue to change its cellular fate.
Subsequently Nieuwkoop showed that the vegetal cells below the ectoderm were
able to induce the ectoderm to become mesodermal cells including dorsal
mesoderm. Further experiments demonstrated that beta-catenin, a key member of

the Wnt signaling family, enabled this vegetal cell activity (40).
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1.7.1 Wnt signaling

Whnts are cysteine rich, evolutionarily well-conserved proteins that activate
signaling cascades (41). Nineteen different Wnts have been identified to date (41).
There are two major pathways activated by Wnts, the canonical and the non-
canonical Wnt signaling cascades. The canonical pathway is the beta-catenin
dependent pathway, central to this thesis; the non-canonical is the beta-catenin
independent pathway.

The canonical pathway has both active and inactive states (Figure 7c). In the
absence of Wnt activation, beta-catenin is bound to the degradation complex formed
by APC, axin and GSK3. GSK3 enables the formation of this degradation complex by
phosphorylating both axin and beta-catenin and allowing them to interact. The
phosphorylation of beta-catenin also targets beta-catenin for degradation by
ubiquitin and the proteasome (42). This ultimately prevents beta-catenin from
accumulating in the cytoplasm and translocating into the nucleus.

In the active state, Wnt binds to the cellular receptor Frizzled (Fz) though
Fz’s cysteine rich extracellular domain, leading to di-sulfide bonds between the two
molecules (41). LRP6, a single pass transmembrane protein, is then recruited to
form a ternary structure with both Fz and Wnt (41). DSVL binds to this complex
and, since it is oligomerized, facilitates clustering of the complexes to form
signalosomes (41). The intracellular domain of LRP6 is then phosphorylated by
CK1-y. This phosphorylation is important because it recruits phosphorylated-Axin
along with the other members of the degradation complex, APC, GSK3 and beta-

catenin (41, 42). Phosphorylated LRP6 inhibits GSK3, preventing it from
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phosphorylating beta-catenin and targeting it for degradation (42). Once GSK3 is
inhibited, Axin can be dephosphorylated by the phosphatase, PP1. This
dephosphorylation of Axin encourages Axin to undergo a conformational change,
becoming inactive, and unable to bind with beta-catenin or LRP6 (42). Beta-catenin
is then released and able to accumulate in the cytoplasm and later translocate into
the nucleus (discussed in further detail below).

In the early embryo beta-catenin is critical for dorsal ventral patterning.
During gastrulation beta-catenin is predominately localized within the nuclei of the
dorsal blastopore lip. In the nucleus, beta-catenin binds to T cell factor and
lymphoid enhancer binding-factor, leading to activation of genes such as Twin,
Siamois, Xnr3 and other Spemann Organizer genes, which are necessary for dorsal
structure formation. Depletion of beta-catenin leads to ventralization of the
organism; no dorsal structures, such as a head or neural tube, will form when beta-
catenin is depleted (43). In contrast, overexpression of beta-catenin leads to
secondary axis formation; these embryos form conjoined twins with two neural
tubes and two heads (44).

During development, beta-catenin is initially a product of maternal mRNA.
The cytoplasmic movements that create the grey crescent also cause Wnt signaling
to be activated on the embryo’s dorsal side. The microtubule array of the embryo is
responsible for directing Wnt11, GSK3-binding protein (GSK3-BP) and disheveled
(DSVL) from the vegetal to the dorsal side of the embryo. GSK3-BP and DSVL then
stabilize beta-catenin in the cytoplasm of dorsal cells and prevent it from being

degraded (40). Subsequently, beta-catenin is able to translocate into the nucleus
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and up-regulate dorsal gene expression. Wnt11 is also up-regulated in the dorsal
region of the embryo, and its role is to activate Wnt signaling on the dorsal side of

the embryos, leading to an increase in nuclear beta-catenin localization (40).

1.7.2 TGF-beta Signaling and Smad?2
Transforming growth factor-beta (TGF-beta) is a family of growth factors

with greater than 40 members with diverse roles
TGF-beta ligand

ranging from embryonic development to cell '
Binds to type | and type Il receptor

proliferation, apoptosis and angiogenesis (45).
Type Il phosphorylates type |

One of the earliest roles of TGF-beta signaling is Tioa:liticephoniatss

. . . . Vg1 maternal VegT
mesoderm formation and activation of genes in \ - /
the left-right organizer (40). Smad2 complexes with Smad4

Enters nucleus

TGF-beta ligands, such as nodal, act by |
Upregulates genes required for

binding to and bringing together the types I and mesoderm formation

Il serine/ threonine kinase receptors on the cell Figure 3: TGF-beta signaling

pathway
surface (45). The type Il receptor phosphorylates

the type I receptor, which in turn phosphorylates Smad family members. Smads 1
through 6 and 8 act as transcription factors of the TGF-beta family. Notably, Smad?2
plays a role in mesoderm induction during embryonic development (40).
Phosphorylated Smad2 complexes with Smad4 to enter the nucleus and act as a
transcription factor (45).

In order for Smad2 to become activated, it must be phosphorylated. As

shown in the flow chart, it is activated by either Nodal-related paracrine factors, Vg1
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or the maternal VegT, which are secreted by vegetal cells below the endoderm.
Secretion of the nodal-related paracrine factors is partially due to beta-catenin,
which may lead to a gradient of phosphorylated-Smad?2, with higher amounts of
phosphorylated-Smad? likely expressed dorsally (40). Early on, activated
phosphorylated-Smad? is essential for mesoderm induction. While later, it is

necessary for LR asymmetry in the lateral plate mesoderm (39, 46).

1.8 Nuclear localization

As discussed above, it is essential for both beta-catenin and Smad2 to enter
the nucleus in order for them to bind transcription factors and regulate target genes.
This section will focus on both the canonical nuclear localization pathway and

hypothesized alternatives to that route.

1.8.1 Canonical nuclear localization

One way in which proteins can be transported from the cytoplasm to the
nucleus is through a nuclear localization signal (NLS). An NLS signal is a group of
amino acids that is recognized by importin-alpha. Importin-alpha can then bind to
importin-beta, which can transport itself and its cargo into the nucleus. Some
Importin-betas can also bind directly to NLS signals without the importin-alpha
intermediate (5). After binding to the cargo in the cytoplasm, importin-beta
interacts with the FG repeats of nuclear pore proteins. The FG repeats of the nuclear

pore protein interact with the HEAT repeats, a set 39 amino acids repeated 19 times
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on importin-beta (47). Once importin-beta is within the nucleus Ran-GTP binds to it,
which causes a conformational change and the release of the cargo from importin-

beta (47).

1.8.2 Nuclear import of beta-catenin:

Canonical nuclear localization is an elegant pathway, by which proteins can
enter the nucleus, but not all proteins contain NLS signals and how they enter and
exit the nucleus is undefined. An active mechanism is necessary as many proteins
are too large to simply diffuse into the nucleus. Beta-catenin and Smad2 are two
such proteins (5). Much research has focused on the nuclear localization of beta-
catenin and Smad2; currently the only consensus is that the importin-beta-Ran
pathway is not involved.

Once beta-catenin is released from the Wnt degradation complex, it is able to
accumulate in the cytoplasm and eventually translocate into the nucleus. Many
hypotheses exist for the nuclear translocation mechanism, including calcium
gradients, interactions with nuclear pores and binding partners.

The first hypothesis is that a calcium surge causes beta-catenin to be
imported into the nucleus. Thrasivoulou et al showed that Wnt ligands stimulate a
calcium release, causing an increase in intra-nuclear calcium and a depolarization of
the nuclear membrane. As nuclear calcium levels rise, nuclear localized beta-
catenin increases as well, suggesting that depolarization of the membrane is
necessary for beta-catenin, a large and negatively charged molecule, to be imported

(48). This model explains the electrical currents at play, but does not explain how
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beta-catenin enters through the nuclear membrane, since it is too large to diffuse
and does not bind to importin-alpha or beta.

The second hypothesis is that beta-catenin interacts independently with
nuclear pore proteins. Fagotto et al have shown that beta-catenin can dock at the
nuclear pore and that the docking location competes with importin-beta. Their
experiment showed interactions between beta-catenin and the yeast Nup1 (49).
Later experiments have shown interactions between the hydrophobic N- and C-
terminal tails and the Armadillo repeats of beta-catenin with Nups 62, 98, 153 and
358 (50). Nup358 contains cytoplasmic filaments, Nup62 represents part of the
central channel, and Nups 98 and 153 represent parts of the nuclear pore basket. In
this model, beta-catenin may sequentially bind nuclear pore components in order to
be imported (50). A fundamental weakness of all of these studies is that to date no
known report identifies a protein that directly regulates nuclear transport of beta-

catenin. My study is the first to identify just such a protein, TMEM195.

1.8.3 Nuclear import of Smad2

Once Smad2 is phosphorylated, it is able to go into the nucleus. Many of the
Smad transcription factors have NLS signals, but Smad2 does not. Smad2 forms a
complex with Smad3 and Smad4, so one initial hypothesis was that Smad3 or 4 can
carry Smad?2 into the nucleus through the canonical NLS pathway (51). However,
this is no longer the prominent belief in the Smad field, since research has shown
that Smad2 can interact directly with nuclear pore proteins, independent of

importin-beta (47). Massague, Xu and colleagues have shown that Smad2’s
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hydrophobic MH2 domain can bind to CAN/Nup214 and Nup153 (47, 52). The MH2
domain also has binding partners in the cytoplasm, SARA, and nucleus, Fast-1. The
nuclear pore proteins are therefore thought to compete with SARA and Fast-1 for
Smad?2 bind, creating a balanced flux between the cytoplasm and nucleus. In this
model, when the TGF-beta pathway is activated more Smad2 will be
phosphorylated. SARA, the cytoplasmic binding partner, has a lower affinity for
phosphorylated Smad2, allowing Smad2 to bind to Nup214 or 153 and enter the
nucleus (53-55). This model does not explain how Smad2 is released from the
nuclear pore; it simply implies that its release is based off a higher affinity for its
nuclear binding partners. This research also suggests that the more Smad2 is
phosphorylated, the greater its affinity for Smad4, one of its transcriptional complex
partners (47). After nuclear entry, an additional phosphorylation or modification
event may be necessary for Smad2’s release into the nucleus.

Another possible mechanism for nuclear localization of Smad2 is through the
transcription factor TAZ (56). TAZ can bind to phosphorylated-Smad?2 through its
MH1 domain in either the cytoplasm or nucleus. When TAZ levels were modulated
between the nucleus and cytoplasm, Smad2 localization was affected, suggesting
that TAZ and Smad2 localization are linked. Though this model does suggest a novel
shuttling partner for Smad2, it does not elucidate the mechanism by which it

shuttles into and out of the nucleus.
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1.9.4 Nuclear import of proteins containing Armadillo repeats

One model proposed by Fagotto and Massague suggests that beta-catenin,
Smad?2 and Erk2, another transcription factor not discussed here, may all have
similar mechanisms of nuclear import (5, 49). Their theory is that beta-catenin,
Smad?2 and Erk2 can all act like importin-beta, because they have Armadillo repeats,
which are very similar to the HEAT repeats described in importin-beta. This means
that an NLS signal would not be needed for any of these transcription factors to
enter the nucleus; their armadillo repeats would simply bind to the FG repeats of
the nuclear pore (5). A not yet identified small GTPase may then be needed to
release the transcription factor into the nucleus or another not yet identified protein
may be necessary for its cleavage or release (49).

This hypothesis seems both reasonable and testable, given that beta-catenin
and Smad2 can bind to nuclear pore proteins. It therefore suggests the framework
for a parallel pathway, in which beta-catenin and Smad2 can act as their own
importin-betas for shuttling. Questions, however, still remain—such as how are
beta-catenin and smad2 released into the nucleus and whether or not they have
binding partners during their nuclear shuttle. Though many questions persist, my
research on TMEM195 helps to bridge this knowledge gap. This project has led to
the identification of a new component of the Wnt signaling pathway that appears to

affect beta-catenin nuclear transport, identifying one of the first factors to do so.
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2.0 Statement of Purpose

2.1 Specific aims:

1. Determine the role of TMEM195 in left right patterning.
TMEM195 was identified in an index patient with heterotaxy and
CHD. Currently there is no known functional role of TMEM195 in left-right
patterning or during development. TMEM195 will be analyzed in the rapid
vertebrate model Xenopus.
1A: Examine whether TMEM195 alters heart situs.
1B: Test sequential steps in the left-right signaling cascade to
interrogate the functional role of TMEM195.
Successful completion of this Aim will determine at what points in the left-

right pathway TMEM195 is acting.

2. Define the role of TMEM195 in gastrulation
TMEM195 depletion significantly impairs gastrulation. Successful
completion of this Aim will define the mechanism by which TMEM195’s role
in gastrulation leads to defects in left-right patterning and cardiac

development.

The goals of this proposal are to establish a functional role for TMEM195 in

LR development and to elucidate the molecular mechanisms by which this orphan
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enzyme acts. By doing so, additional evidence will be garnered to support TMEM195
as a Htx disease causing gene and further improve understanding of CHD. Aided by
information about the molecular mechanisms contributing to CHD, future
physicians and scientists will be able to personalize the treatment plans of these
children. CHD can be devastating for the child and the family, but because of
emerging surgical improvements, many affected children now survive. Clinically,
however, two children with very similar phenotypes can have very different
outcomes. With a genetic test in hand, pediatricians and cardiologists of the future
will know whether these outcomes were due to molecular differences and will be
able to predict and optimize care. The overarching goal of this project is to elucidate
the molecular mechanisms contributing to CHD, so that future treatment can be

individualized for each affected child.

2.2 Hypotheses:

1. Depletion of TMEM195 leads to abnormal cardiac looping.

2. TMEM195 affects LR patterning by altering Wnt signaling in particular the

nuclear transport of beta-catenin.
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3.0 Methods

3.1 Embryo manipulation

3.1.1 Xenopus husbandry
Xenopus tropicalis were housed and cared for by lab members in the aquatics

facility at Yale. Animals were taken care of according to established IACUC protocols.

3.1.2 In-vitro fertilization of Xenopus tropicalis

Females were primed the evening before injections with 10 units of HCG.
Females were then boosted 4 hours prior to injections with 200 units of HCG. Just
prior to injecting, the male was euthanized with benzocaine and his testes removed.
Eggs were obtained from the female, and then the sperm solution (from crushed
testes) and eggs were mixed in a petri dish. The sperm and eggs were incubated
together for 3 minutes, allowing the sperm time to attach to the eggs. The petri dish
was then flooded with 0.1 X MBS and allowed to sit for 10 minutes. Once all of the
animal pole of the eggs had constricted, denoting fertilization, the eggs were rinsed
in cysteine, which breaks apart the thick jelly coats of the eggs. After 5 minutes, the
cysteine was rinsed off by a series of washes with 0.1X MBS and then the eggs were

left in 3% ficoll in 1/9 X MR for injecting (57).
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3.1.3 Microinjections of morpholino or mRNA in Xenopus

Embryos were injected with either a morpholino (MO) for TMEM195 or an
mRNA at the one or two cell stage. Embryos were injected according to an
established protocol in which a picospritzer and micromanipulator holding fine
injection needles was used to inject 2 microliter of solution per embryo (58). The
MO injected was from Gene Tools and has the following sequence, 5’
GGCCTGTGAAACCCCCCATGTTTGC 3’. 1ng of MO was injected for the low dose Htx
experiments, and 2ng was injected for the high dose gastrulation experiments. The
MO was traced with mini ruby dye (Invitrogen). 300pg of TMEM195-GFP mRNA was
injected for rescue of the gastrulation mutants, and for the secondary axis assay.
300pg was also injected of TMEM195-H136A-GFP, TMEM195-H149A-GFP as a
comparison (generously provided by Ernst Werner in Austria).

Secondary axis assays and nuclear localization studies utilized 200pg of GFP-
beta-catenin (Addgene #16839), Stabilized-beta-catenin (Addgene #29684), and
NLS-beta-catenin (Addgene #29684), and each was co-injected with 200pg of NLS-
mCherry (Addgene #49313).

Embryos were then collected according to Nieuwkoop and Faber staging
(59). I performed all injections either independently or in collaboration with John

Griffin, Andrew Robson and Mustafa Khokha.

3.1.4 Cardiac looping
Frog embryos were scored at stage 45 of development. Embryos were

treated with benzocaine and scored ventrally with a light microscope. Looping was
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determined based off of position of the outflow tract. A D-loop was defined as the
outflow tract going to the right, an L-loop was to the left, and an A-loop was midline.
[ independently scored all cardiac loops. Ambiguous loops were re-scored by

additional lab members for verification.

3.15 Gastrocoel roof plate explants

Gastrocoel roof plates (GRPs) were dissected for use in the whole mount in-
situ hybridization protocol. GRPs were dissected at stages 14, 16 and 19, by
bisecting the embryo and then removing the posterior dorsal tissue that makes up

the GRP. Dissection knives, forceps and homemade hair-tools were utilized.

3.1.6 Blastopore lip explants

Blastopore lips were removed from GFP-injected embryos at stages 10
through 12 with a dissecting knife and forceps under a light microscope. These
explants were fixed with 1x MEMFA and stained with the nuclear stain DAPIL. Then
visualized under the confocal microscope. These explants were used for nuclear

localization of beta-catenin.

3.1.7 Secondary axis assay

For the secondary axis assay, embryos were injected at the one cell stage
with wild type-beta-catenin, stabilized- beta-catenin, or NLS- beta-catenin. A subset
of each group was then injected with the either TMEM195 MO or GSK3 mRNA.

Embryos were collected at stage 19 and scored for either a primary or secondary
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axis, based off of the presence of one or two neural tubes. Both John Griffin and I

scored each of the secondary axes for verification.

3.2 Molecular and cellular techniques

3.2.1 Whole mount in-situ hybridization

In-situ hybridization was performed as previously described (58).
Digoxingenin labeled anti-sense RNA probes were made using a T7 mMessage
mMachine transcription kit (Ambion #AM1344). Probes for Coco, Xnr1, Gdf6 and
Pitx2 were made using clones TEgg007d24, TGas124h10, Tgas137g21, and
TNeu083k20. Probes were hybridized, stained with appropriate anti-digoxingenin
secondary antibody, then fixed in bouin’s fixative, washed in SCC buffer, bleached
and dehydrated in 100% ethanol according to the detailed previously described

protocols (58, 60).

3.2.2 Immunohistochemistry

Embryos were collected at stage 16, then fixed for 1 hour in 1x MEMFA. GRP
explants were dissected as previously described, then blocked in 5% BSA for 1 hour.
Primary antibody for detecting cilia (Acetylated tubulin Sigma #T6793) was
subsequently left on overnight at 4 degrees at a concentration of 1:2000. Embryos
were then washed several times with 1x PBS before being incubated in secondary
antibody (Alexa 488 goat anti-mouse IgG, Invitrogen #A1101 1:2000) for 1 hour at

room temperature. Embryos were then washed and mounted, as described below.
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3.2.3 Protein extraction

Embryos were collected at stages 9-12, and homogenized in 1x RIPA buffer
(100 microliter per 10 embryos) to extract protein. Protein extracts were
centrifuged at 4 degrees for 20 minutes. The middle layer was removed (this
excluded the pellet and fat layers), and centrifuged for 10 more minutes at 4

degrees. The middle layer was once again removed and frozen at -80 degrees.

3.2.4 Western blots

Western blots were performed using 4-12% Tris-Bis gels, gel chamber and
semi-dry transfer module from Invitrogen according to Invitrogen’s established
protocol. Once transferred, PVDF membranes were blocked with 5% milk or BSA
for 1 hour followed by primary antibody at 4 degrees overnight. Primary antibodies
used include anti-Beta-catenin H-102 (Santa Cruz sc-7199) at 1:1000, anti-Gapdh
(Ambion #4300) at 1:2000, anti-Smad1 (Cell Signaling #9743) at 1:2000, anti-
phospho-Smad1 Ser 463 /465 (Cell Signaling #9511) at 1:2000, anti-Smad2 (Cell
Signaling #3122) at 1:2000, and anti-phospho-Smad2 (Cell Signaling) ata 1:2000
concentration.

Membranes were then washed in 1x TBST and incubated in secondary for 1
hour at room temperature. Secondary antibodies used were HRP conjugated and
include Peroxidase-conjugated Affinipure Donkey Anti-mouse 1gG (Jackson
ImmunoResearch laboratory #715-035-150) at 1:10,000 and Peroxidase conjugated
IgG Fraction Mouse Anti-rabbit IgG (Jackson ImmunoResearch laboratory #211-

032-171) ata 1:15,000 concentration.
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Membranes were then washed in TBST and developed with Amersham ECL
Western Blot Detection Reagents (GE Healthcare).

Western blots were quantitated using NIH’s software Image] as a ratio of
experimental antibody to the control (Gapdh), and then as a ratio of the injected to

the uninjected control.

3.2.5 TOPflash assay

TOPflash was used to measure downstream activity of the Wnt signaling
pathway. Embryos were injected with the Top and Renilla plasmids. The Top
plasmid has TCF binding sites upstream of a minimal reporter and the firefly
luciferase gene. When TCF activates transcription of Wnt targets it will also cause
Top to make luciferase. The internal control is the Renilla plasmid, in which Renilla
luciferase production is driven by a control promoter whose activity should be the
same in all cells. A separate sample is injected with Fop and Renilla. In Fop, the TCF
binding sites are mutated so it’s a negative control. Finally, enzymes are added,
which causes the luciferase to produce light, which can be measured on a
luminometer and be quantified (Promega Dual Luciferase Reporter Assay System
#E1910).

Half of the embryos injected with the Top and Renilla plasmids were also co-
injected with either the TMEM195 MO or mRNA. Each experiment used three
biological samples and repeated the measurements in triplicate. Patrick Gallagher
and his lab at Yale generously provided the luciferase software and guidance.

TOPflash assays were performed in collaboration with John Griffin.
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3.2.6 Nuclear localization

Nuclear localization studies were performed to look at the presence or
absence of beta-catenin in the nucleus. Embryos were injected with GFP tagged wild
type beta-catenin or NLS-beta-catenin and NLS-mCherry. Half of the samples were
then injected with 2ng of the TMEM195 MO and mini ruby tracer. Embryos were
raised until stages 9-12, then collected, fixed in 1x MEMFA for 1 hour and dissected
as described above. Embryos were washed in 1x PBS and stained for 10 minutes
with the nuclear stain DAPI. Embryos were then mounted and examined under the

confocal microscope.

3.3 Imaging

3.3.1 Mounting slides

Embryos were mounted on coverslips following dissection and staining
protocols. Explants were placed on a coverslip and all liquid was removed. 80-100
microliters of mounting media (Prolong-gold) was then applied, and then a

coverslip was carefully placed over the explants.

3.3.2 Confocal imaging
The Zeiss LSM 710 microscope in Yale’s core facility was used for all confocal
imaging. Consistent laser power and microscope settings were used for each image

and experiment. Images were taken with the assistance of John Griffin.
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3.4 Statistical analysis

This was a prospective study that utilized Xenopus as a model system for
development. Embryos were randomly selected from a fertilized population and
utilized for injections, scoring or collection. A sample number was reported for each
experiment. Each experiment was performed at least 3 times unless otherwise
stated. The statistical significance of each experiment was examined using a chi-
square analysis with Yates correction. In all figures and results, statistical

significance was defined as p < 0.05.

With the guidance of Khokha lab members, [ independently performed each

of the protocols listed above, unless stated otherwise.

4.0 Results

4.1 Heterotaxy phenotype: low dose TMEM195 depletion leads to heterotaxy

Since the identified patient had a deletion of TMEM195, [ used a morpholino
(MO) to knockdown TMEM195 protein expression. Cardiac looping in the embryos
was examined in order to determine if this patient’s phenotype was recapitulated in
Xenopus (Figure 5a). Three days after fertilization and at stage 45, the hearts of X.
tropicalis embryos are easily visible through the embryos skin and can be scored for

cardiac looping. Typically the outflow tract loops to the right, creating a D-looped



29

heart, however, if a low dose (1ng) of TMEM195 MO is injected at the one cell state,
only 78% have D-looped hearts, while 20% of embryos display L-loops or a leftward
looping outflow tract, and 2% have A-loops or mid-line outflow tract (n =130). This
is in comparison to uninjected control embryos, in which 99% have D-loops, 1% L-
loops and 0% A-loops (n= 230). At the two-cell stage, 1ng of TMEM195 MO can be
injected into one of the two cells, and embryos can be selected that affect only the
right or left side. If the MO targets the right side, 67% have D-loops, 33% L-loops
and 0% A-loops (n= 18). If the MO is injected into the left side, 46% have D-loops,
46% L-loops and 9% A-loops (n = 33). The difference between uninjected controls
and TMEM195 depleted embryos injected at both the one and two cell stages was
statistically significant, with a p value < 0.001.

Since TMEM195 knockdown embryos have abnormal cardiac looping, [
examined Pitx2, an upstream marker of organ situs (Figure 5b). Pitx2 is typically
expressed in the left lateral plate mesoderm of embryos prior to organ situs
determination. In the uninjected control embryos, 95% of embryos had Pitx2
expressed on the left side and 5% had abnormal pitx2 expression, with 3%
expressed on the right and 2% absent bilaterally (n = 63). When TMEM195 was
knocked down with 1ng of MO, 75% of embryos had normal left sided Pitx2
expression, 25% of embryos had abnormal Pitx2 expression, with 5% on the right,
7% bilateral and 13% absent (n = 80). Results show a statistical difference between
normal versus abnormal Pitx2 expression in the wild type versus knockdown

embryos with a P < 0.02.
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Figure 5: Low dose TMEM195 depletion leads to heterotaxy
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Figure 5: Low dose TMEM195 depletion leads to heterotaxy.

a) Cardiac looping at stage 45 of development with * equal to P < 0.001. b) Expression pattern of
Pixt2 at stage 28 of development with * equal to a P < 0.02. c) Expression pattern of Coco in GRPs
at stages 14, 16 and 19 of development with * equal to P < 0.001. d) Expression pattern of Xnrl
and Gdf6 in GRPs at stage 14, 16 and 19 of development. e) Number of cilia per GRP counted at
stage 16 of development with * equal to P < 0.001.
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Since Pitx2 expression is abnormal in TMEM195 knockdown embryos, I
examined Coco, an early marker in the left-right cascade. Coco is typically expressed
bilaterally in the Gastroceol roof plate or left-right organizer (GRP) of embryos at
stage 14 (Figure 5c). At stage 16, when nodal flow begins, Coco is repressed on the
left side of the GRP, making Coco expression greater on the left than the right of the
GRP. This difference between left and right sides of the GRP is more obvious at stage
19. In uninjected control embryos, 81% have normal bilateral Coco expression at
stage 14, 5% have right greater than left, 5% have left greater than right and 10%
were decreased bilaterally (n = 21). In TMEM195 knockdowns at stage 14, 12%
have equal bilateral expression, 0% have right greater than left, 0% have left greater
than right and 88% are decreased bilaterally (n = 25). At stage 14, normal versus
abnormal Coco expression is statistically significant with P < 0.001. In uninjected
control embryos at stage 16, 32% have right greater than left Coco expression, 0%
have left greater than right, 68% are equal bilaterally and 0% are decreased
bilaterally (n= 25). In TMEM195 knockdowns at stage 16, 22% have right greater
than left Coco expression, 11% have left greater than right, 33% are equal bilaterally
and 33% are decreased bilaterally (n = 18). In uninjected controls at stage 19, 96%
have right greater than left Coco expression, 0% have left greater than right, 0% are
equal bilaterally and 4% are decreased bilaterally. In TMEM195 knockdowns
embryos at stage 19, 32% have right greater than left Coco expression, 6% have left
greater than right, 10% are equal bilaterally and 51% are decreased bilaterally (n =

31). At stage 19, normal versus abnormal Coco expression is statistically significant
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with P < 0.0001. Coco expression is therefore abnormal prior to nodal flow,
suggesting abnormal formation of the GRP.

Xnr1l and Gdf6 are markers of the GRP (Figure 5d). I examined Xnr1 and
Gdf6 expression starting at stages 14, and continuing through stages 16 and 19, like
Coco. As shown in Figure 1d, Xnr1 showed decreased expression levels in
comparison to the uninjected control, starting at stage 14 and continuing though
stage 19. Gdf6 appear mildly decreased at stages 14 and 19, but became absent at
stage 19. These preliminary results suggest abnormal formation of the GRP,
suggesting the defect in left-right patterning is upstream of GRP formation.

Another important determinant of left-right development are cilia, which are
immediately upstream of coco. Since the GRP appears to have formed abnormally,
cilia on the GRP were examined to see if they were affected as well. Although the
GRPs of morphants appeared ciliated, they appeared to have fewer cilia than the
controls (Figure 5e). When counted, uninjected control embryos had 124 cilia per
GRP (n = 10), while the TMEM195 knockdown embryos had 86 cilia per GRP (n =
13). This was a statistically significant difference between the two groups, with a p
value < 0.001. This change in number of cilia could affect nodal flow and left-right
patterning at the level of the GRP. However, given the abnormal formation of the

GRP, signaling defects are likely also occurring earlier in development.
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4.2 Gastrulation phenotype: high dose TMEM195 depletion causes gastrulation

defects

Since a cardiac looping phenotype was seen with a 1ng dose of MO, I
increased the dose in order to see if that would elicit a more penetrant LR
phenotype. When 2ng of TMEM195 MO were injected, however, the embryos failed
to gastrulate. [ subsequently observed gastrulation of the 2ng injected embryos by
time-lapse imaging and compared to the 1ng injected embryos and uninjected
controls. As shown in figure 6a, the uninjected controls smoothly closed their
blastopore and then folded their neural tubes. In contrast, time-lapse imaging
showed that the 2ng injected embryos were unable to close their blastopores,
despite multiple attempts. The 1ng injected embryos attempted several times to
close their blastopore (typically 2 or more times). Their blastopores typically closed,
or had a small opening, and then continued on to form their neural tubes.

In order to show that this gastrulation event was caused by TMEM195
depletion, I conducted a rescue experiment (Figure 6b). 99% of uninjected control
embryos where able to gastrulate, with only 1% having open blastopore (n =97). In
contrast, only 21% of 2ng MO injected embryos were able to gastrulate, with 79%
having open blastopores (n = 90). When 300pg of TMEM 195 mRNA was injected
after the 2ng MO, 60% were now able to gastrulate, with only 37% having open
blastopores (n = 83). These results were statistically significant with P < 0.001.

As a control for this experiment, [ injected TMEM195 mRNA into embryos on

its own, to ensure that toxicity would not result (Figure 6c). When the rescue dose of
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Figure 6: High dose TMEM195 MO leads to gastrulation defects
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Figure 6: High dose TMEM195 depletion leads to heterotaxy

a) Time-lapse imaging of gastrulation. Uninjected control compared to 1ng and 2ng TMEM195 Mo
injected embryos. b) Rescue of gastrulation phenotype. Uninjected control compared to 2ng
TMEM195 MO injected embryos and 2ng TMEM195 Mo + 300pg TMEM195 mRNA. * Equal to P <
0.001. ¢) Overexpression of 300pg TMEM195 mRNA leads to secondary axis formation.
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300pg was injected on its own into embryos, 13% of the mRNA embryos injected
had secondary axes, in comparison to 2% of the uninjected control (UIC n = 48,
TMEM195 mRNA n= 64, P = 0.09). Though these results were not statistically
significant with a P = 0.09, the secondary axes were not anticipated, and this led to
the hypothesis that either Wnt or BMP signaling may be affected by alterations in
TMEM195 protein expression. Wnt and BMP pathways are two known ways that
secondary axes can form. For example, overexpression of Wnt signaling leads to
secondary axis formation (44). Given these overexpression results, | examined Wnt

signaling first, in hopes of unraveling TMEM195’s role in left-right development.

4.3 TMEM195 alteration affects the Wnt signaling pathway

In order to determine if TMEM195 expression alters Wnt signaling, I utilized
TOPflash activity assays, western blots, and nuclear localization. A TOPflash assay
shows the activity of TCF, the transcription factor that is bound by beta-catenin in
the final steps of the Wnt signaling pathway. It is therefore a useful assay for
showing changes in Wnt pathway activity (Figure 7a). When wild type beta-catenin
is co-injected with the TOPflash reporter plasmid, a large peak forms with an
activity ratio of 1.94 at stage 10 of development (3 biological replicates with 3
technical replicates per sample). In contrast, when both wild type beta-catenin and
2ng TMEM195 MO are co-injected with the reporter, the activity ratio is significantly
lower at 0.73. In a separate experiment, TMEM195 mRNA was overexpressed in the

TOPflash assay, and showed an activity ratio of 0.94, in comparison to beta-catenin
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on its own, which had an activity ratio of 0.18 (3 biological replicates with 3
technical replicates per sample). The TOPflash assay confirmed the hypothesis that
TMEM195 was altering Wnt signaling. In particular the results suggested that the
alteration occurred at the level of beta-catenin rather than upstream (such as at the
ligand or receptors). These experiments suggest that TMEM195 activates the Wnt
signaling pathway at the level of beta-catenin, which could explain its role in
gastrulation and secondary axis formation.

[ next examined the effect of TMEM195 on endogenous levels of beta-catenin
via western blotting (Figure 7b). At stage 10, at the initiation of gastrulation, the
TMEM195 morphants had only 72% total beta-catenin, when compared to controls.
At stage 12, beta-catenin decreased further in the morphants, to 35% of the controls
(p < 0.01). These results show that endogenous levels of total beta-catenin are
decreasing as the embryo gastrulates. Beta-catenin is necessary, as discussed in the
introduction, for dorsal specification, which is where the initial involution of
gastrulation occurs. Therefore, gastrulation initiates relatively normally and then
fails, which is consistent with progressively decreasing levels of beta catenin during
gastrulation.

The critical next question is, where in the Wnt pathway does TMEM195 exert
its effects? In order to evaluate this, I performed a secondary axis assay (Figure 7c,
7d). The purpose of this assay is to overexpress different forms of beta-catenin,
inducing secondary axes, and to see if | am able to reduce the number of embryos
with secondary axes when [ knock down TMEM195 in a subset. In this assay, |

compared wild type beta-catenin to stabilized beta-catenin, and NLS tagged beta-
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Figure 7: TMEM195 affects Wnt signaling
a) TOPflash assay of Wnt activity at stage 10 of development, comparing control embryos

to depletion and overexpression of TMEM195. b) Western blot showing endogenous beta-
catenin protein expression in control vs. knockdown embryos at stages 10 and 12 of
development. c) Schematic of Wnt signaling pathway. d) Secondary axis assay comparing
control vs. TMEM 195 knockdown embryos. Each was co-injected wild type beta-catenin,
stabilized-beta-catenin or NLS-beta-catenin.
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catenin. Gsk3, which phosphorylates beta-catenin and targets it for degradation, was
used throughout this experiment as a positive control. The results showed that WT-
beta-catenin alone led to 84% secondary axes (n=18), while WT-beta-catenin + 1ng
TMEM195 MO led to 67% secondary axes (n=18) and WT-beta-catenin + 200pg
Gsk3 mRNA led to 30% secondary axes (n=30). In comparison, Stabilized beta-
catenin alone led to 100% secondary axes (n=34), while ST-beta-catenin + 1ng
TMEM195 MO led to 55% secondary axes (n=11) and ST-beta-catenin + 200pg Gsk3
mRNA led to 83% secondary axes (n=29) (overall p<0.001). The ability of GSK3 RNA
overexpression to inhibit secondary axes caused by WT-beta-catenin but not those
caused by ST-Beta-catenin acts as an important control in this experiment, and
demonstrates that the stabilized construct is working as expected. These results
demonstrate that depletion of TMEM195 can block Wnt signaling at the level of
beta-catenin, even in the case of a stabilized form of beta-catenin. Therefore, it
appears that TMEM195 does not exert its influence via the degradation of beta-
catenin.

Since TMEM195 appears to block beta-catenin function despite stabilization,
another hypothesis is that TMEM195 regulates beta-catenin nuclear transport. In
order to test nuclear transport, [ used an NLS-tagged beta-catenin in the secondary
axis assay. The NLS tag provides a nuclear localization signal for beta-catenin, since
no such known tag is present in the beta-catenin protein sequence. The purpose of
this experiment is to see if beta-catenin is using an alternative route of entry into the
nucleus, and if we can bypass that route by using an NLS signal. Embryos injected

with only NLS-tagged beta-catenin were compared to those injected with NLS-beta-
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catenin + 1ng TMEM195 MO and NLS-beta-catenin + 200pg GSK3 mRNA. All three
had similar percentages of primary and secondary axes. In the NLS-beta-catenin
embryos, only 69% had primary and 31% had secondary axes (n=50). In the NLS-
beta-catenin + 1ng TMEM195 MO embryos 67% had primary and 33% had
secondary axes (n=12). In the NLS-beta-catenin + 1ng TMEM195 MO embryos 72%
had primary and 28% had secondary axes (n=35). Therefore, TMEM195 depletion
appears ineffective in reducing the secondary axes induced by a beta-catenin with a
canonical NLS signal. This demonstrates that beta-catenin nuclear localization can
be rescued by employing the canonical nuclear import pathways and suggests that
TMEM195 plays a critical role in the nuclear import of beta-catenin via an

alternative, NLS independent, mechanism in the embryo.

4.4 TMEM195 is necessary for nuclear localization of beta-catenin

Given that NLS-beta-catenin appears to be unaffected in the secondary axis
assay by TMEM195 depletion. We next sought to determine if TMEM 195 affects the
nuclear localization of beta-catenin by direct visualization.

First, I injected embryos with a GFP-tagged beta-catenin and NLS-mCherry
and collected at stages 10 and 12 (Figure 8a). The GFP tag allows green visualization
of the beta-catenin, and the mCherry tag allows red fluorescent visualization of the
nucleus via the canonical nuclear transport pathway. At stage 10, the beginning of
gastrulation, [ saw both the GFP-beta-catenin and the NLS-mCherry in the nuclei.

However, at stage 12, the end of gastrulation, only the NLS-mCherry was strongly
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Figure 8: Nuclear localization of beta-catenin in TMEM195 morphants
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Figure 8: Nuclear localization of beta-catenin in TMEM195 morphants
a) Nuclear localization of GFP-beta-catenin with and without TMEM 195 depletion at stage 10 and
12 of development. Embryos co-inject with NLS-mCherry. b) Nuclear localization of GFP-NLS-

beta-catenin with and without TMEM 195 depletion at stage 10 and 12 of development. Embryos
co-inject with NLS-mCherry.
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seen in the nuclei. In contrast, the GFP-tagged beta-catenin signal was significantly
decreased. Consistent with our gastrulation phenotype and total levels of beta-
catenin by western blot, the GFP-tagged beta-catenin is initially localized to the
nucleus and then this is subsequently lost.

In the second nuclear localization experiment, | injected embryos with GFP
tagged NLS-beta-catenin and NLS-mCherry, and once again collected at stages 10
and 12 (Figure 8b). At both stages 10 and 12, GFP and mCherry were both seen in
the nuclei of the control embryos and in the nuclei of those co-injected with 2ng of
TMEM195 MO. This shows that the NLS-tagged beta-catenin is able to enter the
nucleus and that there is no additional inhibitory signal in beta-catenin which blocks
nuclear localization in the knockdown of TMEM195.

Overall the nuclear localization results suggest that the NLS signal is
necessary for beta-catenin entry into the nucleus when TMEM195 is depleted. This
suggests that wild type beta-catenin may be using an alternative route of nuclear
localization that is dependent on TMEM195 and that does not disrupt canonical

nuclear import.

4.5 TMEM195 also regulates Smad2

My results suggest that while TMEM 195 depletion affects the localization of
beta-catenin, global nuclear import is not altered since both NLS-cherry and NLS-
beta-catenin are readily detected in the nucleus. As described above, both Smad2

and Erk2 (in contrast to Smad1 and Erk1) lack canonical NLS signals but do have
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armadillo repeats similar to beta-catenin. Like beta-catenin, the mechanism for their

nuclear localization is unknown (5). Therefore, we hypothesized that nuclear

localization of Smad2, but not Smad1, would also be affected by TMEM195 depletion

(Figure 9). Embryos injected with 2ng of TMEM195 MO had 110% of the total value

of total Smad1 at stage 10 and 100% at stage 11. These same embryos had 120% of

phospho-Smad1 at stage 10 and 92% at stage 11. The results show slightly higher

Figure 9: Specificity of TMEM195
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levels of both phospho- and total Smad1 at stage 10 in comparison to stage 11 in
knockdown embryos, but the results were not significant with p < 0.7 and p < 0.2,
respectively. Therefore, Smad1 appears unaffected by TMEM195 knockdown. In
contrast, when I examined total Smad2, stage 10 knockdown embryos had 141%
and stage 11 had 97% of the protein concentration of controls (p < 0.07). When
phospho-Smad2 was examined, it showed a 430% increase in knockdown embryos
at stage 10 and a 171% increase at stage 11 (p < 0.001). Overall, these results show
a significant increase in phosphorylated Smad2 at stage 10 and at stage 11.

These results suggest that Smad2 but not Smad1 is affected by TMEM195
knockdown, resulting in an accumulation of phospho-Smad2 when TMEM195 is
depleted. Whether this is due to an alteration in nuclear transport is not yet certain.
[ intend to pursue this further by tagging the Smads with GFP to examine nuclear
localization. I am also starting to perform fractioning experiments; in which I isolate
the cytoplasm from the nuclei in order to compare protein levels from each cellular

compartment.

4.6 TMEM195’s biochemical activity is important for mechanism

Previous experiments from the Werner lab discovered that TMEM 195 has
alkylglycerol monooxygenase (AGMO) activity. We wondered if this AGMO activity
mediated the Wnt pathway. In order to test this, | injected wild type TMEM195
mRNA and the catalytically inactive mutants in which histidines were mutated to

alanines at amino acid positions 136 and 149 (referred to as H136A and H149A).
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The mRNAs were injected into embryos at the one cell stage, and then scored after
neurulation for secondary axis formation (Figure 10c). Secondary axes were present
in 15% of the standard TMEM195 mRNA injected embryos (n=53). In contrast, only
3% of uninjected control (n=157), 2% of H136A (n=44) and 3% of H149A (n=60)
injected embryos had secondary axes (p < 0.02). This result suggests TMEM195’s
biochemical activity as an alkylglycerol monooxygenase may be the key to

understanding its role in the Wnt signaling pathway.

4.7 TMEM195 is expressed predominately in dorsal structures

[ performed TMEM195 in-situ hybridizations, which showed that TMEM195
RNA is strongly present in the animal poles in 4 and 8 cell embryos, and then
becomes expressed circumferentially in stage 10 embryos (Figure 10a). In stage 19
embryos, TMEM195 is clearly present in the neural tube, and in stage 32 embryos it
is prominent in the brachial arches, the brain and the spinal cord. In Stage 36
embryos, it is strongly present in the head and spinal cord. This expression pattern
overall suggests that TMEM195 is important for dorsal structure formation, which is

expected, given its demonstrated role in Wnt signaling.

4.8 TMEM195 localizes to the nuclear membrane
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TMEM195 was previously localized to the endoplasmic reticulum in CHO
cells by the Werner lab in Austria (4). However, my results suggest that TMEM195

has activity at the nuclear membrane. Since there is currently no known Xenopus

Figure 10: Localization and biochemistry of TMEM195
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a) In-situ hybridization of wild type Xenopus embryos with TMEM195 probe shows strong dorsal
expression. An, animal view; Veg, vegetal view. b) Intracellular localization of GFP-TMEM195 and
GFP-TMEM195 H149A mutant in stage 10 embryos. Green is GFP and blue is DAPI. c¢) Secondary
axis assay of overexpressed TMEM195 and TMEM195 mutants with P < 0.02.
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antibody to TMEM195, in this experiment, | injected GFP-tagged TMEM195 mRNA
into embryos and collected them at stage 10. The GFP-tagged mRNA was injected in
doses ranging from 75-300pgs, and each dose showed clear nuclear localization
(Figure 10b). The Werner lab also has several constructs with mutated histidines
that are each essential for the biochemical activity of TMEM195. One of the mutant
constructs, H149A, was injected into embryos. It was found to localize to the nuclear
membrane as well.

Future experiments will try to co-localize TMEM195 and its mutant
counterparts with a nuclear membrane marker, such as Laminin 4, in order to verify
that TMEM1095 is at the nuclear envelope, and to identify where within the nuclear

envelope it may be acting.

5.0 Discussion

TMEM195 is a newly described candidate gene for Htx in the developing
human embryo. TMEM195 was originally identified by a copy number variant
analysis in a patient with Htx. The index patient harbored a deletion of three exons
overlapping the catalytic domain of TMEM195, potentially leading to an inactive
form of the protein. Although no additional genetic information about the patient is
available, it is hypothesized that this child was heterozygous for this mutation since
our results suggest that TMEM195 deletions have a dose dependent response. If a
small amount is deleted, cardiac looping defects can occur, but if slightly larger

amounts are deleted, the embryo will not be able to gastrulate.
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The patient’s phenotype was recapitulated in Xenopus tropicalis embryos.
With a low dose of the MO (1ng), depletion of TMEM195 results in Htx 22% of the
time in this model system. TMEM195 knockdown also disrupted molecular markers
of LR patterning including Pitx2 and Coco, as well as formation of the GRP,
demonstrating that loss of TMEM 195 affects the very earliest steps of LR
development. Indeed a higher dose of MO leads to gastrulation defects, which
suggests that an error during gastrulation may be the cause of the later
developmental defects. Together, these findings demonstrate a role for TMEM195 in
establishment of the embryonic LR axis and successfully complete specific aims 1A
and 1B.

Initial experiments suggested that TMEM195 influenced Wnt signaling. A
rescue experiment showed the specificity of the MO, proving that the gastrulation
error was due to TMEM195 depletion. As a control for the rescue experiment,
TMEM195 mRNA was injected on its own, resulting in secondary axis formation.
Since excess Wnt signaling has been demonstrated to form secondary axes in
Xenopus (44), the Wnt pathway was investigated by employing TOPflash assays.
These data confirmed that Wnt signaling was significantly altered by TMEM195. If
TMEM195 was knocked down, Wnt signaling activity was decreased in comparison
to beta-catenin on its own. In contrast, if TMEM195 mRNA was added to the assay,
TCF luciferase activity increased. This overexpression phenotype clearly increased
Wnt signaling, which was consistent with secondary axis formation in the rescue
experiment. Western blots showed similar results, confirming the effect of

TMEM195 on endogenous levels of beta-catenin. Together these analyses
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demonstrated that TMEM195 regulates Wnt signaling activity at the level of beta-
catenin during gastrulation and also suggested that beta-catenin signaling was
decreasing over time when TMEM195 was depleted. TMEM195’s role may be
developmental stage-dependent or may be due to decreasing maternal protein
reserves.

To determine where in the Wnt signaling pathway TMEM195 is functioning,
secondary axis assays and nuclear localization studies were performed. These data
demonstrate that TMEM195 plays a role in nuclear transport. Experiments
comparing wild type beta-catenin to NLS-tagged beta-catenin are the most striking.
They show that NLS-tagged beta-catenin is able to enter the nuclei of TMEM195
depleted embryos, while wild type beta-catenin cannot. This result suggests that
beta-catenin typically uses a non-NLS method of entry into the nucleus, which fits
well with the existing literature (5, 49), and demonstrates that Tmem195 plays a
key and somewhat specific role in this process as the NLS-tagged beta-catenin was
able to bypass the defect in this non-canonical nuclear import route in Tmem195
morphants. Interestingly, embryos injected with NLS-beta-catenin were still unable
to gastrulate. These data suggest that the defect caused by TMEM195 was not solely
specific to Wnt signaling.

Phosphorylated-Smad2, a fellow transcription factor with no NLS tag and no
known mechanism of nuclear entry, was increased by TMEM195 depletion. In
contrast, TMEM195 depletion did not have any affect on Smad1, a transcription
factor in the BMP signaling family that does contain an NLS signal. It is unknown if

this increase in phosphorylated Smad2 reflects a defect in its nuclear import.
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However, one possibility is that the nuclear import of Smad2 may be blocked,
allowing more Smad?2 to be phosphorylated in the cytoplasm in an effort to
overcome a defect present in nuclear import.

Finally, the armadillo repeats on Smad2 and beta-catenin may allow them to
bind to the FG repeats of nuclear pore proteins and then enter through the pore (5,
47). These armadillo repeats are structurally similar to heat repeats in importin-
beta (5) and as such Smad?2 and beta-catenin may be acting similarly to importin-
beta in an alternative nuclear import pathway. TMEM195 affects nuclear import of
beta-catenin and its depletion leads to increased levels of phospho-Smad2. Thus
TMEM195 may be altering the nuclear import of both beta-catenin and Smad2 and
possibly even other non-NLS transcription factors with similar armadillo structures,
such as Erk2, a member of the MAP kinase family. The finding that TMEM 195
localizes to the nuclear membrane supports this hypothesized role as well.

TMEM195’s exact role in nuclear import is not well understood, however
TMEM195’s biochemical properties may be responsible. Overexpression of
TMEM195 mRNA leads to secondary axis formation, suggesting increased Wnt
activity. However, the catalytically dead mutant H136A and H149A forms of
TMEM195 do not. These two alternative TMEM195’s do not have the same
biochemical properties, because each has one of the essential histidines replaced by
an alanine. The enzymatic activities of TMEM195 are therefore key to its role in Wnt
signaling.

TMEM195 can cleave ether lipids. Werner and colleagues have defined

specific types of ether lipids that it might target. These include ether-containing GPI
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anchors, the function of which is to tether proteins to the plasma membrane.
TMEM195 may therefore cleave something that is tethered to the nuclear
membrane. The specific target has yet to be discovered, but finding it may have a
large impact, because it, like TMEM195, may play an essential role not only in Wnt
signaling, but also in non-NLS transport. Non-classic NLS transport is very common
and occurs in up to forty three percent of nuclear proteins (61). TGF-beta and MAP
kinase are two examples of pathways with nuclear proteins lacking classical NLS
transport. These are essential for normal embryonic development, cellular
differentiation and proliferation. When genes in each of these pathways are
mutated, cancer risks change, making it essential to understand each in order to
fully understand normal and abnormal growth and development.

Prior to this study, no information was known about how TMEM195 affects
development or nuclear signaling. In addition, despite the demonstrated role for
beta-catenin and Smad2 signaling in cancer, stem cells, and embryonic development,
the molecular regulators for the import of beta-catenin and Smad?2 were largely
unknown. One weakness of this study is a failure to confirm loss of nuclear
localization of SmadZ2. [ am currently trying to address this through nuclear and
cytoplasmic protein fractions and through nuclear localization studies of GFP-
tagged Smad?2. A second weakness is that no antibody exists for TMEM195, making
its localization dependent on a GFP-tagged construct. A third limitation is that the
enzymatic target of TMEM195 has not yet been identified.

A newly described candidate Htx gene with both dose- and time-dependent

features, TMEM195 variants result in LR patterning defects by decreasing beta-
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catenin entry into the nucleus. This causes a decrease in the up-regulation of target
dorsal genes necessary for formation of the left-right organizer. Smad2 signaling
also appears dysregulated. This interaction and gradient of Smad2 and beta-catenin
are necessary for organizer formation. As our results have shown, the left right
organizer forms poorly in embryos with low dose depletion of TMEM195. In our
patient, a reasonable hypothesis is that his or her LR organizer failed to form
properly and was unable to properly determine asymmetry of the internal organs,
leading to Htx.

Now that the putative role of TMEM195 in Htx has begun to be identified, the
challenge is to identify TMEM195-associated health consequences. Wnt mutations
greatly affect cancer risk. The patient may also be at risk for neurodevelopmental
abnormalities, given that TMEM195 is strongly expressed in dorsal structures
including the brain and spinal cord. Recent results from the Brueckner lab have
shown that Htx genes expressed in the brain correlate with neurodevelopmental
abnormalities when mutated in patients ((16) and unpublished data). Many
questions remain, and highlight the importance of understanding the molecular
pathways contributing to Htx and associated malformations. These genes may not
only reveal how the LR axis of development forms, they may also provide important

insight into new basic discoveries, such as non-NLS nuclear transport.
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