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Abstract
Overexpressing a mouse Bax cDNA in yeast cells induces cell death. When heterologously
expressed in yeast cells overexpression of a mouse cDNA encoding Bax, human Thyroid
Cancer-1 (TC-1) or annexin V (ANXA5) suppresses the Bax induced cell death. My goal was to
characterize the anti-Programmed Cell Death (anti-PCD) potential of these human cDNA
sequences. In addition to rescuing Bax-expressing cells, I found that TC-1 and ANXA5 are prosurvival sequences that protect yeast from other death-inducing stresses including copper sulfate.
TC-1 also prevented the deleterious effects caused by over-expression of a number of
endogenous yeast pro-apoptotic sequences, including the YCA1 encoded metacaspase; the YBH3
encoded Bcl-2 Homology domain 3 protein, the NUC1 encoded DNase, as well as the apoptosisinducing factor encoded by AIF1. Even though the protective effects were more pronounced in
rescued cells over-expressing YBH3 and YCA1, TC-1 could still protect yeast mutant strains
lacking YBH3 and YCA1 from the growth inhibitory effects of copper sulfate. Our results
demonstrate that TC-1 and anne ANXA5 are pro-survival sequences that are able to attenuate
stress-induced programmed cell death.
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Chapter 1
1. Introduction
Programmed cell death (PCD) is the death of a cell mediated by an intracellular program
(1,2). There are a number of different types of PCD. It is called “programmed” because it is a
genetically encoded form of cellular suicide, which usually confers an advantage during a
species′ life cycle (1,2). A decrease or an increase in the expression of specific genes or an
alteration of the regulation of a specific gene product can serve to affect PCD in response to a
cell death-inducing stimulus (1,2). PCD is required for many normal developmental processes;
for example, the final stage of the formation of fingers and toes in a developing human embryo
requires apoptosis to make sure that the digits are separated. Another example is the
transformation of a tadpole’s tail (3).
There are three main types of PCD that can be differentiated by molecular, cellular and
biochemical processes. Apoptosis or type I PCD is the form of cell death that occurs when the
cell has made a well-coordinated decision that death is the best way to proceed (4,5). Autophagyrelated or type II PCD is an unusual kind of cell death because autophagy at first functions to
remove aberrant proteins and organelles as a way to save a stressed cell from deterioration (6,7).
However, in the extreme case, it results in programmed death. Apoptosis and autophagy are both
forms of PCD while necrosis is a non-physiological process that occurs as a result of severe or
acute stress such as injury and it is thus a passive or catastrophic form of cell death characterized
by lysis and release of cell contents (6,7). Recently a type of programmed necrosis, termed
necroptosis, has been recognized as an alternate form of PCD (8).
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As in mammalian cells, apoptosis-like processes have been described in all organisms
examined, including budding yeast (2,9). Although the presence of PCD pathways in a
unicellular organism may seem unexpected, there are benefits to a clonal population of cells that
are accumulating oxidative damage due to starvation to undergo cell death rather than to deprive
genetically identical neighbouring cells of nutrients. Experiments on yeast PCD have shown how
molecular analysis of a process in yeast can be productive even when yeast does not have
homologues for all vertebrate apoptotic genes (1,9,10).
Yeast is a ubiquitously used model to study many aspects of basic cell biology including
autophagy, cell cycle, vesicular trafficking, DNA repair, mitochondrial respiration, and
autophagy as well as PCD (2,7,9-11). Aside from being a very low maintenance laboratory
organism, other reasons why S. cerevisiae is such a useful model includes its fully sequenced
genome and the fact that yeast and humans have many highly conserved genes, gene products
and biochemical pathways that perform similar functions (12-14). Multiple Nobel prizes have
been awarded to yeast researchers in medicine including for cell cycle, autophagy and cell
sorting (https://www.nobelprize.org). Yeast also stands out over many other experimental
systems due to the ease of applying sophisticated genetic tools (9,10).
Over the last few years, numerous studies have documented many of the processes and
identified many of the proteins involved in mediating yeast PCD (2,10). As in mammalian cells,
yeast will experience PCD in response to a variety of different stresses including many
chemicals, physical processes such as altered osmolality and pH, and the overexpression of
genes encoding pro-apoptotic proteins such as mammalian Bax and caspases (10,11,15). Wholegenome genetic approaches have suggested that as many as 800 of the 5600 or so yeast protein2

coding genes may affect the apoptotic process (16). This suggests that many more genes are
involved in the PCD process than those currently identified (10,11,13,15). Apoptosis in yeast
can be triggered by the heterologous expression of human Bax (17). The Greenwood Lab has
described a number of human genes that, when overexpressed, can prevent this cell death. These
genes were identified by screening cardiac and T cell cDNA expression libraries in yeast

heterologously expressing a mammalian cDNA encoding the pro-apoptotic Bax (13). In the
screen, human annexin V (ANXA5) and Thyroid cancer-1 (TC-1) were identified. Annexin is of
interest for a variety of reasons including the fact that it inhibits PCD in many systems, but its
mechanism of action remains unknown (15,18). Even though TC-1 is a poorly characterized
protein, it is of interest because it has been shown to be up-regulated in many tumors and it may
have a role in regulating growth and cell viability (19). Characterizing the anti-apoptotic
potential of both human TC-1 and human ANXA5 forms the basis of my MSc work.
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Chapter 2
2. Literature Review
PCD is a complex process by which cells trigger a genetic program that serves to promote
cell death. The literature in the field is vast and complex (1,10,12,17). Here I will review and
summarize some of this literature as it pertains to my thesis. There are three major types of PCD,
namely type I or apoptosis, type II or autophagy, and type III or necrosis.

2.1 Apoptosis (Type I PCD)
Apoptosis or type I PCD, is a highly regulated process of cell death that occurs only when
the cell has made a well-coordinated choice on whether to live or to die.
There are two major pathways leading to apoptosis, called the extrinsic and intrinsic
pathways (Figure 2.1) (20,21). The intrinsic pathway is initiated as a result of stress or
intracellular signals, such as toxins, heavy metals, or damaged DNA and organelles (22). This
leads to an increase in reactive oxygen species (ROS) as well as activation of pro-apoptotic
proteins, including Bax. This increases the permeability of the mitochondria, which releases the
proteins of the matrix into the cytosol. This pathway is mostly centered around the mitochondria
(22-24). One of the proteins that is released is cytochrome c. Upon its release from the matrix, it
binds to the adaptor protein, known as the apoptotic protease activating factor-1 (APAF-1). This
binding results in the oligomerization of APAF-1 to form the apoptosome. The apoptosome then
recruits procaspase 9 (Figure 2.1). The interaction with the apoptosome activates the procaspase
9, which in turn activates other procaspases, especially executioner caspases, like caspase 3 (25-
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27). This leads to death by initiating a cascade of events occurring in response to the caspasemediated destruction of a number of key proteins (25-27).
The nucleus is shown
as an empty oval.

The mitochondrion
is shown as an
orange oval.
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Figure 2.1 Signaling pathways involved in the initiation of type I programmed cell death (PCD), or apoptosis. The
nucleus is shown as an empty oval while an orange oval depicts a mitochondrion. The black and blue boxes represent the
cell death and anti-apoptotic genes respectively. Two main pathways prompt the initiation of type I PCD known as the
intrinsic and extrinsic pathways. Ultimately the activation and balance of pro-apoptotic proteins like Bax and the inhibition
of anti-apoptotic Bcl-2 proteins like Bcl-2 in response to stress result in apoptosis or survival. The release of cytochrome c
from the mitochondria is caused by Bax, which goes on to signal the formation of the apoptosome prompting the caspasedependent initiation of apoptosis. Squares at the end of lines are used to depict inhibition processes while the color blue
indicates the anti-apoptotic processes. [5] See Appendix A for permission to use a figure from Elsevier.

The extrinsic pathway is the second major pathway of apoptotic cell death (28,29). The
tumor necrosis factor receptor [TNFR] superfamily is mainly responsible for activating the
extrinsic pathway, and this superfamily includes TNFR, FAS, and TRAIL. Stimulation of these
so-called death receptors leads to the formation and activation of the death-inducing signalling
complex [DISC] and the recruitment and activation of initiator caspases such as caspases 8 and
10 (Figure 2.1). The activation of the caspases 8 and 10 will serve to activate the effector
caspase, caspase 3. The activation of caspase 3 leads to the cleavage of the death substrates that
will trigger the well-known typical hallmarks of apoptotic cell death. Direct cross-talk between
the two processes also occurs as the result of caspase 8 mediated cleavage of the BH3 domain-only
death agonist protein [BID] to the truncated BID [t-BID]. The truncated t-BID can directly serve to

activate the intrinsic pathway (Figure 2.1). This relatively simple example of cross-talk between
two distinct apoptotic sub-pathways serves to illustrate a common theme of the complex interrelationships that occur in the different processes regulating cell death (21,30,31).
Apoptosis is generally defined by biochemical and cytological observations. This includes
DNA fragmentation as well as the externalization of phosphatidylserine on the plasma membrane
and increases in pro-apoptotic second messengers like ROS. Also, increase in mitochondrial
outer membrane permeability occurs which leads to the release of apoptogenic factors from
6

mitochondria including cytochrome c (22,32,33) . A variety of techniques exist to monitor these
processes (1,17). For example, increases in ROS can be detected by staining cells with a
colorless compound (2′7′-dichlorofluorescein) that becomes fluorescent when cleaved by ROS
(34).
2.2 Autophagy (Type II PCD)
Autophagy is an unusual kind of cell death because its primary function is to try and save a
stressed cell from deterioration (1,6). It is not completely understood how autophagy can cause
the death of a cell; however, the observation of structures called autophagosomes which are
formed during autophagy is taken as evidence that the cell likely dies due to autophagy-induced
cell death (35). Further proof is provided by the blockage of apoptosis by the knockdown of
ATG genes that are essential for the autophagic process (35). The function of these
autophagosomes is to act as the site for the accumulation of cellular components and materials
for their degradation (35). Moreover, this form of cellular recycling functions constitutively but
it can also be activated by different stresses to keep up the cell’s normal functioning in difficult
circumstances (6). For instance, this can be done in response to conditions like organelle
damage, misfolded proteins, a period of starvation, or simply ageing (6,36). Thus, autophagy can
protect cells by getting rid of stress-inducing, damaged cellular debris or by providing recycled
amino acids as anabolic building blocks in times of starvation (37). However, cell death due to
autophagy has been shown to occur in situations where apoptosis is inhibited, and a cell is
subjected to apoptosis-inducing stress (35,37). Cross-talk between apoptotic and autophagic PCD
is known to occur due to the fact that many individual proteins have roles in more than one cell
death type. For instance, BECLIN1 which is a member of the BH-3 containing Bcl-2 family is an
essential regulator of autophagy that can be inhibited by Bcl-2 (38,39). Since Bcl-2 has the
7

ability to inhibit Beclin1 and Bax, it functions in preventing both autophagy and apoptosis
induction. Furthermore, caspases have the ability to cleave Beclin, which allows the apoptotic
process to inhibit autophagy (39).
2.3 Necrosis & Necroptosis (Type III PCD)
Necrosis is the name given to an uncontrolled and accidental form of cell death (1). It
occurs when there is an overwhelming and rapid physical or chemical trauma, which leads to an
increase of calcium ions and ROS into the cytosol and the depletion of ATP. This results in rapid
swelling and bursting of the cell and the subsequent release of the cell components into the
surrounding area (40). Necrosis is considered a passive process, as it is the result of strong
concentrations of stress/stimuli over a short period of time (1), which causes the cell to explode.
In fact, high levels of most apoptotic inducing stimuli or defects in the apoptotic pathway often
lead to necrosis (41). Necrosis is often identified in negative terms by the absence of regular
apoptotic markers, especially when cells undergo early plasma membrane permeabilization. In
yeast, at least during chronological ageing, the loss of plasma membrane integrity without
simultaneous exposure of phosphatidylserine (PS) appears to be a good sign of necrosis (42).
This can be determined by co-staining with labelled annexin V and a vital dye such as propidium
iodide (PI) and serves as an indicator for bona fide necrotic cell death (42). Cells undergoing
necrosis will stain with the propidium iodide (PI), they will not stain with labelled annexin V,
because unlike apoptotic cells they do not externalize their phosphatidylserine (PS) prior to death
(42). Additional markers of necrosis include cell swelling, the nuclear release of yeast HMGB1
(Nhp6Ap) and complete disintegration of subcellular structures (43). Necrotic cells show a rise
in cytosolic Ca2+, increasing ROS, intracellular acidification, and a depletion of ATP (41).
Necrosis is usually a part of the complex mixture of different forms of cell death that are
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observed in various diseases such as ischemic heart disease, diabetes, and infections
(1,10,43,44). More recently, a genetically encoded form of PCD that resembles necrosis, called
necroptosis, has been identified (8).
2.4 Negative regulation of Programmed Cell Death
Cells carry a large number of pro-survival tools and strategies that are extremely useful in
balancing life and death and help to evade triggering inappropriate PCD (1,35-37). Experimental
evidence supports the concept that treatments mimicking natural anti-PCD mechanisms are more
successful in preventing the onset of cell death than the use of chemicals that serve to inhibit
pro-PCD proteins (1,43,44). For instance, overexpression of anti-apoptotic genes that encode
proteins that inhibit caspases like Inhibitors of Apoptosis Proteins (IAPs) lead to decreases in cell
death; however, research with small molecule caspase-inhibitors has shown that they are not
sufficient to prevent cell death in animal models (45). Knockout of anti-apoptotic genes boost
the sensitivity to PCD-inducing agents. In contrast, overexpression of anti-apoptotic genes
encoding proteins decreases sensitivity to the same agents (10,46,47). In transgenic animals
overexpressing anti-apoptotic genes, there is increased resistance to apoptosis-inducing stimuli
(48). It could be possible to protect cells and prevent PCD after a heart attack using modified
transgenetic approaches (49). This can also be accomplished by either injecting recombinant
anti-apoptotic proteins that can cross a cell’s lipid bilayer and remain functional (44,48,50) or by
injection of cDNA (naked or viral) that can be carried and expressed in the cell to make the antiapoptotic protein (44,51,52). Thus a complete understanding of the different pro-survival
proteins will likely be useful in delineating novel therapeutic strategies aimed at regulating PCD.
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2.5 Yeast as a model organism to study cell death
As mentioned briefly on page two, the most fruitful and widely utilized model organism to
study the basic processes of eukaryotic cell biology is the yeast Saccharomyces cerevisiae
(1,12,14). Due to the functional interchangeability of yeast and mammalian genes, as well as the
ease of genetic manipulation, humanized yeast, in which yeast expresses a human gene, is a
commonly used model that is very useful in studying the function and structure of individual
human genes (4,10,50,53). Both mammalian and yeast cells use conserved PCD pathways in
response to stress (1,17). The PCD pathways are less complex in yeast compared to those in
mammalian cells. For example, yeast has single functional counterparts to many mammalian
apoptotic regulators including a caspase (YCA1) and a BH3 domain containing Bcl-2 family like
protein called YBH3, while humans have at least eight caspases and twelve BH3 containing
proteins (54,55). Yeast has been widely used to study and distinguish heterologously expressed
mammalian apoptotic regulators like caspase, tumor suppressors and Bcl-2 family members, as
they retain their anti- and/ or pro-death functions when expressed in yeast (4,55). For instance,
heterologously expressed Bax causes apoptotic hallmark events similar to those seen in
mammalian cells (53,56), while the Bax inhibitor, Bcl2, can also prevent Bax-mediated PCD in
yeast. Other similarities include similar apoptotic responses such as an increase in mitochondrial
outer membrane permeability, increase in pro-apoptotic second messengers like ROS and
ceramide, the release of apoptogenic factors including cytochrome c, and DNA fragmentation as
well as the externalization of phosphatidylserine, occur in yeast PCD as in mammalian PCD
(32,42). Furthermore, in yeast, physiological processes including ER stress and chronological
ageing will lead to mitochondrial and necrotic-like cell death as they do in mammalian cells
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(14,50). Of interest to my work is that regulated cell death, including PCD and necroptosis in
yeast is also under negative regulation (44,57,58).
2.6

Identification of novel anti-apoptosis genes.

Many approaches have been successful in identifying novel anti-apoptotic genes (1,10).
Many differentially expressed genes have been identified by techniques such as gene chip or
microarray (59). One commonly used strategy involves the identification of genes that are upregulated in apoptosis-resistant cells such as cancer or cells subjected to mild pre-condition
stresses (21,60). The disadvantage of this strategy is that a large number of genes up-regulated in
such cells, and most of them do not function to suppress apoptosis. Thus, alternative strategies
have been developed to screen for gene function rather than for alterations in gene regulation.
For example, a widely used strategy involves the screening of heterologous cDNA expression
libraries in yeast heterologously expressing a mammalian cDNA corresponding to the proapoptotic Bax (10,57).
One of the disadvantages of these approaches is that they lead to the identification of
numerous up-regulated genes that do not confer increases in stress resistance when
overexpressed (61). Another approach that is widely used is the screening of a mammalian
cDNA expression library in yeast cells undergoing PCD in response to the ectopic expression of
pro-apoptotic Bax. Such screens lead to the identification of numerous cDNA sequences that are
functionally pro-survival (10,61,62). Yeast will undergo cell death due to a variety of stimuli that
induce apoptosis in mammalian cells, and they display the typical hallmarks of cell death that
can be easily monitored (63,64,65). Many of the genes identified in yeast have subsequently
been shown to have pro-survival properties when overexpressed in mammalian cell systems
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(11,15,57,66,67). In my thesis, I am characterizing two previously isolated novel Bax-suppressor
cDNAs encoding human Thyroid Cancer 1 (TC-1) and human annexin V (ANXA5).
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Chapter 3
Human Thyroid Cancer-1 (TC-1) is a vertebrate specific oncogenic protein that
protects against copper and pro-apoptotic genes in yeast
3.1 ABSTRACT
The human Thyroid Cancer-1 (TC-1), also known as C8orf4 was initially identified as a gene
that was up-regulated in human thyroid cancer (Chua EL, et al., Genomics. 2000;69: 342-347).
Here we show that expression of TC-1 in yeast prevents the cell death effects of over-expressing
Bax in yeast. Analysis of the 106 residue human TC-1 in available protein databases revealed
direct orthologues in jawed vertebrates, including mammals, frogs, fish and sharks. No TC-1
orthologue was detected in lower organisms, including yeast. Here we show that TC-1 is a
general pro-survival cDNA sequence since it prevents the growth- and cell death-inducing
effects of copper in yeast. Human TC-1 also prevented the deleterious effects that occur due to
the over-expression of a number of key pro-apoptotic cDNA sequences, including YCA1, YBH3,
NUC1, and AIF1. Even though the protective effects were more pronounced with the overexpression of YBH3 and YCA1, the overexpression of human TC-1 could still protect yeast
mutants lacking YBH3 and YCA1 from the effects of copper sulfate. This suggests that the
protective effects of TC-1 are not limited to specific pathways or processes. Taken together, our
results indicate that TC-1 is a pro-survival protein that retains its function when heterologously
expressed in yeast. Thus yeast is a useful model to characterize the potential roles in cell death
and survival of cancer-related genes.
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3.2 INTRODUCTION
Programmed cell death (PCD) is a biological process that is activated in response to a
variety of stresses (25,68). Stresses can serve to activate both pro- and anti-apoptotic processes in
order to destroy the cell or to prevent the cell from undergoing a premature death (1). The most
commonly studied form of genetically encoded cell death is controlled by the Bcl-2 family of
proteins (21,69). Bax is a pro-death Bcl-2 family member that gets activated by a variety of
stresses in order to initiate cell death processes. In apoptotic cell death, Bax leads to
mitochondrial damage, increases in ROS, the release of apoptogenic mitochondrial factors
including cytochrome c, AIF, and EndoG that lead to controlled cell breakdown in part by the
activation of caspases (70). The effects of activated Bax can be offset by the pro-survival Bcl-2
protein. In addition to inhibiting Bax, overexpressed Bcl-2 can prevent multiple forms of cell
death including cell death that occurs in the absence of activated Bax (71). The ability to prevent
multiple forms of cell death is a commonly observed result following the expression of many
pro-survival proteins (1).
Programmed cell death can occur via at least three different processes including apoptosis
(type I), autophagy (type II) and necrosis or necroptosis (type III) (72,73). The complexity of
PCD is further enhanced by the fact that there are multiple sub-forms of all PCD sub-types as
well as extensive cross-talk between the different forms (1,23,68). Many human diseases, such as
ischemic heart and neurological diseases are associated with abnormal signalling within the cell,
which gives rise to altered levels of cell death. This has led to the development of therapeutic
strategies aimed at increasing or decreasing the function of apoptotic regulators (69). Blocking
specific apoptotic effectors like caspases has been shown to have limited success in blocking cell
death in in vivo models (1,74). This is likely due to the activation of alternative cell death
14

pathways or to the inability to interfere with cell death once the process has been initiated.
Initially, apoptosis was thought to be the predominant form of cell death in many diseases, but it
is now clear that other forms of cell death including necroptosis play important roles in the loss
of cells (73,75,76). In contrast, other diseases such as cancer are associated with decreases in cell
death responses (45,77,78). Increases in the protective effects of autophagy as well as increases
in the expression levels of pro-survival proteins, such as Bcl-2, can promote changes in the
apoptotic and PCD responses (45,79). Thus, instead of developing chemicals targeting specific
apoptotic regulators, the development of strategies based on the knockdown or the
overexpression of apoptotic regulators are being developed as possible therapies for cancer and
other diseases (80,81). The development of model transgenic animals overexpressing prosurvival cDNA sequences supports such strategies (10).
Following the initial identification of a PCD pathway in the worm C. elegans, it became
clear that PCD was conserved in multicellular organisms (70,82). The identification of conserved
pathways in single-celled organisms including numerous species of yeast has led to novel
insights into the diversity of PCD pathways (81). More elaborate insights into the basic PCD
processes have been uncovered in extensive studies that have now been carried out using the
genetically tractable yeast Saccharomyces cerevisiae (9,10,17,69). In effect, yeast has proven
useful for the study of all sub-forms of PCD (1,42,84-86). Yeast undergoes PCD in response to a
variety of different stresses, and they display the typical hallmarks of cell death that can be easily
monitored (85).
Yeast also has apparent functional orthologues to a number of mammalian cell death
regulators including caspase (MCA1), AIF, EndoG (Nuc1) and YBH3 a single BH3
domain BCL2 protein (55,56,87-89). So it is not surprising that yeast has proven
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to be an effective model for PCD processes including many neurological diseases such as
Huntington’s and Parkinson’s disease (9). Thus the expression of human α-synuclein
leads to cell death in yeast in a manner that is analogous to what is seen in Parkinson’s
(90). More recent studies have suggested that increased calcium, mitophagy and specific
genes including EndoG may be involved in mediating the toxicity of α-synuclein
(88,91,92). Furthermore humanized yeast is proving to be an excellent model to screen for
drugs that can prevent cell death in response to PCD inducing conditions including the
heterologous expression of specific human genes (88,93,94). Similarly, yeast has
proven effective in examining the effects of specific cancer drugs or to screen for drugs
that may be therapeutically useful (95).
We and others have used yeast conditionally expressing mammalian pro-apoptotic
Bax as a model system to study PCD and as a platform to screen for and identify novel
negative

regulators

(36,57,62,96,97,98).

Many

of

the

pro-survival

genes

identified in these heterologous screens have been shown to be pro-survival in their
native mammalian hosts (66,96). Here we have identified a cDNA encoding human
Thyroid Cancer-1 (TC-1) (99) as a sequence capable of preventing the inhibitory effects
of Bax in yeast. We further show that this cDNA sequence retains its pro-survival
functions in yeast in response to other stresses including copper and activated proapoptotic cDNA sequences. These results are consistent with the observation that TC-1 is
up-regulated by and serves to inhibit stress and apoptosis (19,100,101). Thus, as mentioned
before yeast is a useful model to characterize potential cell survival function of genes that are upregulated in cancer.
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3.3 RESULTS AND DISCUSSION
Plasmids found able to rescue the mouse Bax expressing strain were isolated and
sequenced. One of them, named Bh-1 held a 0.8 kb sequence containing an open reading frame
from nucleotide 34 to 351 that was predicted to encode a 106 residue protein. The hypothetical
protein sequence was compared to the Genpept human database at NCBI. The sequence is
identical to the 106 residue protein that is encoded by a 1,841 bp cDNA (with a coding sequence
between nt 66-386), corresponding to the human Thyroid Cancer-1 (TC-1) gene, also known as
chromosome 8 open reading frame 4 (C8orf4) (Accession Number: NM_020130). Thus, the Bh1 plasmid encodes human TC-1.
Bh-1 (TC-1) was identified as a Bax suppressor (102). The Bh-1 (TC-1) expressing plasmid
was isolated from the original yeast transformants and retransformed, along with the Bax
expressing plasmid into the wild-type strain. Cultures of cells are harbouring Bax and the empty
vector, Bax, and 14-3-3β/α or Bax with Bh-1 (TC-1), were serially diluted and spotted onto
nutrient agar media with glucose or galactose (Figure 3.1A). The human 14-3-3β/α cDNA was
used as a control as it had been previously identified as an anti-apoptotic cDNA sequence (103).
In Figure 3.1A, all three transformants show the same growth on glucose medium. In contrast,
cells harbouring Bax and the vector alone showed reduced growth when spotted onto the
galactose medium that induces the expression of the pro-apoptotic Bax from the plasmid.
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Figure 3.1. Identification of human TC-1 as a Bax suppressor that protects against programmed cell deathinducing levels of copper. (A) Plasmid DNA with the TC-1 sequence was obtained from the Bh-1 clone identified from
the original cDNA library screen for Bax suppressors [102]. It was then reintroduced into naïve BY4742 yeast cells with
and without Bax. A human 14-3-3β/α cDNA was used as a positive control [103]. Cultures of the transformants were
grown, serially diluted, and spotted onto YNB medium with glucose or with galactose. The plates were allowed to grow at
30°C and photographs of the plates are shown. (B) The amino acid sequence of human TC-1 was used to search the
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available protein databases at NCBI. BoxShade of the TCoffee alignment of representative sequences from different
species showing strong similarity with hTC-1 is shown. The black shading indicates identical residues while grey indicates
conserved residues. The scientific names and database accession numbers of the species used are as follows: human:
Homo sapiens (Accession Number NM_020130); cow: Bos Taurus (Accession Number NP_001030567); mouse: Mus
musculus (Accession Number NP_081207); python: Python bivittatus (Accession Number XP_007430414.1); pigeon:
Columba livia (Accession Number XP_005510897.1); frog: Xenopus tropicalis (Accession Number XP_002936483.2);
fish: Poecilia formosa (Accession Number XP_007573497.1); and shark: Callorhinchus milii (Accession Number
XP_007883063.1).

The co-expression of the Bh-1 (TC-1) cDNA sequence along with the Bax (Bax+ Bh-1
(TC-1)) showed enhanced cell growth on the galactose medium, indicating that Bh-1 (TC-1) is
capable of suppressing the effects of Bax.
In order to identify possible orthologues of the human TC-1 gene, the sequence was
compared to the protein sequences available in the GenBank database. TC-1 cDNA sequences
were found in multiple mammalian species as well as lower vertebrates including birds,
reptiles,amphibians, sharks and fish. A representative sequence from each group was selected,
and

these

were

then

aligned

with

TCoffee

and

reformatted

with

BoxShade

(http://www.ch.embnet.org/software/BOX_form.html) (104) (Figure 3.1B).
Human TC-1 is nearly identical over the entire protein length to its orthologues in other
mammalian species (105). The similarity subsequently decreases further away from human, with
the most divergent species from human, but still containing the TC-1 domain, being the elephant
shark (37% identity over 80 residues). Earlier chordates, such as lampreys and hagfishes, were
also searched for cDNA sequences having similarity to TC-1. However, the search returned
sequences that had very little similarity. The last similar species, the shark, belongs to the
jawed-vertebrates (gnathostomes- a subphylum of the vertebrata), which are known for having
jaws, several types of mineralized bone, an adaptive immune system and limb development. This
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indicates that the introduction of the TC-1 gene appears to be between the divergence of
the agnatha and the gnathostomata of the vertebrata phylum (550-450 MYA) (104).
In order to determine the most similar yeast proteins to TC-1, the yeast and fungal
databases from www.yeastgenome.org were examined. It revealed that there does not appear to
be a homologue. Discerning subtle similarities between evolutionary distant ancestors have been
successful in identifying a number of yeast orthologues to key mammalian apoptotic regulators,
including YBH3 and YCA1 (MCA1) (55,56). Given that alternative splicing is a common
occurrence in genes encoding apoptotic regulators (106,107), we also examined the human TC-1
gene structure, with regards to its intron and exon organization. The TC-1 mRNA sequence was
compared to the entire human genome, using the available database at NCBI. The analysis
returned one continuous piece of DNA containing the entire TC-1 cDNA located on chromosome
eight (Accession Number: AC_000140.1, between position 38544322 to 38546161 bp). The
gene and cDNA sequences were continuous with each other, indicating that the entire cDNA was
encoded by a single exon. TC-1 does not appear to have any identified splice-variants.
In order to determine if TC-1 could protect against other stressors besides Bax, cell-deathinducing levels of copper sulfate were used (11). Using the spot assay with increasing
concentrations of copper sulfate, the cells harbouring only the vector show reduced growth,
while cells harbouring TC-1 and 14-3-3 expressing plasmids remain largely unaffected (Figure
3.2A). In order to assess the ability of cells to survive exposure to stress and remain viable, cells
were exposed to copper sulfate in liquid medium for 20 hours, and their viability was determined
using a clonogenicity assay. The viability of the empty vector control cells was reduced to 3.3 ±
2.2%, whereas the viability of cells expressing TC-1 was significantly higher at 12 ± 2.7%, an
approximately 4-fold increase in viability in comparison to the vector (Figure 3.2B).
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Figure 3.2. TC-1 protects against copper. (A) The growth of yeast cells transformed with empty plasmid
(Vector) or the TC-1 or h14-3-3 expressing plasmids was examined using a spot assay on YNB medium with galactose
alone or with the indicated concentrations of copper sulfate. The cells were allowed to grow at 30°C for 3 days and
photographs of the plates are shown. (B, C) Survival of yeast cells transformed with empty plasmid (Vector) or the TC-1
expressing plasmid was measured after treatment with copper sulfate using a (B) clonogenicity assay or (C) by
microscopical examination of cells stained with the vital dye trypan blue. Cells were grown in galactose-inducing liquid
medium with 1.4 mM copper sulfate for 18-20 hours. For the clonogenicity assay, aliquots of cells were plated onto
nutrient agar and allowed to grow for 48 hours at 30°C. The number of colonies formed were counted and compared to
the corresponding control. Alternatively, aliquots of cells were treated with trypan blue and viability was determined by
microscopical examination of at least 300 cells. Data represent median ± SEM of at least n=3 independent experiments. *
indicates that the viability of cells with the TC-1-expressing plasmids was significantly higher than the viability of control
cells (Vector); a p-value of 0.0128. (D) A spot assay was carried out using serially diluted cells obtained from freshly
growing cells transformed with empty vector, hTC-1 or 14-3-3 expressing plasmids. Aliquots of the cells were plated onto
nutrient agar medium without (Control) or with 200 nM rapamycin.
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We also directly evaluated viability after copper treatment by microscopical examination
of cells stained with the vital dye trypan blue. In this assay, the viability of control cells
decreased to 29.3± 2.1% with copper while the viability of TC-1 expressing cells was not as
affected by copper as the viability was found to be 71.8± 1.9% (Figure 3.2C). Although both
methodologies yield similar results, there are notable differences in the apparent viabilities using
clonogenicity and vital dye assays. This reflects differences in the timing and of the endpoints
monitored as discussed in (106,107). Finally, we evaluated the general nature of the pro-survival
function of TC-1 by examining its ability to prevent the lethal effects of rapamycin. Rapamycin
is a well-known inducer of autophagy that also induces PCD that resembles apoptosis (103).
Using the spot assay, we show that control cells show reduced ability to grow on nutrient agar
medium that contains rapamycin (Figure 3.2D). As previously described, human 14-3-3β/α when
overexpressed can confer partial resistance to rapamycin (103). Cells expressing TC-1 also have
increased resistance to rapamycin indicating that TC-1 can protect cells from a variety of
different stresses. Taken together, these results indicate that TC-1 is capable of preventing stressmediated cell death. Further, the pro-survival properties of human TC-1 in yeast are consistent
with the known stress reducing and anti-apoptotic properties of this protein in mammalian
cells (19, 100,101). Thus yeast is a unique platform that may be useful in delineating the
mechanisms by which TC-1 protects cells from stress. This is of potential clinical value since
TC-1 is reported to be transformative and may be a key tumor promoter in certain cancers
(100,108-110). Thus yeast expressing TC-1 may also serve as a platform to screen for novel
inhibitors that may have therapeutic value (95).
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There are a number of common processes that get activated by stress in yeast and
mammalian cells that occur in response to the activation of specific pro-apoptotic proteins
(17,85,111). To determine possible specific functions of TC-1, we generated yeast transformants
that overexpress key pro-apoptotic cDNA sequences including NUC1, AIF, YCA1 and YBH3
with and without TC-1. NUC1 encodes Nuclease 1 (EndoG), a protein known to translocate from
the mitochondria to the nucleus in order to degrade DNA under stressful conditions (88). while
AIFp is Apoptosis-Inducing Factor, a protein known to be released from the mitochondria under
stressful conditions and that mediates cell death by degrading DNA (112). Yca1p (also called
Mca1p) is Yeast Caspase-1, a metacaspase that regulates apoptosis upon induction by stress such
as hydrogen peroxide or acetic acid (55). Ybh3p is Yeast Bax Homology 3 protein that is a Bcl-2
family protein and induces PCD (56). The sub-lethal level of a mild stress is often required to
activate over-expressed native pro-apoptotic proteins in order for them to induce cell death. Here
we used copper sulfate at a concentration that is known to be sub-lethal (11). Cultures of yeast
doubly transformed with different combinations of expression vectors, including empty vectors,
pro-apoptotic genes, and TC-1 or 14-3-3 were serially diluted and spotted on nutrient agar
medium containing galactose alone or with sub-lethal copper sulfate (Figure 3.3A). The
inhibitory effects observed with all four pro-apoptotic genes was compensated for by the overexpression of TC-1 or 14-3-3 (Figure 3.3). Thus, TC-1 was able to protect against the effects of
multiple pro-apoptotic genes. We confirmed the results of the spot assays using vital dye-based
assays. Cultures of yeast cells having both empty vectors, empty vector and YCA1
overexpressing plasmid, as well as yeast having YCA1 and TC-1 expressing plasmids were
challenged with a low level of copper in order to activate the overexpressed Yca1p and viability
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was determined 18 hours later. Yeast expressing YCA1 had a lower survival rate (62.0 ±6.2%),
compared to control cells with both empty vectors (87.4 ±2.8%) (Figure 3.3B).

Figure 3.3 TC-1 protects against pro-apoptotic genes. (A) Yeast cells harbouring control plasmid (Vector) or
plasmids expressing different pro-apoptotic sequences including NUC1, AIF, YCA1 or YBH3 were co-transformed with
either empty plasmid (vector) or a plasmid expressing TC-1 or 14-3-3. The spot growth assay was used to assess the
growth of the transformants on YNB medium with galactose alone (Control) or with a sublethal concentration of copper
sulfate (CuSO4). The cells were allowed to grow at 30° C for 3 days, and photographs of the plates are shown. (B) Freshly
growing cultures of yeast transformants with two empty vectors (Control), one empty vector and a YCA1 expressing
plasmid (YCA1) or the YCA1 and the TC-1 expressing plasmids (YCA1+TC-1) were challenged without (-) or with (+)
sublethal Yca1p activating levels of copper (CuSO4). Viability was determined by microscopical examination of at least
300 cells. The data are shown as the percentage of cells that survive and represent the median ± SEM of at least n=3
independent experiments. * indicates that the viability of cells expressing YCA1 alone was significantly lower than the
viability of control cells with p-values <0.05 while ** indicates that the viability of cells expressing YCA1+TC-1 was
significantly higher than the viability of cells expressing YCA1 alone with p-values <0.05.
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This reduced viability, induced by activated Yca1p was mitigated by the co-expression of
TC-1 as cells expressing both TC-1 and YCA1 had increased survival rates (78.8 ±0.5%),
compared to yeast expressing YCA1 alone (62.0 ±6.2%)(Figure 3.3B).
In our hands, the overexpressed YCA1 and YBH3 were the most lethal and their effects
were reversed by TC-1 (Figure 3.3A). In order to examine the possibility that TC-1 may be
inhibiting a specific Yca1p and/or Ybh3p pathway, we investigated if the knockout of YBH3 or
YCA1 would affect the ability of TC-1 to protect the cell. Cultures of wild-type as well as yca1Δ
and ybh3Δ mutants (Δ; deletion) harboring the vector, TC-1, or 14-3-3-expressing plasmids, were
spotted onto nutrient agar plates with and without copper stress (Figure 3.4A). TC-1 was able to
overcome the inhibitory effects of copper in all three strains. We have previously reported that
cells lacking YCA1 are more sensitive to copper than wild-type cells (113). This increased
sensitivity to copper, seen in (Figure 3.4A), serves to decrease the apparent protective effect of
TC-1. We thus used vital dye to further examine the effect of TC-1 on copper-mediated cell
death in yca1Δ cells. The viability of yca1Δ cells treated with copper is decreased to 11.1 ±1.7%
while the viability of these mutant cells is increased 63.7 ±2.9% by the expression of TC-1
(Figure 3.4B). Taken together these results indicate that TC-1 is not specific to either the Yca1p
or Ybh3p pathways and may be indicative that TC-1 is acting downstream of many different proapoptotic proteins. Other studies have also seen the protective effects of TC-1. It was
demonstrated that TC-1 binds to the β-catenin binding nuclear protein Chibby. Given that
Chibby is a negative regulator of β-catenin, TC-1 thus enhances Wnt pathway function and
increases cell proliferation (114). However, yeast is not known to have a Wnt-signaling pathway,
indicating that the human TC-1 gene is capable of activating an additional pathway that is
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present in yeast (115). Another possibility is that TC-1 may act as a regulator of the heat shock
response (97). This may indicate why TC-1 is capable of protecting against a myriad of proapoptotic stresses and proteins, and why some of the effects observed of TC-1 are similar to the
effects of 14-3-3, a chaperone type protein (116).
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Figure 3.4: TC-1 protects in the absence of pro-apoptotic genes. (A) The growth of wild-type yeast, as well as
mutants lacking YCA1 or YBH3 transformed with empty plasmid (Vector) or the TC-1 or 14-3-3 expressing plasmids, was
examined using a spot assay on YNB media with galactose alone or with the indicated concentrations of copper sulfate.
The plates were allowed to grow at 30° C for 3 days, and photographs of the plates are shown. (B) Galactose growing
cultures of wild-type yeast, as well as mutants lacking YCA1 transformed with empty plasmid (Vector) or the TC-1
expressing plasmid, were grown for 18 hours without (-) or with (+) 1.4 mM copper sulfate (CuSO4). Aliquots of the cells
were stained with trypan blue and viability was determined by microscopical examination. Viability was determined by
microscopical examination of at least 300 cells. The data is shown as the percentage of cells that survive and represents the
median ± SEM of at least n=3 independent experiments. * indicates that the viability of cells TC-1 was significantly higher
than the viability of control cells (Grey panels) (p-values <0.05).

3.4 MATERIALS AND METHODS
Yeast Strains, Plasmids and Growth
The Saccharomyces cerevisiae BY4742 (MATα his3∆1 leu2∆0 lys15∆0 ura3∆0) strain
was used for the wild-type strain. The yca1∆ and ybh3∆ deletion strains were isogenic to
BY4742 (11). The plasmids expressing the cDNAs for human 14-3-3β/α and TC-1 (Bh1) as well
as yeast YBH3, YCA1, AIF1 and NUC1 expressed under the control of the GAL1 galactoseinducible promoter, were previously isolated and described (55,56,58,103,112). The plasmids
were introduced into yeast using the lithium acetate method and were selected for, and
maintained by, the omission of the appropriate nutrient on YNBD (1% yeast nitrogen base
(YNB), 2% glucose and the required amino acids). In order to express the plasmid under the
influence of the GAL1 promoter, yeast was grown on YNBGal/Raf (1% YNB, 1% raffinose and
2% galactose).
Spot and Viability Assays
Yeast transformants that were maintained on YNBD medium with supplements were used
to inoculate liquid YNBD and were incubated at 30° C for 18–24 h with shaking. The freshly
saturated cultures were then used to inoculate liquid YNBGal/Raf (1 in 20) and incubated at 30
°C for 4–6 h with shaking. The cultures were then serially diluted (1:5) with sterile distilled
water, and 10 μL of each dilution was spotted onto agar plates, and subsequently incubated at
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30°C for three days. Spot assays were repeated a minimum of three times. Any substance, such
as copper sulfate, was sterilized before its addition to the agar plates. For viability assays, freshly
saturated cultures were then used to inoculate liquid YNBGal/Raf (1 in 100) and incubated at 30
°C with shaking with 1.4 or 1.6 mM copper sulfate (CuSO4) was then added to the cultures and
then incubated at 30 °C for 18-20 h with shaking. The cultures were then serially diluted, spread
onto nutrient agar plates, incubated at 30°C for 48h and the number of colonies determined
(106). Viability assays were repeated for a minimum of three times, and a minimum one
hundred colonies were counted for each assay. Alternatively, the cells were stained with the vital
dye for 10 minutes then viability was determined by microscopical examination of at least 300
cells in three different experiments (11). In order to activate the proteins that are expressed from
the different pro-apoptotic genes, the cells were treated with low sub-lethal levels of copper. We
use the maximum concentration which leads to the minimum cell death (1.6 mM for agar plates
and 1.0 mM for liquid cultures).

3.5 ACKNOWLEDGEMENTS
We thank F. Madeo for plasmids. This work was supported by grants from NSERC and the
Canadian Defense Academy to MTG. RW is the recipient of a scholarship from Ontario’s
Ministry of Research and Innovation.

3.6 CONFLICT OF INTEREST
The authors declare there is no conflict of interest.

28

Chapter 4
Functional characterization of human Annexin V (ANXA5) as a pro-survival cDNA
sequence in yeast.
4.1 Introduction
Annexins represent a large family of proteins that are highly conserved among most
eukaryotes (18). Biochemically they function as calcium-dependent phospholipid binding
proteins (117). Postulated functions of the annexin family include membrane organization and
trafficking events like endocytosis and exocytosis, ion channel modulation, and extracellular
activities such as receptor-ligand interactions (117). In spite of being intensively investigated, the
exact function of annexins nevertheless remains largely unknown (117). A number of groups
have shown that annexins will attenuate Programmed Cell Death (PCD) when overexpressed in
different cells including vertebrates and yeast (117,118). Even though yeast does not express any
identified endogenous annexins, the ability of mammalian annexins to functionally inhibit PCD
in yeast suggests that annexins can either function alone, or that yeast has atypical endogenous
annexins (117,118). Here we show that human ANXA5 can function to prevent PCD in response
to stress when heterologously expressed in yeast. We thus describe a genetic system that could
be used to determine the mechanisms of function of how annexins may be anti-apoptotic.
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4.2 Materials and Methods
4.2.1. Yeast Strains, Plasmids and Growth
The Saccharomyces cerevisiae BY4742 (MATα his3∆1 leu2∆0 lys15∆0 ura3∆0) strain was
used for the control strain. The plasmids expressing the cDNAs for 14-3-3β/α and Bh-80
(ANXA5), expressed under the control of the GAL1-galactose-induced promoter, were previously
cloned, as mentioned earlier (103,112). The plasmids were introduced into the yeast using the
lithium acetate method and were selected for, and maintained by, the omission of the appropriate
nutrient on YNBD (1% yeast nitrogen base (YNB), 2% glucose and the required amino acids).
In order to express the plasmid under the influence of the GAL1 promoter, yeast was grown on
YNBGal/Raf (1% YNB, 1% raffinose and 2% galactose).
4.2.2 Spot and Viability Assays
Yeast transformants that were maintained on YNBD medium with nutritional supplements
were used to inoculate liquid YNBD and were incubated at 30 °C for 18-24 h with shaking. The
saturated cultures were then used to inoculate liquid YNBGal/Raf (1 in 20) and incubated at 30
°C for 4-6 h with shaking. The cultures were then serially diluted (1:5) with sterile distilled
water, and 10 μL of each dilution was spotted onto agar plates, and subsequently incubated at 30
°C for three days. Spot assays were repeated a minimum of three times. Solutions such as
copper sulfate (CuSO4) were sterilized by filtration before addition to the agar plates.

For

viability assays, the appropriate concentration of CuSO4 was added to the cultures after 4-6 h of
growth in liquid YNBGal/Raf and then incubated at 30 °C for a further 18 h with shaking. To
determine viability, aliquots of the cultures were removed and stained with the vital dye trypan
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blue. Viability was determined by microscopical examination with dead cells appearing as blue.
At least 300 cells were examined, and the experiment was repeated at least three times (11).
4.3 Results and Discussion:
One of the characteristics of some annexins is their ability when overexpressed to decrease
stress-mediated cell death (118). Our lab previously identified human ANXA5 as a sequence that
could prevent Bax mediated growth inhibition in yeast (13). To determine whether human
ANXA5 is anti-PCD, rather than solely being a Bax suppressor, I evaluated its ability to prevent
cell death in response to copper. Copper is a well-known programmed cell death (PCD) inducer
that can be antagonized by overexpression of anti-PCD sequences (15,113,119,120). Using the
spot assay, cells containing empty vector or a vector expressing human 14-3-3 or human ANXA5
grew well on nutrient agar media containing glucose or galactose (Figure 4.1). When challenged
with increasing concentrations of copper, however, the growth of the control cells was noticeably
inhibited in a dose-dependent manner. In contrast, cells harboring the human annexin or human
14-3-3 expressing constructs grew even at the highest copper concentration. Because the spot
assay reflects a combination of cell proliferation rates and cell death, we used a vital dye
viability assay to assess the ability of ANXA5 to reduce cell death. The viability of the cells in
liquid culture was determined after 18 hours of incubation with or without 1.6 mM copper.
Cultures grown without copper had viabilities above 98% (Figure 4.2). The viability of control
cells was significantly decreased to 29.2 ±1.9% by copper. In contrast, cells overexpressing 143-3 or human ANXA5. had respective viabilities of 71% and 69% when grown with 1.6 mM
copper (significant differences with student t-test, p<0.001) (Figure 4.2). Therefore, human
ANXA5 is a pro-survival protein that can protect cells from copper stress in yeast.
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Figure 4.1 Heterologously expressed human annexin V (ANXA5) protects against the effect of copper on
growth. The spot assay was used to assess the ability of wild-type yeast cells transformed with plasmids expressing
human 14-3-3 and human ANXA5 for their ability to grow when challenged with copper. Fresh cultures of the strains were
serially diluted, and aliquots were spotted on YNB medium with galactose alone or with the indicated concentrations of
copper sulfate. The plates were allowed to grow at 30° C for 3 days, and photographs of the plates are shown.

Figure 4.2 Human annexin V (ANXA5) protects from copper-mediated cell death. Wild-type yeast cells
transformed with plasmids expressing human 14-3-3 and human ANXA5 were diluted into fresh medium and allowed to
grow without (-) and with (+) 1.6 mM copper (CuSO4) for 18 h. Viability was determined by microscopically examining
aliquots of at least 300 cells that were stained with the vital dye trypan blue. Viability is shown as the mean percentage
(%) of the cells that survived after treatment in triplicate experiments that were repeated at least 3 times. * denotes
significant differences with copper treated control cells (Vector) (Student t-test, p<0.001).
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It’s interesting to note that ANXA5 as well as other annexins can prevents stress-mediated
cell death in yeast in spite of the fact that yeast does not have an endogenous annexin (110,111).
This could be explained in a number of ways, but we favor one of the following rationales:
1- Yeast has an endogenous protein that functions as an annexin, but its sequence has
diverged from humans. Direct sequence identity between 2 proteins above 20% can be
detected by comparison algorithms. Nevertheless, proteins sharing less than 20%
identity may share a common ancestor and maintain similar functions, but their
similarity may not be easily detected. This is the case for the yeast caspase and BH3
containing protein (54,55). The sequence similarity between the yeast and human
caspase is limited to small regions and thus easily missed. It is the overall 3-D structure
of a protein that dictates its function, and this is what is conserved not the primary
sequences.
2- Annexins may maintain its function in the yeast. Thus its ability to bind Ca++ and/or
phospholipid may simply serve to protect stressed yeast. This may be analogous to a
heterologous drug such as a ROS scavenger (1,11,58,121).
3- Alternately, a more simple explanation is hormesis. Expressed annexin in yeast may be
seen as a foreign protein that itself triggers mild but not deadly stress in yeast. This
mild stress would induce hormesis in yeast. Hormesis is a state where protective
processes such as increased autophagy as well as increased expression of pro-survival
genes are induced (10). Hormesis is induced by mild stress and serves to protect against
more intense stress (10).
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In any event, the expression of annexin in yeast provides a model system with a functional
assay to monitor and dissect annexin function. I will discuss some of these aspects in chapter
five.
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Chapter 5
Conclusion and Future Work
This thesis characterized the pro-survival properties of human TC-1 and human ANXA5
when heterologously expressed in yeast. A direct TC-1 orthologue is not present in yeast. We
did, however, demonstrate that TC-1 is able to protect yeast against multiple stressors, including
overexpression of pro-apoptotic mouse Bax, yeast YCA1 and YBH3, as well as against copper
sulfate (Figure 3.3). Exactly how TC-1 is protecting the cell still needs to be determined. The
YCA1 and YBH3 pathways were examined, but when expressed in the knockout of YCA1 and
YBH3, there was no loss of protection, indicating that TC-1 is operating outside their pathways or
is simply not interacting specifically with those proteins. What is remarkable is that the human
TC-1 gene is capable of protecting yeast cells from stress-induced death. This indicates that TC-1
is likely capable of interacting with yeast-specific proteins. Alternatively, TC-1 may act for
independently for example by inducing mild stress in the cell that induces precondition or
hormesis (1,10).
For the second gene, we have identified human ANXA5 as a suppressor of human Bax
overexpression in yeast. It was found to protect against the inhibitory effects of another stress,
namely copper sulfate. In silico analysis of the yeast proteome revealed the absence of annexins
in yeast.
All in all, these studies clearly point out the usefulness of yeast as a model to identify the
role of human genes that may be involved in regulating PCD (10). The PCD-resistant phenotypes
of yeast strains heterologously expressing human ANXA5 and TC-1 developed here suggest that a
functional bioassay now exists to study the role and the structure of these two sequences as they
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regulate the cell death process. Even if their effects are non-specific; deciphering how mild stress
served to induce hormesis is an equally useful prospect.
5.1. Future Work of project 1:
Possible studies could include examining mutants of TC-1 in order to determine which
amino acids provide for its specificity and if the cells are still protected from PCD.
This could be accomplished by generating a pool of randomly mutated TC-1 cDNA as our
lab as done previously with RGS1 (122). These mutants could be examined for their ability to
prevent cell death. Sequence analysis of the mutants failing to protect yeast will serve to
identify key residues. Western blot analysis will be required to show that defective TC-1
mutants generate a detectable TC-1 protein in yeast. As well, it would be advantageous to
over-express TC-1 in mammalian cells in order to determine if TC-1 is also able to protect the
cells from the same stresses used in yeast. The over-expression of human genes in cultured
mammalian cells is technically more demanding than yeast, but it is theoretically very similar
(66). This would verify that yeast is a suitable model for studying PCD in order to answer
questions related to mammalian cells.
And finally, protein-protein interaction methodologies using interactive cloning (i.e.
two-hybrid system) or immunoprecipitation of TC-1 followed by mass spectrometry may
allow identification of proteins interacting with TC-1 (123,124). Such an approach may
lead to clues as to the function of TC-1. For example, the interaction of Bcl-2 with Bax
allows it to prevent cell death. Bcl-2 is anti-apoptotic which is up-regulated to prevent
apoptosis under many conditions including the stress which leads to enhancing cell survival
(1,22).
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5.2. Future work of project 2:
5.2.1 Characterize a possible role for calcium and the calcium binding annexin V
(ANXA5) protein in yeast PCD
PCD inducing stresses are known to increase the level of a number of intracellular proapoptotic second messengers including ROS, calcium and ceramide levels (27,126,128-130).
Proteins that can decrease the levels of those second messengers often serve pro-survival and/or
anti-apoptotic roles (11,15,34,58,106). For example, ROS scavengers such as superoxide
dismutase (SOD) genes can protect by decreasing ROS (125,126,127). Given that annexins are
capable of binding calcium, I hypothesize that human ANXA5 will prevent stress-mediated cell
death in yeast by serving to bind stress-mediated increases in calcium (Figure 4.3). This is based
on the fact that increases in calcium are well known to be involved in mediating stress-induced
cell death (58). I would first use the spot assay to determine the concentration of calcium
required to inhibit growth. This concentration will then be used to determine if ANXA5 will
prevent the calcium effect. Future work will involve Fura2 to determine if stress increases
calcium concentration in the yeast cytoplasm and whether ANXA5 can prevent this increase.
Although not extensively used in yeast, Fura2 methodology to monitor increases in calcium has
nevertheless been reported (132). We have previously used similar dyes such as the fluorescently
ROS-activated dye DH123 to monitor stress (34).
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Figure 5.1 Model of annexin function in yeast. Stress causes an increase in calcium that serves to trigger PCD.

Annexin V ANXA5 would bind and sequester calcium and thus prevent stress-mediated PCD.

5.2.2 Identify possible orthologous genes of the human annexin V (ANXA5).
The widespread distribution of annexins in many lower eukaryotes including some yeast
and other fungi (117) suggests the possibility that annexin was lost or systematically eliminated
from S. cerevisiae. Alternatively, it is possible that yeast has an annexin but that its sequence has
diverged to such an extent that it is not identifiable by routine Blast searches. Although many
yeast proteins retain high sequence identity with their human counterparts, many others show
more limited identity in the 20% range (54,66). In our search of the yeast proteome in the
Saccharomyces Genome Database (SGD; http://www.yeastgenome.org/), we identified two
genes [ YMR219W (ESC1), YDR361C (BCP1)] as sequences that share 29% and 20% identity
respectively with human ANXA5. The proteins are of unknown function so they could possibly
be annexin like functional counterparts. In other species, both proteins do not look like annexin
of other fungi either. To continue this aspect of the project, I would first obtain plasmids
overexpressing

the

two

candidate

yeast
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genes

(available

commercially;

http://dharmacon.gelifesciences.com/cdnas-and-orfs/non-mammalian-cdnas-and-orfs/yeast/yeastorf-collection/). The plasmids would be introduced into yeast cells, and then I will use spot
assays to show if the selected genes serve to promote the growth and prevent the cell death of
cells challenged with copper. Further analysis will be geared towards showing if the two proteins
retain biochemical properties of annexins including their ability to bind lipids and calcium. This
could be done by obtaining and testing recombinant proteins purified from E. coli as we have
previously done for human ferritin and yeast Rgi1p (34). I would use recombinant human
ANXA5 as my positive control since it is available commercially.
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