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Abstract

Polyploidy, increased copy number of whole chromosome sets in the genome, is a common
cellular state in evolution, development and disease. Polyploidy enlarges cell size and alters gene
expression, producing novel phenotypes and functions. Although many polyploid cell types have
been discovered, it is not clear how polyploidy changes physiology. Specificaly, whether the
enlarged cell size of polyploids causes differential gene regulation has not been investigated. In
thisthesis, | present the evidence for a size-sensing mechanism that alters gene expression in
yeast. My results indicate a causal relationship between cell size and gene expression. Ploidy-
associated changes in the transcriptome therefore reflect transcriptional adjustment to alarger
cell size. The causal and regulatory connection between cell size and transcription suggests that
the physical features of a cell (such as size and shape) are a systematic factor in gene regulation.
In addition, cell size homeostasis may have a critical function — maintenance of transcriptional

homeostasis.
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Chapter 1. Introduction

Polyploidization/whole genome duplication as a mechanism of evolution

Recent advances in genome sequencing and comparative genomics indicate that many
living diploid organisms are pal eopol yploids — ancient polyploids that underwent diploidization
through sequence divergence between the duplicated chromosomes (Wolfe, 2001). Polyploidy is
particularly common in the plant kingdom. Many diploid plants have been referred to as
paleopolyploids (Blanc and Wolfe, 2004). Species that are polyploid appear to be more prevalent
in colder regions, usualy establishing niches different from those of their diploid progenitors
(Hegarty and Hiscock, 2008; Hijmans et al., 2007). The relationship between genome duplication
and evolution was pioneered by Susumu Ohno, who proposed the idea that whole genome

duplication/polyploidization creates substrates for evolution (Ohno, 1970).

Ohno specifically hypothesized that two rounds (2R) of whole genome duplication
shaped the evolutionary history of vertebrates. This hypothesis was largely based on his
discovery of seemingly quadruplicated chromosomal segmentsin the human genome. A later
study showed that the four large homeobox gene clustersin vertebrates arose from duplications
of one ancestral cluster related to the cluster in Drosophila (Schughart et al., 1989). The high
degree of conservation of structural organization between the vertebrate and insect clusters
suggests that the duplications involved large chromosomal regions, or possibly entire
chromosomes. Since duplications of individual chromosomes tend to be del eterious, whole

genome duplication was proposed as a plausible mechanism.

Recently, four copies of large (>100 gene) chromosomal segments have been identified
in at least 25% of the human genome, and these segments have corresponding, single-copy
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paralogous regions in the primitive cordate sea squirt Ciona (Dehal and Boore, 2005). The
conserved structural organization and the large number of such paral ogous genomic segments
favor whole genome duplication. Generation of these regions through a series of independent
small gene amplification would be extremely unlikely at the same time. Furthermore, four-fold
duplication is the dominant mode of redundancy for the paraogs in the human genome. The
simplest and most likely mechanism of the large scale four-fold duplication is two rounds of

whole genome duplication, a strong argument for the 2R hypothesis.
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More striking evidence for Ohno's hypothesis comes from the fungal kingdom. Species of
the Saccharomyces genus appear to have evolved from atetraploid ancestor that arose from
whole genome duplication. A systematic search for sequence homology within the
Saccharomyces cerevisiae genome led to the discovery of 55 pairs of large (longer than 50Kb on
average) duplicated regions scattered throughout the genome. Within each pair of duplicated

regions are homolgous genes in conserved gene order and orientation with respect to the



centromeres (Wolfe and Shields, 1997). A tetraploid origin for Saccharomycesis thusinferred.
Whole genome duplication likely gave rise to the tetraploid ancestor around 100 million years
ago, after Saccharomyces diverged from Kluyveromyces. Most of the functionally redundant

gene pairsin the ancient tetraploid lost one member as the organism further evolved.

The emergence of fermentative yeast speciesis cited as one of the best documented
example for the evolutionary consequences of whole genome duplication. In S. cerevisiae, many
of the gene pairs retained after genome duplication participate in carbohydrate metabolism and
show differential expression patternsin response to glucose or oxygen availability (Wolfe and
Shields, 1997). The duplicated genes escaped deletion by gaining novel functions to cope with
conditions related to fermentation. Independently, comparative genomics shows systematic
transcriptional network rewiring in descendents of the tetraploid ancestor. The descendent
species appear to have lost a cis-regulatory element upstream of dozens of ORFs encoding
mitochondrial ribosomal proteins, whereas the same cis element is retained in promoters of genes
required for cytoplasmic ribosomal biogenesis (Ihmels et a., 2005). As aresult, synthesis and
assembly of cytoplasmic ribosomes are decoupled from mitochondria ribosomes, enabling these
organisms to thrive in low-oxygen conditions and to ferment. In contrast, species that did not
evolve from the tetrapl oid ancestor, such as Candida albicans, have the cis-regulatory element in
genes for both mitochondrial and cytoplasmic ribosome biogenesis. As expected, these species
display a strong correlation between mitochondrial and cytoplasmic ribosomal biogenesis and do

not grow anaerobically.
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Figure 2. Phylogenetic tree of fermentative (rapid anaerobic growth) and non-fermentative (rapid aerobic growth)

yeast species (Ihmels et al., 2005).

The apparent link between whole genome duplication and fermentative yeast speciation
exemplifies the evolutionary potential of polyploidy. Gene duplication on the whole genome
scale provides unparalleled evolutionary space, making rapid and coordinated extensive changes
in fundamental cellular processes (such as metabolism) possible. It is worth noting that the whole
genome duplication event occurred as fruiting angiosperms popul ated the earth’ s flora (Wolfe
and Shields, 1997). The enhanced evolutionary potentia of polyploidy and the increasing

availability of fruits likely fostered the emergence of fermentative yeast.

Polyploidy in diploid multi-cellular organisms during development, stress r esponse and

tumorigenesis

In awide range of tissues in diploid organisms, polyploidy is achieved through endo-
replication, a specialized cell cycle in which the genome content increases by DNA replication
without subsequent cell division (Edgar and Orr-Weaver, 2001). Trophoblasts and

megakaryocytes are well-known mammalian examples of polyploid cell types arising from endo-



replication (Edgar and Orr-Weaver, 2001; Ravid et al., 2002). Multiple tissues in Drosophila
initiate endo-replication to become polyploid during embryogenesis, and endo-replication occurs
again later in cellslining the larval gut track (Smith and Orr-Weaver, 1991). Various somatic
tissues in seed plants are also known to become highly polyploid during development (Barow

and Meister, 2003; Galbraith et a., 1991).

Polyploidy via endo-replication, typically associated with terminal differentiation, is
considered a convenient mechanism to produce cells with high metabolic capability and
specialization in mass production/storage of macromolecules (Edgar and Orr-Weaver, 2001). In
Drosophila adult females, polyploid nurse and follicle cells are crucial for oocyte development.
Specific disruption of endo-replication in these cells severely delays maturation of egg chambers
and resultsin sterility (Maines et al., 2004). Trophaoblasts in the mammalian placenta have a
DNA content of >1000C. They facilitate embryo implantation and are needed to meet the high
demand of molecular transport between mother and fetus (Zybina and Zybina, 2005).
Differentiation of megakaryocytes requires multiple rounds of endo-replication. High ploidy (up
to 128n) facilitates mass production and release of platelets (Ravid et al., 2002). During plant
seed devel opment, endo-replication correlates with rapid biosynthesis of starch and overall
increase of endosperm mass (Lee et al., 2009; Schweizer et a., 1995). Seed plants capable of
endo-replication in somatic tissues tend to develop, flower, and produce seeds faster than species
without endo-replication in the same geographical niche. Endo-replication/polyploidy in key
organs seems to boost metabolism in these species to impart an advantage in growth (Barow and

Meister, 2003).
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Figure 3. Examples of endo-replicating polyploid cell
typesin plants and animals. (a): Endosperm in a plant
embryo. (b): Trophoblasts in mammalian placenta. (c):
Nurse and follicole cells in the devel oping egg chamber
of Drosophila. (d): Scale-producing cellsin the wing
epithelium of the moth Ephestia. (€): Megakaryocytes.
(a) to (c) are modified from (Lee et a., 2009), (d) from
(Edgar and Orr-Weaver, 2001) and (e) from (Ravid et al.,

2002).
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Polyploidization has been observed in hepatocytes and cardiomyocytes as a proliferation-
independent stress response. Hepatocytes with dysfunctional telomeres do not undergo apoptosis
or senescence as do mitoticaly active cells. When challenged by the demand to regenerate liver
after partial hepatectomy, these cells perform endo-replication to become polyploids, a process
that accounts for the regeneration of liver mass and function (Lazzerini Denchi et al., 2006).
Polyploid cardiomyocytes are found in human hearts after myocardia infraction (Herget et al.,
1997). A switch to endo-replication may be a convenient means to cope with injuries when

neither cell death nor proliferation is desirable.

Polyploidy in tissues can occur not only through programmed endo-replication but also as
an undesirable result of failed cytokinesis, mitotic slippage from spindle checkpoint, or
pathogen-induced cell fusion (Ganem et a., 2007). The resultant polyploids exhibit greater
chromosomal instability and increased tumorigenic potential. Tetraploid p53-null mouse
mammary epithelial cells, but not the genetically matching diploid cells, produced tumorsin
vitro and in vivo with numerous gross chromosomal rearrangements (Fujiwara et a., 2005). A
study on clinical samples of cervical tissue revealed a strong correlation between tetraploidy and
near-tetraploid aneuploidy, both of which were significantly over-represented in dysplastic
samples compared with normal samples. The aneuploidy is largely dependent on the presence of
tetraploidy in abnormal samples, indicating that aneuploidy developed from tetraploidy during
disease progression (Olaharski et a., 2006). A number of other studies aso indicate that
tetraploidy is an early, intermediate state in the devel opment of cancer [summarized in (Ganem
et a., 2007) and (Olaharski et a., 2006)]. Besides genome instability, dominant mutationsin key
oncogenes may accumulate more efficiently in polyploids and thereby raise tumorigenic

potentia (Otto, 2007).
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Ploidy and gene expr ession — examples from multi-cellular eukaryotes

Functional and morphologica changes associated with polyploidy indicate that ploidy
alters gene expression. Despite a plethora of known polyploid cell typesin multi-cellular
organisms, few cell types have been transcriptionally characterized. Gene expression profiling of
human and mouse cardiomyocytes and hepatocytes shows that awide range of processesin
stress response are induced by polyploidy, such as inhibition of apoptosis, response to hypoxia,
DNA damage repair, glycolysis and protein turnover (Anatskaya and Vinogradov, 2007). This
discovery is consistent with the known injury-coping capabilities of polyploid cardiomyocytes
and hepatocytes (Herget et a., 1997; Lazzerini Denchi et a., 2006). However, it is unclear to
what extent the observed differential gene expression was strictly caused by polyploidy. Cells at
different ploidy states could reside in distinct micro-environments in the heart and liver tissues.
Differential regulation of some of the genes could reflect changes in external factors.
Furthermore, it has been shown that the majority of polyploid hepatocytesin mice are
binucleated (Lu et al., 2007). Such binucleated cells could represent a different physiological
state from endo-replication derived polyploidy. Whether or not the binucleated cellsin heart and
liver tissues were excluded from the transcriptome profiling was not specified. These technical
concerns reflect the greater complexity of cellular biology in the context of tissue or organ

devel opment.

Transcriptional profiling of human megakaryocytes (2n to 16n) differentiated in vitro
revealed down-regulation of genesinvolved in DNA replication and repair, whereas genes
important for platelet production and secretion were up-regulated (Raslovaet al., 2007). Ploidy-
associated induction of platelet biogenesis genesis consistent with the physiology of polyploid

megakaryocytes. It isunclear why DNA replication and repair factors were repressed in the
12



polyploids. The authors proposed two interpretations of the results, based on the increasing
expression of platelet biogenesis genes with increasing ploidy. One interpretation is that
polyploidization is likely a part of the terminal differentiation program of megakaryocytes, rather
than a pre-requisite of differentiation, as the platelet biogenesis genes were already induced
during the polyploidization process. Alternatively, the results could reflect rising probability of
terminal differentiation as ploidy increases. This study posed technical challenges that hindered a
better understanding of the megakaryocyte ploidy series. Because of the low abundance of
megakaryocytes in bone marrow, culturing the ploidy seriesin vitro was necessary. However the
cultured megakaryocytes only could reach a much lower ploidy level and were mixed with
progenitor cells. Consequently the results obtained in vitro may not reflect the physiology in vivo

or the changes wholly unique to the megakaryoctye transcriptome.

Although many studies on gene expression in polyploid plants have been published, the
literature is predominately based on allopolyploids, in which the “homologous’ chromosome sets
come from different parental species. Allopolyploidy is prominent in the plant kingdom, and
many species important to agriculture and manufacture (wheat, oat, cotton, coffee, canola...etc)
are alopolyploids (Osborn et a., 2003). Hybridization of different genomes, rather than
polyploidization per se, is known to cause large-scale, rapid changesin alopolyploids (Albertin
et a., 2006; Albertin et a., 2005; Osborn et a., 2003; Otto, 2007). Some of the altered gene
expression in alopolyploids results from deletion or rearrangement in the genome upon
hybridization [mechanisms reviewed in (Osborn et a., 2003)]. Besides genetic changes,
transcriptional regulators encoded by the different genomes may interact in anovel or
unbalanced fashion, altering their molecular function. Factors encoded in one genome may

differently regulate the chromatin on the other genome. Both mechanisms would lead to many
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epigenetic changes in alopolyploids, which often display novel traits and thus evolutionary
opportunities when compared with their parental species (Osborn et al., 2003; Wang et dl.,

2004).

Autopolyploid plants, in which the homologous chromosome sets come from asingle
species, have attracted much fewer molecular investigations than allopolyploids. The
autopolyploidy state may be more difficult to maintain. Asillustrated in the genome evolution of
yeast (Wolfe and Shields, 1997), duplicated homologous genes that are functionally redundant
tend to face rapid elimination in the process of re-calibration of the genome to the diploid state.
Nonetheless a few autopolyploid species have thrived and play important roles in agriculture,

such as dfalfa, cassava and potato (Guo et a., 1996; Osborn et al., 2003).

One study compared expression levels of 18 genesin the leavesin aploidy series of corn
(Guo et a., 1996). One gene encoding athiol protease was strongly repressed in the
autopolyploids. Another gene of unknown function was significantly induced by increasing
ploidy. It was concluded that with few exceptions, autopol yploidy increases gene expression on a
per cell basis, and the increase is proportional to the gene dosage at the given ploidy. Proteomics
of leaf and stem tissues in autopolyploid cabbage agree with this notion (Albertin et a., 2006;

Albertin et a., 2005).

The model plant species Arabidopsis thaliana has been examined in the context of
autopolyploidy. A small number of genes among the ~2300 examined in the leaf tissue showed
ploidy-associated changes in expression (Wang et a., 2004). Repressed in the autotetraploid
were genes encoding a cellulose synthase subunit, a NAD-dependent malate dehydrogenase, a

DNA-binding protein, and a putative protein of unknown function. Induced by ploidy were genes
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encoding Rad54 for DNA repair, aprotein for vacuolor sorting/transport, a nuclear matrix
component, and a kinesin-related protein. Why these genes were differentially regulated in the
autotetraploid was not explored, since alotetrapl oids were the focus of the study and the
autotetraploid was included as a control for ploidy. Notably, RNAI inhibition of two DNA-
methylases known to modify the chromatin of RAD54 derepressed its expression in
alotetraploids. It remains to be examined whether autotetraploidy alters the expression of
RAD54 by affecting methylation of its chromatin.

In one study, polyploidy-dependent differential methylation in A. thaliana was observed
in the transgene hydromycin phosphotransferase (HTP) (Mittelsten Scheid et al., 2003).
Hydromycin resistance conferred by HTP was stably inherited in diploids but subject to
progressive loss in autotetraploids. Loss of hydromycin resistance was not due to mutationsin
the nucleotide sequence but was correlated with cytosine methylation levelsin the gene.
Interestingly, presence of the methylated allele of HTP caused progressive methylation and
repression of unmethylated allele. The trans-methylation phenomenon between epi-alleles
required meiosis in tetraploids, suggesting that polyploidy alters chromosomal interactionsin

meiosis and enables novel trans-regul ation between cis-elements.

Budding yeast as a model system to study conseguences of polyploidy

The unicellular S. cerevisiae is amenable to precise genetic engineering and can be
cultured at multiple ploidy states. Recent studies have demonstrated that budding yeast is a
useful model system to investigate the effects of polyploidy on cellular physiology. Similar to

higher eukaryotes, yeast cells enlarge as ploidy increases (Andalis et a., 2004; Di Taliaet d.,
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2007; Galitski et al., 1999; Storchovaet al., 2006). Besides the enlarged cell size, polyploid yeast
exhibits different gene regulation and phenotypes compared to haploids and diploids.

A microarray-based study identified a small number of ploidy-regulated genesin yeast
(figure 4), i.e., genes whose transcript representation is altered proportionally to ploidy (Galitski
et a., 1999). Because the employed yeast strains had identical genome sequence, this study
unambiguously demonstrates an effect of ploidy on gene regulation. Although the genes
identified did not reveal how ploidy alters gene expression, differential regulation of some genes
accounts for phenotypes unique to polyploids. For example, strong repression of the adhesin-
encoding gene FLO11 severely diminishes agar adhesion of polyploids. The strongly ploidy-
induced CTSL encodes an endochitinase promoting mother-daughter separation at cytokinesis.

Elevated expression of CTSL likely contributes to the much reduced cell-cell association of

polyploids.
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Figure 4. Anisogenic ploidy series and genes differentially regulated in them (Galitski et al., 1999). L eft:

Exponentially growing cells of anisogenic MATa series. Cell size increases with increasing ploidy. Right: Ploidy-
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regulated genes identified by transcriptome profiling with microarrays. Expression levels of a gene in the ploidy

series are normalized to the mean (set to 0) and the standard deviation (set to 1).

In stationary phase, polyploid but not haploid yeast cellsfail to arrest their cell cycle and
lose viahility rapidly, although the transcriptional profile of polyploids resembled stationary
phase (Andalis et a., 2004). The loss of viability is partially rescued by heterozygosity at the
mating-type loci, which improves the efficiency of mitotic arrest of polyploidsin stationary
phase. When incubated in water instead of spent medium, post-diauxic polyploid cells arrest cell
cycle and maintain viability like haploids. These observations of polyploid growth suggest
abnormalities in signaling pathways transmitting nutrient availability to cell cycle regulation, so
that depletion of nutrientsis not sensed properly and that absolute deprivation from energy
source is needed to arrest cell cycle. Consistent with this explanation, in the absence of the G1
cyclin CIn3, mitotic entry is diminished and viability is significantly restored in polyploids
(figure 5). In WT haploids, CIn3 protein level is down-regulated to delay mitosis in response to
nitrogen (Gallego et al., 1997) and carbon (Hall et al., 1998) depletion. Polyploids likely suffer
from an inability to down-regulate CLN3 and thus aberrantly continue cell cycle progression,
regardless how unfavorable mitosisis under the growth condition. Deletion of CLN3 could
restore viability by enabling a switch from proliferation to quiescence (G0), even though CLN3

appears to be required for optimal metabolic adaption to stationary phase (figure 5).

Figure 5. Deletion of CLN3 restores
survivorship of polyploidsin stationary phase
(Andaliset a., 2004). Cellsgrownin
stationary phase for 12.5 days were serialy

P~ diluted and spotted onto Y PD to compare
4n cin3/cin3/cin3/cin3 . O e = viability
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Polyploid yeast has also provided much insight on the origin of genome instability
associated with increasing ploidy during tumorigenesisin metazoans. A systematic survey
identified lethal mutations specific to tetraploids but not to haploids or diploids (Storchovaet al.,
2006). The mutations collectively revea vulnerability in sister chromatid cohesion, homologous
recombination and mitotic spindle function. Sensitivity to perturbations in these processes
reflects the greater burden of maintaining a much larger and more complex genome. Because the
probability of spontaneous DNA damage increases with increasing DNA content, polyploids
endure a higher frequency of DNA lesion, rendering DNA damage repair an essential process for
survival. The most pronounced genomic defect in polyploids is the much higher rate (>200x) of
chromosome | oss, and syntelic attachment of chromosomes (both sister chromatids are attached
to the same spindle pole) occurs more frequently in polyploids. Fluorescence imaging and
el ectron tomography show that while the spindle pole body expands its surface area
proportionally to ploidy and to the number of nuclear microtubules, the length of pre-anaphase
spindle remains unchanged by ploidy (figure 6). The unequal scaling between spindle pole body
and spindle length could favor syntelic attachment. Defects in sister chromatid cohesion, of
which the basisin polyploidsis unclear, could lead to increased synthelic attachment and

chromosomal loss as well.
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Figure 6. Unequal scaling of pre-anaphase spindle length and spindle pole body surface area (Storchova et al.,
2006). L eft: Fluorescence microscopy images of cells expressing Nup116-Y FP (red) to mark the nucleus envelope
and Tub1-GFP (green) to label the mitotic spindle. The spindle length is maintained constant, independently of
ploidy. Right: Models of the mitotic spindle in diploid and tetraploid cells constructed from electron tomography.
Central plaques of spindle pole bodies are shown in blue. Green and magenta lines denote microtubules nucleating
from different spindle pole bodies. Measured average surface area of spindle pole body is 0.022 um? in diploid and

0.043 pm? in tetraploid.

Control of cell sizein yeast and metazoans

One immediate effect and prominent feature of polyploidy is enlarged cell size (Otto,
2007), the threshold of which is established dynamically as a coordinated outcome of cell growth
and cell cycle progression (Cook and Tyers, 2007). How polyploidy raises the cell size threshold
is unknown, because the exact mechanism of cell size regulation in haploids or diploidsis not yet
well understood. Much of the molecular insight into control of cell size comes from el egant
studies in budding and fission yeast.

In budding yeast, mutations that alter either cell growth or cell cycle progression change
the size threshold. Cell cycle mutants that hasten or delay cell cycle progression lead to reduced
or increased cell size, respectively (Cross, 1988; Jorgensen et a., 2002). A systematic screen for

mutations altering cell size revealed arole of ribosome biogenesisin cell size control. Mutations
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that impair ribosome assembly lower cell size threshold (Jorgensen et a., 2002), reminiscent of
the slower ribosome synthesis and reduced cell size during nutrient starvation (Kief and Warner,
1981; Schneider et a., 2004). Details of the functional link between ribosome assembly/activity
and cell sizeregulation await elucidation. Polyploidy may enlarge cell size by increasing the rate
of ribosome biogenesis, since the cell division frequency is unchanged by ploidy (Di Taliaet al.,
2007). A recent discovery, likely apromising lead to a greater understanding of the connection
between ribosome activity and size control, is chaperone-dependent release of G1 cyclin CIn3
from the rough ER periphery in late G1 (Verges et a., 2007). CIn3 is the most upstream activator
of cell cycle progression (Bloom and Cross, 2007), and its mutant alleles ater the cell size
threshold (Cross, 1988). Regulation of CIn3 localization by chaperones at the ribosome-
associated ER could represent a simple device for coupling growth and cell cycle progression.
The rate of ribosome biogenesis and activity of chaperones likely reflect a cell’ s growth status
and thus the fitness level for mitosis. Only when the capacity for mitosis exceeds a threshold
level would the chaperons on the ER release a sufficient amount of CIn3 to initiate cell cycle

progression.

-
early G1 /A/ . - Figure 7: Model for ER-tethering of Cln3 and its release for

CLN3 g‘“"a/
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translation

nuclear accumulationin late G1 (Verges et al., 2007). During

'( nucleus likely through binding the adaptors Cdc28 and chaperone Ssal.
r »
" / Cdc28. Ssal recognizes the J domain of CIn3 and is thought to maintain
p e
W late G1  acatalytically inactive state when bound to CIn3 in vivo. In late

G1, the Jdomain of another chaperone Y dj1 presumably displaces CIn3 from Ssal. Localization of the CLN3

mRNA by Whi3 at the ER is based on findingsin a previous study (Gari et al., 2001).
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In fission yeast, arecently identified gradient of the kinase Pom1, coupled to a sensor of
this gradient, the kinase Cdr2, isinvolved in the coordinated cell growth and cell cycle
progression (Moseley et al., 2009). Activation of Cdr2 is necessary for entry into mitosis, and
PomLl inhibits the activity of Cdr2. Anchoring of Pom1 at the two poles of the cell creates zones
of mitotic inhibition. Confined localization of Cdr2 to the middle of the cell ensures mitotic entry
does not occur until the cell elongates to a certain dimension so that Cdr2 is sufficiently

separated from the inhibition of Pom1.

a __Pomi-GFP b
76um| D Figure 8: The spatial gradient of Pom1
s7um| ) 3 and the gradual depletion of its
9.8um| & 3 § abundance in mid-section as the cell
g
10.7pm| ) | 2 elongates (Moseley et al., 2009). (a)
115 um| ‘ - Localization of Pom1 in cells of
Distance (um) various sizes. (b) Abundance of Pom1
Growth T Pom1 across cells of different sizes, based on
—>
seose Cdrz signalling (on) - quantified GFP fluorescence intensity.
Early G2 Late G2

(c) Model for spatial regulations of Pom1 and Cdr2 that enables size-dependent activation of Cdr2 to prevent

premature mitotic entry of smaller cells.

Multiple proliferating cell types of vertebrates cultured in vitro have demonstrated the
existence of a size-sensing mechanism in G1 that regulates timing of S phase onset (Dolznig et
al., 2004). This mechanism coordinates cell growth and cell cycle progression, thereby
maintaining a size threshold. Human and chicken erythroblasts, as well as mouse fibroblasts,

shorten the duration of G1 phase when they have been manipulated to enlarge prior to early G1
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in the cell cycle. Theresult is an efficient reset of cell size in one doubling time. The size
threshold is aso adjusted accordingly to growth conditions. A faster growth rate promoted by
stronger growth signaling raises the size threshold despite more frequent cell division. The cell

size threshold, growth rate and doubling time all appear to adapt to changes in growth conditions

and reach their defined set points rapidly and reversibly.

600- ® Figure 9: Cultured erythroblasts reversibly alter cell size in response to
E 500‘. “ changing growth conditions (Dolznig et al., 2004). Large cellsin afast
% :ZZ: growing condition (black filled circles) are either maintained in the same
200+ condition or switched to a slower growing condition (open white squares)

0 5 10 15 20 for 9 days (gray area). The latter population was then switched back to the
Days in culture

fast growing condition (gray filled circles).

In cultured mouse lymphablasts, the cell size appears to be maintained by regul ated
growth rate and cell division frequency (Tzur et al., 2009). The growth rate positively correlates
with cell size until acritical size threshold, beyond which the growth rate declines with
increasing cell size. The frequency of cell division also correlates positively with cell size. Both
observations reveal how growing cells efficiently reach adesirable size and divide in aregulated
fashion. Collectively, the growth and division parameters of multiple cell types support the

existence of an exquisite cell autonomous mechanism that maintains size homeostasisin

metazoans.
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Figure 10: Maintenance of cell size by controlled growth rate and cell division frequency (Tzur et al., 2009). (a)
Growth plot (black line with open squares) of isolated newborn lymphoblasts. Red and blue curvesindicate two
different approaches of extrapolating the data. Before reaching the critical cell size 2000 fL, 65% of the population
would have undergone cell division. (b) Populations of cells of the same age at 9 hours and 11 hours after birth were

tracked for the proportion of cells divided at a specified cell size.
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Summary

Polyploidy is a prevalent physiological state achieved by multiple mechanismsin
evolution, differentiation and disease. In the context of evolution, the duplicated copy of a
genome s less functionally constrained and has greater capacity to evolve novel functionsin a
coordinated fashion on a genome-wide scale. In development, differentiation and stress response,
polyploidy is part of an organ’s repertoire to rapidly increase biomass and metabolism when
proliferation is either undesirable or incapable of achieving the intended physiology. Formation
of aneuploid tumors likely requires a polyploid intermediate that is genomically unstable and
thus increases the probability of transformation.

Although many polyploid cell types have been discovered, how increasing ploidy
enlarges cell size and aters cellular physiology remains enigmatic. Few polyploid cell types have
been thoroughly analyzed and compared to their genetically matching haploid or diploid
progenitors. Detailed mechanistic investigations on isogenic ploidy series can provide the
missing information. In particular, studies directly probing a relationship between cell size and
atered physiology in polyploids are lacking. Such arelationship likely exists and plays a
fundamental rolein cellular biology, since maintenance of cell size homeostasi s through
sophisticated coordination of cell growth and division isfound in awide range of organisms. The
ease of genetic engineering and the extensive information about cell metabolism and growth
make yeast an ideal organism for deciphering the intricate rel ationships among ploidy, size and

function.
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Chapter 2. Control of gene expression by cell size
(contents of this chapter have been submitted to the journal PLoS Biology)

Summary

Polyploidy, increased genome content arising from whole genome duplication, plays an
important role in evolution, development and tumorigenesis. Polyploids exhibit enlarged cell size
and altered gene expression, but the basis for the relationship is not known. My datain this
chapter show that ploidy-associated changes in gene expression reflect transcriptional adjustment
to alarger cell size, implicating cellular geometry as a key parameter in gene regulation. Using
RNA-seq, | identified genes whose regulation was altered in atetraploid as compared with an
isogenic haploid. Regulation of these genes was then examined in haploid genetic mutants that
also produce increased cell size. In both contexts, cells with increased cell size share a
substantial number of identically differentially regulated genes. Analysis of the size-regul ated
genesidentified a transcription factor that mediates size-dependent regulation. The result
suggests a causal relationship between cell size and transcription with a size-sensing mechanism
that adjusts gene expression in response to changes in size. Transcriptiona responses to enlarged
cell size could underlie other cellular changes associated with polyploidy. Furthermore, the
causal relationship between cell size and transcription suggests that cell size homeostasis serves

aregulatory role in transcriptome maintenance.

Introduction
Mounting genomic evidence suggests that a wide range of diploid eukaryotic species

have evolved from polyploid ancestors with duplicated genomes, as hypothesized by Ohno

29



(Kasahara, 2007; Semon and Wolfe, 2007). Polyploid organisms exist in multiple kingdoms and
are especially prevalent among plants. During development, specific cell typesin diploid
metazoan organisms perform endo-replication and differentiate into polyploid cells that manifest
novel functions distinct from their diploid progenitors (Lee et al., 2009). Polyploidy also occurs
as an intermediate state in aneuploid tumor formation (Ganem et al., 2007). From yeast to
mammals, polyploidy is associated with enlarged cell size and altered cellular physiology
(Andaliset a., 2004; Galitski et al., 1999; Lee et a., 2009; Storchovaet a., 2006). Despite a
plethora of known polyploid cell types, how ploidy changes cellular physiology remains elusive.
Moreover, no causal relationship between enlarged cell size and atered physiology has been
uncovered. Detailed molecular characterization of polyploid tissues in metazoans and plants has
been limited by technical constrains. Methods for precise manipulation of the genome have yet
to be fully developed for higher eukaryotes, and therefore it is difficult to access alarge quantity
of isogenic cells of different ploidies grown in native conditions.

The budding yeast presents an ideal system to decipher the relationship among ploidy,
cell size and gene expression. Elegant molecular genetics enables convenient and precise
engineering of the yeast genome. Isogenic polyploids can be constructed from haploids and then
stably maintained, greatly facilitating ploidy-based experimentation. A small number of ploidy-
regulated genes was identified by comparing transcriptomes of isogenic yeast strainsin aploidy
series using microarrays (Galitski et al., 1999). Differential regulation of these genes explains
some phenotypes displayed by polyploids. However, the small set of ploidy-regulated genes did

not reveal any mechanistic relationship between ploidy and gene expression.

This earlier work was technically hampered in two aspects:. First, the transcriptomes were

isolated from the Sigma 1278b yeast strain, of which the genome sequence was unknown. Hence,
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microarrays designed for the S288c strain background was employed. The Sigma 1278b genome
has now been sequenced and annotated, and comparative genomics reveals substantial
differences in polymorphisms and genomic organizations between the two strain backgrounds
(Dowedll et d., 2010). The differences in genome sequences limited the power of detection by
oligonucleotide hybridization in the earlier study. In addition, transcripts specific to the Sigma
1278b background would elude detection by the S288c-based microarray. Hence, genomic
differences between the two strain backgrounds likely resulted in many fal se negatives. The
second technical limitation was inherent to the use of microarrays. Undesirable cross-
hybridization is always of concern, and the analog signal output diminishes the quantitation
dynamic range. Shotgun transcriptome sequencing (RNA-seq) provides a more powerful
profiling platform than the microarray with a greater dynamic range, higher detection sensitivity,
and better differentiation between paral ogous sequences (Mortazavi et al., 2008; Shendure, 2008).
The available Sigma 1278b genome sequence and the advent of RNA-seq now provide the
resolution necessary for the genome-wide determination of afunctional connection among genes

regulated by ploidy.

In this chapter, | present evidence for a size-sensing mechanism in yeast that alters gene
expression. Ploidy-associated changes in gene expression thus reflect transcriptional adaptation
to alarger cell size. Using RNA-seq, | identified genes differentially regulated in tetraploids
when compared to haploids. Gene ontology (GO) analysis shows that ploidy-regulated genes are
significantly enriched for those encoding cell surface components. | then found that haploid
mutants with enlarged cell size, a prominent physical feature of polyploids, aso show altered
expression of ploidy regulated genes. These results indicate a causal, regulatory relationship

between cell size and gene expression that has not been previously reported.
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Results

| dentification of ploidy regulated genes

Poly(A) RNA from 2 haploid and 2 tetraploid strains was extracted and processed for
RNA-seq as previously described (Mortazavi et al., 2008) (figure 1a). Sequencing reads were
mapped to the Sigma 1278b genome by my collaborator P. Alexander Rolfe in the Gifford group
of Computer Science and Artificial Intelligence Laboratory. Approximately 9 million reads were
reported for each sample, and more than 90% of reads mapped to the ORFs (table 1). A minimal
expression threshold for transcripts was determined from read counts of genes known to be
silenced under the growth condition, such as hypoxia response and sporulation. Overall, 5613
annotated transcripts were considered expressed in the experiment. The 5613 corresponding
ORFs constituted the background gene list for GO term search. The comparison between haploid
and tetraploid datasets shows that ploidy only affects the steady-state levels of asmall number of
transcripts (figure 1b), consistent with previous studies discussed in chapter 1.

Additional steps were taken to identify ploidy-regulated genes: (1) To enrich ploidy-
regulated candidates, | eliminated genes whose expression was unaffected by ploidy (p > 0.001)
in each haploid-tetraploid sample pair. (2) After ranking candidate genes by fold-change in each
sample pair, | retained the overlapping, top-ranking candidates from both pairs (figure 1c¢). Using
these criteria, 35 ploidy-repressed genes and 30 ploidy-induced genes were identified (figures
2a-b). Ploidy-associated differential regulation of these genesin this study islargely in
agreement with the previous study using the same Sigma 1278b ploidy series (Galitski et al.,
1999). Another study comparing the transcriptomes of MATa/a and MATaa/oa strains in the

S288c background found an entirely different and much smaller set of genes that were
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differentially expressed in the tetraploid (Storchova et al., 2006). Differencesin strain

backgrounds and mating types could account for the discrepancy between studies.

Ploidy regulated genes show significant biasfor encoding cell surface components

The ploidy regulated genes are significantly enriched for those encoding proteins
localized to the cell surface: cell wall, extracellular space and plasma membrane (table 2).
Several other ploidy-regulated genes encode regulators of cell surface components (figures 2a-b).
Hence, polyploidy preferentialy alters expression of cell surface components. Ploidy-repressed
genes encode multiple factors important for mating and filamentation/adhesion, while enzymes
promoting cytokinesis on the cell surface are predominant among ploidy-induced genes (tables

3-6). The cell cycle does not appear to play arolein ploidy-regulation of these genes (table 7).

A hypothesison cell size and gene expression

The over-representation of genes encoding cell surface components could result from a
geometric limitation: The surface area with respect to volume decreases as cells enlarge with
increasing ploidy. For aspherical cell, a4-fold increase in volume corresponds to only a~2.5-
fold increase in surface area. Reduction in surface areais likely to trigger differential regulation
of components associated with the cell surface, where signaling and transport processes take
place dynamically. Reduction in surface area could alter interactions between surface and
cytoplasmic components in signaling pathways. It could also alter a cell’s ability to transport
metabolites across the plasma membrane. Both types of alteration could change gene expression
in the enlarged cell, and genes could be up- or down-regulated as a result depending on the net

effect of cell size on their regulatory pathways.
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Cell size affects expression of FLO11 independently of ploidy

To test the hypothesis that enlarged cell size alters gene expression, | examined in
haploid size mutants the expression level of FLO11, astrongly ploidy-repressed gene encoding a
cell wall protein (Lambrechts et a., 1996; Lo and Dranginis, 1996). Since cell size expansion
and cell cycle progression are intimately linked processes (Cook and Tyers, 2007; Jorgensen et
al., 2002), | investigated whether FLO11 isregulated by cell cycle before devising a method to
manipulate cell size. In synchronized haploid cultures, FLO11 transcript abundance peaks during
M-phase (figure 3). | thus focused on expression of FLO11 during M-phasein cell size mutants
identified in a previous genome-wide study (Jorgensen et al., 2002): bck2A , eaplA and cln3A.
These mutants were selected because they effectively enlarge cell size without significantly
affecting fitness or cell shape (figure 4) and have no reported functional relationship with FLO11
expression. | also performed experiments using an ATP analog-sensitive allele of CDC28
(Bishop et a., 2000) that expands cell size upon inhibition by the analog (Goranov et al., 2009).
Although this mutant showed an inverse correlation between FLO11 expression and cell size that
was consistent with my hypothesis, concerns about aberrant cell cycle progression and cell shape
prompted me to forgo further experiments with this mutant (Materials and Methods).

Expression of FLO11 is significantly reduced in the two mutants, bck2A and eaplA, that
exhibit enlarged cell size (figures 5a & 5b), atrend that mimics the down-regulation of FLO11 in
tetraploids (figure 2a). These results suggest a ploidy-independent inverse correl ation between
FLO11 expression and cell size. | employed two mutant alleles of the CLN3 gene to create asize
series. The CLN3-2 haploid arrested as small cells (66% of WT) in nocodazole, whereas the
cIn3A haploid mutant arrested as large cells (185% of WT) (figure 5c¢). In this size series, thereis

again an inverse correlation between FLO11 expression and cell size. The FLO11 transcript



abundance is highest in the small CLN3-2 haploid and lowest in the large cIn3A haploid, the
same relationship observed between FLO11 expression and cell size in haploid versus tetraploid

cells.

Reduced activity of FLO11 promoter in both the cin3A haploid the WT tetraploid

To verify further that regulation of FLO11 is similar in the cln3A haploid and WT
polyploids, | replaced the FLO11 ORF with areporter gene to study the effect of cell size on
FLO11 promoter activity. Transcriptional activation at FLO11 is repressed in the cln3A mutant
asinthe WT tetraploid (figure 6). The result further suggests that at |east one transcription factor
regulating the FLO11 promoter activity is sensitive to changesin cell size. In addition, the cln3A
haploid could serve as a substitute for polyploids to facilitate the search for regulators sensing

cell size and repressing FLO11.

Multiple ploidy-regulated genes are similarly regulated in the enlarged cln3A haploid

To identify the spectrum of genesinfluenced by cell size, | used quantitative PCR to
compare expression of ploidy-regulated genesin WT and the cIn3A mutant haploid. Among the
size mutants | examined, the cIn3A haploid displays the most pronounced increase in cell size
and arrests in M-phase with efficiency most similar to WT. The set of genes that show
differential regulation dueto cell sizein the c/n3A haploid (table 8) is very similar to those
identified in the WT ploidy series (figure 2a-b). Thirty of the ploidy-regulated genes show the
same regulatory trend in the cIn3A haploid as was observed in tetraploids. Notably, the top-
ranking genes that displayed the strongest ploidy-regulation in tetraploids (figures 2a-b) were

significantly affected in the same direction in the cIn3A haploid (table 8). This set of genes likely
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represents those that respond most robustly to changes in cell size, since the cIn3A haploid
(185% of WT haploid in size) is still much smaller than the tetraploid (400% of WT haploid in

size)(Di Tdliaet a., 2007).

Role of pheromone sensing and filamentation MAPK pathwaysin generegulation by size

Differential transcription revealed by RNA-seq gave important clues as to the pathways
that could affect size regulation. The genes repressed by large cell size are enriched for those
regulated by the pheromone response and filamentation mitogen-activated protein kinase
(MAPK) pathways (table 4). Anaysis of the promoter regions of size-repressed genesrevealed a
common binding motif for Digl, atranscriptional repressor whose activity is repressed by the
activated pheromone response or filamentation MAPK pathway (Cook et a., 1996; Tedford et dl.,
1997). The binding motif of Digl was detected ~9 fold more frequently in the promoters of size-
regulated genes than the genome-wide average with a corresponding p-value of 4.28 e-9.

The over-representation of Digl binding motif suggests that disruption of the pathways
that signal to this transcription factor or Digl itself should affect size regulation. The effect of
such perturbations was examined in enlarged cells. Disruption of signaling in either the
pheromone response or the filamentation MAPK pathway reduces the effect of cell size on
FLO11 expression (figure 7a-b). Moreover, loss of Digl function renders several size-repressed
genesinsensitive or much less responsive to the larger size (figure 7c). These results support our
observation in WT tetraploid and cln3A haploid that reduced activities in pheromone response

and filamentation pathways contribute to differential gene regulation in large cells.
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Increasing ploidy raises basal cell wall stress

The down-regulation of multiple genes involved in mating and filamentation pathways
(table 4) prompted me to examine genes regulated by other mitogen-activated protein kinase
(MAPK) pathways. In multiple ploidy series, the cell wall integrity (CWI) pathway appears
consistently induced in polyploids (figure 8a), indicating a higher basal level of cell wall stress.
Polyploidy may also induce the high osmolarity glycerol (HOG) pathway (figure 8b). The RNA-
seq data are consistent with the notion that CWI pathway is more active in polyploids. Multiple
genes downstream of CWI pathway appear to be similarly regulated in the WT polyploid and a
haploid strain over-expressing a gain-of-function allele of MKK1, the MAPKK of CWI pathway

(Jung and Levin, 1999) (table 9).
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Discussion

In this study, | identified transcripts whose relative level of expression in the
transcriptome is altered in the polyploid yeast. Proteins encoded by these transcripts are
predominantly cell surface components localized to the cell wall, plasma membrane and
extracellular space. Thislocalization bias led me to hypothesize an effect of cell size on
expression of these genes. First, increasing ploidy enlarges cell size. Second, the relative surface
area of a cell with respect to its volume decreases as the cell enlarges. For a spherical or elipsoid
entity, the volume increases proportionally to the cube of radius but the area only increases
proportionally to the square of radius. The significantly larger polyploid therefore is challenged
by an intrinsic geometric imbalance: reduced cell surface area per cell volume. Thisimbalance
could alter signaling pathways that involve interactions between cell surface components and
their cytoplasmic counterparts. The reduced surface area could aso affect transport of molecules
across the plasma membrane. Both perturbations could trigger changes in gene expression. To
test my hypothesis, | changed cell size in haploids and examined expression of ploidy-regulated
genesin them. The strongly ploidy-repressed gene FLO11 is significantly repressed in enlarged
haploids, consistent with the idea that increasing cell size down-regulates FLO11. | then found
that the change in expression identified in a significant number of ploidy-regulated genesis
paraleled in the in the enlarged cIn3A haploid.

To illustrate further that cell size alters transcription via signaling pathways, | focused on
the pheromone response and the filamentation MAPK pathways. Genes regulated by these
pathways were preferentially down-regulated in large cells and composed the most significant
category in Gene Ontology analysis. Genetic disruption in either one of the MAPKs aswell as

their common downstream transcriptional repressor Digl reduced the effect of cell size on target
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gene expression. These results indicate that the pheromone sensing and filamentation MAPK
cascades participate in downstream gene repression in the tetraploid and the cln3A haploid. Both
the mating pheromone and the filamentation MAPKs are known to serve dual functions—as
inhibitors of transcription in their kinase-inactive state and as activators of downstream
transcription in their kinase-active state (Cook et al., 1997; Madhani et a., 1997). Hence,
reduced activation of either kinase causes stronger inhibition, rather than a mere lack of
activation, of downstream gene expression. In addition, transcriptional activators functioning
downstream of both MAPK pathways perform complex positive auto- and cross-regulation
(Borneman et al., 2006; Harbison et al., 2004; Kohler et a., 2002; Zeitlinger et d., 2003). The
switch-like dual function of MAPK s and the positive feedback |oops in these pathways likely
exacerbate differences in pathway activity between the active state (in small cells) and the
inactive state (in large cells). These attributes of the pathways may account for their pronounced
transcriptional response to changesin cell size. Binding motif analysis did not reveal a common
transcriptional regulator for genes up-regulated in large cells. Molecular pathways responsible
for disproportionally higher expression of these genes will require more detailed computational
and genetic examination.

The cause of ahigher basal level of cell wall stressin polyploid yeast remainsto be
elucidated. Polyploids likely have a different cell wall composition because multiple genes
encoding cell wall components are strongly differentially regulated (figure 2). Polyploids must
also expand the cell wall at amuch faster rate in order to reach alarger cell size without
increasing the doubling time (Di Taliaet a., 2007, figures 2 & 3 in Appendix). The combination
of an altered cell wall composition and afaster cell wall expansion rate could generate a higher

basal level of stress.
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| examined the activity of CWI pathway in cIn3A haploid and did not observe a
difference when compared with WT haploid (data not shown). Two factors might explain why
the CWI pathway is not more active in the cIn3A haploid. First, the cln3A haploid mutant is
similar to the WT diploid in size, about 2-fold larger than WT haploid. As seenin figure 6a,
reporter genes of the CWI pathway are significantly induced in tetraploids but not in diploids. It
ispossible that a 2-fold increasein cell sizeis not sufficient to elevate cell wall stress. Second,
the WT and cIn3A haploids were treated with nocodazole for cell cycle arrest, whereas cells of
the WT ploidy series were cultured without cell cycle inhibitors. The difference in growth
conditions could influence the response of CWI pathway to cell size. Regardless of the
underlying reason, results in the cIn3A mutant indicate that induction of CWI pathway is not
necessary for differential expression of the size-regulated genes in enlarged cells. Hence,
elevated cell wall stressin polyploids likely occurs independently of, or as aresult of, differential
regulation of the set of genesidentified in this study.

Collectively my data show a causal relationship between cell size and gene regulation,
suggesting the existence of a size-sensing mechanism that can ater transcription. Also
considered was an aternative model, in which polyploidy and the aforementioned mutations
change transcription of size-regulated genes, whose altered expression then enlarges cell size. |
found this model to be improbable on two bases. First, a previous genome-wide screen for size
mutants in yeast identified alarge set of genes distinct from the set of size-regulated genesin this
study (Jorgensen et a., 2002). Second, the WT polyploid and the haploid size mutants are
physiologicaly discrete in growth, and they likely achieve the enlarged size via different modes

(Cook and Tyers, 2007; Di Taliaet a., 2007). Polyploids seem to achieve alarger size by
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increasing growth rate. Mutants of cell cycle regulation such as cIn3A and bck2A are thought to
enlarge size by delaying the onset of START.

Control of gene expression by cell size may occur in awide range of organisms and could
partake in higher level physiological consequences of polyploidy such as differentiation and
tumorigenesis. In fungi and mammals, cell size thresholds are actively maintained by regulated
growth rates and cell division frequencies (Cook and Tyers, 2007; Tzur et al., 2009). The
regulatory relationship between cell size and gene expression uncovered here suggests that the
uniformity of cell size in unicellular organisms and within atissue in multi-cellular organisms

could be necessary to maintain the homeostasis of transcription.
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M aterials and M ethods

Yeast strainsand growth conditions

Strains are listed at the end of this section. Prior to analysis, cultures were inocul ated
from diluted overnight pre-cultures and grown until mid-log phase in the SC medium
supplemented with 2% glucose on arotary shaker at 30°C. Synchronization of the mitotic cell

cycle with a-factor was performed as described in (Amon, 2002).

Technical observations and concerns about the cdc28-asl allele:

| treated a mid-log culture of asynchronously grown cdc28-asl mutant with 50uM of the
1-NM-PP1(9) inhibitor (Bishop et al., 2000) and split the culture four ways: (1) no additional
drug treatment (2) 0.1% azide (3) 10uM rapamycin (4) 100pg/mL cycloheximide. The PP1
treatment was intended to inhibit cell cycle progression while permitting cell growth, thereby
enabling cellsto enlarge. Azide, rapamycin and cycloheximide were used to inhibit cell growth
in addition to PP1 treatment. Samples were taken hourly in a 4-hour time course to track FLO11
expression and cell size. Over time, cells treated with PP1 alone had significantly enlarged cell
size and reduced FLO11 expression compared to cells treated with additional growth inhibitors.
However, | also found increasing expression of CLN1 concurrent with the decreasing FLO11
expression in the PP1 treated cells. Since expression of FLO11 is repressed in the G1-stage of
the cell cycle, | reasoned that the G1-like state in PP1 treated cells might repress FLO11
independently of cell size.

| considered using PP1 at alower concentration (500nM) to arrest cellsin G2/M in the

aforementioned experiment to avoid complications associated with G1. However, cells became
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hyperpolarized and thus had a fundamentally different morphology, as shown in the origina
article (Bishop et al., 2000). Since the effect of cell shape on FLO11 expression is aso unclear, |
would not be able to draw informative conclusions from this experiment.

| also considered releasing a-factor (G1) synchronized cellsinto PP1 to enlarge cell size,
followed by washing away PP1 after different amounts of incubation time to obtain cells of
varying sizes in M-phase. However, | was not able to wash off PP1 efficiently (on afilter disk
with 25x volumes of medium), presumably due to the extraordinarily high affinity of PP1 for the
Cdc28-asl enzyme (Bishop et a., 2000). As aresult, the washed cells became hyperpolarized as
described above.

The intrinsic temperature sensitivity of the Sigma 1278b strain background was also of
technical concern. For thisreason, | did not use temperature sensitive mutant aleles of cell cycle

regulators to enlarge cell size as described (Goranov et a., 2009).

Construction of cDNA librariesand deep sequencing

Total RNA was extracted from yeast culturesin mid-log phase with acid phenol.
Enriched poly(A) RNA (Qiagen Oligotex mRNA kit) was processed for cDNA library
construction and sequencing as described in (Mortazavi et a., 2008). The libraries were
sequenced for 36 cycles on Illumina Genome Analyzer 2 using the standard protocol.

The RNA-seq data have been deposited in NCBI’ s Gene Expression Omnibus and are

accessible through GEO Series accession number GSE19685.
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Mapping algorithm for RNA-seq reads

Reads were mapped to the Sigmal278b genome using the Bowtie alignment software
(version 0.10.0; http://bowtie-bio.sourceforge.net/index.shtml). Reads were mapped multiply
(bowtie --solexa-quals -k 100 -m 100 --best --strata -p 2 --strandfix). A read that mapped to n
genomic locations was assigned a weight of 1/n and the "number of reads" mapping to a

repetitive el ement was the sum of the weights of the hitsin that element.

Calling differentially expressed genesin the RNA-seq data
Reads were stored in David K. Gifford group’s in-house ChIP/RNA-seq database and
analyzed with the code in Differential Expression.java. To find differentially expressed genes, the

following procedure was performed on each annotated ORF in the Sigma 1278b genome:

- Determine the total number of uniquely mapped reads in the haploid and tetraploid experiments.
- Count, for the haploid and tetraploid experiments, the number of uniquely mapped reads on
both strands in the ORF.

- Compute frequency_haploid = (haploid count for gene) / (total haploid count) and similarly for
the tetraploid.

- Compute 1 - CDF of observing the number of reads in the haploid sample using a binomial
distribution given the frequency in the tetraploid sample and the total number of haploid reads.
Thisisthe p-value for the haploid observation given the tetraploid observation.

- Compute the p-value for the tetraploid observation given the haploid observation.

- Retain genes with a p-value less than some threshold (eg p < 0.001) and to which at least 15

reads mapped. These genes are considered differentialy expressed.



I dentification of ploidy-regulated genesfrom the RNA-seq data

Based on read counts of known silenced genes (hypoxia response and sporulation
specific), athreshold of 15 was set as the minimal expressed level. In total, 5613 genes were
considered expressed and constituted the “background gene list” for subsequent Gene Ontology
anaysis. Thelist of differentially expressed genes with read counts > 15 provided the set of
ploidy-regulated candidates.

The ploidy-regul ated candidates were sorted by fold change (normalized by total number
of reads in each experiment). The top-ranking genesin common between the two replicates were
identified as ploidy-regulated. The number of top-ranking candidates from each replicate was
selected to obtain a sufficient number of genes for GO analysis while ensuring the overlap

between replicates was highly statistically significant (p< e-10) by hypergeomitric test in MatL ab.

Binding motif analysisfor ploidy-regulated genes

Using the Sigmal278b ORF annotations, we determined an upstream intergenic region
for each ORF. We limited each region to at most 5kb and limited each region such that it did not
overlap any other ORF (thus producing empty promoter regions in the case of some overlapping
ORF annotations). Using our in-house database of DNA sequence motifs (taken from Transfac,
Maclsaac06, JASPAR, and several other sources), we searched for each motif in the promoters
of ploidy-induced genes, the promoters of ploidy-repressed genes, and the promoters of all genes.
We counted amotif as present in a promoter region if the occurrence of the match was at |east
70% of the maximum possible score. We retained motifs that were enriched in the ploidy-

induced or -repressed set compared to all genes according to abinomia test with ap-value less
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than .001. We expected .882 false positives at this p-value given the 882 motifsin

our database.

Growth condition for haploid size variants

Culturesin YPD + 1% DM SO were inoculated at low density from over-night pre-
cultures and incubated at 30 degrees on a shaker for aeration. Cultures in exponential phase were
diluted to ~0.15 O.D.600 in pre-warmed fresh medium and incubated for another 30 min.
Nocodazole was then added to afinal concentration of 15 pg/mL (Day et a., 2004) to arrest cell

cyclefor 3 hours. Cells were collected by centrifugation for RNA extraction and microscopy.

Gene-specific quantification of expression levels

Total RNA extracted from yeast was processed for cDNA synthesis using Quanti Tect
Reverse Transcription Kit (Qiagen). Expression levels were measured on Applied Biosystems
7500 Real-Time PCR System with SY BR Green in Absolute Quantification mode following
manufacture’ s procedure. Unless specified, | used the abundance of ACT1 transcript to normalize
the expression levels of other genes. The representation of ACT1 transcript in the transcriptome

isfound to be consistent in all strains used in this study (data not shown and Galitski et al., 1999).

M easurement of cell size
Cellswere fixed in 3.7% formaldehyde at 4°C overnight and digested with a mixture of
zymolyase and glusulase at 30°C in the presence of 1.2M sorbitol citrate to relieve aggregation.

Microscopy images of more than 50 large-budded cells per strain were analyzed using ImageJ.
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Cell size was calculated from measured width and length of both mother and bud, assuming

rotational symmetry about the long axis.
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Yeast strainsused in thisstudy

All strains arein the Sigma 1278b background with the genotype ura3-52, leu2::hisG

his3::hisG unless noted otherwise.

Strain ID Genotype or Description

Haploid and tetraploid used for RNA-seq:

L6437 MATa

L6440 4n, isogenic to L6437

Haploid size variants.

L7613 MATa, CLN3, leu2::hisG::LEU2
L7641 MATa, cIn3A::LEU2

L7646 MATa, CLN3-2

L7609 MATa, cIn3A::LEU2

L7618 MATa, CLN3, leu2::hisG::LEU2

MATa, bck2::kanM X
MATa, eapl::kanM X
MATa, isogenic WT strain

yCW151 MATa, flol1A::yEGFP-URA3
yCW175 isogenic MATaaaa

yCW755 MATa, flo11A::yEGFP-URAS3,
cIn3A::LEUZ2, trpl::hisG
yCW754 isogenic to yCW755 but CLN3

yCW763 MATa diglA::kanM X
yCW764 MATa diglA::kanM X, c/n3A::LEU2

L7320 MATa fus3A::LEUZ2, HIS3, cured of
URA3 plasmid
yCW318 MATaa isogenic to L7320

L6237 MATa ksslA::ura3::LEU2, ste7A::HIS3,

trpl::hisG, cured of plasmid
yCW582 MATaa isogenic to L6237
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Figure la. Analysis of the haploid and tetraploid
transcriptomes by RNA-seq. Two pairs of
haploid and tetraploid cultures, A and B, were
harvested for poly(A) RNA isolation. cDNA
libraries were constructed and sequenced on the
[llumina platform. Reads were mapped to the
annotated Sigma 1278b genome. Expression of
an ORF was cal cul ated from the number of reads
mapping inside the ORF.

Figure 1b. Ploidy alters
Pair B _+"  expression of only asmall
number of genes. Read
counts for each expressed
transcript at the two
ploidy states are plotted.
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Figure 1c.
Strategy to
identify ploidy-
regulated genes.
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pair of 1n-4n
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candidate genes

were enriched and ranked by fold-change in expression. As shown in the Venn diagrams, top-
ranking candidates from both pairs of datasets were compared, and the overlapping candidates
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were identified as ploidy-regulated. Cut-offs for top-ranking candidates were selected to obtain a
sufficient set of overlapping genes for GO analysis while ensuring that the overlap remained
highly statistically significant (p<e-10) by hypergeomtric test.

Figures2a & 2b (next page). Ploidy-regulated genes ranked by the average fold-change in
expression from both pairs of RNA-seq datasets. (a) Ploidy-repressed genes. (b) Ploidy-induced
genes. Error bar represents standard deviation. Characterized genes are shown with their standard
names in the Saccharomyces Genome Database (SGD). These results are largely in agreement
with data from the previous study (Galitski et a., 1999). Notes on localization of encoded protein
based on SGD: 1: cell wall. 2. plasma membrane. 3. extra-cellular space. 4. regulator of cell
surface components with intracellular or unknown localization. Asterisk: mitochondrial
localization. This category is not statisticaly significant in our GO analysis but nevertheless
represents athird of ploidy-induced genes.
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Figure 2a: Ploidy-repressed genes.
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Figure 3. FLO11 transcript abundance peaks in M-phase
during the mitotic cell cycle. Upon release from a pha
factor arrest in G1, WT haploid cells were harvested at 10-
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expression profiles of known standard transcripts. SM5(M-
phase), ASH1(M/G1 transition) and HTAL(S-phase)
(Spellman et al., 1998). The expression pattern of FLO11
resembles that of SM5.

Figure 4. Live cell images of WT and size mutant haploids.
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G1-S transition independently of CIn3
(Epstein and Cross, 1994). Eapl regulates
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CIn3 isthe most upstream activator of G1-S
transition and maintains the size threshold of
mitotic START (Cook and Tyers, 2007). Cell
volume was measured from microscopy

images. Gene expression was measured by quantitative PCR. Expression of S\M5 was monitored
to rule out the effect of cell cycle in datainterpretation. Enrichment of M-phase cells was also
monitored by percentage of large budded cells with DAPI-stained nuclei at the mother-bud
junction. Error bar = standard deviation. Statistical significance was calculated using Student’ st-

test (unpaired, for two-tail p value).

s i —_— Figure 6. Promoter activity of FLO11
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M-phase (data not shown).
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Figure 7a-b.
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(a) Repression of FLO11 in large cells involves the pheromone response MAPK Fus3.
Expression levels of FLO11 in MATaa diploids, which are twice larger in size than haploids, are
normalized to the expression levelsin corresponding isogenic MATa haploids. n=3, error
bar=standard deviation. (b) The filamentation MAPK cascade contributes to differential
regulation of FLO11 in large cells. Instead of the kss1A single mutant, the kSS1A ste7A double
mutant was employed since it is capable of agar adhesion as a haploid and pseudohyphal growth
asaMATa/dphadiploid (Cook et a., 1997), suggesting that this mutant expresses a moderate

level of FLO11 transcript.

Figure7c.
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(c) Thetranscription factor Digl isinvolved in size-dependent gene regulation. Several size-
repressed genes are significantly de-repressed in the diglA cln3A haploid mutant as compared

with the diglA mutant.
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Figure 8a.
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Figures8a & 8b. Activities of the CWI and HOG MAPK pathways in WT MATa ploidy series.
(a) Reporters of CWI pathway. (b) Reporters of HOG pathway. Expression of reporter genes of
each pathway (Roberts et al., 2000) was measured by quantitative PCR. n=3. Error bar =
standard deviation. p-values were cal culated with Student’ s t-test by comparing the expression
levelsin haploids and the isogenic tetraploids.
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Read counts in millions
Total ORF | Other

Sample

. 1n 8.70 6.26 1.92
Pair A

4n 9.60 6.81 2.22

Pair B 1n 9.02 5.88 2.62

4n 9.10 6.40 2.15

Table 1. RNA-seq read counts. More than 90% of the ~9 million reads in each sample were
mapped to the genome. More than 60% of the mapped reads fell within annotated ORFs. The
majority of remaining reads mapped to rDNA locus and Ty elements.

GO term Cluster freq. Background freq. p-value
Cell wall 15/65, 23.1% 85/5613, 1.5% 1.5e-14
Extracellular 8165, 12.3%  22/5613, 3.9% 58e-11
Plasma membrane 11/65, 16.9% 254/5613, 4.5% 1.1e-4

Table 2. Cellular compartmental GO terms for ploidy-regulated genes.

GO | rouemry | romency | P¥oke Genes
AGA1, AGA2,

ZPS1, SPI1,
Cell wall 10135, | gor5613, 1.4% | 2.7 e-11 e
28.6% CWP2, SCW10,

YLR040C,

FLO11

FRE4,
STEZ2, FUST,
Plasma 11/35, 251/5613, 1967 STEG, SST2,
membrane 31.4% 4.5% ’ STE4, GPA1,
GIC2, MSB2,

AXL2, RSN1

Table 3. Cellular compartmental GO terms for ploidy-repressed genes.
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GOMRHR Cluster Background S Genes
frequency frequency
FLO11, MFA1,
MFA2, STE2,
Mating & 13/35 123/5613 STELFUST,
ating ) ;
ohEs o 37 1% 220 1.4e-13 FUS3, AGAT,
AGA2, BARI1,
SS8T2, GFPA1,
SCw10
Cell surface MFA1, MFA2,
receptor STE2, STE4
2 . i i ) )
g?gk::l 7/35,20% | 50/5613,0.9% | 1.6e-8 FUS3, GPAT,
transduction MSRe

Table 4. Biological process GO terms for ploidy-repressed genes. A significant number of
ploidy-repressed genes participate in the processes of mating, filamentation/adhesion and cell
surface related signaling.

GO term Cluster Background " EarEs
frequency frequency
Receptor - 2/5613, :
binding 2/35,5.7% 0.03% 38e-b MFA1, MFA2
Cell
adhesion | , a5 579, | SBT3,y 40y AGAT, AGA2
molecule 0.1%
binding
Signal 4/35, 42/5613, 1264 FUS3, MSB2,
transducer 11.4% 0.7% ’ STE2, STE4

Table 5. GO terms of molecular functions for ploidy-repressed genes.
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. DSE1,DSE2
C k i) ]
e 156/379,} 11/5613,02% | 1.4e-9 | DSE4, CTST,
(process) A SCW11
DSE2, DSE4
clydreiase 430, | 305613, 05% | 1.7e-5 ’ '
(function) 13.3% CTS1,SCW11
coll vl DSE2, DSE4,
elwa 530, 1 g05613, 1.4% | 56e5 | CTS1,SCWIT,
(compartment) 16.7% iy iy

Table 6. GO terms for ploidy-induced genes.
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Ploidy-repressed genes Ploidy-induced genes
ORF Symbol  Peak expression ORF Symbol  Peak expression
YIR019C FLO11 M YER124C DSE1 G1
YLRO42C (no effect) YHR143W  DSE2 G1
YOL154W  ZPS1 * YLR286C CTS1 G1
YDR461W MFA1 G1 YGL028C SCW11 G1
YNROGOW FRE4 * YJR109C CPA2 *
YFLO26W STE2 M YIR038C YPS6 i
YCLO27W FUS1 M/G1 YIL169C YIL169C ~
YGL193C * YNROG7C DSE4 M/G1
YBLO16W FUS3 B YIR0O0OW MSL1 B
YER150W SPI1 M/G1 YLR285C-A no data
YGL032C AGA2 M/G1 YDR360OW  OPI7 (no effect)
YILO15W BAR1 * YKRO76W  ECM4 *
YLRO40C M/G1 YCL026C-B HBN1 no data
YMR173W  DDRA48 * YNL122C B
YKRO13W PRY2 G1 YDR379C-A no data
YKL209C STEG M YBR120C CBP6& *
YLR452C S5T2 M/G1 YJL023C PET130 *
YNL160W YGP1 M/G1 YBLO59C-A CMC2 no data
YNRO44W  AGA1 M/G1 YI1L098C FMC1 *
YPL163C SVS1 G1 YOR195W  SLK19 G1
YNL145W MFA2 M YJL200C ACO2 *
YOL104C NDJ1 * YEROG8BC-A no data
YOR212W  STE4 g YCROO3W  MRPL32 ~
YHLO43W ECM34 * YDLO044C MTF2 *
YDL227C HO G1 YOR216C  RUD3 i
YKLO96W-A CWP2 G2 YLR254C NDL1 G2/M
YFRO22W ROG3 * YDR357C *
YHRO05C GPA1 M/G1 YMR180C CTU1 *
YBRO54W YRO2 M YCLO056C YCLO56C -~
YDR308C GIC2 G1 YCRO96C A2 B
YMR266W  RSN1 i PRI
YFL027C GYP8 . Distribution:
YKR012C G1 G1:5
YGRO14W  MSB2 G1 G2/M: 2
YMR305C SWC10  G1 M/G1: 1
YIL140W AXL2 G1

Distribution:

G1:9 *. magnitude of change in expression

G2: 1 throughout the cell cycle did not

M: 5 exceed a defined threshold to be

M/G1: 8 considered cell-cycle regulated

Table 7. Ploidy-regulation of the identified genesis not correlated with stages in the mitotic cell
cycle. Except for FLO11, cell cycle regulation information is obtained from the systematic study
by (Spellman et al., 1998).
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Ploidy-repressed genes Ploidy-induced genes

FLOT 1 DSE1
YLR0O42C DSE2
MFA1 CTS1
FRE4 SCwi1
STE2 CPA2
FUS1 YPS6
FUSS3 YIL169C
AGA2 DSE4
BAR1 MSL1
YLR040C OPI7
DDR48 ECM4
PRY?2 HBN1
STE6 YNL122C
SST2 YDR379C-A
AGA1 CBP6
SvS1 CMcC2
MFA2 FMC1
NDJ1 SLK19
STE4 ACO2
HO MRPL32
CWP2 MTF2
GPA1 RUD3
Gic2 NDL1
RSN1 YDR357C
GYPS8 CTL1
MSB2

SCcCw10

Table 8. The cIn3A haploid resembles WT tetraploid. Among the ploidy-regulated genes listed
in figure 2, fifty-two remain expressed and ploidy-regulated when cells are grown in the YPD
medium. These genes are sorted here in the same order (by fold-change) asin figures 2a & 2b.
Expression levelsin WT and cIn3A haploids in YPD + nocodazole was measured by quantitative
PCR (n=3) and anayzed with Student’s t-test (unpaired, for two-tail p-value). Genes expressed
at significantly different levels (p<0.05) are highlighted. Blue and red shades indicate significant
repression and induction in the cIn3A mutant, respectively.
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Regulation of Mkk1-targets in polyploids:

PST1 PIR1 PGK1 SEC?28

SED1 PIR2 MPK1 DFG5 Identical trend
CRH1 PIR3 MLP1 PRM5 Ploidy independent
CWP1 CIS3 FKS1 YNLO58C

YLR194C | BGL2 | FKS2 | YMR295C Opposite trend

CCW14 | SPS100 | CHS3
FIT2 YGP1 CTT1

L E L E

No expression

Table 9. Multiple targets of Mkk1 are regulated in the same direction in WT polyploids.

Listed here are genes whose expression was significantly atered by over-expression of a gain-of-
function allele of MKK1 (Jung and Levin, 1999). Expression levels of these genes were
examined in the RNA-seq datasets using p<0.001 as the cut-off probability for differential
expression between haploid and tetraploid.



Chapter 3: Reduced binding of transcriptional activatorsof FLO11 in polyploids

Summary

The reduction in FLO11 expression in polyploids as a consequence of increased cell size
indicates some communication between the cell surface and the transcriptional apparatus. The
reduction requires the FLO11 promoter, suggesting that at least one of the FLO11 transcriptional
regulatorsis affected. To test this possibility, the activity or binding of transcription factors to the
FLO11 promoter was examined in isogenic strains of different ploidies. Chromatin
immunoprecipitation results show that in tetraploids, there is areduction in binding of Stel2,
Tecl, and F 08, the key transcription factors that activate FLO11 expression. The steady-state
levels of these transcription factors appear to be unaffected by ploidy. None of the known
pathways (including multiple MAP kinase pathways) that regulate these transcription factorsis
necessary for the down-regulation of FLO11 in polyploids. Therefore, the circuitry connecting
increased cell size to repression of FLO11 is still not understood. It is possible that multiple
pathways function redundantly to repress FLO11 in polyploids, so disruption of a single pathway

is not sufficient to restore expression of FLO11 in polyploids.

Severa considerations should be taken into account in evaluating these data. First, the
finding that haploid cell size mutants recapitul ate the polyploidy effect was made only recently,
after data presented in this chapter had been obtained from various isogenic ploidy series.
Second, the construction of tetraploids with desirable genotypes was laborious and time-
consuming (see Materials and Methods). Third, tetraploids are genomically unstable as they lose
chromosomes at a higher rate and undergo homol ogous recombination to repair DNA damage

much more frequently. Therefore, many of the observations on the circuitry were madein
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tetraploids, with the constraints noted. For ssimplicity, “ploidy-regulation” will be used below to
refer to the repression of FLO11 in polyploids, athough the down-regulation is caused by

enlarged cell size.

| ntroduction

The gene encoding a cell surface glycoprotein, FLO11, is of great interest in gene
regulation studies since multiple pathways control FLO11 expression. The promoter of FLO11 is
greater than 3Kb in length, contains recognition motifs of many transcriptional regulators, and
therefore integrates the inputs of many more pathways than the average promoter in the genome
of S cerevisiae (Bumgarner et a., 2009; Harbison et a., 2004; Rupp €t a., 1999). The Flo11
protein promotes adhesion among yeast cells and to substratum (Guo et a., 2000; Lo and
Dranginis, 1996). Flo11 plays acritical role in agar invasion of haploids and in pseudohyphal
growth of diploids during starvation (Lambrechts et a., 1996; Lo and Dranginis, 1998). As
summarized below, multiple signaling pathways combinatorially modify the ensemble of
transcription factors at the FLO11 promoter to regulate complex physiological processesin

response to changes in environmental conditions.

Thefilamentous growth pathway controls FLO11 expression by regulating the activity of
transcription factors Stel2 and Tecl
For simplicity, the mitogen-activated protein kinase (MAPK) pathway regulating

invasive and pseudohyphal growth istermed the filamentous growth (FG) pathway. In haploids,
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glucose deprivation induces invasive growth (Cullen and Sprague, 2000). In diploids, nitrogen

starvation in the presence of high glucose concentration induces pseudohyphal growth (Gimeno

etal., 1992).

exterior

nucleus

filamentation

Shown on the left is adiagram of the
MAPK pathway. Upstream of the FG MAPK
cascade is the G-protein Ras2 signaling viathe
Rho family protein Cdc42 upon nutrient
starvation (Mosch et al., 1996). An independent
study shows that surface proteins Msb2 and Shol
interact physically and are both required for
filamentous growth (Cullen et a., 2004). Msb2
also negatively regulates FG. Deletion of the
mucin tandem repeats in Msb2 causes

hyperactivity of FG pathway. Mutants with

decreasing numbers of mucin repeats showed increasingly stronger signaling in the FG pathway

(Cullen et a., 2004). The relationship between Ras2 and M sb2/Shol remains to be established.

In the GTP-bound form, Cdc42 activates Ste20 at the tip of small budded cells (Peter et dl.,

1996). This sub-cellular localization pattern is essentia for filamentous growth. Localization of

Ste?0 to the emerging bud tip is facilitated by the adaptor protein Bem1 (Winters and Pryciak,

2005). Similarly, interaction of the MAPKKK Stell with Cdc42 and Ste20 is promoted by the

adaptor protein Ste50 (Ramezani-Rad, 2003). Activated Stell (MAPKKK) then initiates

activation of downstream kinases Ste7 (MAPKK) and Kss1 (MAPK).
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The inactive form of Kssl and aregulatory protein Digl both bind to the transcription
factor Stel2 to inhibit its function (Chou et a., 2006; Cook et al., 1996; Cook et al., 1997;
Madhani et a., 1997). Upon activation by the kinase Ste7, Kssl dissociates from Stel2 (Cook et
a., 1997; Madhani et a., 1997) and phosphorylates both Stel2 and Digl, releasing Stel2 from
Digl'srepression (Cook et al., 1996; Tedford et al., 1997). Relieved of inhibition, Stel2 and a
FG-specific transcription factor Tecl activate expression of FG-specific genes including FLO11
(Kohler et al., 2002; Zeitlinger et a., 2003). Stel2 isalso crucia for expression of TEC1 (Kohler
et a., 2002). Stel2 and Tecl cooperatively bind to a composite motif element termed
filamentation response element (FRE) in vitro (Madhani and Fink, 1997), and Tecl isrequired
for localization of Stel2 to FG-specific genesin vivo (Zeitlinger et al., 2003). It is worth
emphasizing that Kssl acts either as a potent repressor or acrucial activator of Stel2 activity,
depending on the phosphorylation state. The kss1A ste7A double mutant is capable of invasive
growth (Cook et a., 1997). Hence, the FG MAPK pathway implements a switch-like control on
itstarget genes and is not necessary for their expression per se.

The activity of FG pathway is also controlled at the level of tranglation by the RNA-
binding protein Mpt5. Deletion of MPT5 increases protein levels of Ste7 and Tecl without
affecting their transcript levels, and diploids homozygous for mpt5A shows enhanced
pseudohyphal growth (Prinz et al., 2007). It is unclear how Mpt5 is regulated to mediate

translational control on its target transcripts.
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The pheromone response pathway inhibits FLO11 expression by triggering degradation of

Tecl

Numerous el egant exterior

studies have contributed to an
extensive understanding of the

pheromone response pathway

cytoplasm

(Dohlman and Slessareva,
2006). Diagramed to the right
are the major components of the | nucleus - -

pheromone response MAPK

matlng

pathway. @ m fllamentatlon

Binding of mating pheromone to the 7-pass transmembrane G-protein coupled receptor

(Ste2 and Ste3 in MATa and o cells, respectively) resultsin dissociation of atrimeric G-protein
complex. Dissociated from the Ga subunit (Gpal), the GBy complex (Sted/Stel8) triggers
activation of Cdc42, which recruits and activates Ste20. The G subunit also interacts with the
scaffold Steb, which brings the remaining kinases in the cascade to the vicinity of activated
Ste20.

Although the pheromone response pathway shares multiple components with the FG
pathway (Cdc42, Ste20, Beml, Stell, Steb0 and Ste7) (Roberts and Fink, 1994), pheromone
signal transduction specificity is ensured by the scaffold protein Ste5 (Choi et a., 1994; Good et
a., 2009; Whiteway et a., 1995) and by the mating-specific MAPK Fus3 mediated destruction
of Tecl (Bao et a., 2004; Bruckner et a., 2004; Chou et a., 2004). Absence of Tecl prevents

induction of FG-specific genes, as Stel2 alone does not localize to promoters of those genes
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(Zeitlinger et al., 2003). On the other hand, genes required for mating are successfully induced
by Stel2 without Tecl. Similar to Kssl, activated Fus3 phosphorylates Digl and Dig2 to relieve
Stel2 from inhibition (Cook et al., 1996). Fus3 therefore promotes the mating response while
repressing the filamentation pathway upon activation by Ste7. In its uninhibited form, Stel2
induces pheromone response genes as homo-dimers or hetero-dimers with a number of other
transcription factors (Bruhn and Sprague, 1994).

Recent biochemical and genetic studies reveal the mechanistic details of destruction of
Tecl. In the presence of mating pheromone, activated Fus3 phosphorylates Tecl at threonines
273 and 276, triggering ubiquitylation of Tecl by SCF(Cdc4) followed by proteolytic
degradation in the proteosome (Bao et a., 2009; Chou et al., 2004). Amino acid substitutions at
residue 273 or 276 prevent phosphorylation by Fus3 and block the pheromone-dependent
degradation of Tecl. These Tecl mutants cause erroneous induction of filamentation genesin the
presence of mating pheromone (Bao et al., 2004; Bao et al., 2009; Bruckner et al., 2004; Chou et

al., 2004).

The high osmolarity glycerol pathway represses FLO11 transcription by inhibiting the
activity of Tecl

The high osmolarity glycerol (HOG) pathway is critical for adaptation to external
hypertonic stress as it increases glycerol production to counteract the osmotic differential
between the internal and external osmolarity of the cell. The molecular mechanism for signa
transduction is well-summarized by Hohmann (Hohmann et a., 2007). Shown below are

components of the Shol branch of the HOG pathway (modified from (Shock et a., 2009). Two
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sensors on the cell surface, Hkrl and Msb2, are structurally

similar and functionally redundant in initiating HOG
signaling (Tatebayashi et al., 2007). Another cell surface
protein, Opy2, promotes activation of Stell by interacting
with Ste50 and is required for signaling in the Shol branch
(Wu et a., 2006). For simplicity, | omitted the SIn1 branch of
the HOG pathway involving a histidine kinase on the plasma
membrane (SInl), a phospho-transferase (Y pdl), a

cytoplasmic response regulator Ssk1, and two redundant

MAPKKK Ssk2 and Ssk22.

The fact that multiple components are shared among the pheromone response, FG and
HOG pathways (Cdc42, Ste20, Ste50 and Stell in all three; Shol and Msb2 in both FG and
HOG) raises the question of how these signaling pathways are insulated from one another.
Specifically, the mechanism that prevents the activation of the HOG pathway upon activation of
either pheromone response or the FG pathway is not known. Both Pbs2 and Hogl are required to
prevent erroneous activation of pheromone response and FG genes from the Shol branch of the
HOG pathway (Davenport et a., 1999; O'Rourke and Herskowitz, 1998). Recently, it has been
discovered that Hogl inhibits the DNA binding activity of Tecl to prevent cross-talk from HOG
to FG pathway (Shock et al., 2009). Inhibition of Tecl largely depends on the kinase activity of
Hogl. The mechanism of inhibition by Hogl is unclear. It does not affect the abundance or

nuclear localization of Tecl. Nor does it appear to involve any of the known regulators of Tecl.
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The cell wall integrity pathway represses FLO11 through crosstalk tothe FG MAPK

The cell wall integrity (CWI) MAPK pathway regul ates the dynamic expansion and
remodeling of the cell wall during normal vegetative proliferation, exposure to cell wall
damaging agents, hypo-osmotic shock, oxidative stress, depolarization of actin cytoskeleton,
mating response (Levin, 2005) and likely filamentous growth. Shown in the figure below are
major components of the CWI pathway (modified from (Chen and Thorner, 2007). Briefly, cell
wall stressis sensed by the Wscl-3/Mid2/Mtil glycoproteins on the cell surface, which trigger

the activation of the G protein Rhol through Rom2. Pkcl, one of the downstream effectors of

Rhol, activates the CWI MAPK cascade.

Cell wall stress

Activated MAPK Mpk1 regulates gene

\ I
expression largely through the induction of =\W“‘ Hmczﬁwmﬁ a2 A M1 f=
|
W

transcription factor RLM1. A comprehensive

Rom2

description of CWI signaling and function is GEF
o _ _ glucan T';‘; ~ /Pkct
detailed in arecent review (Levin, 2005). synthesis PKC

>
While characterizing FLO11

regulation, | discovered that deletion of
BCK1 increases FLO11 expression, and this

increase depends on Kssl. Deletion of the

CWI MAPK MPK1, on the other hand, does cell wall stress

response genes

not increase FLO11 expression (see results
section below). These results suggest inhibitory crosstalk from CWI to FG pathway. The
crosstalk would occur upstream of the CWI MAPK Mpk1, likely initiated by Bck1, and would

involve the MAPK Kssl as shown in the figure above.
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The cAMP/PK A pathway modulates FLO11 expression by regulating transcription factors
Sfl1 and Flo8

The cAMP/protein kinase A (PKA) pathway functions in parallel to the FG MAPK
pathway to induce FLO11 expression (Mosch et al., 1999). The G-protein coupled receptor Gprl
senses nutrient levels and is required for FG (Lorenz et a., 2000). Gprl activates Gpa2 (Ga),
which then stimul ates the adenylate cyclase Cyrl to produce cAMP (Xue et al., 1998). Elevated
cellular concentration of CAMP relieves the catal ytic subunits of PKA (Tpk1-3) from inhibitory

binding of the regulatory subunit, Bcyl.

Tpk2 isrequired for FLO11 induction and

G e
(GTP) /—\

pseudohyphal growth, because non-functional

alleles show a dramatic reduction in both cAMP
phenotypes. Deletion of TPK3 increases FLO11 E;CZ ;

expression and promotes pseudohyphal growth. ZL

Deletion of TPK1 did not affect FLO11 expression \/ \/

or pseudohyphal growth (Robertson and Fink, \;®

1998). Tpk2 binds and exerts opposite effects on N Z
-

two targets: the transcriptional activator Flo8 and

the transcriptional repressor Sfl1 (Pan and Heitman, 2002). Tpk2 stimulates the DNA binding
capability of Flo8. Although phosphorylation of Flo8 by Tpk2 was not detected in vivo, binding
of Flo8 to DNA required both Tpk2 and ATP in vitro. Tpk2 phosphorylates Sfl1 in vivo and
inhibitsits DNA binding function in the presence of ATP in vitro. Tpk2 thus operates a switch to
induce FLO11 expression. It removes the repression mediated by Sfl1 and enables induction by

activating Flo8. Notably, Flo8 and Sfl1 bind to the same region (between -1400 and -1150nt) of
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the FLO11 promoter. Hence, the two transcription factors function in an antagonistic, mutually

exclusive fashion, further ensuring a switch-like mechanism of FLO11 regulation.

The cAMP/PKA and FG MAPK pathways function in concert to induce FLO11

The cAMP/PKA and FG MAPK pathways have a common upstream regulator, Ras2, that
activates Cyrl in the cAMP/PKA pathway and Cdc42/Ste20 in the FG MAPK pathway (Mosch
et a., 1999). Transcription factors downstream of the two pathways, Flo8, Stel2 and Tecl, are
al required to induce FLO11 and FG (Gavrias et d., 1996; Liu et a., 1996; Lo and Dranginis,
1998; Pan and Heitman, 2002; Roberts and Fink, 1994). Hence, both pathways are important for
FG, and each of these transcription factors plays a distinct and critical role.

In the yeast Saccharomyces diastaticus, regulation of STA1 whose promoter is nearly
identical to that of FLO11 (Gagiano et a., 1999) provides detailed molecular insight on the
functional relationship among Flo8, Stel2 and Tecl (Kim et a., 2004). Under inducing
conditions, Stel2 and Tecl bind to the STA1 promoter cooperatively first to recruit the chromatin
remodeling complex Swi/Snf. Remodeling of the chromatin allows Flo8 and another
transcription factor, Mss11 (van Dyk et al., 2005), to associate cooperatively with the promoter.
Flo8/Mss11 then recruit RNA polymerase | to induce expression of STAL. These dataled to the
model in the figure below. The details of intermolecular interactions and DNA |ooping have not

been verified experimentally at the FLO11 promoter in S. cerevisiae.
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UASI1-1 UAS1-2 UAS2-1UAS2-2

-~ RNA pol II

l,
- 344 [sa1 i
UASI-1 UASI-2 UAS2-1UAS2-2
UAS1-2 UAS1-1

STAI

UAS2-1 UAS2-2 Core promoter

Figure: Model for STAL induction by sequential actions of Ste12/Tecl, Swi/Snf and Flo8/Mssl11 (Kim et al., 2004).

UAS: upstream activating sequence.

Nrgl and Nrg2 repress FLO11 when glucose is abundant

The zinc finger transcription repressors Nrgl and Nrg2 function downstream of the
glucose sensing Snf1l kinase to repress FLO11 transcription when glucose is limiting (Kuchin et
al., 2002). Deletion of both nrgl and nrg2 significantly promotes pseudohyphal formation,
suggesting that nitrogen abundance also regulates the activities of these transcription repressors

in diploids.
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A B

Haploids Diploids Figure: Models for regulation of FLO11 expression by Nrgl
Low glucose Low nitrogen
l l 0 and Nrg2 in haploids (A) and diploids (B) (Kuchin et al.,
Snf1 kinase Snf1 kinase 2002).
Nrg1, Nrg2 Nrg1, Nrg2
FLO11 FLO11
Invasive growth Pseudohyphal growth

Biofilm formation

The histone deacetylase Hdal isrequired for variegated repression of FLO11

FLO11 expression is controlled not only by many transcription factors that modul ate its
response to environmental conditions, but also by chromatin alterations that |ead to epigenetic
variegation. Halme et al. showed that the WT Sigma 1278b grows as a mixture of cellswith
Flo11 present and absent on the cell surface (Halme et a., 2004). Cells within adiploid colony
undergoing filamentous growth show a strong correlation between Flo11 surface expression and
morphology: The elongated, filament-forming cells express Flo11 whereas the oval, vegetatively
growing cells do not. The variegation phenomenon requires expression of FLO11 at its native
genomic location and is independent of the telomere position effect. The authors then
demonstrated that both the “on” and “ off” expression phenotypes can be stable for multiple
generations and are fully reversible.

This non-genetic, reversible switch between Flol1-expressed and -silenced states requires
the histone deacetylase Hdal, which is recruited to the FLO11 promoter by the aforementioned

transcription repressor Sfl1. Halme et al. found that null deletion mutants of either HDAL or
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SFL1 display Flo11 on the cell surface uniformly. Thisimpliesthat in aWT population, Hdal

mediates FLO11 silencing in only afraction of cells.

Positional
) . signaling
Nitrogen Starvation / Figure: Model for the mechanism of variegated FLO11
1 4
PKA Hda1p expression. Sfl1 confers the specificity of silencing by binding to
Promoter
wling 4 the FLO11 promoter. Hdal, recruited by Sfl1, likely integrates
’
!
! l the promoter-specific and location-specific silencing. (modified

_ Gmp e
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cis-acting non-coding RNAs mediate a toggle switch of FLO11 expression

Bumgarner et al. identified apair of long non-coding RNAS transcribed within the
upstream integenic region of FLO11 (Bumgarner et a., 2009). Transcription of ICRL1 (interfering
Crick RNA 1) starts at 3.1 to 3.4 Kb upstream of FLO11 ORF, proceeds through most of the
promoter region, and ends at about ~200nt upstream of or further towards the ORF. The second
non-coding RNA, PWR1 (promoting Watson RNA 1), initiates at ~2.3 Kb upstream of FLO11
ORF and ends near theinitiation site of ICR1 (see diagram below). Transcription of ICR1
occludes binding of transcription factors, thereby silences FLO11. Under FLO11-expressing
conditions, transcription of PWRL interferes with that of ICR1. Absence of ICR1 transcription
allows transcriptional activators (Stel2, Tecl, Flo8 etc.) to associate with the FLO11 promoter,
especialy within 2Kb upstream of FLO11 ORF. Binding sites of multiple key transcriptional
activators have been predicted and confirmed in this region (Bumgarner et al., 2009; Harbison et

a., 2004; Rupp et a., 1999)(also see results section below).
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Figure: Regulation of FLO11 expression by the non-coding RNAs ICR1 and PWRL. The transcription initiation and
termination sites of both transcripts are shown with respect to the chromosomal location of FLO11 ORF. (modified

from (Bumgarner et al., 2009)

Induction of FLO11 by aromatic alcohols at high cell density

The expression of FLO11 isinduced at high cell density through a quorum sensing
mechanism. As cell density increases, nitrogen source depletes, causing increased production of
alcohol derivatives of the amino acids Tyr, Phe and Trp, abbreviated as TyrOH, PheOH and
TrpOH, respectively (Chen and Fink, 2006). Both PheOH and TrpOH but not TyrOH induce
expression of FLO11 in a Tpk2 and Flo8 dependent fashion. When supplemented with TrpOH
but not PheOH or TyrOH, cells at low density behave asif they were at high density in nitrogen
poor conditions: they up-regul ate expression of enzymes necessary for production of the alcohol
derivatives. These results illustrate a positive feedback loop for FLO11 expression as cell density

increases.
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Results

A series of quantitative PCR results from mutant ploidy series will be presented in this
section. Unless otherwise specified, these are the default conditions of experiments and data
anaysis. Cells were grown to mid-log phase in SC medium + 2% glucose at 30°C prior to
harvest. All data were statistically analyzed with Student’ s t-test (unpaired & two-tailed) or one-
way ANOVA with n=3 and error bar = standard deviation. Notation for significance: * = p-value

lessthan 0.05, ** = p-value lessthan 0.01, *** = p-value less than 0.001.

The FLO11 promoter isrequired for ploidy-regulation

To determine whether the reduction in FLO11 expression in tetraploids required specific
regulatory elementsin the FLO11 gene, | replaced the endogenous FLO11 ORF and 3'UTR with
exogenous sequences without affecting the 5 promoter region (figure 1a). Expression of the
reporter geneis still ploidy-repressed in tetraploids even when the 3' UTR and coding region is
different. When this construct is transferred to the genomic location of URAS, the construct is
still ploidy-repressed (figure 1a), showing that the FLO11 promoter is sufficient for conferring
ploidy-regulation and does not require the native genomic location of FLO11 to cause the down-
regulation observed in polyploids.

| aso attempted to measure the half-life of FLO11 transcript in haploids and tetraploids.
My preliminary result suggests that increasing ploidy does not destabilize the FLO11 transcript.
In this experiment, the FLO11 ORF and 3' UTR were inserted downstream of the GAL1 promoter
on a centromere-based plasmid carried by flo11A haploid and tetraploid strains. After 3 hour

induction in galactose, expression of FLO11 was turned off by the presence of glucose. Cells
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were collected at regular intervals to quantify abundance of FLO11 RNA. Based on the
preliminary data shown in figure 1b, the degradation rate of the FLO11 transcript is not faster in
the tetraploid. Therefore, ploidy does not appear to affect the stability of FLO11 RNA, aresult
consistent with the conclusion that the reduced FLO11 promoter activity is likely responsible for
the lower steady-state level of FLO11 RNA in polyploids.

A technical note on the experiment: This experiment was performed only once as an
exploratory attempt. The data are not conclusive and raise some interesting questions. Between
the two ploidy states, why was there such alarge difference in the initial abundance of FLO11
transcript after galactose induction? Was the plasmid retained poorly in the tetraploid? Such
instability would not be surprising because polyploids have defects in chromosome segregation.
Does ploidy affect galactose sensing or the promoter activity of GAL1? In addition, the 5 UTR of
FLO11 transcript is likely different when expressed from the GAL1 promoter. Differencesin
nucleotide sequences could affect the degradation rate of FLO11 transcript. Last, a briefer
induction period in galactose would create a more physiological relevant context in the
experiment. More frequent sampling right after addition of glucose would also be needed to
extrapolate the kinetic details of transcript degradation. In summary, technical improvements

would be required to fully investigate the effect of ploidy on FLO11 transcript stability.

Association of RNA polymerase Il with the FLO11 promoter isreduced in polyploids
To further understand the mechanism underlying the regulation of FLO11 in polyploids, |
examined binding of RNA pol Il to the FLO11 promoter in haploids and tetraploids. | had

previously mapped the transcription start site of FLO11 by 5 RACE and located it at 29nt
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upstream of the start codon (data not shown). | also identified a putative TATA box 100nt
upstream of the ORF. | thus decided to examine binding of RNA pol 11 to the predicted TATA
box by ChIP. As shown in figure 2a, association of RNA pol 1l issignificantly reduced in
tetraploids, suggesting that polyploidy represses recruitment of RNA pol 11 to the FLO11
promoter. This observation is consistent with the aforementioned reduction in transcript

abundance of FLO11 in polyploids (figure 1a).

Reduced binding of transcriptional activatorsto the FLO11 promoter in polyploids

Consistent with the model for STA1 induction in S. diastaticus, binding of Flo8, Stel2
and Tecl to the FLO11 promoter isreduced in S. cerevisiae polyploids (figure 2b), aresult that
likely accounts for the reduced recruitment of RNA pol I1. Association of RNA pol Il with the
FLO11 promoter in WT tetraploid is similar to that in the haploid tec1A mutant (figure 2a),
consistent with alack of transcriptional activation at FLO11 in WT tetraploids. A control
experiment with a transcription factor, Gen4, that does not bind to FLO11 shows that this
reduction in tetraploidsis specific for the FLO11 promoter (figure 2c). The abundance of Flo8,
Stel2 and Tecl proteins relative to total protein does not appear to change in tetraploids based on
western blot (data not shown). Their RNA expression levels also appear to be unaffected by
ploidy (data not shown). Polyploidy likely regulates the activity of these transcription factors
post-trandlationally.

Since multiple signaling pathways regul ate the activities of Flo8, Stel2 and Tecl, the

remaining experimental results will focus on these pathways. In particular, the roles of negative
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regulators of FLO11 in these pathways are of primary interest since they are known to repress

the activity of these transcription activators.

Kssl, Digl, Mpt5 and Msb2 in the FG pathway

Initsinactive state, the FG MAPK Kssl represses FLO11 expression by inhibiting the
activity of Stel2. Thelack of transcriptional activation of FLO11 in polyploids could be caused
by alack of activation of Kssl. To test this possibility, expression of FLO11 was quantified in
the ksslA ste7A double mutant. The double mutant is useful in this experiment sinceit is capable
of invasive growth. By contrast, the single kss1A mutant expresses FLO11 poorly and is strongly
defective in FG (Cook et al., 1997). Deletion of KSSL and STE7 did not affect ploidy-regulation
of FLO11 (figure 3a). | also examined expression of FLO11 in the diglA ploidy series. Acting
downstream of Kssl, Digl is another negative regulator of Stel2 and Tecl in the FG pathway.
Similarly, deletion of DIG1 did not abolish the ploidy-regulation of FLO11 in tetraploids (figure
3b). These results indicate that inactivity of the FG pathway alone cannot explain repression of
FLO11 in polyploids. Translational repression of STE7 and TEC1 by Mpt5 cannot explain
ploidy-regulation of FLO11, as evidenced by the significantly reduced expression of FLO11 in
mpt5A diploid compared to haploid (figure 3c). The mucin domain of Msb2 does not appear to
cause repression of FLO11 in polyploids, either (figure 3d). In summary, the currently known
negative regulators of FLO11 in the FG pathway are not required for repression of FLO11in

polyploids.
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The Fus3 kinase of the pheromone response pathway and the Tecl T273M mutant

The pheromone response pathway MAPK Fus3 is known to inhibit transcriptional
activation of FLO11 by triggering degradation of the transcription factor Tecl (Bao et al., 2009).
Multiple lines of evidence suggest that Fus3 is not necessary for silencing of FLO11 in
polyploids. First, FUS3 is not expressed in the MATa/a cell type, but ploidy-regulation occursin
all three MAT cell types (Galitski et al., 1999). Second, RNA-seq data suggest that Fus3 is less
activein tetraploids, since a number of genesin the pheromone response pathway, including
FUS3 itself, are ploidy-repressed (table 4 in chapter 2). Third, the T273M mutant of Tecl protein
isresistant to phosphorylation by activated Fus3 and not degraded during pheromone response
(Bao et a., 2004; Bruckner et al., 2004; Chou et a., 2004). In the TEC1 T273M mutant

background, FLO11 is still repressed by increasing ploidy (figure 4).

The high osmolarity glycerol pathway MAPK Hogl
The fact that Hog1l inhibits the DNA binding function of Tecl makes Hogl an attractive
candidate for an agent of gene regulation by ploidy. However, deletion of HOGL1 also did not

restore the promoter activity of FLO11 in polyploids (figure 5).

Bck1, the MAPKKK of thecell wall integrity (CWI) pathway
| had found that deletion of the CWI MAPKKK BCK1 causes de-represion of FLO11 in
haploids, whereas deletion of the CWI MAPK MPK1 has little or a negative effect on FLO11

expression (figure 6a). Probing the mechanism further, | found that the double mutant kss1A
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ste7A is epistatic to bck1A (figure 6b). One interpretation of these results is inhibitory crosstalk
from Bck1 to the FG MAPK cascade. Higher activity of CWI pathway observed in tetraploids
(figure 6ain chapter 2) could cause of FLO11 repression. To test this hypothesis, | constructed
the bck1A ploidy series and compared expression of FLO11 within the series. In the bck1A
tetraploid, expression of FLO11 is significantly lower than in the isogenic haploid (figure 6¢).

Hence, the repressive effect of ploidy on FLO11 persistsin the bck1A background.

Sfl1 and Tpk3in the cAMP/PKA pathway

Sfl1 isakey transcriptional repressor of FLO11. By precluding Flo8 from binding to the
FLO11 promoter, SfI1 prevents recruitment of general transcription factors and RNA pol 11. Sfl1
also promotes transcriptional silencing by recruiting the genera repressor Ssn6-Tupl (Conlan
and Tzamarias, 2001). Having these functions, Sfl1 could be regulated by ploidy and confer the
down-regulation of FLO11 in polyploids. | constructed a ploidy series of the sfl1A mutant to
study its effect and found that repression of FLO11 by polyploidy persistsin this mutant
background (figure 7a). Hence, Sfl1 isnot required for ploidy-regulation. While investigating
roles of the protein A kinasesin FG, Robertson et al. discovered that Tpk3 might function
upstream of Tpk2 to inhibit FG (Robertson and Fink, 1998). As shown in figure 7b, it is unlikely
that Tpk3 mediates ploidy-based silencing of FLO11, because the repression on FLO11 remains

in tpk3A polyploids.



Nrglin the glucoserepression pathway

Kuchin et al. reported that the zinc finger transcriptional repressors Nrgl and Nrg2
function downstream of the Snf1 kinase to repress FLO11 when nutrients are abundant (Kuchin
et a., 2002). Nrglisof particular interest asits activity is regulated by glucose content (Berkey
et a., 2004). It is possible that polyploids respond to nutrient depletion poorly due to signaling
defects, as shown in aprevious study (Andalis et a., 2004). Polyploids may be defective in
sensing glucose depletion in the medium and maintains FLO11 repression in agrowing culture. |
investigated this possibility by ChiIP to quantify association of Nrgl with the FLO11 promoter.
Asshown in figure 8, binding of Nrgl to the FLO11 promoter is diminished in polyploids.
Binding of Nrgl to the GAT4 promoter, on the other hand, is not affected by ploidy. These
results suggest that Nrgl does not contribute to repression of FLO11 in polyploids. The results
again show that in polyploids, the FLO11 promoter is somehow |ess accessible to transcription

factors.

Variegation factor histone deacetylase Hdal

In haploids and diploids, Hdal is required for variegated silencing of FLO11 (Halme et
a., 2004). One possibility is that polyploidy increases the fraction of silenced cellsin the
population through Hdal. Consequently, the average level of FLO11 expression would decrease
when assayed on the population level. To probe this possibility, | constructed the hdalA ploidy
series. The repressive effect of ploidy remains in this mutant background (figure 9). Results from
the hdalA and sfl1A ploidy series are in agreement and consistent with arole of Sfl1 in recruiting

Hdal to the FLO11 promoter.
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Upstream intergenic transcription of ICR1

Bumgarner et al. show that transcription of ICR1 initiates far upstream of the FLO11
ORF and progresses through most of the FLO11 promoter (in some cases even further into the
FLO11 ORF), preventing transcription activators from binding to the promoter (Bumgarner et
al., 2009). To investigate whether ICR1 isinvolved in ploidy-regulation, | quantified the
abundance of ICR1 and FLO11 transcripts in multiple isogenic haploid, diploid and tetraploid
strains. Although in one ploidy series the expression of ICR1 appears to increase with increasing
ploidy, the other ploidy series did not show such atrend (figure 10). Regardless of the levels of
ICR1 expression, expression of FLO11 consistently decreases with increasing ploidy in al series.
The inverse relationship between ICR1 and FLO11 expression observed in haploids by
Bumgarner et al. is not established in polyploids. It isunlikely that ICR1 mediates repression of

FLO11 in polyploids.

Cell density

The expression of FLO11 isinduced at high cell density through a quorum sensing
mechanism involving acohol derivatives of phenylalanine and tryptophan. A comparison
between optical density and cell density shows that the same optical density correspondsto ~3
fold lower cell density for the tetraploid when compared to haploid (table 1 in Appendix).
Because comparisons of FLO11 expression had only been performed in cultures controlled for
optical density, effects caused by a difference cell density in ploidy series were unknown albeit
systematic. Hence, it was important to compare FLO11 expression in cultures at the same cell

density. Asshown in table 1, expression of FLO11 in tetraploids remains significantly lower than
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in haploids at similar cell densities. The result rules out differencesin cell density as a

determinant of repression of FLO11 in polyploids.

Céll cycle

Asdiscussed earlier (figure 3 in chapter 2), expression of FLO11 isregulated by the
mitotic cell cycle. It peaks during M-phase and drops at the onset of G1, a pattern identical to
that of S 5. One explanation for the ploidy-regulation of FLO11 would be an ateration in the
polyploid mitotic cell cycle — such as a much longer G1-phase — causing under-representation of
cellsin M-phase in polyploid cultures. Consequently, the average expression level of FLO11
would be lower. Data from the cell size haploid mutants (figures 5 in chapter 2) argue against
this explanation. Another line of evidence is shown in figure 11: expression of S\ 5 appears to
increase with increasing ploidy. If changesin the cell cycle were to account for differential
expression of FLO11, then expression of FLO11 would have been higher in polyploids. The fact
that FLO11 is strongly repressed in polyploids means that a cell cycle independent process

causes ploidy-repression.
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Discussion

Results presented in this chapter are summarized in the diagram below. | selectively
looked at a number of repressors of FLO11 that function upstream of Flo8, Stel2 and Tecl.
When individually examined, none of the repressors was necessary for down-regulation of
FLOL11. Hence, these repressors are individually dispensable for the regulation and are thus
crossed out in the diagram. Implications of these results, combined with findings in chapter 2,
will be discussed in the next chapter along with future directions to identify potential pathways
mediating repression of FLO11 in polyploids.
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The candidate-based genetic survey of the regulators employed in this chapter is certainly
far from complete. A small number of mutants are worth consideration but have not been
explored: bcylA, msb2 without its N-terminal domain, and nrg2A (Cullen et al., 2004; Kuchin et

al., 2002; Prinz et al., 2007; Robertson and Fink, 1998). In these mutants, it was observed that

88



FLO11 expression levels were increased as compared with WT, suggesting that these proteins of
interest act as repressors of FLO11. | also did not explore combinations of mutations in different
pathways. Due to the complex regulation of FLO11, it isformally possible that two or more
regulators function redundantly and that individually each of the regulatorsis sufficient for
strong repression of FLO11 in polyploids.

A few improvements in experimental design would have led to more informative results
in this chapter. First, the growth condition of yeast cultures could have been better standardized
to minimize variations among experiments. For example, the WT haploid strain L6437 and
tetraploid strain L6440 in figures 9, 10 (1% panel) and 11 showed 2.8, 7, and 15 fold reduction in
FLO11 transcript levelsin the tetraploid, respectively. Although it is clear that FLO11 is
consistently down-regulated in the tetraploid, such large variations in fold changes compromise
the quantitative quality of the data. Gene expression analysis was performed using cultures
grown on shakersin a30C warm room, a condition that could have been optimized to improve
experimental reproducibility. Since the facility is shared by multiple investigators who need to
frequently access the room and turn on/off the shakers, changes in growth conditions caused by
fluctuations in temperature and aeration can be common. These changes could influence
expression of FLO11, whose regulation is controlled by multiple signaling pathways responsive
to changes in the environment. Growing culturesin awater bath with finer control over
temperature and rotary speed could have helped to minimize variations among different

experiments.

Second, a significant portion of the data was obtained from mutants without their WT
counterparts that would have generated more useful data. Without proper WT controls, it is

difficult to quantitatively assess the contribution of each regulator to the down-regulation of
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FLO11. In other words, the fold changesin FLO11 expression levels between mutant haploids
and polyploids could have been more meaningful if fold changesinisogenic WT controls had
been available in the same experiments. If several mutations were found to individually restore
FLO11 expression in polyploids by a small degree, these mutations would be suitable to combine

to further examine functional redundancy among their associated signaling pathways.

Another technical improvement would be to verify euploidy in each tetraploid strain prior
to gene expression analysis. Genome instability occurs more often in polyploids due to more
frequent chromosomal loss (Andalis et a., 2004; Ganem et al., 2007; Storchovaet al., 2006).
Aneuploidy in polyploids can lead to false interpretations of gene expression data, especially
when chromosomes carrying genes of interest are lost. A comprehensive way to confirm
euploidy isto perform comparative genomic hybridization using microarrays to examine the
genome content of a polyploid against a reference haploid genome. Transcriptomic profiling can
also reveal aneuploidy of achromosome, based on the large-scale indicative perturbation in
transcriptome observed in aneuploid haploids (Torres et al., 2007). Alternatively, genome
integrity can be assessed by using chromosome specific probes in quantitative PCR to make sure

equal representation of al chromosomesin a polyploid as compared with a haploid control.
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M aterials and M ethods

Y east strains, genetic engineering and growth conditions

Strains used in this study are listed at the end of this section. Standard molecular
techniques were employed to engineer mutant and epitope-tagged strains. All engineered strains
were verified by polymerase chain reaction and/or western blotting. Functions of epitope-tagged
alleles were assessed by their ability to complement expression or phenotypic defects of null
mutants. Prior to analysis, al cultures were grown from diluted overnight pre-cultures until mid-

log phase in the SC medium supplemented with 2% glucose at 30°C on a shaker.

Construction of isogenic ploidy series

Repeated rounds of mating-type switching and zygote sel ection were performed to obtain
isogenic ploidy series. Typically the process of generating a MATaaaa or MATaaoo. tetraploid
from an isogenic haploid takes 4 to 6 weeks. Briefly, haploid strains with suitable genotypes
were transformed with a plasmid encoding the HO endonuclease inducible by galatose to enable
mating-type switching. Transformed strains were pre-grown overnight in SC drop-out medium
supplemented with 0.1% glucose. After sufficient washing with water, cells were resuspended in
SC drop-out medium + 2% galactose and grown for 3 hours to enable mating type switching
before plating on YPD. Mating-type switched candidates were passaged multiple timeson Y PD
to ensure loss of the HO-encoding plasmid prior to mating-type assessment by auxotrophic

marker complementation or a pheromone-dependent growth inhibition assay.
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Chromatin Immunoprecipitation

Chromatin Immunoprecipitation was performed as described (Zeitlinger et al., 2003).
Monoclonal antibody against the 9E11 epitope (Covance) was used to precipitate myc-tagged
proteins. Anti-Rpb3 antibody (NeoClone) was used to precipitate RNA polymerase I complex.
Enrichment of chromatin of interest was measured by quantitative PCR. Primer specificity was
evaluated by the dissociation melting temperature of amplicon. Specificity was aso confirmed
by the absence of amplicons when the target sequence had been deleted in the genome used as
gPCR template, when applicable. Quantitative ChlP results were analyzed as previously

described (Keogh and Buratowski, 2004).

M easurement of gene expression by quantitative PCR

See methods section in chapter 2.
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Yeast strains
All strains arein the Sigma 1278b background with the genotype ura3-52, leu2::hisG

his3::hisG and were created in this study unless noted otherwise.

Strain ID Genotype or Description Reference/Source
(figure 1)
yCW9o3 MATa, flol1A::lacZ-LEU2, NUP49-GFP-HIS3

yCW157 MATaaaa isogenic strain to yCW93

yCw111 MATa, FLO11 promoter and ORF replaced
with kanM X, pFLO11-lacZ-LEUZ2 at URA3 locus,
NUP49-GFP-HIS3

yCW173 MATaaaa isogenic strain to yCW111

yCW497 yCW93 transformed with bCW78 (see below)
yCWwW499 yCW157 transformed with bCW78

(figure?)

L6437 MATaWT Galitski et al., Science 1999
L6440 MATaaaa isogenic strain to L6437 "

L7003 MATa, tec1A::HIS3 Gerald Fink lab stock

yCWw180 MATa, FLO8-9myc-TRP1
yCw207 MATaaoo isogenic strain to yCW180

yCW10 MATa, 3myc-TEC1

yCW28 MATaaaa isogenic strain to yCW10
yCW1 MATa, STE12-9myc-TRP1, trpl::hisG
yCw4l MATaaaa isogenic strain to yCW1
yCw43 MATa, GCN4-9myc-TRP1, trpl::hisG
yCW76 MATaaaa isogenic strain to yCW43
(figure 3)

yCW552 MATa, ksslA::ura3::LEU2, ste7A::HIS3, trpl::hisG  Fink strain L6237
yCW582 MATaa, isogenic strain to yCW552

yCWG686 MATa, diglA::kanM X Charles Boone
yCW758 MATaaaa, isogenic strain to yCW686

yCW493 MATa, mpt5A::kanM X Charles Boone
yCW490 isogenic MATaa
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yCW372 MATa, msb2 without mucin repeats

yCw441 MATaaaa, isogenic strain to yCW372

(figure 4)

yCW350 MATa, leu2::3myc-TEC1 T273M Hans-Ulrich Mosch
yCWw423 MATaaaa, isogenic to yCW350

(figure 5)
yCW745 MATa, hoglA:: TRP1, flol1A::yEGFP-URA3
yCW796 MATaaaa isogenic to yCW745

(figure 6)

yCWw478 MATa, WT Charles Boone
yCW514 MATa, isogenic to yCW478 except bck1A::kanM X "
yCw492 MATa, isogenic to yCW478 except mpklA::kanM X "

yCW610 MATa, flo11A::yEGFP-URA3
yCW612 MATa, isogenic to yCW610 except bck1A::kanM X

yCW479 MATa, WT Charles Boone
yCW625 MATaaoo., isogenic to yCW479

yCW560 MATa, bck1A::kanM X

yCW555 MATaaoo, isogenic to yCW560

(figure 7)

yCW506 MATa, sfl1A::HIS3, flol1A::yEGFP-URA3
yCW530 MATaa, isogenic to yCW506

yCW511 MATa/«, isogenic to yCW506

yCW675 MATaa/aa, isogenic to yCW506

yCW749 MATa, tpk3A::HIS3, flo11A::)yEGFP-URA3, trpl
yCW794 MATaaaa isogenic to yCW749

(figure 8)

yCW4 MATa, NRG1-9myc-TRP1

yCW57 MATaaaa isogenic to yCW4

(figure 9)

L6437 MATa, WT Galitski et al., Science 1999
L6440 MATaaaa isogenic to L6440 "

yCwos8 MATa, hdalA::kanM X, FLO11-HA S. Bumgarner/Fink lab
yCW153 MATaaaa isogenic to yCW153

(figure 10)

L6437 MATa, WT Galitski et al., Science 1999
L6438 isogenic MATaa "

94



L6439
L6440
L6441
L6442
L6443
L6444

yCw43
yCW60
yCW76
yCw48
yCW54
yCW77

yCwW151
yCW163
yCW175
yCw9o2

yCw164

(figure 11)

isogenic MATaaa
isogenic MATaaaa
MATa, WT
isogenic MATaa
isogenic MATaaa
isogenic MATaaaa

MATa, GCN4-9myc-TRP1, trpl::hisG
isogenic MATaa

isogenic MATaaaa

isogenic MAT«

isogenic MATaa

isogenic MATaaaa

MATa, flo11A::.yEGFP-URA3 S. Chen/Fink lab
isogenic MATaa

isogenic MATaaaa

isogenic MAT«

isogenic MATaa

WT MATa ploidy series, asin figure 10

Plasmids

Plasmid ID

Description Reference/Source

bCW78

B4099

GAL1S promoter driving FLO11 ORF and 3'UTR
cloned from an S288c genomic DNA library,
URA3 as selectable marker, CEN.

FLO11 promoter upstream of lacZ ORF, for Gerald Fink lab stock
integrative transformation to use lacZ as a reporter

for FLO11 promoter activity. LEUZ2 as selectable

marker.
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Figuresand Table

Location independent repression of the FLO11
promoter activity in polyploids
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Figure 1a. The FLO11 promoter is sufficient for conferring ploidy-regulation. L eft: By
integrative transformation, the FLO11 ORF and 3' UTR was replaced with the lacZ reporter gene
followed by the LEU2 selection marker. The LacZ and LEU2 sequence came from vector

Y Ep365 and was used to construct the Fink lab plasmid B4099 for integration at the FLO11
locus. In a separate strain, the entire region shown in the diagram was inserted at the URA3 locus
by integrative transformation. Right: Like the FLO11 ORF, lacZ reporter expression levels are
significantly reduced in the isogenic tetraploids. The down-regulation of FLO11 promoter
activity occurs at both genomic locations.
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Figure 1b. Degradation of FLO11 RNA in haploids (solid purple lines) and tetrapl oids (dotted
green lines) after addition of glucose to turn off FLO11 expression from the GAL1 promoter.
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Figure 2a. Reduced association of RNA pol
I1 with the FLO11 promoter in polyploids.
Chromatin was co-immunoprecipiated with
Rpb3, acomponent of RNA pol I1I. AHP1 (a
well expressed gene) and DANL1 (asilenced
gene) are reference chromatin regions with
strong and little binding of RNA pol I1,
respectively. In al strains, expression levels
of FLO11 are between those of AHP1 and
DANL1 (data not shown). The intermediate
enrichment levels of FLO11 promoter by
ChIP correlate well with its relative transcript
abundance, validating reduced association of
RNA pol 11 in tetraploids.

Figure 2b. Reduced binding of key
transcription activators to the FLO11 promoter
in polyploids. Epitope-tagged transcription
factors had been confirmed to be functional by
invasive growth in haploids, and isogenic
tetrapl oids were then constructed. Different
primer sets (B-E) were used to detect
enrichment of various regions of the promoter.
Region D, about 1.3Kb upstream of the ORF,
was most enriched by all three transcription
factorsin haploids. Enrichment of FLO11
promoter in tetraploids displays the same
pattern but a smaller magnitude for region D.
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Figure 2c. Binding of Gen4 to chromatinis
not reduced in polyploids.
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Figure 3a. Ploidy-associated reduction in FLO11
expression in the kss1A ste7A double mutant background.

Figure 3b. Repression of FLO11 in polyploidsin the
digA mutant background.

Figur e 3c. Ploidy-dependent repression of FLO11 in
MptSA mutants.

Figure 3d. The mucin repeatsin Msb2 are not required
for ploidy-regulation of FLO11.
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Figure 4. Ploidy regulation of FLO11 in the TEC1 T273M 020 (MATa strains)

mutant background. T273M amino acid substitution Tgn "
stabilizes Tecl protein. However, repression of FLO11 il § ** T
occursin the polyploid. £ 010 .
E 0.06 '__I__I
E 0 uusﬂ |
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Figure 5. Promoter activity of FLO11 in the hoglA
haploid and tetraploid mutants. The FLO11 ORF was
replaced with GFP as areporter of promoter strength.
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Derepression of FLO71 in bck1 mutant
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Figure 6b. The double mutant kss1A ste7A is
epistatic to bck1A. Expression of FLO11 was
quantified in haploids with the designated
genotypes.
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Figure 6¢. Expression of FLO11 in bck1A
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Figure 7a. Ploidy-mediated repression of FLO11 expression
(reporter = GFP) does not require Sfl1.
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Figure 7b. The promoter activity of FLO11 remains repressed

c
(=] . .
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Figure 8. Enrichment of promoter chromatin by Nrgl in isogenic haploid and tetraploid.
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Figure 10. Expression of FLO11 (or FLO11 promoter activity) and ICR1 in multiple ploidy
series. Genotypes of the isogenic ploidy series are noted above. Expression of ICR1 was
measured using gPCR primers amplifying ~1.3Kb upstream of the FLO11 start codon, aregion
where transcription of ICR1 would interfere with binding of Flo8, Stel2 and Tecl.
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Chapter 4. Discussion and futuredirections

Cedll size and ploidy

Although the exact mechanism by which polyploidy enlarges cell sizeis unclear, recent
studies on polyploid S. cerevisiae have provided considerable insight to aid further investigation.
While cell volume increases proportionally with increasing ploidy, the doubling time remains
unchanged in aploidy series (Di Taliaet a., 2007 and Appendix I). Earlier work suggests that
the cell size threshold is established by the balance between rate of cell growth and frequency of
mitotic division (Cook and Tyers, 2007; Jorgensen et a., 2002). Hence, an increase in cell size
without areduction in cell division frequency in polyploids must result from afaster rate of
biomass accumulation. Since the cell volume scales linearly with ploidy in yeast, the rate of
biomass accumulation is likely proportional to ploidy. The unchanged doubling time aso raises
interesting questions concerning cell cycle regulation. The fact that polyploidy does not
significantly alter cell cycle progression (Storchovaet al., 2006) suggests that the relative but not
absol ute abundance of cell cycle regulators with respect to the genome determines timely

progression of mitotic cell cycle.

Aninvitro study using synthetic macromoleculesillustrates how a greater cellular
biomass could increase cell size by simple physical principles. The study showed that RNA
polymers encapsulated in fatty acid vesicles can generate sufficient osmotic pressure to expand
the vesicles, provided that additional fatty acid molecules are available in the system to enable
vesicle growth (Chen et al., 2004). In light of this physical observation, the concentration of
macromoleculesin acell could dictate cell size. High concentrations of macromoleculesinside a

cell increase the internal osmotic pressure, which in turn triggers water inflow and thus provides
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the turgor pressure to expand the cellular boundary. The physical principles provide an
intuitively simple explanation for the positive correlation between cell size and ploidy: In
tetraploids the quadrupled genome encodes a four-fold larger capacity for production of

macromol ecules, whose four-fold greater abundance then enlarges the cell size by four fold.

Stress and compositional changesin the cell wall in responseto enlarged cell size

The budding yeast cell wall comprises at |east 20% of the cellular dry weight (Smitset al.,
1999). As an organelle, the cell wall performs dynamic and controlled re-structuring in order to
maintain cellular morphology while enabling growth. The enlarged cell size appearsto have a
unigue impact on the cell wall, as my RNA-seq data show that genes encoding cell wall
components and their regulators are preferentially regulated both in the enlarged cIn3A haploid
and the naturally large tetraploid. The cell wall composition isthuslikely atered in large cells,
although the molecular content and organization of cell wall remain to be compared in strains of

different cell sizes.

Despite the higher basal cell wall stress, polyploids do not appear to suffer gross defects
in the cell wall. Using fluorescence microscopy, | detected no difference in the exposure levels
of glucan and chitin on the cell surface between haploids and tetraploids grown to mid-log phase
in YPD (data not shown). However, the basal level of cell wall stress appears significantly higher
in polyploids, as evidenced by the elevated activity of cell wall integrity (CWI) pathway (see
chapter 2). The increased pathway activity could result from a number of changesin the
polyploids. First, polyploids must expand their cell wall at afaster rate than haploids to enable

faster growth with an unchanged doubling time but a much larger cell size. Expansion of cell
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wall requires rigorous and highly controlled wall remodeling — loosening the cell wall in targeted
regions for addition of new wall components yet maintaining a sufficient force to counter the
turgor pressure at the same time - to prevent bursting at structurally loosened sites. Since the
remodeling process is coordinated by the CWI pathway (Levin, 2005), afaster cell wall

expansion rate in polyploids likely demands a higher activity of the CWI pathway.

A second factor contributing to the elevated CWI pathway activity could be the increased
turgor pressure and therefore the greater physical stress on the cell wall. The faster accumulation
of cellular content in polyploids likely generates greater turgor pressure, while the relative cell
wall surface area with respect to cell volume decreases due to geometric limitations.
Conseguently, in polyploids, each unit of the cell wall would endure a higher amount of turgor

pressure and would require more rigorous CWI pathway activity to stabilize the cell wall.

Third, the likely altered cell wall composition in polyploids could induce the CWI
pathway, which monitors and copes with structural changesin the cell wall (Levin, 2005). An
altered composition of cell wall could weaken its structural integrity, which would exacerbate the
stress endured by the wall and demand a stronger respose from the CWI1 pathway. Whether the
physical strength and structural integrity of cell wall are affected by the enlarged size of
polyploids could be assessed by biochemical means. For example, resistance to digestion by
glucanases and chitinases could be quantified by the degree of permeability of reporter
molecules normally excluded by the intact cell wall. If larger cells have structurally
compromised cell wall, they may display greater cell wall permeability given a constant amount

of enzymatic treatment.
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The nuclear envelope, like the cell surface, also experiences areduction in areawith
respect to their enclosed volume as the cell enlarges. It has been observed that the nuclear
volumein yeast is proportional to cell volume (Jorgensen et a., 2007; Neumann and Nurse,
2007). Using fluorescence microscopy to measure the diameter of nuclear envelope labeled with
GFP (as afusion protein to the nucleoporin Nup49), | aso found that the nucleus in a tetraploid
isindeed about four times larger than its haploid counterpart in budding yeast. Although the
nuclear size enlarges with increasing cell size and is thus aso under sophisticated size control
(Huber and Gerace, 2007), transcriptiona data from this work and previous studies (Galitski et
a., 1999; Storchovaet al., 2006) did not suggest a perturbation in the nuclear envelope in
polyploids. Hence, the effect of polyploidy and cell size on nuclear function and structure remain
unclear. Certainly, the absence of transcriptiona effects does not eliminate other types of

physiologica perturbations that could be caused by changesin nuclear size.

Pathway specific responses to enlarged cell size

The enlarged cell size does not equally affect all molecular pathways concerning the cell
surface. My transcriptome data show that among the four MAPK pathways active during
vegetative growth, the pheromone response and filamentation pathways are down-regulated in
large cells. In tetraploids, the cell wall integrity MAPK pathway is significantly induced. As
discussed earlier, data from the high osmolarity glycerol (HOG) MAPK pathway are
inconclusive. These MAPK pathways may be affected differently by cell size and manifest
varying degrees of differential regulation. Alternatively, they could experience asimilar degree
of perturbation in large cells but adapt differently. For example, the HOG pathway shows a

robust response to osmotic perturbation (Hohmann, 2009). Upon hyper-osmotic shocks, the
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active, dually phosphorylated MAPK Hogl promptly translocates from cytoplasm to nucleus and
induces transcription of a broad range of genes. The duration of nuclear retention of Hogl is
correlated with the osmotic differential across the plasma membrane rather than the absolute
intra-cellular osmolarity. After restoration of turgor pressure by increasing intra-cellular glycerol
content, the nuclear enrichment level of Hogl returns to the baseline level observed prior to
osmotic shock, thereby exhibiting perfect adaptation (Muzzey et a., 2009). The quantitative
measurement of steady-state levels of transcripts described in this study would not capture the
kinetic dynamics of pathway adaptation upon a sudden changein cell size. Real-time analysis
would be necessary to observe whether cell size causes temporary perturbationsin the HOG

pathway.

Transcriptional profiling by next-generation sequencing in this thesis project was able to
pinpoint pathways that are highly transcriptionally sensitiveto cell size. Asthe transcript
abundance is an imperfect proxy for protein abundance (de Godoy et al., 2008), processes
affected at the level of trandation or post-translational processing would only be identified by
proteomic analysis. Transporters on the cell surface and nuclear envelope, if affected by enlarged
cell size, could be regulated at levels of trandation, post-translational modifications and protein
degradation. Since the connection between cell size and physiology is fundamentally
underexplored, systematic comparisons of metabolites, membrane lipid and cell wall
composition in small and large cells will be necessary to reveal the totality of physiological

changes associated with varying cell size.
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Requlation of FLO11 by cell size/ploidy and identification of its size-dependent regulator

My data presented in chapters 2 and 3 suggest that alack of transcriptional activation,
rather than stronger transcriptional repression, isthe major cause of reduced expression of
FLO11. Removal of the potent repressor Sfl1 should enable more efficient binding of Tecl,
Stel2 and Flo8. However, deletion of SFL1 did not alter repression of FLO11 in polyploids.

ChlIP results suggest that the FLO11 promoter is less accessible in polyploids. While physical
association between Nrgl and the GAT4 promoter is unaffected by ploidy, binding of Nrgl to the
FLO11 promoter is diminished in polyploids. Hence, the accessibility of the FLO11 promoter
appearsto be lower in polyploids, at least when compared to that of GAT4. The reduction in
binding of Tecl/Stel2 to the FLO11 promoter could explain thisinaccessibility, as Tecl/Stel2

has been shown to recruit the Swi/Snf chromatin remodeling complex (Kim et al., 2004).

Given the complex regulation of FLO11, it is plausible that both the filamentous growth
MAPK pathway and the cAMP/PKA pathway are inactive in polyploids. In this scenario,
removal of repressors in one pathway would be insufficient to restore FLO11 expression, as seen
in my results. It would be informative to study FLO11 in a ploidy seriesin which either or both
kinase pathways are constitutively active. A ploidy series of a constitutively active RAS2 mutant
could also be informative. As discussed in chapter 2, the enlarged cell size of polyploids could
alter signal transduction due to the reduced surface arearelative to volume. The constitutively
active mutants could help to pinpoint the mechanism by which polyploidy exerts repression on
FLOL11, since the molecular architectures of these signaling pathways have been uncovered.
Another unexplored possibility is enhanced inhibition of both kinase pathways by phosphatases
in the cytoplasm and nucleoplasm. Polyploidy could actively promote the functions of

phosphatases. Alternatively, inhibition by phosphatases in polyploids could increase by a passive
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mechanism. MAPK s activated at the cell periphery are expected to encounter more de-
phosphorylation events before reaching their nuclear targetsin polyploids, simply dueto the

longer distance to travel in amuch larger cell.

Besides the pathways mentioned above, it isformally possible that an unidentified
regul ator/pathway causes down-regulation of FLO11 in polyploids. A genome-wide screen could
be helpful to discover such novel regulators. A library of null deletion mutantsin the Sigma
1278b background has been constructed (Dowell et a., 2010), and a systematic approach to
create atetraploid mutant library from a haploid library has been described (Storchovaet al.,
2006). Although such an approach is practicable, it does not bypass the time- and labor-
consuming process of constructing tetraploid strains. In addition, tetraploids are genetically
unstable, making a deletion library cumbersome to maintain; mutant strains in the library could

easily become aneuploid.

Recently, synthetic RNAI in S cerevisiae has emerged as a viable alternative to null
deletions, since components in the RNAI pathway in S castellii have been characterized
(Drinnenberg et al., 2009). It is thus technically feasible to design an RNA. library to knock
down target transcriptsin tetraploids. One advantage of using RNAI is that fresh mutant strains
could be conveniently engineered from a WT tetraploid, so specific knock-down mutants could
be easily replaced if their genome integrity is of concern. Once constructed, the Sigma 1278b
tetraploid mutant library would then be transformed with a plasmid for a genetic screen. The
plasmid could express GFP driven by the FLO11 promoter and RFP by the ACT1 promoter.
Fluorescence microscopy or FACS would then identify mutants displaying higher ratios of GFP
to RFP signals than the WT. The library could also be transformed with a plasmid encoding a

selectable marker driven by the FLO11 promoter to identify new regulators via selective growth.
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Mutant candidates identified in the screen would then be examined in the context of ploidy, as
described in chapter 3. Since much of the physiology of tetraploid yeast is still largely unknown,
atetraploid mutant library in the Sigma 1278b background would serve many purposes for

characterization of polyploids.

An aternative and complementary approach to conduct the genome-wide screen would
involve use of the cIn3A mutation as a surrogate for polyploidy. The cIn3A haploid could be a
suitable proxy for polyploids, since transcriptional activation at FLO11 is repressed in the cln3A
mutant asin the WT tetraploid. A haploid deletion library in the cln3A background could be
generated by high throughput mating and sporulation. The haploid library would impart severa
technical advantages over thetetraploid library. It would take less effort to generate, and the
haploid mutants would be genetically more stable than tetraploids. Polyploid specific lethal
mutants (Storchova et a., 2006) would be viable and represented in the haploid library. Since the
cIn3A mutation sufficiently produces a cell size effect on FLO11 without exacerbating cell wall
stress (see discussion in chapter 2), it would aso simplify the screen by focusing on factors
responding to changesin cell size and thereby avoiding complications caused by elevated cell

wall stress.

The genome-wide genetic screens discussed above could be adapted to study regulation
of genes besides FLO11 by cell size. Use of other promoters to drive reporter expression in the
screen would facilitate better identification of the mechanism(s) by which cell sizeis sensed and
transmitted as asignal. One major disadvantage of studying FLO11 isits intrinsic complex
regulation. Multiple signaling pathways involving cis- and trans-regulators control expression of
FLO11, whose promoter is much longer than the genome-wide average (see chapter 3). Changes

in cell size likely affect two or more pathways regulating FLO11, making it more difficult to

116



assess the role of each pathway in transcriptional responses to cell size. Regulation of other
genes robustly regulated by cell size, as those identified in chapter 2, may be simpler than that of
FLO11. These genes could provide a better opportunity for understanding the effect of cell size

on cellular physiology at a detailed molecular level.

Potential size-sensing signaling mechanisms

Given the complex cellular architecture and signaling network, changesin cell size could
be detected by multiple cellular components. As cell volume changes, the unequal scaling
between surface area and volume could affect signaling molecul es between the plasma
membrane and the cytoplasm. The stoichiometry and biochemical interactions among surface

and cytoplasmic components could be altered, thereby affecting signaling and transcription.

In addition to molecules at the interface of cell surface and cytoplasm, the mechanism of
cell size-sensing could involve the cytoskeleton or cytoplasmic organelles. Cell size sensing and
control, in principle, isan integral aspect of maintaining the cellular architecture. The fact that
nuclear size is proportional to cell sizein budding and fission yeast (Jorgensen et al., 2007,
Neumann and Nurse, 2007) suggests the existence of an elaborate cytoskeletal network
connecting the nucleus to the cell periphery. The cytoskeleton thus likely expands as cell size
increases. It isunlcear if other organelles also enlarge with increasing cell size. Currently, the
molecular details of cellular architecture are still largely unclear; whether (and how) alarger cell

size affects the functional and signaling properties of various organelles remains to be examined.

Since the relationship between cell size and physiology is fundamentally underexplored,
the budding yeast serves as a perfect model organism to investigate functional correlates of cell
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size. Experimental tools implemented in this thesis can be devel oped further and combined with
systematic surveys to obtain a comprehensive view of the effects of changesin cell size and
pinpoint potential underlying mechanisms of cell size sensing. The principles concerning cell
size, ploidy, and physiology discovered in yeast will continuously illuminate our path to

understanding the basic cellular biology in other organisms.
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Appendix

During the course of my study, | characterized growth of Sigma 1278b strains at different
ploidy states and mating types. Figures 1 and 2 are results from cultures grown in a standard
condition. Figure 3 shows growth of haploid and tetraploid cultures challenged with a DNA
damaging agent. These results reveal fundamental properties of the strains and could aid future
studies.

Figures 1 and 2 show that strainsin the WT ploidy seriesal grew similarly. Asthe
curves have similar slopes, the rates of change in optical density, glucose consumption and
ethanol production are all similar across the series. A small difference, if significant at all, may
exist due to mating type differences. The optical densities of MATa cultures were a bit lower
than other strains during log phase. Consequently, glucose content was higher and ethanol
content was lower in the haploid cultures. MATaa and MATaaaa had high optical densities, low
glucose levels and high ethanol contents during log phase. The MATa/a cultures seemed
equivalent to MATaa and MATaaaa in terms of optical densities. However, glucose utilization
and ethanol production in MATa/a cultures appear to resemble MATa cultures.

It isinteresting that all cultures reached the diauxic shift at about the same time, and the
optical densities plateaued at similar levels. Therefore, al cultures appeared metabolically
similar despite their different cell densities (table 1). Based on the growth curves, the rate of
overall biomass accumulation (approximated by optical density) in the culture isindependent of
ploidy. Hence, atetraploid cell islikely metabolically equivalent to multiple haploid cells under
this growth condition. Andalis et al. discovered that tetraploids fail to arrest cell cyclein

stationary phase and lose viability (Andalis et a., 2004). The stationary phase could be amore
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suitable condition to revea large-scale differences in metabolism between haploids and
polyploids.

When searching for a mechanism underlying ploidy-regulation of FLO11, | once thought
about the hypothesis that DNA damage sensing and repair might inhibit FLO11 expression.
Storchova et al. had just reported a higher frequency of spontaneous DNA damage and more
frequent DNA repair in polyploids (Storchovaet al., 2006). A connection between DNA damage
repair and FLO11 expression seemed plausible to explain down-regulation of FLO11 in
polyploids. My preliminary data did not support such a connection, and | did not explore this
possibility further. For record keeping, shown in figure 3 are doubling times of haploid and
tetraploid strains treated with increasing concentrations of bleomycin. As expected, tetraploids
are more sensitive to bleomycin. A noticeable difference in doubling time was seen when

bleomycin concentration increased from 1 to 1.5 pg/mL.
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Figure 1. Growth characterization of an isogenic WT ploidy series of the Sigma 1278b
background. Two cultures were inocul ated for each strain, and data from both cultures are
shown. Cultures were grown in synthetic complete (SC) medium supplemented with 2% glucose
at 30°C. Temperature fluctuation was minimized by growing cultures in water bath shakers
instead of air based incubators. Cultures were inoculated at 0.05 O.D.600nm from ~12 hour old
pre-cultures that were in exponential growth phase to eliminate lag phase. During the time
course, O.D.600nm, glucose concentration and ethanol concentration in the growth medium were
tracked at regular intervals. Glucose and ethanol contents were measured on Y S| Select 2700
Biochemistry Analyzer. Strain IDs. MATa = yCW728, MATaa = yCW782, MATa/alpha =
yCW733, MATaaaa = yCW792 #1. Genotype: ura3-52, arg4, lys2::kanM X.
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Figure 2. Side-by-side comparisons of al strains in each growth-related parameter.
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Figure 3. Growth of WT Sigma 1278b haploid (MATa, L6437) and tetraploid (MATaaaa,

L 6440) treated with increasing concentrations of bleomycin. Cultures were inoculated in SC +
2% glucose and grown at 30°C with periodic agitation in Bioscreen Microbiology Reader.
Optical densities were tracked for 48 hours. Doubling times were calculated only from data
points within exponential phase.
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Strain | 0.D.600nm | Cell density (10°7/mL) | Cdl density per O.D. (10°7/mL)
MATa 0.655 1.87 2.85
0.630 2.09 3.31
0.595 1.82 3.06
MATa/alpha | 0.685 1.08 158
0.640 113 1.77
MATaa 0.690 1.48 2.14
0.680 1.39 2.04
MATaaaa 0.665 0.761 1.14
0.670 0.763 1.14
0.680 0.755 111

Table 1. Correlation between optical and cell densitiesin aWT isogenic series in the Sigma
1278b strain background. To improve accuracy of optical density measurement, cultures were
diluted 5 fold to ensure the spectrophotometric output fell between 0.1 and 0.2 optical units. Due
to flocculation, the cell density could not be determined directly, and additional treatments were
required. First, NP-40 was added to identical volume of culturesto 0.1% to thoroughly pellet
MATa and MATaa cells that otherwise would adhere loosely to tubes and get removed in
subsequent steps. Cell pellets were resuspended in PBS + 3.7% formaldehyde for fixation at 4°C
overnight. Fixed cells were washed 3 timesin PBS, 1timein 1.2M sorbitol citrate, resuspended
in sorbitol citrate and digested with a mixture of zymolyase and glusulase to alleviate
flocculation. Digested cells were washed and resuspended in sorbitol citrate to the original
volume prior to cell density counting on an automated cell counter Cellometer.
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