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Abstract
Forkhead (Fox) proteins are transcription factors that function in many processes
including development, metabolism and cell cycle regulation. This gene family is
divided into subfamilies that appear to originate from a common ancestor. I have
identified the evolutionary selection pressures acting on individual amino acid
positions in the FoxA, FoxC, FoxD, FoxI, FoxO and FoxP subfamilies. The
patterns of selection observed allowed for the prediction of residue function and
identification of residues that differentiate orthologs and paralogs. The subfamily
structure and negative selection found within the subfamilies indicates that after
gene duplication, differentiation of subfamilies through amino acid changes and
subsequent negative selection on these changes has occurred. Meanwhile, the
observed neutral changes and positive selection allow for further protein
differentiation. Within the FoxC subfamily, positive selection was identified at
one amino acid site in the inhibitory domain. Mutation of this site in FOXC1
alters transactivation activity and the effects of mutants on transactivation activity
are different on different reporters. The mutant effects were consistent with those
of known disease causing mutations, supporting the predicted positive selection.
The inhibitory domain is known to function in reducing FOXC1 transactivation
activity and influences protein stability. Here I additionally show that loss of the
inhibitory domain and mutation of the positively selected site can reduce FOXC1
DNA binding. Co-transfection of FOXC1 and TLE4, a repressor protein that can
potentially bind to the inhibitory domain, was shown to increase FOXCI

transactivation activity. The effects of a novel disease causing FOXC1 inhibitory



domain mutation on FOXCI1 function were also assessed. The mutation reduced
FOXCI transactivation activity and increased protein half-life both of which may
lead to disease. Regulation of FOXCI1 activity is critical for normal function and
this work has furthered our knowledge of how the inhibitory domain influences
FOXCI activity. I have provided biological evidence for the theory that positive
selection acts at the amino acid level to optimize protein function. I have also
shown that both changes in transcription factor proteins and the cis-regulatory

region of target genes have the potential to contribute to evolutionary adaptation.
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Chapter 1: Introduction to molecular evolution and the forkhead

gene family.



Genetic Evolution

Adaptation of behavior, morphology and physiology in response to
environmental cues has produced the biological spectrum that is present today.
Underlying these physically observable adaptations are genetic changes that are
much more difficult to discern. There are two main processes regulating genetic
change: genetic drift and natural selection. Genetic drift is a random change in
allele frequency in a population due to chance (Gillespie 1998; Patthy 2008).
These changes are caused by stochastic variations in the number of offspring
produced by members of a population (Gillespie 1998). Conversely, natural
selection is a change in allele frequency due to the effects that the allele has on
fitness (the ability to reproduce) (Gillespie 1998; Yang 2006; Patthy 2008).
Alleles that reduce fitness are removed by negative selection whereas alleles that
increase fitness are maintained by positive selection. When alleles do not
decrease or increase fitness they are considered neutral.. Genetic drift is only
observable within a population or species and concerns existing alleles. Natural
selection can be observed within a species as well as amongst differing species.
Natural selection is a driving force in adaptation because it acts continuously on
existing and newly developed alleles.

At the molecular level natural selection can be described in terms of ®, the
nonsynonymous (nucleotide changes that result in amino acid changes)
substitution rate divided by the synonymous (nucleotide changes that do not result
in amino acid changes) substitution rate (Yang 2006). These rates are determined

through a comparison of DNA composition at codons among aligned sequences



of interest (Nei and Gojobori 1986). Each nucleotide in the alignment is
identified as a nonsynonymous site, a synonymous site or a combination of the
two types, which is based on what happens to the amino acid composition if any
of the three possible substitutions occur. The site is synonymous if there is no
potential for amino acid change or nonsynonymous if there is potential for amino
acid change. If both nonsynonymous and synonymous substitutions can occur the
site is a combination of the two types. Practically this can be quantified by
assigning a value of 1/3 for each of the three potential nucleotide substitutions to
either the nonsynonymous or synonymous category depending on what effect the
substitution has on amino acid composition. The nonsynonymous and
synonymous changes among the sequences are also identified. These values are
then used to calculate the substitution rates where the nonsynonymous
substitution rate is the number of nonsynonymous substitutions per
nonsynonymous sites and the synonymous substitution rate is the number of
synonymous substitutions per synonymous site. The value of ® can be calculated
over the entire length of a sequence or on individual codons. An ® < 1 indicates
negative selection is occurring while ® > 1 suggests positive selection and ® = 1
for neutral changes. Negative or positive selection at an amino acid site implies
that the residue is functionally important. Neutral changes at amino acid sites
imply that the exact composition of amino acids at these sites is unimportant and
that they are not directly involved in protein function.

The calculation of substitution rates described above is the most basic

type. More biologically realistic adaptations that consider the



transition/transversion rate ratio, the frequency of codon usage and time
separating the sequences are generally used to calculate substitution rates (Li
1993; Pamilo and Bianchi 1993; Goldman and Yang 1994; Yang and Nielsen
2000). Transitions (purine to purine or pyrimidine to pyrimidine nucleotide
changes) are known to be more common than transversions (purine to pyridine or
pyrimidine to purine changes) (Patthy 2008). This is due to chemical changes of
nucleotides that allow for non-standard base pairing, which most often result in
transitions, during DNA replication. Codon usage bias is the preferential use of
some codons over others even though they code for the same amino acid. tRNAs
are not equally abundant in some cells, therefore for proteins that require high
levels of production, codons that match the more abundant tRNAs are
preferentially used over lower abundant tRNAs (Patthy 2008). The establishment
of a novel allele is most often a slow process. Therefore an increase in the time to
the most recent common ancestor of a set of sequences allows for more nucleotide
changes to occur (Yang 2006). All of these factors affect nucleotide substitution

rates.

Natural selection acting on gene duplications is thought to be the major
mechanism driving an evolutionary increase in organism complexity (Holland
1999; Taylor and Raes 2004). Duplication events may involve any amount of
DNA, from a fraction of a gene to the whole genome. Nondisjunction of
chromosomes during meiosis, slipped-strand mispairing during DNA replication,
unequal crossing over of chromosomes during recombination and transposition or

retrotransposition (RNA is first transcribed into cDNA) of DNA from one locus to



another all contribute to genetic duplication (Holland 1999; Patthy 2008).
Transfer of a gene between species, lateral gene transfer, can also introduce a
homologous gene family member (Patthy 2008). The fate of duplicates is
determined by natural selection (Lynch and Conery 2000; Patthy 2008; Innan and
Kondrashov 2010). When duplication of a gene has no effect on fitness or is
deleterious, an accumulation of mutations can inactivate one of the copies
rendering it a pseudogene (i.e. a gene that will not produce protein).
Alternatively, during this period of mutation accumulation the gene may develop
advantageous properties or novel functions (neofunctionalization) that prevent it
from becoming a pseudogene. Duplicate genes may also subfunctionalize
resulting in the requirement of two genes to perform the same function as their
single ancestor. If an additional copy of a gene is advantageous, it will be

maintained.

This duplication and divergence process results in the formation of gene
families (Demuth and Hahn 2009). Gene families are defined by the presence of
a particular sequence motif(s). Defining motifs are generally highly conserved
and required for normal protein function. These motifs can diverge but still
maintain the same function in family members. Outside of the gene family motif,
the sequences of family members can diverge to impart novel functions. The
number of members in a particular gene family can vary among species due to
lineage specific duplications or losses. Orthologous genes are genes in different
species that share a common ancestor, while parologous genes are genes within a

species that share a common ancestor.



Changes in transcriptional regulation are thought to be a major contributor
to phenotypic evolution (King and Wilson 1975; Wray 2003; Wray et al. 2003;
Lynch and Wagner 2008; Wagner and Lynch 2008). Transcription factor proteins
can change to alter transcription regulation or the cis-regulatory region of targets
(i.e. the regulatory elements located on the antisense strand, e.g. transcription
factor binding sites) can change resulting in differences in gene expression among
individuals and species. The relative contribution of changes in transcription
factors vs. changes in the cis-regulatory regions to phenotypic differences is
currently under argument (Wray 2007; Lynch and Wagner 2008; Wagner and
Lynch 2008). There are studies that show that sequences are different among
species however there is a lack of studies showing that these differences can cause
an effect. Therefore the arguments regarding the importance of proteins and cis-
regulatory elements in evolution are mainly theoretical. Arguments supporting
cis-regulatory evolution center around the idea that cis-regulatory elements are
modular. These arguments include; 1) cis-regulatory elements can evolve from
existing elements and 2) any transcription factor can be used to regulate a gene if
the required binding site is present (Wagner and Lynch 2008). The most
important argument for evolution through variation in cis-regulation, is that
changes should not have highly pleiotropic effects because different cis-elements
can be used to control spatial and temporal gene expression (Wagner and Lynch
2008). While these arguments may be true, they can also be applied in support of
evolution through variation of transcription factor proteins. Transcription factors

are also modular and domain functions can be controlled by the cellular



environment (Locker 2001). In different cell types or in response to signals,
alterations in transcription factor expression, co-factor expression and post-
translational modifications allow for differential regulation of transcription factor
function. Additionally, alternative splicing can create transcription factors with
different domain complements. Orthologous transcription factors are rarely (if
ever) identical and often only highly conserved in parts of the molecule and not
over the entire length. Therefore transcription factors can evolve from existing
elements, regulate any gene if the transcription factor and binding site are present
and changes in transcription factors are not necessarily highly pleiotropic due to
controls in the cellular environment (i.e. differences in cofactor availability
among cell types). Biological support of evolution through cis-regulation comes
from studies in Drosophila. Wing coloration in Drosophila was shown to be
variable among species due to differences in cis-regulatory elements in regions
that are orthologous (Gompel et al. 2005; Prud'homme et al. 2006). In support of
evolution through transcription factor proteins, differences in orthologous
transcription factor function have been demonstrated. For example, Drosophila
otd (orthodenticle) cannot completely rescue the nervous system phenotype of
mice lacking the orthologs Otx/ and/or Otx2 (orthodenticle homolog) (Acampora
et al. 1998). Mouse Otx2 and Drosophila otd were also shown to have different
target gene profiles (Montalta-He et al. 2002). Overall there is evidence that
differences in cis-regulatory regions and differences in transcription factors can
lead to evolutionary change. It seems unlikely that these changes are independent

of one another.



Transcription Factors

A brief background on the form and function of transcription factors is
given here. The data presented is from Locker 2001 (Locker 2001), but can be
found in most introductory biochemistry and molecular genetics textbooks.
Transcription factors are required for gene expression, the production of mRNA
from DNA. In eukaryotes a set of proteins consisting of a number of general
transcription factors (e.g. SL1, TFIID or TFIIIB are required) and RNA
polymerase make up the general transcription machinery that is used for
transcription of all genes. This machinery recognizes a set of nucleotide
elements, the promoter of a gene, which directs transcription of that gene. The
promoter of a gene must be accessible in order for the transcription machinery to
bind. Promoter accessibility is influenced by DNA packaging into chromatin.
Chromatin is primarily made up of DNA bound to histone proteins. Chromatin
can be tightly packed, which blocks transcription, or open (remodeled), which
allows transcription to occur. In addition to the general transcription machinery,
transcription factors that function as activators or repressors are required for the
control of gene expression. Transcriptional activators are needed for chromatin
remodeling, direction of the general transcription machinery to the required
promoter and to lift transcriptional repression. Transcriptional repressors do the
opposite of activators. Transcription factors that are not part of the general
machinery dictate cell and gene specific transcription to mediate cellular
differentiation and function. A transcription factor may act as an activator and a

repressor on the same or different target genes, in the same or different cell type



(Liu et al. 1999; Locker 2001; Wierstra and Alves 2006; Konopka et al. 2009).
Posttranslational modifications or interactions with other proteins are often
required for transcription factor function and regulation, and can dictate a switch
between activator and repressor. In general, transcription factors that are not part
of the general machinery are modular, containing DNA-binding domain(s) and
transactivation and/or repression domains. Additional domains that control
nuclear import and export, dimerization and transcriptional activity are also often
present. These transcription factors are grouped into gene families that are
defined through sequence homology of their DNA binding domains. The
broadest grouping of transcription factors is by the architecture of their DNA
binding domain. Common DNA binding domain architectures include helix-turn-
helix, zinc finger and leucine zipper motifs. Different transcription factor gene
families exist within these architectures. The similarity in DNA binding motifs
among higher and lower organisms allows for the establishment of homology so
that the evolution of transcription factors and therefore species differences can be

studied.

The Forkhead Gene Family

Forkhead gene family members play diverse roles as transcription
activators or repressors during development and in adult tissues. Human diseases
known to be caused by mutations and/or chromosomal rearrangements of

forkhead genes are: Axenfeld-Rieger syndrome (FOXC1) (Mirzayans et al. 2000),



lymphedema distichiasis (FOXC2) (Fang et al. 2000), vitiligo (FOXD?3)
(Alkhateeb et al. 2005), thyroid agenesis and cleft palate (FOXET1) (Clifton-Bligh
et al. 1998), anterior segment mesenchymal dysgenesis (FOXE3) (Semina et al.
2001), aphakia (FOXE3) (Valleix et al. 2006), alveolar capillary dysplasia
(FOXFT1) (Stankiewicz et al. 2009), Rett syndrome (FOXG1) (Ariani et al. 2008),
Pendred syndrome (FOXI1) (Yang et al. 2007), blepharophimosis ptosis
epicanthus inversus syndrome (FOXL2) (Crisponi et al. 2001), t-cell
immunodeficiency with alopecia and nail dystrophy (FOXN1) (Frank et al. 1999),
developmental verbal dyspraxia (FOXP2) (Lai et al. 2001b), immune
dysregulation polyendocrinopathy enteropathy X-lined syndrome (FOXP3)
(Bennett et al. 2001) as well as various cancers (FOXA1, FOXC1, FOXC2,
FOXO1la, FOXO3a, FOX04, FOXP1) (Galili et al. 1993; Parry et al. 1994;
Hillion et al. 1997; Banham et al. 2001; Lin et al. 2002; Haralambieva et al. 2006;
Chanock et al. 2007; Mani et al. 2007).

Forkhead proteins all contain a DNA binding domain, termed forkhead,
which defines gene family members. The adopted symbol for forkhead genes is
Fox, which comes from Forkhead box. Within the forkhead gene family,
subfamilies have been distinguished by their position within a phylogenetic tree
that was created using only the forkhead domain sequences (Figure 1-1) (Kaestner
et al. 2000). Different subfamilies are identified by letters, with subfamilies A
through R noted in humans. Human Fox genes are represented by all capitals
(e.g. FOXA), mouse Fox genes have only the F of Fox capitalized (e.g. Foxa),

zebrafish Fox genes are written in all lower case (e.g. foxa) and other species, or



when referring to a variety of species, the F of Fox and the subfamily letter are
capitalized (e.g. FoxA). For many species, multiple members of a subfamily are
known to exist and are further delineated by Arabic numerals then letters.

The forkhead domain was first identified in a comparison of the
Drosophila fork head and rat HNF-3A4 (subsequently renamed FoxAl) genes
(Weigel and Jackle 1990). Mutation of fork head resulted in a forked head
skeleton in Drosophila embryos thus giving rise to the forkhead name (Jurgens et
al. 1984). The forkhead domain is a variation of the helix-turn-helix architecture
and it folds into at least three a-helices, an antiparallel B-sheet and in most cases
at least two loops (Figure 1-2) (Clark et al. 1993; Marsden et al. 1998; van
Dongen et al. 2000; Weigelt et al. 2000; Tsai et al. 2006; Brent et al. 2008).
Overall the structure resembles a butterfly with a helical thorax and two loop
‘wings’, leading to the use of ‘winged-helix’ to describe the forkhead domain.
Helix 3 binds the major groove of DNA and plays a role in target selection (Clark
et al. 1993; Stroud et al. 2006; Tsai et al. 2006; Brent et al. 2008; Littler et al.
2010). Many forkhead proteins have been shown to have preferred binding site
sequences however all of the proteins whose binding sites have been identified
have also been shown to bind to non-consensus sequences (Stroud et al. 2006;
Tsai et al. 2006; Yan et al. 2006; Brent et al. 2008; Zeng et al. 2008; Koh et al.
2009; Littler et al. 2010). Wings 1 and 2 also contact DNA and may play a role
in target affinity (Clark et al. 1993; Shiyanova and Liao 1999; Cirillo and Zaret
2007). There are exceptions to this structure, FOXP2 and FOXM]c¢ do not have

typical wings that contact DNA (Stroud et al. 2006; Littler et al. 2010). In these
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proteins wing 1 is absent or very short and wing 2 folds back over the helical
core. The forkhead domain structure resembles that of the chicken nucleosome
linker histone H5 (Clark et al. 1993). The homologous mammalian histone H1
interacts with DNA at the base of nucleosomes to form higher order chromatin
structure (Happel and Doenecke 2009). FoxAl, FoxIl and FoxO1 have all been
shown to disrupt this higher order chromatin structure when bound to DNA
(Cirillo et al. 2002; Yan et al. 2006; Hatta and Cirillo 2007). The forkhead
domain is required for DNA binding and regions outside of the domain that bind
histones H3 and H4 facilitate chromatin remodeling (Cirillo et al. 2002; Hatta and
Cirillo 2007). FoxAl preferentially binds sites where H3 lysine 4 (H3K4) is
methylated and differences in H3K4 methylation patterns among cell types can
account for cell specific FoxA1 activity (Lupien et al. 2008). Forkhead
transcriptional activators may function by binding sites formerly occupied by
linker histones to disrupt histone-DNA and histone-histone interactions resulting
in open chromatin (Hatta and Cirillo 2007). Conversely, the forkhead
transcriptional repressor FoxP3 recruits corepressors, such as histone deacetylases
and BRG1 (brahma-related gene 1) associate factor complex, to silence chromatin
(Li et al. 2006).

The natural selection work presented here focuses on the FoxA, FoxD,
FoxI, FoxO, FoxP and FoxC subfamilies while the in vitro work focuses on
FOXCI. Outside of the forkhead domain, these subfamilies may share similar
features (e.g. a transactivation or repression domain, nuclear localization or export

signals, dimerization motifs, etc.) however the organization of these features and
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lack of sequence conservation makes the subfamilies very different from one

another.

The FoxA Subfamily

FoxA genes were the first forkhead genes discovered after fork head was
found in Drosophila. Three FoxA genes were identified in rat liver and
subsequently named hepatocyte nuclear factor 3 (HNF-3) A, B and C (Lai et al.
1990). Upon establishment of the forkhead nomenclature committee, these genes
were renamed FoxA 1, FoxA2 and FoxA3 respectively. These three FoxA genes
are also found in humans. Foxal and Foxa?2 are expressed in many of the same
tissues during development and in adulthood. Both are detected in the late
primitive streak, axial mesoderm, notochord, neural plate, floor plate of the neural
tube and definitive endoderm during development and persist in adult endoderm
derived structures (e.g. liver, lung, thyroid, pancreas) and nervous system
(reviewed by: Friedman and Kaestner 2006). Foxa3 expression is dissimilar to
that of Foxal and Foxa?Z; it is not expressed in the primitive streak, axial
mesoderm or neural structures (reviewed by: Friedman and Kaestner 2006).
Foxa3 is first expressed later than Foxal and Foxa2 in the endoderm from the
hindgut to the midgut/foregut boundary and persists in adult structures derived
from this region (e.g. liver, small and large intestine, colon) (reviewed by:
Friedman and Kaestner 2006). Foxa3 is also expressed in the testis, Foxal and
Foxa?2 are not, and is required in adults for germ cell maintenance (Behr et al.

2007). Homozygous knockout of Foxa2 is embryonic lethal while Foxal
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knockouts die as neonates and Foxa3 knockouts have a normal lifespan
(Weinstein et al. 1994; Kaestner et al. 1999; Shen et al. 2001). Foxal and Foxa2
are necessary for the onset of hepatogenesis (Lee et al. 2005a), pancreas
development (Gao et al. 2008) and lung development (Wan et al. 2005). Foxal is
also involved in prostate development and adult kidney function (reviewed by:
Friedman and Kaestner 2006). All three Foxa genes are involved in glucose
homeostasis and prevention of hypoglycemia (Shih et al. 1999; Shen et al. 2001;
Tan et al. 2002; Lee et al. 2005b; Gao et al. 2008). PHA-4, a FoxA ortholog in C
elegans, increases longevity in response to diet restriction (Panowski et al. 2007).
A link between dysfunctional FOXA genes and maturity onset diabetes of the
young (MODY) was proposed (Duncan et al. 1998), but subsequent studies have
shown that mutation of these genes is not a common cause of MODY
(Abderrahmani et al. 2000; Baier et al. 2000; Navas et al. 2000; Yu et al. 2001).
However, mutations in FOXA2 have been associated with late-onset Type 11
diabetes in one population (Zhu et al. 2000). FOXA1 is amplified and
overexpressed in esophageal and lung adenocarcinomas (Lin et al. 2002) and may

act as an oncogene in breast cancer (Williamson et al. 2006).

Important functional regions other than the forkhead domain and an EH1
(engrailed homology 1) motif (Copley 2005) have not been identified in human
FOXA proteins but functional residues have been identified in rat FoxA proteins.
The rat FoxA proteins share conserved domains I, IT and IIT (Lai et al. 1991).
Conserved domain I is the forkhead domain while II and IIT were shown to be

transactivation domains in FoxA2 (Pani et al. 1992). Interestingly, experiments

14



utilizing FoxA2 demonstrated that conserved domain II contains an EH1 motif
that binds TLE1 (transducin like enhancer of split 1) (Wang et al. 2000). This is
an interaction normally associated with transcriptional repressors. Conserved
domain II was then shown to function as a repression domain in Hela (cervical)
cells and an activation domain in HepG2 (liver) cells. This is thought to be due to
the higher amount of TLEI in Hela cells as compared to the amount in HepG2
cells. Therefore the transcriptional activation or repression activity of FoxA2, and
potentially other EH1 motif containing Fox proteins, may be cell specific.
Additional transactivation domains, conserved domains IV and V, have also been
identified in FoxA2 (Pani et al. 1992; Qian and Costa 1995). Numerous genes
that are transactivated (directly or potentially directly) by FoxA proteins are
known; for example: ERalpha (estrogen receptor alpha) (Bernardo et al. 2010),
Hoxb13 (homeobox b 13) (McMullin et al. 2010), MUC4 (mucin 4) (Jonckheere
et al. 2007), PdxI (pancreatic and duodenal homeobox 1) (Gao et al. 2008), ALR
(augmenter of liver regeneration) (Dayoub et al. 2010), SPB (lung-specific
surfactant protein B) (Bohinski et al. 1994) and numerous CYP genes
(cytochrome P450) (Bort et al. 2004). FoxA1 (Lee et al. 2008) and FoxA2 (Rausa
et al. 2003) can also act as indirect transcriptional repressors by binding to other

transcription factors and preventing the transactivation of their target genes.

The FoxD Subfamily

There are eight human FOXD proteins: FOXD1, FOXD2, FOXD3,

FOXD4, FOXD4L1, FOXD4L2, FOXD4L3 and FOXD4b (also known as
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FOXDA4L4). FoxDlI, previously known as brain factor 2, is expressed in the
dorsolateral mesoderm, rostral diencephalic neuroepithelium, optic stalk and
posterior retina during central nervous system development, stromal cells during
kidney development, adult testis, kidney, fetal kidney and kidney cell lines (Hatini
et al. 1994; Pierrou et al. 1994; Ernstsson et al. 1996; Hatini et al. 1996; Gomez-
Skarmeta et al. 1999). Mice without functioning Foxd1 die within 24 hours of
birth (Hatini et al. 1996). FoxD1 functions in forebrain development, posterior
retina and optic chiasm establishment, kidney development and modulates T-cell
immune response (Hatini et al. 1994; Hatini et al. 1996; Gomez-Skarmeta et al.
1999; Herrera et al. 2004; Levinson et al. 2005; Lin and Peng 2006). FOXD?2
expression has only been observed by northern blot in kidney and kidney cell
lines (Ernstsson et al. 1997). During development FoxD? is expressed in somites,
branchial arches, cranial neural crest cells, and mesoderm including the
developing tongue, meninges, nose, whiskers, kidney, limb joints and in the mid-
and forebrain (Wu et al. 1998; Pohl and Knochel 2002). Foxd2” mice are viable
however they do have defects in the urinary system (Kume et al. 2000a). Foxd2
functions in kidney development and regulates the T-cell immune response
(Kume et al. 2000a; Johansson et al. 2003). Foxd3 expression was first observed
in mouse embryonic stem cells and this expression is down-regulated when the
cells are stimulated to differentiate (Sutton et al. 1996). Thus Foxd3 has also been
referred to as Genesis. However, FOXD3 expression was not observed in human
embryonic stem cells in one study (Ginis et al. 2004) and expression in human

embryonic stem cells has not been demonstrated to date. Northern blots of adult,
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fetal and day 18 post conception mouse tissues for Foxd3 show that Foxd3 is not
expressed in any of these tissues (Sutton et al. 1996). It appears that FoxD3 is
expressed during early developmental stages when cellular identify is determined,
and expression is lost after differentiation. For example, Foxd3 is expressed in
neural crest cells and motor neuron progenitors in the developing spinal cord and
expression is down regulated once they differentiate (Labosky and Kaestner
1998). Mouse Foxd3 functions in determination of neural crest cell identity and
cellular proliferation during neural crest development (Hromas et al. 1999;
Dottori et al. 2001; Kos et al. 2001). While zebrafish foxd3 does not appear to
function in determination of neural crest identity but does function in
determination of cell fate and migration (Lister et al. 2006; Stewart et al. 2006).
Foxd3 is also expressed in epiblast (Hanna et al. 2002) and trophoblast
progenitors (Tompers et al. 2005) and functions in maintaining cellular
multipotency. Homozygous knockout of Foxd3 is embryonic lethal (Hanna et al.
2002). A mutation in the FOXD3 promoter is associated with vitiligo (loss of
skin pigment) (Alkhateeb et al. 2005). FOXD4 and FOXD4b have broader
expression patterns than the other FoxD genes, both are expressed in adult heart,
brain, kidney and lung (Freyaldenhoven et al. 2002). FOXD4 is additionally
expressed in placenta and skeletal muscle while FOXD4b is also found in
pancreas (Freyaldenhoven et al. 2002). A mutation in FOXD4 has been
associated with dilated cardiomyopathy, obsessive-compulsive disorder and

suicidality in one family (Minoretti et al. 2007). The FoxD4 genes, including
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FOXD4, FOXD4b, FOXD4L1, FOXD4L2, FOXD4L3, are the least studied FoxD

proteins and have otherwise not been functionally characterized.

To date, functional domains of the FoxD proteins outside of the forkhead
domain have not been extensively characterized. The region N-terminal to the
forkhead domain has been described as rich in acidic residues (Ernstsson et al.
1996; Sutton et al. 1996; Ernstsson et al. 1997; Freyaldenhoven et al. 2002). EH1
repression motifs were identified C-terminal to the forkhead domain in FOXD2
and FOXD3 (Copley 2005). Xenopus foxd3 also contains an EH1 motif which
has been shown to bind Grg4 (groucho related gene 4, a TLE ortholog) resulting
in increased repression of transcription (Yaklichkin et al. 2007). The C-terminal
region of FOXD proteins is alanine and proline rich, a feature found in
transcription repressors, (Cowell 1994; Ernstsson et al. 1996; Sutton et al. 1996;
Ernstsson et al. 1997; Freyaldenhoven et al. 2002) and has been shown to be
involved in repression in one Xenopus FoxD protein (Sullivan et al. 2001).
FoxD1 and FoxD2 are known transactivators. FoxD1 transactivates tyrosine
hydroxylase (Zhang et al. 2010), Rla subunit of protein kinase A (Dahle et al.
2002), PIGF (placental growth factor) (Zhang et al. 2003) and foxj/ (Lin and
Peng 2006). Foxd?2 also activates R/« subunit of protein kinase A (Johansson et
al. 2003). FoxD3 has transactivation and repression capabilities. FoxD3
transactivates Foxal, Foxa2, osteopontin enhancer (Guo et al. 2002) and myf5
(myogenic factor 5) (Lee et al. 2006). MITF (microphthalmia-associated
transcription factor) is indirectly repressed by FoxD3 in an assay using human

FOXD3 on a chicken MITF target conducted in a mouse cell line (Thomas and
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Erickson 2009) but appears to be directly repressed by foxd3 in zebrafish
(Ignatius et al. 2008; Curran et al. 2009). FoxD3 can also repress its own
transcription, but it is unknown if the repression is direct or indirect (Pohl and

Knochel 2001).

The FoxI Subfamily

There are two FoxI genes in humans: FOXI] and FOXI2. At the start of
this study FOXI2 was an undiscovered gene, therefore it was not included in the
analysis. Very little work has been done on FoxI2 and the human version has not
been studied at all. Zebrafish foxi2 is expressed in the notochord at the three
somite stage (3s), in the pharyngeal arch and anterior optic primordium at 18s and
continues to be expressed in the developing eye and pharyngeal arch until at least
four days post fertilization (Solomon et al. 2003b). Mouse Foxi2 was examined
for expression during craniofacial development and was expressed in the
pharyngeal arch and cranial ectoderm excluding the otic placode (Ohyama and
Groves 2004). Foxi2 is also expressed in developing whiskers, teeth, mandibular
gland, brain, thymus, kidney, hair follicles and the lining of the inner ear at later
stages (Wijchers et al. 2005). FoxI! is expressed in non-neural ectoderm prior to
somitogenesis, dorsal ectoderm lateral to the neural plate at the beginning of
somitogenesis, in the otic placode, otic vesicle, pharyngeal arches and developing
kidney (Overdier et al. 1997; Hulander et al. 2003; Solomon et al. 2003a).
Mutations in foxil result in loss or reduction of the otic placode and vesicle, or a

split placode, as well as a smaller malformed jaw (Nissen et al. 2003; Solomon et
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al. 2003a). Complete loss of FoxI1 is embryonic lethal in zebrafish but only
lethal 50% of the time perinatally in mice (Hulander et al. 1998; Solomon et al.
2003a). Normal ear development is dependant on FoxI1 and Foxil”™ mice are
deaf (Hulander et al. 1998; Hulander et al. 2003). Mutations in FOXII cause
Pendred syndrome, a disease characterized by childhood or early adulthood onset
deafness (Yang et al. 2007). In mice, loss of Foxil leads to altered ultrastructure
of cells lining the distal nephron of the kidney and distal renal tubular acidosis,
however macro and microscopic kidney development appears normal (Blomqvist
et al. 2004). Loss of Foxil also leads to male sterility due to loss of a proton
pump in the epididymal epithelia (Blomgqvist et al. 2006). Foxil is a
transcriptional activator and this activity is dependant on a C-terminal
transactivation domain (Overdier et al. 1997). Genes that may be directly or
indirectly induced by foxil include: pax2a (paired box 2a), pax8, dix3b (distal
less like 3b), dix5a, dix4b, dix2a, Coch (coagulation factor C homolog), Jag!
(Jagged 1) (Hulander et al. 2003; Solomon et al. 2003a), all of which function in
ear development. SLC26A44, also known as pendrin, is directly activated by
FOXI1 (Yang et al. 2007). Mutations in pendrin, like mutations in FOXI1, lead to
Pendred syndrome. AE4 (anion exchanger 4) and the B1 and a4 subunits of the
vacuolar H™-ATPase proton pump, which are lost in Foxil™ mice, are also
directly activated by Foxil (Blomgqvist et al. 2006; Kurth et al. 2006; Vidarsson et

al. 2009).
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The FoxO Subfamily

The human FoxO subfamily consists of four genes FOXOla, FOXO3a,
FOX0O4 and FOXOG6 as well as two known pseudogenes FOXO1b and FOXO3b.
FOXO06, FOXO1b and FOXO3b were not included in analyses conducted here
due to predicted or pseudogene status, and therefore will not be discussed.
FoxOla and FoxO3a are both widely expressed in human and mouse adult tissues
including heart, brain, placenta, lung, liver, skeletal muscle, kidney, pancreas,
spleen, thymus, prostate, testis, ovary small intestine, colon, and peripheral blood
leukocytes (Anderson et al. 1998; Biggs et al. 2001). Conversely, Foxo4 is only
expressed in skeletal muscle (Biggs et al. 2001). Foxol is essential for vascular
development and Foxol " is embryonic lethal (Hosaka et al. 2004). F. 0x03" is not
embryonic lethal and the only developmental defect observed in these mice is
abnormal ovaries (Hosaka et al. 2004). Female Foxo3” mice are sterile by 12
weeks of age due to a loss of suppression of follicular activation, resulting in
degeneration, while males are unaffected (Castrillon et al. 2003; Hosaka et al.
2004). Foxo4™ is also not embryonic lethal and no developmental defects have
been observed in these mice (Hosaka et al. 2004). FoxO proteins regulate cellular
functions that include cell cycle arrest, resistance to oxidative stress,
differentiation and cell death (reviewed by: Greer and Brunet 2008). Not
surprisingly, FoxO genes play a role in longevity and in tumor suppression. The
C elegans FoxO homolog, daf-16, regulates lifespan and FOXO3a variants have
been associated with long life in a number of human populations (Kenyon et al.

1993; Willcox et al. 2008; Flachsbart et al. 2009). FOXO1, FOX03a and FOX0O4
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have all been shown to suppress or reduce tumorigenesis in human cell lines and
simultaneous deletion of all Foxo’s in adult tissues results in cancer in mice
(Ramaswamy et al. 2002; Hu et al. 2004; Yang et al. 2005; Paik et al. 2007).
Mutations in FOXO genes are not known to be disease causing however
translocations involving FOXO genes cause cancer. Fusion of PAX3 to FOXOla
results in alveolar rhabdomyosarcoma and FOXO3a or FOXO4 fusions to MLL
(myeloid lymphoid leukemia) result in leukemia (Galili et al. 1993; Parry et al.
1994; Hillion et al. 1997). FoxO1 also functions in glucose metabolism and

FoxOl1, FoxO3 and FoxO4 are important for immune cell homeostasis (reviewed

by: Gross et al. 2008; Peng 2008).

FoxO proteins are transcriptional activators and repressors and many
targets have been identified (reviewed by: Glauser and Schlegel 2007; van der
Vos and Coffer 2008). Transactivation domains have been defined in the C-
terminus of FOXO1la and FOXO4 (Sublett et al. 1995; So and Cleary 2002).
Movement between the nucleus and cytoplasm is a major regulator of FoxO
activity. Nuclear localization and nuclear export signals have been delineated in
FOXO1la, FOX0O3a and FOX0O4 (Biggs et al. 1999; Brownawell et al. 2001;
Brunet et al. 2002; Zhang et al. 2002b; Zhao et al. 2004). Phosphorylation of
FoxOs by PKB (protein kinase B or Akt) or SGK (serum and glucocorticoid
inducible kinase) results in nuclear export and/or inactivation of FOXOs thereby
promoting PI3K (phosphatidylinositol-3 kinase) mediated cell survival and cell
cycle progression (Biggs et al. 1999; Brunet et al. 1999; Kops et al. 1999; Nakae

et al. 1999; Rena et al. 1999; Takaishi et al. 1999; Tang et al. 1999; Brunet et al.
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2001; Zhang et al. 2002b). Conversely, phosphorylation of FoxOs by oxidative
stress induced kinases results in nuclear import and activation of FoxOs (Essers et
al. 2004; Lehtinen et al. 2006; Asada et al. 2007). FOXO4 is also
monoubiquitinated in response to oxidative stress and subsequently localized to

the nucleus (van der Horst et al. 2006).

The FoxP Subfamily

In humans four FOXP genes have been identified: FOXPI, FOXP2,
FOXP3 and FOXP4. FOXP3 was not included in the analysis here due to its lack
of sequence conservation with other FoxP proteins, and therefore will not be
discussed. Multiple splice variant isoforms of FOXP1, FOXP2 and FOXP4 exist
and the functional differences among the isoforms have not been examined.
FOXP1 is widely expressed in adult and fetal tissues including, but not limited to:
brain, heart, lung, kidney, liver, skeletal muscle, pituitary, thalamus, spinal cord,
stomach, small and large intestine, colon spleen, pancreas, thymus, blood,
bladder, placenta, uterus, ovaries and testes (Banham et al. 2001). FOXP2 is also
widely expressed in adult and fetal tissues including heart, brain, placenta, lung,
liver, skeletal muscle, kidney and pancreas (Lai et al. 2001a). Foxp4 is expressed
in adult heart, brain, spleen, lung, liver, kidney and testis, but not skeletal muscle
(Teufel et al. 2003). During development Foxpl, Foxp2 and FoxP4 are expressed
in the lung, neural, intestinal and cardiovascular tissues (Shu et al. 2001; Lu et al.
2002; Li et al. 2004b; Takahashi et al. 2008). Foxpl is required for establishment

of spinal column motor neuron identity, B cell development, monocyte
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differentiation and macrophage function (Shi et al. 2004; Hu et al. 2006; Rousso
et al. 2008; Shi et al. 2008). FoxpI™ is embryonic lethal due to heart defects (Hu
et al. 2006). F 0xp2'/' mice die by postnatal day 21, have motor impairment and
loss of ultrasonic vocalizations (Shu et al. 2005). Foxp4™ is embryonic lethal and
these mice develop two functional hearts (Li et al. 2004b). Altered expression of
FOXPI1, FOXP2 and FOXP4 has been observed in various cancers (Banham et al.
2001; Teufel et al. 2003; Campbell et al. 2010). FOXP2 mutations lead to
developmental verbal dyspraxia (Lai et al. 2001a). Recently, FOXPI deletions
have also been implicated as a causative factor in speech defects (Pariani et al.

2009; Carr et al. 2010).

FoxPs are transcriptional repressors. In order to bind DNA, Foxps must
form homo- or heterodimers (Li et al. 2004a). Dimerization is mediated by a
region containing a C,H, zinc finger and a leucine zipper (Wang et al. 2003; Li et
al. 2004a). All FoxPs contain a glutamine rich region, with the tract lengths
varying among the proteins and among species (Banham et al. 2001; Lai et al.
2001a; Shu et al. 2001; Teufel et al. 2003; Shi et al. 2004). The region N-terminal
to the forkhead domain, which contains the polyglutamine tract, zinc finger and
leucine zipper, is a broadly defined repression domain (Shu et al. 2001; Li et al.
2004a). Foxpl targets genes involved in B cell development (Wang et al. 2003;
Shi et al. 2004; Hu et al. 2006) and Foxp1 and Foxp2 both repress lung epithelial
genes (Shu et al. 2001). FOXP2 has also been shown to act as a transcriptional

activator and many genes that are repressed or activated by FOXP2 in the brain
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have been identified (Spiteri et al. 2007; Vernes et al. 2007). No FOXP4 targets

have been identified to date.

Outside of the polyglutamine tract, the FOXP2 sequence differs at only
four amino acids when compared to chimpanzee, gorilla, orangutan, rhesus
macaque and mouse FoxP2. A test for variation in nucleotide substitution rate
along the human lineage in a phylogeny of these six species found evidence for a
significantly increased evolutionary rate in humans (Enard et al. 2002; Zhang et
al. 2002a). This suggests either relaxation of selective constraints or positive
selection in the human lineage. Subsequently, in vitro and in vivo studies have
demonstrated that altering the variable amino acids changes behavior. The
function of human FOXP2 was compared to the same construct mutated at the
variable sites to form the chimpanzee version in human neuronal cells (Konopka
et al. 2009). Comparison of these two proteins demonstrated differences in
downstream target gene expression (Konopka et al. 2009). The majority of these
differences were replicated in additional cell lines and apparent in gene
expression comparisons between human and chimpanzee brains (Konopka et al.
2009). Thus the amino acid changes between human and chimpanzee FoxP2
appears to result in differential downstream target regulation. The mechanism
underlying differential target regulation is unknown. These amino acid changes
do not disrupt normal homo- or heterodimer formation but can disrupt FoxP2
transactivation/repression activity (Konopka et al. 2009). The variable sites are in
a region that may function in transcriptional repression (Li et al. 2004a). Mice

with Foxp2 mutated to create a human version have demonstrated altered



ultrasonic vocalizations, decreased exploratory behavior, decreased dopamine
concentrations and altered neuron morphology in the striatum when compared to
wild type mice (Enard et al. 2009). Therefore, the amino acid changes between
human and mouse FoxP2 result in gross differences at the organism level. Taken
all together it appears that FOXP2 is under positive selection and not relaxed
selective constraint. FOXP2 was the first gene definitively associated with
language ability in humans. Therefore work in FOXP2 has garnered much
attention and it has been speculated that FOXP2 is key to the development of
language (Fisher and Scharff 2009). Recently mutations in FOXP1 were also
associated with language impairment (Hamdan et al. 2010). Patients with FOXP1
mutations also have nonsyndromic intellectual disability and autism spectrum
disorders where patients with FOXP2 mutations only have neurological defects
that involve language. FOXP1 appears to play a more global role than FOXP2 in

brain development and potentially contributes to language development.

The FoxC Subfamily

The FoxC subfamily consists of two members in humans, FOXC1 and
FOXC2. Mutations in FOXC1 cause Axenfeld-Rieger syndrome, an ocular
disorder that may involve systemic malformations (discussed below). Mutations
in FOXC?2 cause lymphedema-distichiasis syndrome, which is characterized by
lymphedema in the lower limbs and distichiasis (aberrant eyelashes) (Connell et
al. 2008). Patients with lymphedema-distichiasis syndrome may have other

defects including ptosis, cleft palate and congenital heart disease (Connell et al.
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2008). FOXC2 additionally has a protective effect against Type 2 diabetes
(Cederberg et al. 2001). Both FOXC1 and FOXC2 have been associated with
breast cancer. Altered FOXCI expression (Muggerud et al. 2010; Ray et al. 2010)
and mutations in the 5’ and 3’ extragenic sequence (Chanock et al. 2007) were
found in breast tumor samples. In mouse, Foxc2 promotes breast cancer
metastasis and in humans high levels of FOXC?2 expression have been found in
aggressive and invasive breast cancers (Mani et al. 2007).

Mutations in FOXCI cause Axenfeld-Rieger syndrome (ARS), which is
characterized by ocular anterior segment defects and may involve other systemic
malformations including heart defects, redundant periumbilical skin, dental
abnormalities and craniofacial dysmorphism (Tumer and Bach-Holm 2009). ARS
is autosomal dominant, highly penetrant and has variable expressivity. The
presence of posterior embryotoxon is a strong indicator of ARS useful in
distinguishing it from other anterior segment disorders. Posterior embryotoxon is
a prominent Schwalbe’s line (the interior edge of Descemet’s membrane of the
cornea) that is displaced anteriorly (Figure 1-3). Iris abnormalities that have been
observed are hypoplasia (thinning), corectopia (pupil displacement) and
additional holes mimicking multiple pupils (polycoria) (Figure 1-3). Iris strands
bridging the iridocorneal angle are also common (Figure 1-3). The iridocorneal
angle is the angle formed between the cornea and the iris and marks the boundary
between cornea and sclera (Figure 1-4) (Forrester 2007). It contains trabecular
meshwork cells and Schlemms canal which allow the aqueous humor fluid from

the anterior chamber to flow into the scleral venous system. Disrupted aqueous
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humor outflow can increase ocular pressure, which is a risk factor for glaucoma
development. The major health consequence of ARS malformations is an
increased risk of glaucoma (Strungaru et al. 2007). Other anterior segment
disorders can overlap phenotypically with ARS and include iridogoniodysgenesis,
Peters anomaly and primary congenital glaucoma (Tumer and Bach-Holm 2009).
Iridogoniodysgenesis is malformation of the iridocorneal angle and iris
hypoplasia. Peters anomaly is a malformation of the cornea and presents with
corneal opacity. Primary congenital glaucoma is early onset and associated with
goniodysgenesis and high intraocular pressure. These disorders are distinct form
ARS in that individuals do not normally have posterior embryotoxon. Mutations
in FOXCI1 have been associated with iridogoniodysgenesis (Mears et al. 1998;
Lehmann et al. 2000; Mirzayans et al. 2000; Saleem et al. 2003), Peters anomaly

(Honkanen et al. 2003; Weisschuh et al. 2008), primary congenital glaucoma

(Chakrabarti et al. 2009; Ito et al. 2009) and aniridia (absence of the iris) (Ito et al.

2009). Therefore the spectrum of abnormalities is variable for FOXC1 mutations.
Additionally, phenotypic differences have been observed among family members
who have the same FOXC1 mutation (Ito et al. 2007; Weisschuh et al. 2008).

Northern blots have shown that FOXCI is expressed in numerous adult
tissues including, but not limited to, heart, liver, kidney, pancreas, skeletal muscle
and brain (Pierrou et al. 1994; Mears et al. 1998). FOXC?2 has been detected in
adult adipose tissue by northern blot (Cederberg et al. 2001) and skeletal muscle
by RT-PCR (D1 Gregorio et al. 2004). Microarray analysis of human FOXC2

found the highest expression levels in brain, ciliary ganglion, superior cervical
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ganglion, skeletal muscle and kidney (Su et al. 2004). FoxC1 and FoxC2 both
function in the development of the circulatory, ocular, skeletal and urogenital
systems (Winnier et al. 1997; Kume et al. 1998; Hong et al. 1999; Kidson et al.
1999; Winnier et al. 1999; Kume et al. 2000b; Smith et al. 2000; Dagenais et al.
2004; Seo et al. 2006). Additionally, FoxC1 is known to function in brain and
gonad development (Mattiske et al. 2006; Zarbalis et al. 2007; Aldinger et al.
2009). Both Foxcl”™ and Foxc2" are embryonic lethal (Winnier et al. 1997;
Kume et al. 1998). During development, mouse Foxc/ and Foxc2 are expressed
throughout the mesoderm, in somites but not the notochord, and in mesenchyme
(Sasaki and Hogan 1993; Miura et al. 1997; Hiemisch et al. 1998; Kume et al.
2000b; Kume et al. 2001). Foxcl and Foxc2 have overlapping and distinct
expression patterns. For example, Foxc! is expressed in the mitral, tricuspid,
aortic and pulmonary heart valves while Foxc?2 is expressed only in the aortic and
pulmonary valves of newborn mice (Winnier et al. 1999). Similarly, Foxcl and
Foxc2 have overlapping and distinct direct target genes. Both genes can directly
activate DIl4 (distal less 4) and Hey?2 (hairy/enhancer of split 2) promoters (Seo et
al. 2006; Hayashi and Kume 2008b) while Foxc2 but not Foxcl can activate PAI-
1 (plasminogen activator inhibitor 1) (Fujita et al. 2006). Human FOXC1 and
FOXC2 can both directly activate FOXO!la and FGF19 (fibroblast growth factor
19) (Tamimi et al. 2006; Berry et al. 2008; Huang 2009). For each shared target
gene, chromatin immunoprecipitation demonstrated that FoxC1 and FoxC2 both
bind in the same segment of DNA, but it is unknown if they bind the exact same

nucleotides. Foxc2 has also been shown to directly activate Mef2c (myocyte
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enhancer factor 2c¢), Itghb/33 (integrin beta 3) and CXCR4 (chemokine CXC motif
receptor 4) however it is unknown if Foxc1 activates these genes directly (De Val
et al. 2008; Hayashi and Kume 2008a; Hayashi et al. 2008). The in vitro
preferred consensus DNA binding site of FOXCI1 is
GTAAA(T/C)A(A/T/C)(A/T/G)(C/G/T)(A/G/C) as determined by protein
binding to random oligonucleotides (Pierrou et al. 1994) (the predominant
nucleotides are in bold). For FOXC2 the preferred binding site is
(C/T/A)A/T)(A/G)(A/G/T)(A/G)(A/T)(A/C/T)AA(C/T)A as determined through
chromatin immunoprecipitation-chip analysis in lymphatic cells (Norrmen et al.
2009). However, both proteins are known to bind segments of DNA that do not
contain perfect consensus sites (Hayashi and Kume 2008b; Huang 2009). The
forkhead domains of FOXC1 and FOXC2 differ at only two amino acid sites,
neither of which are involved in contacting DNA. The similarities in binding
sites, shared targets and lack of amino acid differences in the DNA contacting
region of the forkhead domain suggest that other factors influence differential
target selection by FOXC1 and FOXC2. Deletion studies of human and mouse
FoxC1 and FoxC2 have delineated transactivation domains that are responsible
for transactivation activity and an inhibitory domain which reduces

transactivation activity (Berry et al. 2002; Petrova et al. 2004; Fujita et al. 2006).

Both FOXCI and FOXC2 are found in FOX chromosomal gene clusters
(Figure 1-5). FOXQI, FOXF?2 and FOXCI are found at 6p25 while FOXF1,
FOXC2 and FOXL]I are found at 1624 (Wotton and Shimeld 2006). The

orthology of these genes plus others in the two regions has been determined
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through phylogenetic analyses in bilaterians and evolutionary models have been
proposed (Figure 1-5) (Mazet et al. 2006; Wotton and Shimeld 2006; Wotton et
al. 2008). A tree showing the relationship of taxonomic groups is given in Figure
1-6. Basal bilaterians are thought to contain one copy of FoxQ1, FoxF, FoxC and
FoxL1. Protosomes and non-vertebrate Deuterostomes at most maintain one copy
of each of these genes while whole genome duplication along the Vertebrate
lineage results in up to two copies of each gene in Vertebrate species. In the
majority of lineages gene loss is also predicted. For humans, one copy of FOXL1
and FOXQ! are thought to be lost while FOXC and FOXF paralogs differentiate
into FOXC1 and FOXC2 and FOXF2 and FOXF'I respectively. Teleosts
additionally experience a second round of whole genome duplication followed by

gene loss.

Forkhead Gene Family Expansion

The early evolution of forkhead genes family members has been
conservatively traced (Figure 1-7) (Larroux et al. 2008). No forkhead homologs
have been identified in plants. At the base of the eukaryotes, the Fungi-Metazoa
least common ancestor (LCA) likely contained one forkhead gene. From this
gene, three forkhead ancestors are thought to develop in the Choanoflagellate-
Metazoa LCA. Metazoan specific classes then originate from further expansion
of the original forkhead gene and the additional appearance of a second series of
forkhead genes that lack introns. Of the gene families of interest here, FoxI,

FoxO and FoxP contain introns, while FoxA, FoxC and FoxD are intronless.
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Further expansion of both lineages gives rise to the A, B, C, D, F, J, K, L, M, N,
O, P, Q subfamilies by the Protostomia-Deuterostomia LCA. FoxD, FoxO and
FoxP subfamilies are older and originate in the Metazoa, while FoxA and FoxC
subfamilies originate in the Eumetazoa. FoxIs are the most recently developed

subfamily of interest here and appear to originate in the Deuterostomia.
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Rationale and Hypotheses

The initial goal of this research was to identify the evolutionary selection
pressures acting at the codon level in forkhead gene family members. 1
hypothesized that forkhead genes are experiencing variable selection pressures
including: neutral changes, negative and positive selection. To test this
hypothesis I used in silico methods to estimate ® for each codon in an alignment
of Fox sequences. At the start of this analysis, rates of evolutionary change had
only been examined in the FoxP2 and FoxL2 subfamilies and various phylogenies
of the whole gene family and subfamilies had been created, otherwise the
evolution of these genes had not been examined. Analysis of forkhead gene
evolution at the molecular level has provided insights into amino acids that are
important for gene function. This is important because as discussed above,
forkhead genes function in development and adult tissues and have been
associated with many diseases. Additionally, changes in transcription factor
function are thought to be a contributing factor to speciation. Identification of
selection pressures on forkhead genes helps determine changes in these genes that

may play a role in speciation.

The selection pressure analysis above identified positive selection at one
codon in the FoxC subfamily. I hypothesized that altering this amino acid in
FOXCI1 would alter FOXC1 function. The codon under positive selection was
mutated and the effects on FOXCI function were assessed in vitro. Functional

domains have been identified in FOXC1 however their mechanisms of action are
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still being elucidated. The positive selection observed here is in the inhibitory
domain and these analyses have furthered the knowledge of inhibitory domain
function. FOXCI1 is required for normal development and mutations in FOXC1
lead to Axenfeld-Rieger Syndrome, therefore elucidating FOXC1 functional
mechanisms is important. These analyses are required to confirm the predicted
positive selection and provide a basis for further hypotheses regarding FoxC

functional evolution.

Finally I examined further aspects of inhibitory domain amino acid
function in FOXC1. Inhibitory domains in other transcription factors can inhibit
transactivation through impairing DNA binding and/or physically blocking a
transactivation domain. I hypothesized that the inhibitory domain of FOXC1 can
exert its function through these mechanisms. During the selection analyses, EH1
motifs were identified in the FoxC sequences. In other transcription factors these
motifs have been shown to mediate interactions with TLE proteins, which results
in transcriptional repression. I hypothesized that the EH1 motif in FOXC1
interacts with TLE4 to mediate repression of FOXCI1 activity. These hypotheses
were tested using in vitro systems. Additionally, a novel polymorphism in the
inhibitory domain was identified in two individuals with ocular anterior segment
dysgenesis by the Walter lab. I hypothesized that this change would alter FOXC1
function. I created this amino acid change in FOXC1 and compared the function
of the resulting protein to wild type FOXC1 using in vitro systems. Again, both
of these analyses are important for further elucidation of inhibitory domain and

therefore FOXC1 function.
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Figure 1-1. Establishment of forkhead nomenclature.

ABOO1STS FoxAs
fkh AFOE2085 FoxAd
Thdd AFO32247

A. The original neighbor-joining tree of chordate forkhead domains that was used

to establish family nomenclature (Kaestner et al. 2000). B. Enlargement of the

phylogeny section that is boxed in A. Subfamily clades are each assigned a

representative letter and color coded here. Within each subfamily, paralogs are

assigned representative numbers based on the observed branches and additional

letters or numbers if the paralog duplicates further. The tree contains duplicates

of sequences, some names have changed since this original version and additional

subfamilies (P, Q, R) have been identified.
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Figure 1-2. Structure of the forkhead domain.

Rat FoxA3 was co-crystallized with a fragment of DNA to determine forkhead
domain structure (Clark et al. 1993). A. Schematic showing three o-helices (H1,
H2, H3), a three strand B-sheet (S1, S2, S3) and two loop wings (W1, W2). B.
The forkhead domain is shown bound to DNA. Helix3 and wing 2 are shown to

make DNA contacts. The DNA fragment used here was too short to identify all

wing | contacts.

37



Figure 1-3. Eye phenotypes of ARS (Tumer and Bach-Holm 2009).

A. Corectopia (pupil displacement) is indicated with an arrow. B. Polycoria
(extra hole in the iris) is indicated with an arrow. C. Posterior embryotoxon
(prominent Schwalbe’s line at the edge of the cornea) is indicated with an arrow.

D. Iris strands that span the iridocorneal angle.
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Juxtacanalicular
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Figure 1-4. Schematic of aqueous humor flow (modified from: Tomarev 2001)
A. Aqueous humor is produced by the ciliary body, flows into the anterior
chamber and exits the chamber through the iridocorneal angle. B. Expansion of
part of the iridocorneal angle. Aqueous humor flows through the trabecular

meshwork, into Schlemm’s canal and exits through the scleral venous system.
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Figure 1-5. The FoxQ, FoxF, FoxC and FoxL gene clusters.

Orthologous and parologous relationships were determined through phylogenetic
analyses. A. The FoxQ1-FoxF2-FoxCl and FoxF2-FoxC2-FoxL1 clusters are
maintained in many species (modified from: Wotton and Shimeld 2006). Genes
are indicated with colored boxes on a horizontal line that represents a
chromosome. The chromosome or scaffold location is given at the end of each
line. The diagram is not to scale and approximate distances between the genes are
given above the chromosome line in kilobases. Homo sapiens (Hs) Mus
musculus (Mm) Xenopus tropicalis (Xt) Gallus gallus (Gg) Danio rerio (Dr)
Tetraodon nigroviridis (Tn) Fugu rubripes (Fr) B. Proposed cluster evolution

(modified from: Mazet et al. 2006).
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Introduction

Members of the forkhead gene family act as transcription regulators in
multiple biological processes during development and in adult tissues (Carlsson
and Mahlapuu 2002). While some research has examined forkhead gene family
evolution (Enard et al. 2002; Mazet et al. 2006; Wotton and Shimeld 2006;
Larroux et al. 2008), selection pressures on individual codons have only been
measured in the FoxL2 subfamily (Cocquet et al. 2003). Here selection pressures
were measured on subfamilies to explore the evolution of forkhead paralogs and
orthologs. The FoxA, FoxD, FoxI, FoxO and FoxP subfamilies were each
examined individually. In silico site analyses were used to estimate o (the
nonsynonymous substitution rate divided by the synonymous substitution rate) for
each codon in an alignment of sequences (Yang 1997). All of the subfamilies
were experiencing neutral amino acid changes, which do not decrease or increase
fitness, and negative selection, which counteracts deleterious amino acid changes.
Branch-site models, which allow estimated selection pressures along specified
lineages to vary as compared to the remaining phylogeny (Yang 1997), identified
positive selection along branches leading to the FoxA3 and
Protostomia/Cephalochordata clades in the FoxA cluster and the branch leading to
the FoxO3 clade in the FoxO cluster. Consideration of selection pressures
observed in conjunction with known functional information allowed prediction of
residue function and refinement of domain boundaries. Identification of residues
that differentiate orthologs and paralogs provided insight into the development

and functional consequences of paralogs and forkhead subfamily composition
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differences among species. Overall after gene duplication, differentiation and
subsequent fixation of amino acid changes through negative selection has

occurred.
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Methods

Sequence Data

A list of 672 amino acid sequences containing the forkhead domain was
retrieved from the NCBI Entrez Protein Database using the Conserved Domain
Architecture Retrieval Tool (CDART) (Geer et al. 2002) in conjunction with the
Conserved Domain Database forkhead domain definition, cd00059 (Marchler-
Bauer et al. 2005; Wheeler et al. 2006). Sequences described as partial,
incomplete, fragment, predicted, putative and hypothetical as well as duplicates
and isoforms were excluded resulting in a total of 299 sequences from 51 species
analyzed. Initial analysis of all known forkhead genes simultaneously using
global or local alignment methods, and parsimony, likelihood or Bayesian
phylogenetic methods, produced trees with inconsistent subfamily placement due
to low sequence homology outside of the forkhead domain. BLASTCLUST was
therefore used to cluster the amino acid sequences in groups of 30% identity over
90% of their length (Altschul et al. 1997). Sequences are generally considered
evolutionarily related when they have a percent identity of 25% or greater and this
level of relatedness also improves alignment accuracy (Doolittle 1981; Thompson
et al. 1999). The combination of percent identity and sequence length over which
the identity is measured was initially varied using 25, 30 and 40% identity and 80,
90 and 100% length. For robust selection analysis accuracy and power 10 or
more sequences are recommended (Anisimova et al. 2001; Anisimova et al.
2002), therefore only clusters containing 10 or more sequences were included in

these analyses. Clusters produced using a 25 or 30% identity level were identical
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so the 25% identity cluster results were not considered further. Clusters with 30%
or 40% identity over 100% of their length were also the same. Clusters produced
when measuring percent identity over 80% of sequence length led to different Fox
subclasses clustered together, therefore these clusters were not considered for
further use. Clustering at 30 or 40% identity over 90% sequence length each
produced six clusters with more than 10 members. At a sequence length of 100%,
only two clusters had more than 10 members so clusters at 100% sequence length
were not considered. The remaining clusters to be considered, 30 and 40%
identity over 90% length, differed only in 2 groups. At 40% identity the FoxD
group lost five sequences and the FoxO group lost one sequence as compare to the
groups at 30% identity. The clusters produced using a measure of 30% identity
over 90% sequence length were maintained and analyzed independently in all
further experiments. There were six clusters, named for the subfamily contained
within each one, identified: FoxA, FoxC, FoxD, FoxI, FoxO and FoxP (Table 2-

1). The FoxC cluster will be addressed in Chapter 3.

Alienment and Phylogenetic Analysis

Each cluster was aligned independently using a combination of
CLUSTALX1.83 (Thompson et al. 1997) and CLUSTALW1.81 (Thompson et al.
1994). Amino acid sequences were aligned rather than nucleotide sequences so
that gaps would not be introduced into the corresponding codons. The first step
of the alignment procedure was optimization of the substitution matrices,

BLOSUM, Gonnet or PAM, used during the pairwise and multiple alignment
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phases. A full multiple alignment was performed with CLUSTALX using each
combination of pairwise and multiple alignment substitution matrices with all
other parameters at default values. A neighbor-joining tree was constructed from
each alignment using the CLUSTALX program. The quality scores, using default
parameters, assigned by CLUSTALX to each column in the alignment were
averaged over all sites by the program Tune ClustalX (Hall 2004), giving an
overall Q-score for the alignment. Quality scores are a measure of the
conservation of amino acids in an aligned column and were calculated using the
Gonnet PAM 250 matrix. The neighbor-joining trees were then examined to
determine the most common topology. The alignment producing a neighbor-
joining tree with the common topology and the highest Q-score was considered to
be made with the optimal combination of pairwise and multiple alignment
substitution matrices. In all cases, the alignment that produced the highest Q-
score also produced a neighbor-joining tree with the most common topology. The
next step in aligning the sequences was optimization of the gap open and gap
extension penalties used during the multiple alignment phase. The dendrogram
produced by the alignment that optimized the substitution matrices was used
during this step so that the pairwise gap penalty parameters did not need to be
optimized. The optimal substitution matrix for the data set, determined during the
first step of the alignment, was also used during this phase. Alignments were
created with CLUSTALW varying the gap open penalty from five to fifteen in
steps of one and the gap extension penalty from zero to three in steps of 0.5 also

including the default value of 0.2. These ranges were chosen based on previous
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studies (Vogt et al. 1995; Gotoh 1996; Higgins et al. 1996; Yuan et al. 1999).
CLUSTALW was used instead of CLUSTALX so that the alignments could be
automated through use of a Perl script. Q-scores were then calculated for each
alignment and the alignment with the highest Q-score was considered to be made
with the optimal combination of gap penalties. This alignment was used for all
further analyses. The amino acid alignments were converted into nucleotide
alignments, for phylogeny creation, utilizing the proteins' corresponding
nucleotide sequences from GenBank with the program protal2dna2.0 (Letondal
and Schuerer). The nucleotide alignment was then converted to nexus format

with the ReadSeq2.93 (Gilbert 1999) program for phylogenetic analysis.

MrModeltest2.2 (Nylander 2004) was used in conjunction with
PAUP4.0b10 (Swofford 2002) to determine the best nucleotide substitution model
for each cluster. The model chosen by the Akaike Information Criterion measure
in MrModeltest was implemented in MrBayes3.1.1 (Ronquist and Huelsenbeck
2003) for each cluster. All priors were uninformative and set at default values.
Each analysis was run for 1000000 generations, sampling every 100" generation
for a total of 10001 samples. A burn-in value, the number of initial samples
removed from analysis, of 3000 was chosen based on previous analyses. The
generation versus log probability plots were examined to ensure convergence was
reached and that a burn-in of 3000 was appropriate. The potential scale reduction

factor was also used as a measure of convergence (Gelman and Rubin 1992).

73



Identification of Selection Pressures

Values of o were estimated for each non-ambiguous codon in the
alignment using the codeml program contained in the PAML3.15 package (Yang
1997). Codon site models M0, M3, M1a, M2a, M7 and M8 that estimate m, were
implemented for each cluster (Yang et al. 1998; Yang et al. 2000a; Wong et al.
2004; Yang et al. 2005). Model MO allows only one category of ® for all sites.
Model M3 allowed three unconstrained o categories, ®;, ®; and w3 with
proportions pi, p2 and p3; = 1-p;- p2. Model M1a contains two categories of ®, 0 <
®o< 1 and w; = 1 with proportions po and p; = 1-po. Model M2a adds a third
category, ®s> 1 with proportion ps such that ps= 1-po-p;. Models M7 and M8
both contain 10 equal proportion ® categories approximated from B(p,q) with 0 <
o < 1 while Model M8 adds an additional o category, ms> 1. The proportion of
sites with o ~ B(p,q) is represented by po and those with s> 1 are represented by
ps where ps= 1-po. Each site is assigned to an ® category using a naive empirical
Bayes (NEB) (models M0, M3, M1a and M7) (Nielsen and Yang 1998) or Bayes

empirical Bayes (BEB) (models M2a and M8) (Yang et al. 2005) approach.

Codon frequencies were set as free parameters (CodonFreq = 3) and
ambiguous columns in the alignment were removed from the analysis. The
transition/transversion ratio and branch lengths were estimated from the data
using maximum likelihood methods. Two separate analyses were conducted with
initial values of 0.4 and 2.0 for o to identify and avoid local optima (Anisimova et
al. 2002; Wong et al. 2004). Each analysis was repeated once. Comparison of

the results for each model using initial ® = 0.4 and ® = 2 and their repeats



revealed that parameter estimates (In likelihood, p, ® and B(p,q)) for each model
were identical when rounded to three decimal places. The accuracy and power of
selection analysis are good if different models are tested, initial values of  are
varied and the analysis is consistent when repeated (Wong et al. 2004). Tree
topology does not affect the prediction of selection pressures (Nielsen and Yang
1998; Yang 2000; Swanson et al. 2001; Scheffler and Seoighe 2005) therefore

different topologies were not tested.

A likelihood ratio test (LRT) comparing MO and M3 using a
distribution with four degrees of freedom was used as a test for variation in ®
among sites (Yang et al. 2000b; Anisimova et al. 2001). If M3 fits the data better
than MO then there is evidence that three categories of  better describe the
selection pressures than one o category. Two LRTs were used as a test for
positive selection, M1a against M2a and M7 against M8, each using a x>
distribution with two degrees of freedom (Nielsen and Yang 1998; Yang et al.
2000a). M2a and M8 differ from their corresponding null models in that they
both contain an additional category of ® > 1, a positive selection category. If
M2a or M8 fit the data better than M1a or M7 respectively, then there is evidence
that a category of ® > 1 is required to describe the data and this is evidence for
positive selection. The LRTs were considered significant when the P-value was <
0.05. The critical values are 9.49 and 5.99 for four and two degrees of freedom
respectively when P = 0.05. A correction for multiple tests was not performed as
the two LRTs for positive selection test the fit of different distributions of ® to the

data and are therefore performed for robustness (Yang 2006).
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If positive selection occurs in only a few lineages in a tree, it may not be
identified using site models, therefore branch-site model A, which allows for ® >
1 along a specified lineage, the foreground branch, while ® cannot be greater than
one in any of the other lineages, the background branches (Zhang et al. 2005) was
applied. This model was implemented for lineages leading to parologous clades
in the FoxA, FoxD, FoxO and FoxP clusters as positive selection is a potential
evolutionary force driving subfamily paralog functional differentiation. The FoxI
cluster was not examined as no lineages of interest were identified. Model A
contains four classes of sites; class 0: 0 <wy< 1 and class 1: o; = 1, with
proportions po and p; respectively, for both the foreground and background
branches and class 2a or 2b: w, > 1 for the foreground branch with corresponding
sites in the background lineage falling into class 2a: 0 <wo <1 or class 2b: @; =1
site classes with proportions (1-po-p1)po/(potp1) and (1-po-p1)p1/(potp1)
respectively. All other parameters and running conditions were set as described
for the site models. Model A is compared to a null model A with w, =1 fixed
using a LRT and y* distribution with one degree of freedom. Statistical
significance at o = 0.05 was determined after correction for multiple tests using
Rom’s procedure and the Bonferroni correction when multiple branches were
tested in a phylogeny (Anisimova and Yang 2007). If significance was obtained
through Rom’s procedure but not the more stringent Bonferroni correction, the
LRT was referred to as potentially positive. BEB is used to identify sites under

positive selection if the LRT is significant and m, > 1.
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Identification of EH1 Motifs

The engrailed homology 1 (EH1) motif has previously been identified in
many, but not all of the sequences included in this analysis (Copley 2005;
Yaklichkin et al. 2007). Visual examination of the sequence alignments in
conjunction with known EH1 locations suggested that there were EH1 motifs
present in the sequences included here that have not been previously reported. A
Perl script was written to search all of the sequences included in this analysis for
the EH1 motif of the form XXaXbXXcdXX where X can be any amino acid, a
can be Phe, His, Tyr or Trp, b and ¢ can be Ile, Leu or Val and d can be Glu, Phe,
His, Ile, Lys, Met, Gln, Arg, Trp or Tyr (Smith and Jaynes 1996; Copley 2005).
Sequences with newly identified EH1 motifs are indicated in Table 2-1 and the

locations of the motifs can be found in Figures 2-1 to 2-5.
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Results

Site Analysis

Codon site models M0, M1a, M2a, M3, M7 and M8 were implemented in
codeml for each of the six clusters and compared using likelihood ratio tests
(LRTs). For each cluster the M3 vs. MO LRT was significant (P <0.0001) (Table
2-2), indicating that one category of ® was insufficient to describe the variability
in selection pressure across amino acid sites. LRTs testing for positive selection,
M?2a vs. M1a and M8 vs. M7, were insignificant for each cluster (LRT=0,P =1
for both tests for all clusters), therefore the amino acid changes within each
cluster are neutral or under negative selection. Table 2-3 reports the parameter
estimates for the least parameter rich model, M1a, which best describes the
variation in selection pressures across sites. The posterior weighted m, the mean
of ® over the site classes weighted by the posterior probability of each class, as
estimated by M1a, for each residue analyzed is shown graphically for each cluster

(Figure 2-6).

Branch-Site Analysis

Figure 2-7 shows the branches that were tested for positive selection in
each of the gene cluster phylogenies. The phylogenies are gene trees and may
have topologies that are different from species trees. This is because the time to
the last common ancestor of two DNA sequences is often different (generally

longer) than the time to the last common ancestor of two species (reviewed by:
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Nichols 2001). Additionally, many of the forkhead paralogs included in the
analyses were present in multiple species; which means that they were likely
formed in an ancestral species. This results in orthologs grouping together and
the formation of clades that are parologous to one another. Therefore the branch-
site results represent selection pressures within the forkhead subfamilies and are
not inferable to the species as a whole. LRTs (Table 2-4) were significant for
branches leading to the FoxA3 and Protostomia/Cephalochordata clades in the
FoxA cluster and the FoxD2 lineage in the FoxD cluster and potentially
significant for the FoxD1/2/4 lineage in the FoxD cluster and the FoxO3 lineage
in the FoxO cluster. These results suggest that positive selection has acted in the
diversification of these paralogs from other genes in the cluster. Model A
parameter estimates for lineages under positive selection are given in Table 2-5.

Positive selection was not identified in any of the other lineages tested.

The most C-terminal site under positive selection in the FoxA
Protostomia/Cephalochordata lineage (e.g. S222 of the fkh_pvul sequence in
Figure 2-1) is serine for all of the sequences analyzed. Although there are no
amino acid differences at this site in the sequences included in the analysis, due to
the codons used among different species and the nucleotide substitution rate
model of codeml, the ancestral state of this site for the
Protostomia/Cephalochordata lineage has a higher probability of not being serine
than of being serine. The codons used among all of the sequences are: TCC,
TCT, TCG, AGC and AGT. The AGC and AGT codons are used by four of the

six Protostomia/Cephalochordata sequences and are not present in the Craniata



sequences. This means that there is a higher probability assigned to TCB (B is
not A) codons occurring outside of the Protostomia/Cephalochordata clade and
AGY (Y is C or T) codons occurring in the Protostomia/Cephalochordata clade.
When changing from the unknown ancestral sequences to TCB and AGY, there
are more opportunities for nonsynonymous substitutions than synonymous
substitutions, therefore the site is predicted to be under positive selection. This
occurs because the model of nucleotide substitution rate used in the codeml
program sets the instantaneous substitution rate to zero for codons that differ at
more than one nucleotide. Therefore, multiple single nucleotide changes from the
ancestral state to TCB or AGY are assigned higher probabilities than two or three
nucleotide changes and these multiple steps provide more opportunities for
nonsynonymous substitutions than synonymous substitutions. This also occurs
because six different codons can code for serine and this allows for codons that
differ at two and three sites to still code for serine. No other codons that differ at
three sites can code for the same amino acid and only codons for leucine and
arginine can differ at two positions and still code for the same amino acid. The
majority of codons can only differ at one site and still code for the same amino

acid.

In the FoxD2 clade one positively selected site occurs between the
forkhead domain and the EH1 motif in a region that has not been functionally
characterized while the remaining positively selected sites identified in this
lineage and that identified in the FoxD1/2/4 lineage occur within the EH1 motif as

identified in the FoxD1, FoxD3 and FoxD5 sequences (Figure 2-2). The LRT for



the FoxD1/2/4 branch was potentially significant (i.e. insignificant with the
Bonferroni correction but significant with the Rom’s procedure correction), the
amino acid residues at the positively selected site identified in the FoxD1/2/4
lineage differ only in the FoxD2 lineage and are otherwise 100 percent conserved
in the other sequences analyzed, therefore it is unlikely that positive selection
acted along the FoxD1/2/4 lineage. The FoxD2 lineage sequences contain an
EH1 motif however it was not aligned with that identified in the FoxD1, FoxD3
or FoxD5 sequences due to additional amino acids, some of which were under
positive selection, found in the FoxD2 lineage. It is likely that the positive
selection identified in the FoxD2 lineage within this region is due to the high
conservation of the EH1 motif in the other sequences analyzed and lack of motif

alignment and not due to evolutionary forces.
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Discussion

Prediction of Functional and Nonfunctional Residues Using Site Analysis

The site methods described here may be used to predict functionally
important residues in gene family members. If a functional domain has been
identified in one member of a gene family, but not in a different member and the
functional domain is under negative selection, prediction of a similarly
functioning domain may be made in the family member where a domain has not
been identified. In support of this theory, the forkhead domain, which is most
likely functionally active in all of the sequences analyzed, was under negative
selection in each cluster. Functional domains were also predicted in the FoxA,

FoxO and FoxP cluster sequences.

In the FoxA cluster, conserved domain II has been shown to be involved
in transactivation (Pani et al. 1992) and repression (Wang et al. 2000) in rat
FoxA2. Since conserved domain II is entirely under negative selection (Figure 2-
6A) and contained only one ambiguous column in the alignment (Figure 2-1), it is
likely functionally important in all of the sequences analyzed. In the FoxO
cluster, a transactivation domain has been identified at the C-terminus of FOXOla
and FOXO4 (Sublett et al. 1995; So and Cleary 2002) while a transactivation
domain has yet to be identified in FOXO3a. A portion of the C-terminal
transactivation domain in FOXO4 and the entire transactivation domain in
FOXO1a was under negative selection (Figure 2-6D), therefore a C-terminal

transactivation domain consisting of the negatively selected residues (sites 389-
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428 in Figure 2-6D, residues 605-673 in FOX03a) may be predicted in FOXO3a.
A second, weaker, transactivation domain was identified in FOX0O4 between the
forkhead domain and the C-terminal transactivation domain (So and Cleary
2002). This region is not highly conserved, although small islands of consecutive
columns without gaps in the alignment that show negative selection, i.e. sites 315-
326 in Figure 2-6D, may be functionally important. C-terminal deletions of
PAX3-FOXO1a (a fusion protein consisting of the PAX3 N-terminal region,
which includes two DNA binding domains, to the C-terminal region of FOXOla,
that includes part of the forkhead domain and the C-terminal transactivation
domain) that include residues within FOXO1a corresponding to the FOX04
transactivation domain have also shown reduced transactivation (Kempf and Vogt
1999; Lam et al. 1999). The residues under negative selection in this region may
be key to the transactivation function seen in FOXO1la and FOX04, and residues
of FOXO3a within this region may also show transactivation function. A N-
terminal NES and a NLS at the N-terminus of the forkhead domain have been
identified in FOXO1a (Zhao et al. 2004) and were found to be under negative
selection (Figure 2-6D). These regions have not been examined for NES or NLS
function in FOXO3a and FOXO4. The negative selection of these regions
suggests that a NES may be found in the N-terminus of the protein and an NLS at
the N-terminus of the forkhead domain in all of the sequences analyzed.
Similarly, three phosphorylation sites involved in cellular localization have been
identified in FOXO1a, Ser322, Ser325 and Ser329 (Woods et al. 2001; Rena et al.

2002). It is unknown if these sites are phosphorylated or involved in cellular
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localization of FOXO3a or FOXO4. The Foxo6 mmus sequence was the only
sequence that did not contain serines at these three positions (Figure 2-4)
suggesting that these serines may be functionally important in the other sequences
analyzed with the exception of Foxo6_mmus. Finally, there are three common
phosphorylation sites among the human FOXO proteins (sites 20, 157 and 216 in
Figure 2-6D) and two 14-3-3 protein binding sites (sites 17-22 and 153-159 in
Figure 2-6D) that are important in regulating cytoplasmic/nuclear localization and
therefore transactivation activity (Brunet et al. 1999; Kops et al. 1999; Nakae et
al. 1999; Rena et al. 1999; Takaishi et al. 1999; Tang et al. 1999; Brownawell et
al. 2001; Brunet et al. 2001; Rena et al. 2001; Brunet et al. 2002; Zhang et al.
2002; Mazumdar and Kumar 2003; Obsil et al. 2003; Zhao et al. 2004). These
phosphorylation and 14-3-3 binding sites were are all highly conserved among
species and under negative selection suggesting functional importance in all of the
sequences analyzed. Within the FoxP cluster the leucine zipper and zinc finger
identified in FOXP1 and mouse Foxp1l, Foxp2 and Foxp4 (Banham et al. 2001;
Teufel et al. 2003; Wang et al. 2003; Li et al. 2004) were under negative selection
suggesting that they are present and functional in the other sequences analyzed
(Figure 2-6E). The leucine zipper allows FoxP proteins to form homo- and
hetero-dimers (Wang et al. 2003; Li et al. 2004) and although the zinc finger
function has yet to be determined, it has been suggested that it aids in dimer

formation (Wang et al. 2003).

Functional domains may also be predicted in regions under negative

selection where a domain is not known to exist. For example, functionally
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important residues have not been identified in the N-terminus of FOXD proteins
and a series of amino acids under negative selection is found in this region (Figure
2-6B). This series of negatively selected amino acids may be functionally
important and forms a starting point to identifying functionally important residues
outside of the forkhead domain in the FOXD proteins. Predicting functionally
important residues with these methods provides a specific region of amino acids
and potential domain boundaries that can be tested when searching for functional

domains in vitro.

When a functional region has been identified in one gene family member,
but the majority of the amino acids making up the functional region are aligned
with gaps and/or are experiencing neutral changes, the region is likely not
functioning in the same manner in the other sequences analyzed. Examples
include conserved domains IV and V in the FoxA cluster and the transactivation
domain in the FoxI cluster (Figures 2-1, 2-3, 2-6A, C). This method identifies a
region of amino acids that are less likely to be important for a specific function,
which may then be examined last for functional significance when using in vitro

methods.

Refining Domain Boundaries Using Site Analysis
Domain boundaries are often identified by sequence comparison to
functionally related proteins or through mutagenesis experiments. When

comparing sequences, it is assumed that the domain boundaries are accurately
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defined in the protein to which the comparison is made. Often the boundaries of a
new domain are loosely defined through mutagenesis experiments, as it is too
time consuming to examine every amino acid near the suspected boundary for
functional contribution. These loosely defined domains are then used by other
researchers in sequence comparisons to identify domains in related proteins. The
methods used in this paper provide a new in silico procedure for identifying
domain boundaries as discussed for the forkhead domain below. Molecular

analysis is necessary to confirm the reallocation of domain boundaries.

The assigned boundaries of the forkhead domain vary from source to
source. The NCBI Conserved Domain Database (CDD) definition of the forkhead
domain, which was taken from the SMART (simple modular architecture research
tool) database forkhead definition, was used in this paper. In this definition, the
boundaries of the forkhead domain are defined by tertiary structure and sequence
comparison of all known forkhead domains (Schultz et al. 2000). Since the C-
terminal end of the forkhead domain is unstructured and variable among
subfamilies (Clark et al. 1993; Marsden et al. 1998; van Dongen et al. 2000;
Weigelt et al. 2000; Stroud et al. 2006), this region is excluded from the CDD
forkhead domain definition even though it is involved in DNA binding
(Clevidence et al. 1993; Pierrou et al. 1994; Shiyanova and Liao 1999; Cirillo and
Zaret 2007; Brent et al. 2008). When a new protein containing a forkhead
domain is described in the literature, the forkhead domain is often identified
through sequence comparison to the rat FoxA1 forkhead domain, the first

forkhead domain containing protein identified in mammals (Lai et al. 1990). The
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rat FoxA1l forkhead domain was broadly defined through mutational analysis (Lai
et al. 1990) and then succinctly defined through sequence comparison to the rat
FoxA2, FoxA3 and Drosophila Fork Head proteins (Weigel and Jackle 1990; Lai
etal. 1991). When a forkhead domain is defined through sequence comparison
to rat FoxA1, the N- and C-terminal domain boundaries vary within the gene
family and subfamilies while the CDD definition of the forkhead domain is
consistent among gene family members. The N- and C-terminal domain
boundaries include additional amino acids when defined through sequence
comparison to rat FoxA1l as compared to the CDD definition. In this analysis, a
series of residues directly adjacent to the N- and C-termini of the forkhead
domain in each of the clusters analyzed were under negative selection (Figure 2-
6), suggesting that the forkhead domain definition should include these residues.
The forkhead domain definitions supplied in the literature often accounted for
some of the negatively selected sites not included in the CDD forkhead definition;
however, the literature definitions either included sites that were not conserved
among species, included sites with neutral changes, did not include all of the sites
under negative selection and all varied in their start and stop points within
subfamilies. If the N- and C-terminal boundaries of a domain are defined as the
first and last residue respectively of a series of residues under negative selection,
the results will be reproducible and consistent among gene family or subfamily

members.
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Identification of Amino Acids Involved in Paralog or Ortholog Differentiation

The branch-site and site analysis of selection pressures on codons
conducted here have identified specific amino acids that may be responsible for
differentiation of paralogs in the FoxA and FoxO clusters and orthologs in the
FoxA cluster. In the FoxA cluster, the region N-terminal to the forkhead domain
appears to contribute to paralog differentiation. One positively selected site
identified in the FoxA3 clade occurs within conserved domain IV and one
positively selected site identified in the Protostomia/Cephalochordata lineage
occurs within conserved domain V as both domains are defined in FoxA2 (Qian
and Costa 1995) (Figure 2-1). Overall conserved domains IV and V, which have
been shown to play a role in transactivation in FoxA2 proteins (Qian and Costa
1995), are not well conserved in the FoxA3 or Protostomia/Cephalochordata
proteins as compared to the FoxA1 and FoxA2 proteins as the majority of the
residues making up these domains were not analyzed due to gaps in the alignment
and those that were examined by site analysis show variability in selection
pressure with most of the sites, 5/7, having experienced neutral changes (Figure 2-
6A). Additional sites under positive selection N-terminal to the forkhead domain
were also identified through branch-site analysis in the FoxA3 and
Protostomia/Cephalochordata lineages (Figure 2-1). Two of these sites in the
FoxA3 lineage occur in a nuclear localization signal (NLS) that was broadly
defined in rat FoxA2 (Qian and Costa 1995) while the other positively selected
sites are found in regions uncharacterized in any FoxA protein. FoxAl and

FoxA2 have more similar expression patterns and functions during development
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and metabolism as compared to the FoxA3 proteins (reviewed by: Friedman and
Kaestner 2006). This evidence in conjunction with the positive selection
identified here suggests that the N-terminal region of sequences not included in
the FoxAl or FoxA2 clades have evolved to differentiate these proteins from the
FoxAl and FoxA2 proteins while the sequences were conserved in the FoxA1l and

FoxA2 proteins leading to overlapping expression and function.

Conserved domain III, which has been shown to function in
transactivation in rat FoxA2 (Pani et al. 1992) contained many ambiguous sites in
the FoxA alignment (Figure 2-1) due to sequences from the Protostomia lineage
and variations in selection pressure were observed in the four sites that did
contain amino acids from these species (Figure 2-6A). This suggests that
conserved domain III is important for FoxA function in the Deuterostomia but not
in the Protostomia and that the FoxA genes in the two lineages have evolved to
perform species specific functions. Therefore the presence of conserved domain
IIT may differentiate FoxA orthologs between the Protostomia and Deuterostomia

lineages.

In the FoxO cluster, the NES(s) located between the forkhead domain and
the C-terminus in the FOXO1la, FOX0O3a and FOXO4 sequences (Biggs et al.
1999; Brownawell et al. 2001; Brunet et al. 2002; Zhao et al. 2004) are not highly
conserved among the FoxO family members as their alignment was not well
defined, only three sites, 250-252, in Figure 2-6D contain NES residues from each

of the three human FOXO proteins examined and some residues have experienced
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neutral changes as demonstrated by site analysis. These NES(s) may be used to

differentiate FoxO paralogs.

Only one site was found to be under positive selection in the FoxO3
lineage during branch-site analysis and the LRT was potentially significant. This
residue is found in a region important for nuclear localization, C-terminal to the
forkhead domain (Figure 2-3). The amino acid located at the positively selected
site is serine in the FoxO3 sequences while it is glycine, alanine or aspartic acid in
the other sequences analyzed. The presence of serine at this position may be
important for regulation of the FoxO3 proteins by phosphorylation and this
regulation may be different from the other FoxO sequences analyzed. Molecular

testing is required to validate this hypothesis.

In summary, residues that differentiate paralogs were identified in the
FoxA and FoxO clusters while residues that differentiate orthologs were also
identified in the FoxA cluster. This information provided insights into the
evolution of these two subfamilies. Within the FoxD, FoxI, and FoxP clusters,
residues that differentiate orthologs or paralogs were unidentifiable due to lack of
functional information (FoxD and FoxI clusters only) and overall negative

selection in the identified domains.

Subfamily Evolution
Forkhead subfamilies are defined by their homology in the forkhead

domain alone. Here I analyzed the entire coding regions of forkhead proteins and
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found that the subfamily structures were maintained after sequence analysis with
BLASTCLUST. The site analysis also demonstrated distinct regions of
homology under negative selection outside the forkhead domain in each of the
clusters analyzed. Therefore, sequences outside of the forkhead domain
contribute to subfamily evolutionary relationships. These results show that after
gene duplication, selective restraints were relaxed enough to allow for subfamily
differentiation. Negative selection then acted on these amino acid changes to
maintain the differentiated subfamilies. Within subfamilies, after gene
duplication selective restraints are relaxed on some amino acids and constrained
on others. This maintains the subfamily relationship while allowing for paralog
differentiation. While the majority of studies that have used these methods focus
only on positive selection, a few involving transcription factor gene families have
discussed negative selection as well. My results are similar to those seen in a
comparable analysis of HOX7 where heterogeneous selection pressures but not
positive selection were observed during site analysis and positive selection was
observed on a single branch separating paralogs during branch-site analysis (Fares
et al. 2003). These types of analyses of gene families that were originally defined
by a common functional motif may confirm or refute the family relationships and

provide insights into their evolutionary development.

Forkhead Domain Evolution
As forkhead subfamilies are defined by and forkhead gene function is

reliant on the forkhead domain, identification of selection pressures acting on



codons within the domain provides insights into the functional evolution of
subfamilies and their paralogs. In each of the subfamilies, the majority of the
residues in the forkhead domain were under negative selection (Figure 2-6)
consistent with the general consensus that the domain is highly conserved and
important for proper gene function. More interestingly, sites under positive
selection and neutral changes were observed in the forkhead domain in some
subfamilies and these provide insights into the evolutionary differentiation of

forkhead genes.

In the FoxA cluster Protostomia/Cephalochordata lineage a number of
residues under positive selection were found in the forkhead domain through
branch-site analysis. These residues are located within helix 2, B-sheet 2 and
wing | as defined by the crystal structure of FoxA3 (Clark et al. 1993) (Figure 2-
1, Figure 2-8). The residues corresponding to the positively selected sites in the

Protostomia/Cephalochordata lineage are almost 100% conserved among the

other FoxA sequences analyzed, only the FoxA2 rnor sequence differs at one site.

The residues corresponding to the positively selected sites in disease causing
forkhead genes are not known to be mutated in a disease state and are not
associated with SNPs (single nucleotide polymorphism) (NCBI Entrez SNP
database (Wheeler et al. 2006), Build 126). Therefore, it is possible that these
positively selected changes in amino acid composition of the forkhead domain
alter the domain to allow for different target binding and/or regulation of FoxA
genes in the Protostomia/Cephalochordata as compared to the Craniata. It is

interesting to note that to date, in non-Craniata Eumetazoa only one or two FoxA
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class genes are normally found in a species while in the Craniata, the presence of
three FoxA class genes is common (Shimeld 1997; Odenthal and Nusslein-
Volhard 1998; Adell and Muller 2004; Magie et al. 2005; Tu et al. 2006; Hansen
et al. 2007; Larroux et al. 2008). If FoxA targets are similar among all lineages,
the alterations in the forkhead domain of Protostomia/Cephalochordata FoxA may
allow these single proteins to perform the same function that require multiple
FoxA proteins in the Craniata. This theory is further supported by the differences
observed in the N-terminal region of the Protostomia/Cephalochordata FoxA and
in conserved domain III as compared to the Craniata discussed earlier.
Alternatively, the alterations in the forkhead domain may allow the Craniata
FoxAs to perform functions (i.e. bind different co-regulators) that are not

performed by the Protostomia/Cephalochordata.

The FoxA Protostomia/Cephalochordata positive site in helix 2 is
tryptophan in the Craniata and phenylalanine in the Protostomia/Cephalochordata.
In rat FoxA3 this site is part of a hydrophobic surface patch that is exposed to
solvent when the forkhead domain is bound to DNA (Clark et al. 1993). These
hydrophobic residues are highly conserved among other forkhead domain
members. Since phenylalanine is hydrophobic and the remaining residues that
make up the patch are identical, the patch is likely not disrupted in the
Protostomia/Cephalochordata. However any specific intermolecular interactions
involving the patch have the potential to be altered. To date no interactions or

modification of this patch have been identified in any forkhead protein.
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The positively selected residues in B-sheet 2 and wing 1 are within the C-
terminal nuclear localization signal (NLS) of the forkhead domain. This region
does not conform to a specific NLS pattern but does contain a number of basic
amino acids that are likely required for localization (Qian and Costa 1995). Only
one of the positively selected sites is a basic amino acid, e.g. R217 in the fkh pvul
sequence in Figure 2-1. This site is lysine (K) in all of the Craniata and arginine
(R) or lysine in the Protostomia/Cephalochordata. Therefore the charge of this

residue is conserved and nuclear localization is likely not disrupted.

The positively selected site within wing 1 of the forkhead domain is serine
in all of the sequences analyzed. As noted in the results, this site was identified as
being under positive selection due to codon changes even though there is no
amino acid change among the lineages. This site is conserved and known to make
DNA contact in rat FoxA3, human FOXO1la and FOXK1a (Clark et al. 1993; Tsai
et al. 2006; Brent et al. 2008). It appears that selection pressures have acted to
keep serine at this site in all of the sequences analyzed. Overall the positively
selected sites in the forkhead domain of the Protostomia/Cephalochordata lineage
have similar physical properties to those in the Craniata (i.e. comparing
phenylalanine to tryptophan, tyrosine to serine, lysine to arginine). This indicates

that these properties are important for domain function in both lineages.

One residue within the forkhead domain was experiencing neutral changes
in the FoxA, FoxD and FoxP clusters (Figures 2-6A (site 41), B (site 74), E (site

451)). The locations of the residues with neutral changes are shown on the
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FoxA3 crystal structure in Figure 2-8. The sites experiencing neutral changes
identified in the FoxA and FoxP clusters were found at the C-terminus of alpha
helix 1 while the site experiencing neutral changes in the FoxD cluster was
located near the C-terminus of alpha helix 2. Neutral changes at a site imply that
any amino acid may be present at that site and amino acid changes will not affect
protein function. In support of this theory, mutation of the site corresponding to
the neutral site identified in the FoxD cluster in rat FoxA3 from aspartate to lysine
did not affect DNA binding (Clevidence et al. 1993). The sites with neutral
changes identified in the FoxA, FoxD and FoxP clusters and the corresponding
sites in other Fox proteins have not been associated with point mutations causing
human disease and have not been shown to contact DNA during DNA binding.
The NCBI Entrez SNP database (Wheeler et al. 2006), Build 126, was initially
used to determine if the sites with neutral changes have naturally occurring single
nucleotide polymorphisms in any of the forkhead genes found in humans. Only
one forkhead gene, FOXD4, had a known SNP at a location corresponding to one
of the sites with neutral changes. The SNP identified in FOXD4 corresponds to
the neutrally changed site identified in the FoxD proteins and is either aspartate or
glycine. A more recent search of the SNP database Build 131 after publication of
these results identified an asparagine/serine SNP at the FoxD neutral site in
FOXD3. It would be interesting to determine if amino acid changes at these sites
affect forkhead domain function and if the neutrally changed sites are common to

the forkhead domain or specific to the subfamilies in which they were identified.
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The variations from negative selection in the forkhead domain identified
here may account for differences in subfamily and paralog function that are not
explained by differences in timing or location of expression or other functional

regions in the proteins.
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Conclusions

This analysis has provided insights into forkhead gene family and
subfamily evolution. Through identification of selection pressures the functional
and evolutionary importance of amino acid differences in paralogs and orthologs
of subfamilies has been predicted. This work has also supported the forkhead
subfamily structure and identified a pattern of evolution in the family.
Additionally, these analyses allowed evaluation and extension of domain
structural and positional information between gene family members. Future in
vitro studies may use this information as a starting point or for refinement of

protein functional analyses.
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Tables

Table 2-1. Composition of the sequence clusters analyzed.

The table shows the composition of the five clusters of sequences with 30%

identity over 90% of their length that were analyzed. All sequences, excluding

those indicated by *, also grouped in the given clusters at 40% identity over 90%

of their length. Sequences in which EH1 motifs were newly identified are

indicated by ®@. Protein and nucleotide accession numbers are from the NCBI

Entrez Protein and Nucleotide databases respectively.

FoxA Cluster of 31 sequences

Species Sequence Protein Nucleotide
Identifier Accession # Accession #

Achaearanea At.fkh atep ® BAC24088 AB096073.1

tepidariorum

Ambystoma FoxA4 amex AAC60128 U43547.1

mexicanum

Bombyx mori SGF1_bmor Q17241 D38514

Branchiostoma AmHNF31 bflo CAA65368 X96519.1

floridae

Branchiostoma HNF3 bflo?® CAA70438 Y09236.1

floridae

Colisa lalia FoxA2 clal® BAB21570 AB050937.1

Danio rerio FoxA2 drer NP_571024 NM 130949.1

Danio rerio FoxA3 drer NP 571374 NM 131299.1

Gallus gallus FoxA2 ggal NP 990101 NM_ 204770.1

Homo sapiens FOXAT1 hsap NP 004487 NM 004496.2

Homo sapiens FOXA2 hsap NP_ 068556 NM 021784.3
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Homo sapiens FOXA3 hsap NP 004488 NM_004497.2
Mus musculus Foxal mmus NP 032285 NM 008259.1
Mus musculus Foxa2 mmus NP_034576 NM 010446.1
Mus musculus Foxa3 mmus NP_032286 NM_008260.1
Oreochromis HNF3B_omos * AAL68498 AF251499.1
mossambicus

Oryzias latipes FoxA2 olat ® 042097 AB001572
Oryzias latipes FoxA3 olat® BAA23580 AB001573.2
Patella vulgata tkh pvul CAD45552 AJ507424.1
Rattus norvegicus FoxAl rnor NP_036874 NM 012742.1
Rattus norvegicus FoxA2 rnor NP_036875 NM 012743.1
Rattus norvegicus FoxA3 rnor NP 058773 NM _017077.1
Tetraodon UN_3 tnig ® CAF89623 CAAE01007089
nigroviridis

Tetraodon UN_45 tnig? CAG09884 CAAEO01015009
nigroviridis

Tetraodon UN 51 tnig? CAGI12727 CAAEO01015113
nigroviridis

Tribolium Tctkh tcas AAF71998 AF217810.1
castaneum

Xenopus laevis FoxAlb xlae P32315 M93658
Xenopus laevis FoxA4a xlae P33205 X65171
Xenopus laevis FoxA4b xlae P33206 S93559
Xenopus tropicalis FoxAl xtro® NP 989419 NM_ 204088.1
Xenopus tropicalis FoxA2 xtro? NP_989423 NM_204092.1
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FoxD Cluster of 24 sequences

Species

Sequence Identifier

Protein
Accession #

Nucleotide
Accession #

Danio rerio FoxD3 drer NP 571365 NM 131290.1
Danio rerio FoxD5_drer NP 571345 NM 131270.1
Gallus gallus FoxD1 ggal NP 990523 NM 205192.1
Gallus gallus FoxD2 ggal NP_990283 NM 204952.1
Gallus gallus FoxD3 ggal NP 990282 NM_ 204951.1
Gorilla gorilla FoxD4 ggor* ® AAQ72340 AY345862.1
Homo sapiens FOXD1 _ hsap NP 004463 NM_004472.1
Homo sapiens FOXD2 hsap NP 004465 NM_004474.2
Homo sapiens FOXD3_ hsap NP 036315 NM 012183.1
Homo sapiens FOXD4b_hsap* ® NP 954714 NM 199244.1
Homo sapiens FOXDA4L2_hsap* ® NP_954586 NM 199135.1
Homo sapiens FOXDA4L3 hsap* ® NP 955390 NM 199358.1
Mus musculus Foxdl mmus NP 032268 NM_008242.1
Mus musculus Foxd2 mmus NP 032619 NM 008593.1
Mus musculus Foxd3 mmus NP 034555 NM_010425.2
Oreochromis FoxD5_omos ® AAMT5747 AF251498.1
mossambicus

Pan troglodytes FoxD4 ptro* ® NP 001009014 NM 001009014
Tetraodon UN 48 tnig?® CAG11584 CAAEO01015039
nigroviridis

Xenopus laevis FoxD2 xlae CAC69867 AJ344435.1
Xenopus laevis FoxD3b xlae CAC12895 AJ298866.1
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Xenopus laevis xfd12_xlae® CAB44728 AJ242676.1
Xenopus laevis xfdl 2dbl]¥ime_xlae CAB44730 AJ242678.1
Xenopus laevis xfd12prime xlae CAB44729 AJ242677.1
Xenopus laevis xfd6_xlae ® BAA36334 ABO14611.1
FoxI Cluster of 10 sequences
Species Sequence Protein Nucleotide
Identifier Accession # Accession #
Danio rerio FoxI1_drer NP 859424 NM 181735.1
Danio rerio FoxI2 drer NP_944598 NM 198916.1
Danio rerio FoxI3a_drer NP 944599 NM 198917.1
Danio rerio FoxI3b_drer NP_944600 NM 198918.1
Homo sapiens FOXI1 hsap NP_036320 NM 012188.3
Mus musculus Foxil mmus NP_076396 NM_023907.2
Mus musculus Foxi2 mmus NP 899016 NM 183193.1
Tetraodon UN 46 tnig CAG10122 CAAEO01015015
nigroviridis
Xenopus laevis FoxIl xlae AAH42303 BC042303.1
Xenopus laevis FoxIlc_ xlae CAD31849 AJ487620.1
FoxO Cluster of 12 sequences
Species Sequence Protein Nucleotide
Identifier Accession # Accession #
Danio rerio FoxO5 drer NP_571160 NM 131085.1
Homo sapiens FOXOla hsap NP 002006 NM 002015.2
Homo sapiens FOXO3a_ hsap NP_001446 NM 001455.2
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Homo sapiens FOXO4 hsap NP 005929 NM_005938.1
Mus musculus Foxol mmus NP 062713 NM 019739.2
Mus musculus Foxo3 mmus NP_062714 NM 019740.1
Mus musculus Foxo4 mmus NP_061259 NM_018789.1
Mus musculus Foxo6 mmus NP_918949 NM 194060.1
Spermophilus FoxOla_ stri AAQO72710 AY255525.1
tridecemlineatus
Sus scrofa FoxOla sscr NP 999179 NM 214014.1
Tetraodon UN_53 tnig* CAG13202 CAAEO01015123
nigroviridis
Xiphophorus FoxO5 xmac® AAK74186 AY040320.1
maculatus
FoxP Cluster of 10 sequences
Species Sequence Protein Nucleotide
Identifier Accession # Accession #
Gorilla gorilla FoxP2 ggor® AANO03386 AF512948.1
Homo sapiens FOXPI1 hsap @ NP 116071 NM 032682.4
Homo sapiens FOXP2_ hsap ® NP _055306 NM _014491.1
Homo sapiens FOXP4 hsap NP 612466 NM 138457.2
Macaca mulatta FoxP2 mmul ® AANO03388 AF512950.1
Mus musculus Foxpl mmus * NP_444432 NM_053202.1
Mus musculus Foxp2 mmus ® NP 444472 NM_053242.3
Pan troglodytes FoxP2 ptro® Q8MJAO AY143178
Pongo pygmaeus FoxP2 ppyg® AANO03387 AF512949.1
Taeniopygia guttata FoxP2_tgut?® AAR28756 AY395709.1
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Table 2-2. Site analysis M3 vs. MO LRT results for each cluster.

Statistically significant results at a. = 0.05 are in boldface.

M3 vs. M0 LRT
Cluster 2(Inpgz-Inygo) P-value
FoxA 1446.504 <0.0001
FoxD 1252.774 <0.0001
FoxI 649.137 <0.0001
FoxO 687.901 <0.0001
FoxP 135.938 <0.0001

Table 2-3. Parameter estimates of site model M1a for each cluster.

Cluster

Parameter Estimates

FoxA

0= 0.024 ;=1 pp=0.682 p;=0.318

FoxD

®o=0.025 w;=1 Po= 0.555 P1= 0.445

FoxI

0= 0.039 ;=1 pp=0.832 p;=0.168

FoxO

0= 0.042 ;=1 pp=0.839 p;=0.161

FoxP

@o=0.019 =1 po=0.970 p;=0.030
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Table 2-4. Statistical significance of the branch-site analysis LRTs after multiple

corrections using Rom’s procedure and the Bonferroni correction.

Critical values of statistically significant results are in boldface.

Cluster Lineage Tested  P-value Rom’s Bonferroni
of LRT Procedure critical value
critical value

FoxA FoxAl 0.62 0.0127 0.0125
FoxA2 0.0634 0.0169 0.0125
FoxA3 0.0032 0.025 0.0125
Protostomia/ <0.0001 0.05 0.0125
Cephalochordata

FoxD FoxD1 1 0.0102 0.01
FoxD4 0.0973 0.0127 0.01
FoxD1/2 0.0347 0.0169 0.01
FoxD1/2/4 0.0234 0.025 0.01
FoxD2 <0.0001 0.05 0.01

FoxO FoxO4 0.2628 0.0169 0.0167
FoxOl1 0.109 0.025 0.0167
FoxO3 0.0177 0.05 0.0167

FoxP FoxP2 1 0.05 0.05
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Table 2-5. Model A parameter estimates for significant branch-site LRTs.

Cluster Site Proportion Backgound Foreground Positively
Class ® 0} Selected
Lineage Sites*
P =>0.95)
FoxA
FoxA3 0 0.640 0.02356 0.02356 FOXA3_ hsap
1 0.300 1 1 27P, 96G,
2a 0.041 0.02356 999 112P, 113L
2b 0.019 1 999
Protostomia/ 0 0.627 0.02362 0.02362 FOXA1 hsap
Cephalochordata 1 0.293 1 1 68Y, 159A,
2a 0.054 0.02362 999 199W, 2348,
2b 0.026 1 999 237K, 2428
FoxD
FoxD1/2/4 0 0.537 0.02506 0.02506 FOXD2_hsap
1 0.419 1 1 R388
2a 0.025 0.02506 71.85587
2b 0.019 1 71.85587
FoxD2 0 0.517 0.02526 0.02526 FOXD2_ hsap
1 0.368 1 1 E240, T384,
2a 0.067 0.02526 999 L387, R388,
2b 0.048 1 999 Q389, G390,
L391, K392,
T393
FoxO
FoxO3 0 0.805 0.04277 0.04277 FOXO3_hsap
1 0.144 1 1 S280
2a 0.043 0.04277 10.7599
2b 0.008 1 10.7599

* The sequence to which amino acid residues reported correspond is given for

each lineage.
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Figures
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Figure 2-1. Alignment of the FoxA cluster of sequences.

Conserved and functionally important regions noted in the literature are
highlighted. Peach: conserved domain IV (Pani et al. 1992; Qian and Costa 1995)
Blue: conserved domain V (Pani et al. 1992; Qian and Costa 1995) Black Box:
nuclear localization signal (Qian and Costa 1995) Green: forkhead domain
(NCBI Protein database, see Table 2-1 for accession numbers) Yellow: conserved
domain II (Lai et al. 1991) Red Box: EH1 motif (Copley 2005; Yaklichkin et al.
2007) Pink: conserved domain III (Lai et al. 1991) Purple Box: positively

selected sites identified by branch-site analyses
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FoxD5 drexr 0 0—--=--—-= SGESE---SDFASSTVAPK--QSSSVKPPYSYIALITMAILQOSPMKKLTLS
FoxD5_omos  —mmm————- SGESE---NSFCADAPPSRKAQSSSVKPPYSYIALITMAILOSPLKKLTLS
xfdl2 xlae 0 0—-—==--—-- SGESEGGTSKDSSTTPTGSKAKRTLVKPPYSYIALITMAILQSPHRKLTLS
xfdlZprime xlas = --------- SGESEGGTSKDSPATSPGGRAKRALVKPPYSYIALITMAILQSPHRKLTLS
xfdlZdblprime xlae @  --------- SGERERGTSKESLDTTINGRKVKRALVKPPYSYIALITIAIMOSPHRKLTLS
FoxD3_drer = =—==—=---- ADGETKGDAQESSTGPMONKPKSSLVKPPYSYIALITMAILOSPOKKLTLS
UN 48 tnig ~ —mmmm———— DTGRGEGQEQGARRVGGIQRPRNSLVRKPPYSYIALITMAILOSPQORKLTLS
FoxD3b_xlae = —===—=——-- TDAEGKGESQQQQQEGIQNKPRNSVVKPPYSYIALITMSILOSPOKKLTLS
xfdé xla= @ 00————————= TEAEGKGESQQQQQEGIQNKPRKNSLVKPPYSYIALITMSILOSPORKLTLS
FOXD3_hsap GGVGGEEGGASGGGPGAGSGSAGGLAPSKPKNSLVKPPYSYIALITMAILOSPQKKLTLS |
Foxd3 mmus G-—-—-GEDAVTIGGGGPGAGSGATGGLTPNKPKNSLVKPPYSYIALITMAILQSPQKKLTLS |
FoxD3_ggal RGGGGGGGGCEEGASGGGARAARRL AAGOSKPKSSLVKPPYSYIALITMATLOSPOQRKLTLS |
FoxD2Z ggal PLGARSPRAPGPRPGKRAAGGGGGGGGGGCGKNPLVKPPYSYIALITMATLOSPKKRLTLS
FoxDZ_xlae —-VARTPRGDPASPDLSSGSESNQRAEKSPKNALVKPPYSYIALITMSILOSPKKRLTLS |
FOXDZ hsap AGSPGPGAARARGRAAGPGPGP-—-PSGGAATRSPLVKPPYSYIALITMATILQSPKKRLTLS
FoxdZ_mmus AGSPGPGVQAARGATGPGPGPGPPSGGAATRSPLVRPPYSYIALITMATILOSPKKRLTLS |
FOXD1 hsap ARGAGRG-—-—---— GGGGGEGAGGGGSAGSGARNPLVRKPPYSYIALITMATILOSPKKRLTLS |
Foxdl_mmus APGTGSGGCSGAGAGGGAGGGTGAGTGGGARNPLVKPPYSY IALITMATL.OSPKKRLTLS |
FoxDl ggal KRR AGGGGAGGGGEGGEEAGEEEGEEGGCKNSLVKPPYSYIALITMATILOSPKKRLTLS |
FoxD4_ggor HIEGGGGPSDPSEFGTKFRAPPRSARASEDARQPAKPPYSYIALITMAILONPHKRLTLS |
FoxD4 ptro HIEGGGGPSDPSEFSTKFRAPPRSAAASEDARQPARPPYSYIALITMAILONPHKRLTLS
FOXD4LZ_hsap HIEGGGGPSDPSEFGTKFRAPPRSAAASEDARQPARPPYSYIALITMAILONPHKRLTLS |
FOXD4L3 hsap HIEGGGGPSDPSEFGTKFRAPPRSARASEDARQPARPPYSYIALITMAILONPHKRLTLS
FOXD4b_hsap HIEGGGGPSDPSEFGTKFRAPPRSAAASEDARQPAKPPYSYIATLITMATILONPHKRLTLS
FoxD5 drer GICDFISNRFPYYRKERFPAWONSIRHNLSLNDCFIKIPREPGNPGKGNYWSLDPASEDME
FoxD5_omos GICDFISNKFPYYRDKFPAWONS IRHNLSINDCFIKIPREPGNPGKGNYWSLDPASEDME
xfdl2 xlae GICDFISSKFPYYKDKFPAWONSIRHNLSLNDCFIRKIPREPGNPGKGNYWTLDPASEDME
xfdlZprime xlae GICDFISSKFPYYKDKFPAWONSIRHNLSINDCFIKIPREPGNPGKGNYWTLDPASEDME
xfdl2dblprime xlae GICDFISSKFPYYKDKFPAWONSIRHNLSINDCFIKIPREPGNPGKGNYWTLDPASKDME
FoxD3_drer GICEFISNRFPYYREKFPAWONS IRENLSINDCFVKIPREPGNPGKGNYWTLDPQSEDME
UN 48 tnig GICEFISSRFPYYREKFPAWONSIRHNLSINDCFVKIPREPGNPGKGNYWIMDPASEDME
FoxD3b_xlae GICEFISSRFPYYRERFPAWONS IRHNLSLNDCFIKIPREPGNPGRGNYWTLDPQSEDME
xfdé xlas GICEFISNRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGRKGNYWTLDPQSEDME
FOXD3_hsap GICEFISNRFPYYREKFPAWONS IRHNLSINDCFVKIPREPGNPGKGNYWTLDPQSEDME
Foxd3 mmus GICEFISNRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGKGNYWTLDPQSEDMEF
FoxD3_ggal GICEFISNRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGRKGNYWTLDPQSEDME
FoxD2 ggal EICEFISGRFPYYREKFPAWONSIRHNLSLNDCFVRKIPREPGNPGKGNYWTLDPESADME
FoxD2_xlae EICEFISNRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGKGNYWTLDPESADME
FOXD2 hsap EICEFISGRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGKGNYWTLDPESADME
Foxd2_mmus EICEFISGRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGKGNYWTLDPESADME
FOXD1 hsap EICEFISGRFPYYREKFPAWONS IREHNLSLNDCFVKIPREPGNPGRKGNYWTLDPESADME
Foxdl mmus EICEFISSRFPYYREKFPAWONS IRHNLSLNDCFVKIPREPGNPGKGNYWTLDPESADME
FoxDl_ggal EICEFISGRFPYYREKFPAWONS IREHNLSINDCFVKIPREPGNPGKGNYWTLDPESADME
FoxD4_ggor GICAFISGRFPYYRRKFPAWONS IHHNLSINDCFFKIPREPGHPGRGNYWSLDPASQDME
FoxD4_ptro GICAFISGRFPYYRRKFPAWONS IHHNLSLNDCFVKIPREPGHPGKGNYWSLDPASQDMFE
FOXD4L2 hsap GICAFISGRFPYYRRKFPAWONSIRHNLSLNDCFVRKIPREPGHPGKGNYWSLDPASQDMFE
FOXD4L3_hsap GICAFISGRFPYYRRKFPAWONS IRHNLSLNDCFVKIPREPGHPGRKGNYWSLDPASQDME
FOXD4b_hsap GICAFISGRFPYYRRKFPAWONS IRHNLSLNDCFVKIPREPGHPGKGNYWSLDPASQDME
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xfde_xlae
FOXD3 hsap
Foxd3 mmus
FoxD3 ggal
FoxDZ ggal
FoxDZ xlae
FOXDZ hsap
FoxdZ mmus
FOXD1 hsap
Foxdl mmus
FoxDl ggal
FoxD4 ggor
FoxD4 ptro
FOXD4LZ hsap
FOXD4L3_hsap
FOXD4b hsap
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FoxD3b_xlas
xfde_xlae
FOXD3 hsap
Foxd3 mmus
FoxD3 ggal
FoxDZ ggal
FoxDZ xlae
FOXDZ hsap
FoxdZ mmus
FOXD1 hsap
Foxdl mmus
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FoxD4 ggor
FoxD4 ptro
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-YGPYGYNYGLOLANYQQHP———————————— GRATFSFQPS——————————————————— 223

-YGAYGYGYGLALPAYGAPPPGFAPHPHPHPHAFAFARRAARAPCQLSVEPGRARAPPEG 321
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FoxD5_drer -DRAPEIQQRPEHK 248
FoxD5_omos LLEPREPEIGE 267
xfdlZ xlae FRAQDADNHPNNS 27¢&
xfdlZprime xlae FEGQDANNEPNKS 27¢
xfdl2dblprime xlae LVPYPDINITVPCP-——-DQGVERV-———————————— LTAQDVDNHPSNS 275
! SAELNRKAFSS5--QLSPSLQLQLN-— -SLS--TASIIKSEP 201
SAELNRKAFNS-—-QLSPSLQLQLN 263
oxD3b_xlae 0 —m=—=———-- SSELTRRAFSS--QLSPSLQLQLS 261
xfde_xlae = 00--=————-—-—- SSELTRRAFSS--QLSPSLQLQLS———————————— SLSSTRASIIKSEP 201
FOXD3_hsap SGELGRKAAAFGSQLGPGLQLQLNSLGARAARAGTAGAAGTTASLIKSE? 372
¢d3_mmus SGELGREKARAFGSQLGPSLQLQLNTLGARRARRGTAGAR EP 3
D3_ggal mmmmmm———— SGELS -—-QLGPSLQLQLS——————————--— SI_G 2 EP 3]

FoxDZ_ggal HCPLPVGPPSAASVFSAASGLPSFLGGELNCRKSFYHPQ
FoxD2_xlae = ——===—=--= HCPLPP---—--PASVFSSPTLSPFLGNELSRKS———--— L’_{
FOXD2_hsap PPTASVEAGAGSAPAPAPASGSGEGPGPAGLPAFLGAELGCAKAFYPASLIPPRAAGTRAAG 3681
Foxd2_mmus PPTASVEASAASAPAPAPAPGSGPSP-—AGLPAFLGAELGCAKAFYPASLSPPAAGTARS 378
_hsap = —mmmm————- PPPPPP---HEGRARREILARTAFGYRPHEPLGRALPGPLEAS 35¢
Foxdl mmus = —-—------- PPPPPPPPPPGAARE L ARTAFGYRSEALARATPGPLORAAAVEAGGRGARR 35¢C
FoxDl_ggal ___ﬂPP}JAI.PE'?PPP:’PPPRRRA-'I._!E:‘.A.__A:LRTP' GYPHPLGPALAASLHAAKPGSGAR 371
3 _ggor GAPFFAEGADLATEAFF SPHLVLSLGRRARVWRRHR 318
Fox tro RPAYAGAPKKAEGADLATPAPFPCCSPHLVLSLGRRARVWRRHR 314
FOXD4LZ hsap = f-—————-- LRYLLLYAPVYAGAPKKAEGADLATPAPFPCCSPHLVLSLGRRARVWRRHR 318
FOXD4L3_hsap  f—————-- Y RPVYAGAPKKAEGADLATPAPFPCCSPHLVLSLGRRARVWRRHR 318
FOXD4b_hsap bkooooo——- LRYLLLIARVYAAAPRKAEGADLATPAPFPCCSPELVLSLGRRARVWRRHR 318

FTESS - - SKSSAHHLTPDYSFVE? 284

K SSIS————=—=———=—==—==—————————— QENSNPQLGPHGRLGYG 303
x£dl2 xlas E———————————————————————— PNIQSFNSEWNYN-HVE 314
xfdlZprime_xlae E-——————— s PSFPSFNSEWNYNNHLL 315
xfdlZ2dblprime xlae E-—————mm s KHLTSFNQNWNYN-HLL 310
FoxD3_drer R-—————————————————————— AIQTFLRFPF 7QSALLS 328

PGRACLFLREF
T VAPQTFLRPF

VQSALLS 304
TVQSAIMS 320

= lae

xfde_xlas AA:'I-ETFLREP TVQSAIMS 32¢
F‘OX:‘B_hsap SE QSFLRPPGTVQSARIM 42¢
Foxd3_mmus S QSFLRPPGTVQSAATM 4lc
FoxD3_ggal :TFLREP‘"‘"O“ GLVA 352
FoxD2_ggal - «PPPD STNPSRRPARPY 301
F xlae - & D2 II¢ YTRAQPGTE 302

FOXD2_hsap L RGGGRGGGGAGAGOR APPGAGEGSPGPPFAR 441
Foxd2_mmus L GGGAGGGEAGTEQ! 438
FOXD1_hsap Lz LGPRAARRORLOQRARD 41¢
Foxdl mmus Lz [ R;EA_I‘-.ALaZ-_I-VSSG;J«..: 407
FoxD __ggal E .“EI-LS:-_‘:PAPG}.S(‘S 40¢
FoxD4_ggor 365
FoxD4_ptro 36l
FOXD4LZ_hsap 365
FOXD4L3_hsap :*‘_Rv,r‘_,RR"FD ------------- QERJZ‘T;&’:\:SS‘_)AQ-& CI? 365
FOXD4b_hsap EADASIPRLRVLCKGSGERVQGLRRVCP————————=———= RPRGATATCSSDHQACCIP 365
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Figure 2-2. Alignment of the FoxD cluster of sequences.

Conserved and functionally important regions noted in the literature are
highlighted. Green: forkhead domain (NCBI Protein database, see Table 2-1 for
accession numbers) Red Box: EH1 motif (Sullivan et al. 2001; Copley 2005;
Yaklichkin et al. 2007) Purple Box: positively selected sites identified by branch-

site analyses
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FOXIL hsap
Foxil mmus
onIl:xlae
FoxI3b drexr
UN_4€ tnig
FoxI3a drer
FoxIZ_arer
FoxIlc xlae
onIl_arer
Foxi2 mmus

FOXI1l hsap
Foxil mmus
FoxIl xlae
FoxI3b drexr
UN_46_Enig
FoxI3a drexr
onIZ_arer
FoxIlc xlas
onIl_arer
FoxiZ mmus

FOXI1_hsap
Foxil mmus
FoxIl xlae
FoxI3b_drex
UN_4&_tnig
FoxI3a_drex
FoxIZ drer
FoxIlc xlae
FoxIl drer
FoxiZ mmus

FOXIL_hsap
Foxil mmus
FoxIl_xlae
FoxI3b drer
UN_4&_tnig
FoxI3a drer
onIZ_arer
FoxIlc xlae
onIl_arer
FoxiZ mmus

FOXI1 hsap
Foxil mmus
FoxIl xlae
FoxI3b drer
UN_4&_tnig
FoxI3a drer
FoxIZ_drer
FoxIlc xlae
FoxIl drer

oxiZ2 mmus

11

———————— MSSFDLP----APSPPRCSPQFPSIGQEPPEMNLYYENF--FHPQGVPSPQR 46
———————— MSSFDLP----APSPPRCSPQFPSIGQEPPEMNLYYENF--FHPQGMPSPQR 4¢€
———————— MSAFDPQ----AHSPPRCGPQFPSIGQEPPEMNIYCESF--LHPQTMPSPQR 46
-------- MTSYESQ----GQSPTRCGPQFLSLGQEPPELSLYSDSY--YPPPSLPSPQR 46

-------- MSSFEAQ----GQSPPRCGPQFPSLGQEPPELSMYSDCY--YPPPSLPSPQR 46
-------- MTSFVPQ----SLSP-----QFHSMGQESQEFSLYGDNF--YSAQHVPSPQQ 41

-------- MNTIDAQIHESNNNAAVNHLQQLPKSAHETSDMAVYCDNFSVYHQQSLPAAQR 52
-------- MNSIELPSNQRTSASSLE-QHHPKGAQEASEMAVYCDNFSMYHQQONLHESSQR 51
MFLEGERIMNAFGQQPSSQQTSPLOQQDILDMIVYCDSNFSMYQONLEHHHEEEHEQRP? 60

-------- M-SFSTEPP----APRQAGGELDMAGFCDS--------LGSCSVPHGLTRAI 39
——P-SPEGGGEYGATPNPYLWENGPTMT-PPPYLP—-———— GPN-ASPFLPQAYGVQRP-L 95
—-—PTSFEGGGEYGTTPNPYLWENGPAMT-PPPYLP-———— GTN-ASPFLPQAYGMQRQ-L %¢
-—PSNFETG-DYSTTANPYLWLNGPSIT-PPPYLP-———— GSN-SSHEMPQAYGMQRQ-L 95

TNPSSYELGDYARSSPNPYLWENSPGMN-SAPYLG--GTPGPA-GPSEVPQHYGMQRPYL 102
TTPTSYDLNDYATSSPNPYLWENGSGIN-TSPYLATTGAPGNA-SSPFIPQEYGMQRSYL 104

TLPSAYDEGEYAGQTSNPYLWFNGPGLS-PAPCLT-——--TG———————-— PQHYGMARQYV 8
—-—PAGYGLGDYATP--NPYLWLNGPGVNSSSSYIH-—-—-—-— GNN-SPSFIPPAYGSQRQYL 102
-—APNYGIGDYAPPT-NPYLWLGGPGVSNSSSYLH-—-—--— GNN-PTSFMSPSYGSQRQFL 102
AHPSSYGLGEYSSPSTNPYLWMNSPGIT-STPYLS———-— SPN-GGSYIQSGFGSNQRQF 113
AHPPSYGRTDLSSGRR-—--LWVNSAALS-PAPYAT--—--- GPGPAPSYARATIAVEG-3SL 29

LPSVSGLGGSDLGWLPIPSQEELMKLVRPPYSYSALIAMATHGAPDRKRLTLSQIYQYVAD 155
LP——————- SDLGWLPIPSQEELMKLVRPPYSYSALIAMATHGAPDOQRLTLSQIYQYVAD 14¢
LPNMHEGLGSSELGWLPIPSQEELMKLVRPPYSYSALIAMATHGAPDRKRLTLSQIYQYVAD 150
GPGPPGGPGGELSWFSMPSQEDLMKLVRPPYSYSALIAMATHGAPERRLTLSQIYQYVAD 162
GPTGPGGPGGELSWFSLPSQEDLMKLVRPPYSYSALIAMATHGAPDKRLTLSQIYQYVAD 164
GASGIGGSEGAFSWFSLPSQEDLMKLVRPPYSYSALIAMATHGAPNRRVTLSQIYQYVAD 148
SNS-SGFAGPDLGWLSIASQEELLKLVRPPYSYSATLIAMATONAHERKLTLSQIYQYVAD 16l
SNS-SSFCGTDLSWLSVASQEELLKVVRPPYSYSALIAMATQONAPERKKLTLSQIYQYVAE 16l
LPPPTGFGSADLGWLSISSQQELFRMVRPPYSYSALIAMATONAQDKRLTLSQIYQYVAD 17/3
LGASGGLAGADLAWLSLSGQQELLRLVRPPYSYSALIAMATQSAPLRRLTLSQIYQYVAG 14¢

NFPFYNKSKAGWONS IRENLSLNDCFRKKVPRDEDDPGEGNYWTLDPNCERMFDNGNFRRK 215
NEFPFYNKSKAGWONS IRHNLSLNDCFKKVPRDEDDPGKGNYWTLDPNCEKMEDNGNFRRK 20¢
NFPEFYNKSKAGWONS IRENLSLNDCFRKVPRDEDDPGEGNYWTLDPNCERKMFDNGNFRRK 215
NFPFYNKSKAGWONS IRENLSLNDCFKRKVPRDEDDPGKGNYWTLDPNCERMFDNGNFRRK 2
NFPFYNKSKAGWONS IRENLSLNDCFRKKVPRDEDDPGKGNYWTLDPNCERMEFDNGNFRRK

NFPFYNKSKASWONS IRENLSLNDCFMRKVPRDDSDPGKGNYWTLDPNCERMEFDNGNFRRK
NFPFYRKKSKAGWONS IRENLSLNDCFKKVPRDEDDPGEKGNYWTLDPNCERMEFDNGNFRRK 22

NFPFYKRSKAGWQONS IRHNLSLNDCFKRKVPRDEDDPGRKGNYWTLDPNCERMFDNGNFRRK 221
NFPFYRKKSKAGWONS IRENLSLNDCFRKEKVARDEDDPGKGNYWTLDPNCERKMEDNGNFRRK 233
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RRRRGE-—-—---— TSEAAVPGAS-SPEGTALE
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Figure 2-3. Alignment of the FoxI cluster of sequences.

Conserved and functionally important regions noted in the literature are
highlighted. Green: forkhead domain (NCBI Protein database, see Table 2-1 for
accession numbers) Yellow: transactivation domain (Overdier et al. 1997) Red

Box: EH1 motif (Yaklichkin et al. 2007)
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Fox05 drer SN-HSWVEG 651

Fox0O5 xmac ———HBWVEG 664
FOX03a_hsap ASSQSHVEG 673
Foxo3_mmus ASSQSWVEG 672
UN_53 _tnig ARPRSWVES 549
Foxo® mmus EN-QSWVEG 559
FOX04 hzap - —

Foxod mmus 0 0 ———-—————
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Fox0la sscr TTTHEWVSG 662
FoxOla stri TTTHSHVSG 653
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Figure 2-4. Alignment of the FoxO cluster of sequences.

Conserved and functionally important regions noted in the literature are
highlighted. Green: forkhead domain (NCBI Protein database, see Table 2-1 for
accession numbers) Orange: nuclear export signal (Biggs et al. 1999; Brownawell
et al. 2001; Brunet et al. 2002; Zhao et al. 2004) Black Box: nuclear localization
signal (Brownawell et al. 2001; Zhang et al. 2002; Zhao et al. 2004) Blue:
phosphorylation site (Brunet et al. 1999; Kops et al. 1999; Nakae et al. 1999;
Rena et al. 1999; Takaishi et al. 1999; Tang et al. 1999; Brunet et al. 2001; Woods
et al. 2001) Grey Box: 14-3-3 binding site (Brunet et al. 1999; Brunet et al. 2001;
Rena et al. 2001; Obsil et al. 2003; Zhao et al. 2004) Yellow: transactivation
domain (Sublett et al. 1995; So and Cleary 2002) Red Box: EH1 motif Purple

Box: positively selected site identified by branch-site analyses
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FoxP2_ptro
FOXP2 hsap
FoxP2_tgut
FOXP4_hsap

QPALPLQPLAQ-GMIPTELQQLWK-EVTSAHTAEETTGNNHSSLDLTT---TCVSSSAPS
QPALPLOPLAQ-GMIPTELQQLWK-EVTSAHTAEETTSSNHSSLDLTS---TCVSSSAPS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QAALPVQSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSNTS
QSALPVQOSLPQAGLSPAEIQQLWK-EVTGVHSMEDN-GIKHGGLDLTTNNSSSTTSSTTS
QASGPLOTLPQ-AVCPTDLPQLWKGEGAPGQPAEDS--VKQEGLDLTGTAATATSFAAPP

KTSLIMNPHASTNGQLSVHTPKRESLSHEEHPHSHPLYGHGVCKWPGCEAVCEDFQSFLK
KSSLIMNPHASTNGQLSVHTPKRESLSHEEHPHSHPLYGHGVCKWPGCEAVCDDFPAFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESICEDEGQFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESICEDFGQFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESICEDEGQFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESICEDFGQFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESICEDFGQFLK
KASPPITHHSIVNGQSSVLSARRDSSSHEETGASHTLYGHGVCKWPGCESICEDFGQFLK
KASPPITHHSIVNGQSSVLNARRDSSSHEETGASHTLYGHGVCKWPGCESVCEDEFGQFLK
KVSPPLSHHTLPNGQPTVLTSRRDSSSHEETPGSHPLYGHGECKWPGCETLCEDLGQFIK

HLNSEHALDDRSTAQCRVOMQVVQQOLELQLAKDKERLQAMMTHLHVKSTE PKAAPQPLNL
HLNSEHALDDRSTAQCRVOMQOVVQQLELQLAKDKERLOAMMTHLHVKSTE PKAAPQPLNL
HLNNEHALDDRSTAQCRVOMOVVQQLEIQLSKERERLQAMMTHLHMRPSEPKPSPKPLNL
HLNNEHALDDRSTAQCRVQMQVVQQLEIQLSKERERLQAMMTHLHMRPSEPKPSPKPLNL
HLNNEHALDDRSTAQCRVOMQVVQQLEIQLSKERERLOAMMTHLHMRPSEPKPSPKPLNL
HLNNEHALDDRSTAQCRVOMOVVQQLEIQLSKERERLOQAMMTHLHMRPSEPKPSPKPLNL
HLNNEHALDDRSTAQCRVQMQVVQQLEIQLSKERERLQAMMTHLHMRPSE PKPSPKPLNL
HLNNEHALDDRSTAQCRVQOMQOVVQQOLEIQLSKERERLQAMMTHLHMRPSEPKPSPKPLNL
HLNNEHALDDRSTAQCRVOMQVVQQLEIQLSKERERLQAMMTHLHMRPSEPKPS PKPLNL
HLNTEHALDDRSTAQCRVQOMOVVQQLEIQLAKESERLQAMMAHLHMRPSEPKPFSQP—— -

VSSVTLSKSASEASPQSLPHTPTTPTAPLTPVTQGPSVITTTEMHTVGPIRRHY SDKYNV
VSSVTLSKSASEASPQSLPHTPTTPTAPLTPVTQGPSVITTT] SDKYNV
VSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNI
VSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNI
VSSVIMSKNMLETSPQSLPQTPTTPTAPVIPITQGPSVITPASVPNVGAIRRRHSDKYNI
VSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNT
VSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNI
VSSVTMSKNMLETSPQSLPQTPTTPTAPVTIPITQGPSVITPASVPNVGAIRRRHSDKYNI
VSSVIMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNT
-—-VTVS--AADSFPDGLVHPPTSAAAPVTPLR--PPGLGSASLHGGGPARRRSSDKECS

PISSADIAQNQEFYKNAEVRPPFTYASLIRQAILESPEKQLTLNEIYNWETRMFAYFRRN
PISSADIAQNQEFYKNAEVRPPFTYASLIRQAILESPEKQLTLNEIYNWEFTRMFAYFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQATIMESSDRQLTLNEIYSWETRTFAYFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWETRTFAYFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWETRTFAYFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWETRTFAYFRRN
PMSS-EIAPNYEFYKNADVRPPEFTYATLIRQATIMESSDRQLTLNEIYSWETRTFAYEFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWETRTFAYFRRN
PMSS-EIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTRTFAYFRRN
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299
265

325
353
363
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364
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365
359
325

445
473
483
484
484
483
486
485
479
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505
533
542
543
543
542
545
544
538
494
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FoxP2 ppvyg
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Figure 2-5

AATWKNAVRHNLSLHKCFVRVENVK
AATWKNAVRHNLSLHKCEVRVENVK
AATWKNAVRHNLSLHKCEVRVENVK
AATWKNAVRHNLSLHKCFEVRVENVK
AATWKNAVRHNLSLHKCEVRVENVK
AATWKNAVRHNLSLHKCFEVRVENVK
AATWKNAVRHNLSLHKCFEVRVENVK
AATWKNAVRHNLSLHKCFVRVENVK KRRSQKITGSPTLVENIPTSLGY
AATWKNAVRHNLSLHKCEVRVENVK FRRSQKITGSPTLVKNIPTSLGY
TATWKNAVRHNLSLHKCEVRVENVKGAVWTVDEREYQKRRPPKMTGSPTLVKNMISGLSY

KRRPOKISGNPSLIKNMQSSHAY
KRRPOKISGNPSLIKNMQSSHAY
KRRSQKITGSPTLVKNIPTSLGY
FRRSQKITGSPTLVKNIPTSLGY
FKRERSQKITGSPTLVKNIPTSLGY
FRRSQKITGSPTLVKNIPTSLGY
FRRSQKITGSPTLVKNIPTSLGY

CTPLNAALQASMAENSIPLYTTASMGNP-TLGNLASAIREELNGAMEHTNSNESDSSPGR
CTPLNAALQASMAENSIPLYTTASMGNP-TLGSLASATIREELNGAMEHTNSNESDSSPGR
GAALNASLQAALAESSLPLLSNPGLINN-ASSGLLOAVHEDLNGSLDHIDSN-GNSSPGC
GAALNASLOAALAESSLPLLSNPGLINN-ASSGLLOAVHEDLNGSLDHIDSN-GNSSPGC
GAALNASLOAALAESSLPLLSNPGLINN-ASSGLLOAVHEDLNGSLDHIDSN-GNSSPGC
GAATLNASLOAALAESSLPLLSNPGLINN-ASSGLLOAVHEDLNGSLDHIDSN-GNSSPGC
GAALNASLOAALAESSLPLLSNPGLINN-ASSGLLOQAVHEDLNGSLDHIDSN-GNSSPGC
GAALNASLOAALAESSLPLLSNPGLINN-ASSGLLOQAVHEDLNGSLDHIDSN-GNSSPGC
GAATLNASLOAALAESSLPLLSNPGLINN-ASSGLLOAVHEDLNGSLDHIDSN-GNSSPGC
G-ALNASYQAALAESSFPLLNSPGMLNPGSASSLLPLSHDDVGAPVEPLPSNGSSSPPRL

SPMQAVHPVHVKEEPLDPEEAEGPLSLVTTANHSP-DEDHDRDYEDEPVNEDME 677
SPMQAVHPIHVKEEPLDPEEAEGPLSLVTTANHSP-DFDHDRDYEDEPVNEDME 705
SPQPHIHSTIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 713
SPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 714
SPQPHIHSTIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 714
SPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 713
SPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 716
SPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 715
SPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSP-ELEDDREIEEEPLSEDLE 709
SPPQYSHQVQVKEEPAEAEEDRQPGPPLGAPNPSASGPPEDRDLEEELPGEELS 667

. Alignment of the FoxP cluster of sequences.

Conserved and functionally important regions noted in the literature are

565
593
602
603
603
602
605
604
598
554

624
652
660
661
661
660
663
662
656
613

highlighted. Green: forkhead domain (NCBI Protein database, see Table 2-1 for

accession numbers) Purple: glutamine (Q) rich region (Banham et al. 2001; Lai et

al. 2001; Shu et al. 2001; Teufel et al. 2003; Shi et al. 2004) Blue: zinc finger

(Banham et al. 2001; Shu et al. 2001; Teufel et al. 2003; Wang et al. 2003)

Yellow: leucine zipper (Banham et al. 2001; Teufel et al. 2003; Wang et al. 2003;

Lietal. 2004) Red Box: EH1 motif

124



0.8 -

o
o

<
~

posterior weighted

e
)
.

11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171
amino acid site

—_

Fordt [ I
Focrz [ [ L[ [
Forhd [ [ [ T W

.
o)

e
o

<
~

posterior weighted o

et
o

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201
amino acid site

FOXD!

alanine/proline rich |

FOXD2 alanine/proline rich I
FOXD3 alanine/proline rich |
FOXDAL2 Tamnelproline fich ]
FOXD4L3 alanine/pr(gne rich |
FOXD4b alanine/proline rich |

125



© ~
=} (=

™ pajyBlem Jousisod

41 61 81 101 121 141 161 181 201 221 241 261 281

21

amino acid site

FOXI1

® payybrom Jouaisod

391 421

361

331

301

271

241

11

2

1

8

1

51

1

21

61 91 1

31

amino acid site

FOXO1a

NEN

FOX03a

[T N |

FOX04

126



1
0.8
3
el
2
S 0.6
(]
=
5 |
04
w
= | |
0.2 [ I I I
0
1 31 61 91 121 151 181211241271 301 331361391 421 451 481 511 541 571 601 631
amino acid site
FoxP1 [ | I |
Foxp2 [ [ | N |
FOXP4 [ | H N |

Figure 2-6. Selection pressures on amino acids in each of the five clusters
analyzed.

Along the x-axis are the amino acid sites that were analyzed. Since ambiguous
sites were removed, the residue numbers along the bottom of the graphs do not
correspond to residue numbers of the analyzed sequences. Examination of the
alignment and graph of selection pressures simultaneously allows for correlation
of selection pressures and actual residue numbers. Underneath each graph is a
cartoon of the important regions contained in human forkhead gene(s) within that
cluster. Few functional regions have been examined in human FoxA and FoxP
proteins therefore functional information identified in rat and mouse protein
studies has been included in the FoxA and FoxP figures respectively. The
location of the forkhead domain for each human sequence was taken from the

NCBI Entrez Protein (Wheeler et al. 2006) database record for that sequence.
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The posterior weighted o is given on the y-axis. o < 1 indicates negative
selection and ® = 1 indicates neutral change A. FoxA cluster of 31 sequences.
Peach: conserved domain IV, site 1 (Pani et al. 1992; Qian and Costa 1995) Blue:
conserved domain V, sites 2-7 (Pani et al. 1992; Qian and Costa 1995) Green:
forkhead domain, sites 25-101 Yellow: conserved domain II, sites 147-160 (Lai
etal. 1991) Pink: conserved domain III, sites 174-177 (Lai et al. 1991) Black
Bar: nuclear localization signal, sites 19-32 and 88-101 (Qian and Costa 1995)
Red Bar: EH1 motif, sites 151-160 (Copley 2005; Yaklichkin et al. 2007) B.
FoxD cluster of 24 sequences. Green: forkhead domain, sites 42-119 Acidic and
alanine/proline rich regions described by Ernstsson et al. 1996; Sutton et al. 1996;
Ernstsson et al. 1997; Freyaldenhoven, Fried, and Wielckens 2002. Red Bar: EH1
motif, sites 163-169 for all of the FOXD4s, sites 176-186 for FOXD1 and
FOXD3 (Copley 2005; Yaklichkin et al. 2007) C. FoxI cluster of 10 sequences.
Green: forkhead domain, sites 123-200 Yellow: transactivation domain, sites
196-282 (Overdier et al. 1997) D. FoxO cluster of 12 sequences. Green:
forkhead domain, sites 61-141 Orange: nuclear export signal, sites 1-43 and 235-
264 for FOXOla, sites 244-252 and 258-266 for FOXO3a, sites 250-256 for
FOXO4 (Biggs et al. 1999; Brownawell et al. 2001; Brunet et al. 2002; Zhao et al.
2004) Black Bar: nuclear localization signal, sites 52-60 and 134-180 for
FOXOla, sites 152-154 and 173,174 for FOXO3a, sites 144-183 for FOXO4
(Brownawell et al. 2001; Zhang et al. 2002; Zhao et al. 2004) Yellow:
transactivation domain, sites 389-428 for FOXOla, sites 221-326 and 378-428 for

FOXO4 (Sublett et al. 1995; So and Cleary 2002) Blue Bar: phosphorylation
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site, sites 20, 157 and 216 for FOXO1la, FOX0O3a and FOXO4, additionally site
218 for FOXOla, sites 379 and 383 for FOX0O4 (Brunet et al. 1999; Kops et al.
1999; Nakae et al. 1999; Rena et al. 1999; Takaishi et al. 1999; Tang et al. 1999;

Brunet et al. 2001; Woods et al. 2001) E. FoxP cluster of 10 sequences. Purple:

glutamine rich region, sites 6-182 (Banham et al. 2001; Lai et al. 2001; Shu et al.

2001; Teufel et al. 2003; Shi et al. 2004) Blue: zinc finger, sites 288-311
(Banham et al. 2001; Shu et al. 2001; Teufel et al. 2003; Wang et al. 2003)
Yellow: leucine zipper, sites 324-349 (Banham et al. 2001; Teufel et al. 2003;
Wang et al. 2003; Li et al. 2004) Green: forkhead domain, sites 434-506 Grey
Bar: region involved in repression, sites 1-505 (Shi et al. 2004) Red Bar: EH1

motif , sites 398-408 and 501-511 for FOXP1, sites 501-511 for FOXP2
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Figure 2-7. Branches tested for positive selection with branch-site models.
In each phylogeny the branches tested are indicated with red stars and labels
representing the clade of interest. Clade credibility values less than 0.95 are given

above the branches. A. FoxA B. FoxD C. FoxO D. FoxP
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Figure 2-8. Residues in the forkhead domain experiencing neutral changes and
positive selection.

.The forkhead domain of FOXA3 is shown as a ribbon model bound to DNA
(light blue space filled model) (Clark et al. 1993). Residues with neutral changes
identified in the FoxA (dark blue), FoxD (red) and FoxP (yellow) clusters and
residues under positive selection identified in the Protostomia/Cephalochordata
lineage of the FoxA cluster (orange) are highlighted and indicated with arrows.
Alpha helices 1, 2 and 3 (green), beta sheets 1 and 2 (pink), and wings 1 and 2 are

denoted H1, H2, H3, B1, B2, W1 and W2 respectively.
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Chapter 3: In silico analysis of selection pressures acting at the
molecular level in the FoxC subfamily and biological verification

of positive selection.
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Introduction

The FoxC forkhead subfamily has originated in the Eumetazoa (Larroux et
al. 2008). Paralogs FoxC1 and FoxC2 have only been identified in vertebrates
and are found in separate chromosomal Fox gene clusters (Wotton and Shimeld
2006). The gross evolution of these gene clusters has been defined (Mazet et al.
2006; Wotton and Shimeld 2006; Wotton et al. 2008) however the molecular
evolution of FoxC1 and FoxC2 has not been examined. Both genes are required
for normal development, adult function and when mutated cause disease (Winnier
et al. 1997; Kume et al. 1998; Cederberg et al. 2001; Connell et al. 2008; Tumer
and Bach-Holm 2009). As discussed in Chapter 1, there are unknown factors that
influence differential target selection by FOXC1 and FOXC2. A domain
important for regulation of transactivation activity, the inhibitory domain has been
identified in human FOXC1 and mouse Foxc1 and Foxc2 (Figure 3-1) (Berry et
al. 2002; Fujita et al. 2006). However, the functional mechanisms of this domain
have not been fully determined. Analyses of disease causing mutations in
FOXC1 and FOXC2 have predicted that too much and demonstrated that too little
transactivation activity can lead to disease therefore tight regulation of their
function is essential for normalcy (Berry et al. 2005; Saleem et al. 2008; Vreeburg

et al. 2008).

Here the selection pressures acting on the FoxC sequences in vertebrates
were identified to provide insights into the amino acids important for gene

function and to characterize the molecular evolution of this forkhead subfamily.
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Selection pressures were measured as ®, the nonsynonymous substitution rate
divided by the synonymous substitution rate, for each codon in an alignment of
FoxC sequences. The majority of sites were under negative selection with
positive selection identified at one site. The positively selected amino acid,
within the inhibitory domain, was mutated in FOXC/ and the effects on FOXC1
function were assessed. Altering the positively selected site affects normal
FOXCI1 function providing biological support for the predicted positive selection.
The effects of mutants on transactivation activity were dependant on the target
promoter in question. This is evidence supporting the theory that combination of
amino acid change in a transcription factor and differences in the target promoters
of that transcription factor can drive optimization of gene expression and
evolution. Further insights into inhibitory domain function were also obtained as
deletion of the inhibitory domain was shown to reduce FOXC1 DNA binding

ability.
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Materials and Methods

Sequence Data. Alienment and Phylogenetic Analysis

FoxC sequences were obtained from the NCBI Entrez Protein Database
and selected for analysis as described in Fetterman et al. 2008. A total of 13
sequences from six species were included: Homo sapiens (human) FOXC1
(NP _001444) and FOXC2 (NP_005242); Mus musculus (mouse) Foxcl
(NP _032618) and Foxc2 (NP _038547); Gallus gallus (chicken) FoxC1
(NP _990337) and FoxC2b (NP _990469); Danio rerio (zebrafish) foxcl.1
(NP_571803) and foxcl.2 (NP_571804); Xenopus laevis (African clawed frog)
FoxC1 (AAC99469), FoxCla (CAB44727), FoxC2a (CAB54143) and FoxC2b
(CAB54144); and Tetraodon nigroviridis (green spotted pufferfish) UN (unnamed
protein product) (CAF98493). The protein sequences were aligned with a
combination of CLUSTALX1.83 (Thompson et al. 1997) and CLUSTALW1.81
(Thompson et al. 1994) then converted into nucleotide alignments, utilizing the
proteins’ corresponding nucleotide sequences from GenBank, with the
protal2dna2.0 program (Letondal and Schuerer). MrBayes3.1.1 (Ronquist and
Huelsenbeck 2003) was used to create a phylogeny with models chosen by
MrModeltest2.2 (Nylander 2004) in conjunction with PAUP4.0b10 (Swofford
2002). Alignment and phylogenetic analysis details can be found in Fetterman et

al. 2008.
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Identification of Selection Pressures

Site models from the codeml program, within the PAML3.15 package
(Yang 1997), were used to estimate the selection pressure on every non-
ambiguous codon (site) in the alignment. Model M3, that contains three
unconstrained categories of ®, is compared to model M0, which allows only one
category of , to determine if there is evidence for variation in ® among sites. As
a test for positive selection, Model M2a, that has three categories of ®: 0 < o<1,
®;=1 and w,> 1 and allows for positive selection (w, > 1), is compared to model
M1a, with categories 0 < wp < 1, ®; = 1 which does not allow for positive
selection. Models M8 and M7, which both contain 10 categories of ®
approximated from B(p,q) while M8 contains an additional category that allows
for positive selection, ws> 1, are also compared as a test for positive selection. As
a third test for positive selection, model M8 is compared to model M8a which
differs from model M8 by setting ws= 1. Likelihood ratio tests (LRTs) were used
to determine statistical significance of the above model comparisons.

Select branches of the phylogeny were tested for positive selection by
comparing branch-site model A to a null model A with the codeml program.
Branch-site model A allows for positive selection along pre-specified foreground
branches, while the background branches are constrained to negative selection.
The null model A does not allow for positive selection along any lineage. A LRT,
with corrections for multiple testing by Rom’s procedure and the Bonferroni
correction, was used to determine if there is a significant difference in the fit of

the models to the data.
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Site and branch-site analysis parameter details can be found in Fetterman

et al. 2008.

Plasmids and Cell Culture

Site-directed mutagenesis to alter the amino acid at the positively selected
site in FOXC1 was performed with the QuickChange Site Directed Mutagenesis
kit (Stratagene) with the addition of 5% dimethylsulfoxide to the reaction. The
mutations were chosen to vary the charge and size of the amino acid at the
positively selected site. A fragment of FOXC1, amino acids 183-397, in pPGEMT
(Promega) was mutagenized. Successful mutations were confirmed by
sequencing and the mutants were subcloned into full length FOXCI1 in pcDNA4-
Xpress His/Max B (Invitrogen) which has been previously described (Saleem et
al. 2001) creating wild type and mutant FOXC1-Xpress. GAL4 DNA binding
domain (GAL4-DBD) fusions to a fragment of FOXC1 consisting of amino acids
215-553 (FOXC1(215-553)) were created in pM (Clonetech) using FOXC1
restriction digest fragments from wild type and mutant FOXC1-Xpress. FOXC1-
Xpress lacking the inhibitory domain (ID, amino acids 215-366), FOXC1AID, has
been previously described (Berry et al. 2002). An Xpress vector containing the
inhibitory domain of FOXC1, ID-Xpress, was provided by Dr Fred Berry.

Hela (cervical epithelial cells), HTM (human trabecular meshwork) and
Cos-7 (African green monkey kidney cells) cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum.

Transfections were performed with Fugene 6 (Roche) or TransIT-LT1 (Mirus) in
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aratio of 3:1, [Fugene or TransIT-LT1]:[DNA]. For immunoblotting and
electrophoretic mobility shift assays (EMSA), cells were harvested by scraping,
suspended in nuclear lysis buffer (20mM Hepes (pH 7.6), 500mM NaCl, 1.5mM
MgCl,, 0.1% Triton-X 100, 20% glycerol, ImM dithiothreitol (DTT), ImM
phenylmethylsulfonylfluoride, 0.5% protease inhibitor cocktail (Sigma P8340)

and sonicated.

Immunofluorescence

Hela and HTM cells were grown on coverslips in six well plates and
transfected with 500ng of wild type FOXC1-Xpress or mutant FOXC1-Xpress or
empty Xpress vector and grown for 24 hours. Cells were fixed in 2%
paraformaldehyde, permeabilized with 0.05% TritonX-100 in phosphate buffered
saline (PBS-X) and blocked with 5% bovine serum albumin (BSA) in PBS-X.
Primary anti-Xpress mouse antibody (Invitrogen) and secondary anti-mouse Cy3
conjugated antibody (Jackson ImmunoResearch Laboratories) as well as 4°,6-

diamidino-2-phenylindole (DAPI) were applied and allowed for visualization of

FOXCI1 localization with respect to the nucleus through fluorescence microscopy.

Cy3 signal was not detected in the cells transfected with empty vector.

Immunoblotting

Xpress tagged proteins from whole cell lysates were resolved on a 10%

sodium dodecyl sulfate gel and detected by immunoblotting with primary mouse
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anti-Xpress antibody (Invitrogen), secondary anti-mouse horseradish peroxidase
(HRP) (Jackson ImmunoResearch Laboratories) and visualized through
chemiluminescence. GAL4-DBD FOXC1(215-553) fusion proteins were
resolved and detected in the same manner with primary mouse anti-GAL4
antibody (Zymed). Detection of endogenous TFIID with primary rabbit anti-
TFIID (Santa Cruz) and secondary anti-rabbit HRP (Jackson ImmunoResearch
Laboratories) served as a control for overall protein production levels. Expression
levels were quantified through densitometry using ImagelJ 1.37, and FOXCI1-
Xpress or GAL4-DBD FOXC1(215-553) expression was normalized by TFIID

expression.

Electrophoretic Mobility Shift Assay (EMSA)

60mm plates of Cos-7 cells were transfected with 2ug of wild type
FOXC1-Xpress, mutant FOXC1-Xpress or empty Xpress vector and the proteins
were harvested 48 hours post transfection. FOXC1-Xpress expression levels were
measured by immunoblotting and the amount of FOXC1-Xpress included in
further analyses was equalized among extracts. Protein extracts were incubated at
room temperature for 1 hour with 1.25mM DTT, 0.3pg sheared salmon sperm
DNA, 0.125ug polydIdC (Sigma) and **P-dCTP labeled double stranded DNA
containing a synthetic ideal FOXC1 binding site (forward; 5°-
GATCCAAAGTAAATAAACAACAGA, reverse; 5°-
GATCTCTGTTGTTTATTTACTTTG). Reactions including only nuclear lysis

buffer or empty vector and not FOXC1-Xpress served as negative controls. The
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DNA:protein complexes were resolved on a 6% polyacrylamide gel and
visualized through autoradiography.

60mm plates of Cos-7 cells were also transfected with 2pug of wild type
FOXCI1-Xpress, FOXC1AID-Xpress, ID-Xpress or empty Xpress vector and the
proteins were harvested 48 hours post transfection. Protein expression was
detected by immunoblotting and quantified by Bradford assays. To examine the
effects of the inhibitory domain on DNA binding in trans, 10ug of FOXC1-
Xpress was combined with 10, 20 or 40ug of either ID-Xpress or empty Xpress
vector and subjected to EMSA as described above. To measure the inhibitory
domain effects on DNA binding in cis, increasing amounts of FOXC1-Xpress or

FOXCI1AID-Xpress were assayed for binding as described above.

Transactivation Assays

Transactivation assays were performed using the Dual Luciferase Reporter
Assay System (Promega). 24 well plates of Hela or Cos-7 cells were
cotransfected with 100ng of test plasmid (i.e. wild type, mutant or empty vector),
20ng of the pGL3-TK reporter construct and 2ng of pRL-TK control plasmid.
Two different reporter constructs that FOXC1 is known to activate were tested
with FOXC1-Xpress plasmids in Hela cells; a synthetic construct containing six
ideal FOXC1 binding sites (BS) (Pierrou et al. 1994): 6x BS (Saleem et al. 2001)
and a biological reporter containing 830 nucleotides of the FOXO1a promoter:
FOXOla (Berry et al. 2008). GAL4-DBD FOXC1(215-553) fusions were tested

for activation of a GAL4-DBD responsive reporter, pG5luc (Promega) in Cos-7
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cells. To account for potential differences in wild type FOXC1 and mutant
FOXCI production, transfection of 60mm plates of Hela or Cos-7 cells, protein
harvest, immunoblotting and densitometry analysis were performed to measure
protein production levels concurrent with the transactivation assays. The
expression of transfected test protein was normalized to the expression of
transfected wild type FOXC1 and this value was used to weight the test protein
transactivation results. Each complete transactivation assay measured three
separate reactions, experiments were repeated a minimum of two times and the
results were pooled to calculate means and standard errors. Statistical
significance was measured using two-tailed t-tests with unequal variances at a

significance level of o = 0.05.

In silico Prediction of FOXC1 Disorder

The amino acid sequence of FOXC1 was inputted into the DISOPRED2
program (Ward et al. 2004) to predict regions of disorder. A false positive

threshold of 2% was implemented.

In silico Analyses of Nucleotides Upstream of FOXOla.

Human FOXOla (ENST00000379561) orthologs were identified from the
ortholog list in Ensembl, release 57 (Flicek et al. 2010) and are as follows: Mus
musculus Foxol ENSMUSTO00000053764, Gallus gallus FoxO1A

ENSGALG00000017034, Danio rerio foxola ENSDARG00000063540 and
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foxolb ENSDARG00000061549, Tetraodon nigroviridis FoxO1.1
ENSTNIT00000022462 and FoxO1.2 ENSTNIT00000014910. Data for Xenopus
laevis was unavailable. The 8000nt upstream of the translational start site for
each FoxOla gene were assessed for FOXCI binding sites using Possum (Fu et
al. 2004) and a FOXC1 DNA binding site matrix (M00291) from the
TRANSFAC database (Matys et al. 2006). Possum parameters were set as
follows: score threshold = 5, residue abundance range = 100, assume residue
abundances = 1/4 and pseudocount = 0.375. The mmeta program (Blanco et al.
2007) was used to identify and align transcription factor binding motifs in the first
600nt upstream of the translation start site. The position weight matrices from
JASPAR 1.0 TOP-50, which is a collection of the 50 most informative matrices in
JASPAR 1.0 (Bryne et al. 2008), were used to identify transcription factor
binding sites by mmeta. Other mmeta parameters were set as: mapping threshold
quality =0.25,a=0.5,A=0.1, n=1.0, y=-10, c = 100. Gallus gallus data was

excluded as much of its sequence is unknown in this region.
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Results

Selection Pressures Acting on FoxC Codons

The selection pressures acting on individual codons in the FoxC sequences
were assessed by LRTs (likelihood ratio tests) of the site models, M0, M1a, M2a,
M3, M7, M8 and M8a implemented in codeml. The LRT comparing models M3
and MO was significant indicating that selection pressures vary across amino acid
sites (P <0.0001) (Table 3-1). Model comparisons testing for positive selection,
M8 vs. M7 and M8 vs. M8a, were also significant (P = 0.03 for both) providing
evidence for positive selection (Table 3-1). The M8 vs. M7 LRT determines if
there is class of ® > 1, but doesn’t test if the class is significantly greater than one.
MS vs. M8a is implemented to determine if the class of @ > 1 is significantly
greater than one and is considered less conservative than M8 vs. M7 (Swanson et
al. 2003). Model M8 identified one amino acid under positive selection,
estimating ® = 6.52 with a probability of 0.95 (Figure 3-2). In contrast, the M2a
vs. Mla LRT for positive selection was not significant (P = 1) (Table 3-1). The
M2a model is more conservative than the M8 model and may not fit the data
significantly better than the M 1a model if only a few sites are under positive
selection (Wong et al. 2004). It is likely that M2a did not detect positive selection
here while M8 did as only one site in the FoxC cluster is under positive selection.

The remainder of the sites analyzed are all under negative selection (Figure 3-2).

The amino acid located at the positively selected site for each sequence

analyzed is shown in the FoxC gene tree context in Figure 3-3. Branch-site
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models were applied to determine if positive selection is acting only along the
branch separating the Actionopterygii from the Sarcopterygii or the branch
separating FoxC1 and FoxC2 sequences as indicated in Figure 3-3. LRTs
comparing Model A, which allows for positive selection along the branch
specified, to null Model A, which does not allow for positive selection, were
insignificant (P = 0.79 and 0.5 respectively) without correcting for multiple tests
(Table 3-1). This indicates that the positive selection observed in the site analysis
is not acting solely along either of these lineages, rather positive selection is likely

acting on multiple lineages.

The in vitro Effects of Amino Acid Substitutions at the Positively Selected Site in

FOXC1

The positively selected amino acid identified by the in silico site analysis
is alanine 337 (A337) in FOXCI1. A search of the NCBI Entrez SNP database,
Build 126 and 131 (Wheeler et al. 20006), revealed that this site is not noted as a
SNP in any FoxC sequence. Site-directed mutagenesis was used to mutate A337
to arginine (R), glutamate (E), glycine (G), proline (P), phenylalanine (F) and also
to delete (A) it from the protein. Western blots of proteins harvested from human
trabecular meshwork (HTM), Hela and Cos-7 cells transfected with wild type or
mutated FOXCI demonstrated that the mutations do not abolish protein
expression (Figure 3-4). Immunofluorescence of Hela and HTM cells transfected
with wild type and mutant FOXC1 showed that alterations at the positive site do

not affect normal nuclear localization of the protein (Figure 3-4). Electrophoretic
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mobility shift assays (EMSAs) utilizing whole cell lysates from mutant and wild
type transfected Cos-7 cells and a radioactively labeled probe containing a
consensus FOXC1 DNA binding site showed that the mutations do not abolish
DNA binding, however DNA binding by the A337G mutant was reduced (Figure
3-5). Transactivation assays comparing mutant and wild type FOXCI activity on
a luciferase reporter gene containing six ideal FOXC1 binding sites (6x BS)
demonstrated significantly reduced FOXC1 transactivation function for the
proline (P < 0.0001), phenylalanine (P < 0.0001) and deletion (P < 0.0001)
mutants and significantly increased activity for the glutamate mutant (P = 0.03)
(Figure 3-6). Transactivation assays comparing mutant and wild type activity on
a luciferase reporter gene containing a fragment of upstream sequence from a
known biological target, FOXOIa (Berry et al. 2008), showed a significant
reduction in transactivation activity for the arginine (P = 0.004) and deletion
mutants (P = 0.0009) (Figure 3-6). A fragment of FOXC1 3’ to the forkhead
domain consisting of amino acids 215-553, was ligated to the GAL4 DNA
binding domain and transactivation assays with A337 wild type and mutant
constructs on a GAL4 responsive promoter showed increased transactivation
activity of the arginine (P = 0.0004), glycine (P = 0.03), proline (P = 0.05) and

deletion (P = 0.0006) mutants with respect to wild type (Figure 3-7).

The Predicted Disorder of FOXC1

Intrinsic disorder of a protein or region of a protein is the lack of constant

secondary/tertiary structure. Transcription factors are more likely to contain
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regions of disorder than proteins involved in catalytic cellular functions
(Iakoucheva et al. 2002; Ward et al. 2004; Garza et al. 2009). These regions of
disorder are thought to allow transcription factors to interact with different targets
and/or other regulatory proteins. Regions of disorder were predicted in FOXC1
with DISOPRED2. The forkhead domain was correctly predicted to be ordered,

while the remainder of the protein is predicted to be disordered.

(un)Conservation of the FOXO1a Upstream Region

Examination of 8000 nucleotides upstream of the translation start site of
FoxO1la in human, mouse, chicken, frog and pufferfish using Possum and a
FOXC1 DNA binding site matrix, identified a number of potential FOXC1
binding sites in all of the sequences analyzed (Figure 3-8). At least one perfect
binding site was found in mouse, frog and pufferfish (FoxO1.2) and at least one
almost perfect site, which differed by only one nucleotide at a known variable

amino acid, was found in all sequences.

Transcription factor binding motifs, identified with JASPAR 1.0 TOP-50,
in the first 600 nucleotides 5’ to the translation start site of FoxOla, in the
sequences for which data was available, were aligned with mmeta. There were no
common alignable elements among the human, mouse, zebrafish, pufferfish
FoxOla orthologs. Alignment of only the human and mouse sequences with

mmeta identified 15 common transcription factor binding motifs (Table 3-2).
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Inhibitory Domain Effects on FOXC1 DNA Binding

EMSAs showed that the DNA binding ability of FOXCI1 is not affected by
the presence of the inhibitory domain as fragment in trans (Figure 3-9). However,
EMSASs comparing wild type FOXC1 binding ability to that of FOXC1 lacking
the inhibitory domain (FOXC1AID), revealed that at least 10 times more
FOXCI1AID was required to have a band shift intensity that approaches that of

wild type FOXC1 (Figure 3-9).

158



Discussion

Positive Selection is Acting on the FoxC Sequences

Application of site models to predict selection pressures acting on
individual codons in an alignment of 13 FoxC sequences resulted in the
identification of positive selection at one amino acid site. Positive selection is
identified here due to a higher nonsynonymous substitution rate as compared to
the synonymous substitution rate at this codon in the alignment. This suggests
that the site is evolving to optimize FoxC function. If this site was mistakenly
identified as positive selection rather than relaxed selective constraint (neutral
changes) altering the amino acid at the positive site is not expected to alter FoxC
function. To biologically test this amino acid for positive selection, mutations of
the positive site were created in FOXCI and the effects on FOXCI1 function were
determined. The amino acid under positive selection, A337 in FOXClI, is located
in the inhibitory domain, a region known to function as a negative regulator of
FOXCI1 transactivation activity (Berry et al. 2002). Functional analysis of A337
mutations demonstrated that the amino acid composition at the positively selected
site affects FOXC1 function. The A337G FOXCI construct had a reduced DNA
binding ability compared to wild type. Transactivation assays using a synthetic
(6x BS) and biological (FOXO1a) FOXCI target revealed that mutation of A337
can alter FOXCI1 transactivation activity. Transactivation assays with GAL4-
DBD FOXC1(215-553) constructs also revealed differences between wild type

and mutant constructs providing evidence that the inhibitory domain is
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intrinsically affected. These results provide biological evidence that support the

in silico identification of positive selection in the FoxC sequences.

It has recently been shown that biased gene conversion (BGC) can result
in accelerated evolutionary rates and false detection of positive selection
(Berglund et al. 2009; Galtier et al. 2009). BGC is the preferential use of
nucleotides G and C over A and T during DNA mismatch repair. This can result
in amino acid changes that are not due to natural selection but have accelerated
evolutionary rates. If the positive selection observed here is due to BGC, there
would be more AT to GC conversions as compared to GC to AT conversions.
Figure 3-10 shows the ancestral reconstruction of codons at the positively selected
site in the FoxC gene tree context. There are three AT to GC conversions in the
FoxC gene tree; node 7 to FOXCI Homo sapiens (T to C), node 10 to Foxc2 Mus
musculus (A to G) and node 11 to FoxC2b Xenopus laevis (A to C). While there
are nine GC to AT conversions on the tree; node 4 to foxcl.2 Danio rerio (C to
T), node 5 to foxcl.1 Danio rerio (C to T), node 5 to UN Tetraodon nigroviridis
(G to T), node 3 tonode 6 (C to A and C to T), node 1 to node 2 (C to T), node 9
to node 10 (C to A) and node 9 to node 11 (C to A and C to A). The remaining
nucleotide changes at the positive site are G to C or C to G transversions. These
observations suggest that positive selection has not been falsely identified due to

BGC.

I have identified potential positive selection in FOXC1 and shown that

mutations at the positively selected site change protein function, but how would
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these changes affect fitness? Characterizations of disease causing missense
mutations in FOXC1 have identified mutants that affect nuclear localization,
DNA binding, transactivation activity, protein expression, phosphorylation,
folding and aggresome formation (Saleem et al. 2001; Saleem et al. 2003a;
Saleem et al. 2003b; Murphy et al. 2004; Ito et al. 2007; Fetterman et al. 2009; Ito
et al. 2009). Ultimately all missense mutations reduce transactivation activity.
Duplications and deletions of FOXC1 are also disease causing and are thought to
respectively increase or reduce FOXCI1 transactivation activity (Lehmann et al.
2000; Nishimura et al. 2001; Lehmann et al. 2002). From these mutation analyses
a transactivation level in the range of >78% to <150% of wild type activity on the
6x BS reporter is predicted to be normal, while values outside of this range would
be disease causing. Here, the A337A, A337P and A337F mutants all had
transactivation levels that were less than 40% of wild type and A337E
transactivation levels were 190% of wild type on the 6x BS reporter (Figure 3-6).
Therefore, these amino acid changes at the positively selected site would also
likely cause disease. Mutations in FOXCI1 primarily cause anterior segment
defects of the eye resulting in reduced or lost vision. This would ultimately
decrease reproductive fitness through indirect effects on health (e.g. reduced
foraging ability leading to inadequate caloric intake) and direct effects on social
reproductive value (e.g. being viewed as unhealthy by potential mates). The
effects of mutations of the positive site mirror those of disease causing mutation

in FOXCI thus suggesting the positive site has evolved to improve fitness and
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providing additional biological evidence to support the identification of positive

selection.

The use of in silico methods to predict natural selection pressures on
individual codons is common (e.g.(Kapralov and Filatov 2007; Premzl and
Gamulin 2009; Schwalie and Schultz 2009; Burri et al. 2010; Gomez et al. 2010;
Wu et al. 2010; Xu et al. 2010)), however only a few studies have validated these
predictions using in vitro or in vivo systems. Identification of positive selection
followed by in vivo confirmation of reduced fitness due to mutation of the
positively selected sites has only been performed in two studies, both of which
compared strains of infectious E coli (Chen et al. 2009; Novais et al. 2010). Chen
et al. found positive selection in FimH, which is involved in bacterial adhesion to
the host. Novais et al. found positive selection in 3-lactamase, which is involved
in antibiotic resistance. Both studies demonstrated that the amino acids at the
sites under positive selection conferred increased pathogenicity to strains
experiencing positive selection. Similarly, only two studies of mammalian genes
have identified positively selected sites and provided confirmation of altered
protein function by mutational analysis of the positively selected sites with in
vitro systems (Ivarsson et al. 2003; Sawyer et al. 2005). Ivarsson et al. identified
sites under positive selection in glutathione transferases and showed that these
sites are involved in substrate specificity. Sawyer et al. found positive selection
in TRIMSa (tripartite motif containing protein 5 alpha), a gene involved in
immune response to retroviruses. The region containing positive selection in

TRIMS5a was shown to be involved in viral recognition but the role of the
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positively selected sites in viral recognition was not examined. For both
mammalian studies the effects of the positively selected sites on fitness are

unclear. The work presented here is the first complete in silico and in vitro

characterization of an amino acid under positive selection in a transcription factor.

I was able to use in silico methods to identify potential positive selection and
mutational analyses of the positively selected site to show that altering the
positive site affects protein function. The observed changes in protein function
are the same as those seen in analyses of disease causing mutations of FOXCI,
therefore the positively selected site has likely evolved to increase fitness. This
work has provided support for the use of in silico methods to predict functionally
important residues and positive selection that can then be tested in biological

systems.

Conservation of the FoxCs Among Orthologs and Paralogs

Negative selection has also played a role in FoxC evolution. Outside of
the positively selected site, all other amino acids analyzed are under negative
selection (Figure 3-2). This implies that these amino acids are functionally
important in all of the sequences analyzed. There were no alignment gaps in the
forkhead domain or in a series of residues contiguous to the N- and C-terminal
forkhead boundaries. The maintenance of this contiguous residue pattern among
orthologs and paralogs suggests that these residues are important for forkhead
domain function and should be considered as part of the domain. This is

consistent with my previous work in other forkhead subfamilies and supports the
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use of these methods for defining functional domain boundaries (Chapter 2
(Fetterman et al. 2008)). Only one fifth of the N-terminal transactivation domain,
as defined in FOXC1, was included in the analysis due to gaps in the alignment.
However, these gaps are almost exclusively due to a lack of amino acids in the
chicken FoxCl1 sequence in this region. Visual examination of the alignment
shows that this region is conserved among the other sequences analyzed with the
exception of a variable length polyalanine tract found only in the FoxCl1
sequences (Figure 3-11). This indicates that the domain is functional in all of the
sequences analyzed with the exception of chicken FoxC1. The C-terminal
transactivation domain, as defined in FOXC1, also contained numerous gaps in
the alignment and as a whole is not highly conserved among the sequences
analyzed. The residues in this region that are under negative selection may be key
to transactivation domain function, while those which are variable may be less
important for function or differentiating among the sequences analyzed. These
results are also consistent with my previous observations in other forkhead
subfamilies (Chapter 2 (Fetterman et al. 2008)). The lack of neutral changes
indicates that random change at the sites analyzed is not tolerated and the
particular amino acid composition of all of the sites is important for function.
Sites that would experience neutral change may not have been included in the

analysis due to gaps in the alignment.
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The Inhibitory Domain is Disordered and Under Variable Selection Pressures

The inhibitory domain of FOXCI1 is a series of 152 amino acids between
the forkhead and C-terminal transactivation domains. The inhibitory domain is so
named as removal of this region results in increased FOXC1 transactivation
activity (Berry et al. 2002). The presence of the inhibitory domain in FOXC1
does not abolish FOXC1 transactivation activity, but it does reduce this activity.
An inhibitory domain has also been biologically predicted in mouse Foxcl and
Foxc2 in a region that aligns to that of the inhibitory domain of FOXC1 (Figure 3-
1) (Petrova et al. 2004; Fujita et al. 2006). There is no known tertiary structure
for the inhibitory domain and analysis of the FOXC1 sequence with DISOPRED?2
indicated that the entire region is intrinsically disordered. Disordered regions in
transcription factors families have been shown to have lower sequence
conservation and higher insertion and deletion rates when compared to
structurally conserved domains (Minezaki et al. 2006). Consistent with this
observation, the FoxC multiple sequence alignment contained a number of gaps in
the alignment in the disordered inhibitory domain but none in the structured
forkhead domain (Figure 3-11). The alignment gaps in the inhibitory domain
were due to FoxC1 and FoxC2 differences or sequence differences in only one or
two of those included in the analysis. Overall, human, mouse and chicken FoxC1
contained approximately 150 amino acids in this region, foxc1.2 in zebrafish
contained 102 amino acids and the remaining sequences contained 121-129 amino
acids. This indicates that as a whole the domain is not strictly conserved,

however the codons included in the site analysis (54% of the FOXC1 inhibitory
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domain) were all under negative selection with the exception of the positively
selected site. Disordered regions have also been associated with increased
evolutionary rates which would aid in facilitating differentiation among gene
family members (Brown et al. 2002). However, mutation of disordered regions
usually results in loss of disorder suggesting that the maintenance of disordered
regions requires directional selection and that these regions are not robust to
neutral changes (Schaefer et al. 2010). All together this suggests that here, select
amino acids are important for FoxC function in all of the sequences analyzed
(sites under negative selection) while others are less functionally constrained and
may be differentiating among orthologs and/or paralogs (sites aligned with gaps
and positive selection). This is consistent with the in vitro analysis results of the

positively selected site in FOXCI.

Promoter Differences in FoxC Targets May Drive Positive Selection

Positive selection may be acting to optimize transactivation activity of
FoxC’s due to target differences between species or paralogs. The transactivation
activity of the A337 mutants were not always consistently upregulated,
downregulated or equivalent to wild type on the 6x BS and FOXO1a reporters.
For example, the A337R mutant transactivation activity was not significantly
different from wild type on the 6x BS reporter, but was significantly less than
wild type on the FOXOla reporter. Conversely, the A337P and A337F mutants
had significantly less activity than wild type on the 6x BS reporter, but were not

significantly different from wild type on the FOXO1a reporter. These results
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show that the regulation of transactivation function by the positive site is
influenced by the available binding site(s) and/or surrounding sequence. Here the
6x BS reporter contains six ideal (GTAAATAAACA) FOXCI1 binding sites while
the FOXO1a reporter contains two imperfect FOXCI sites (GTAAACAAAGT
and GCAAACCAGCG). The upstream region of FoxOla in mouse, chicken,
frog and pufferfish also contain FOXC1 binding sites. However, the number of
perfect and imperfect FOXC1 binding sites and their location vary among species
(Figure 3-8). Data for frog was unavailable. Additionally, an attempt to align
transcription factor binding motifs in the first 600 nucleotides 5’ to the translation
start site revealed no common elements among FoxO/a orthologs in human,
mouse, zebrafish and pufferfish. Chicken FoxO1A data was excluded from
analysis as much of its sequence is unknown in this region. In comparison,
alignment of only the human and mouse sequences identified 15 common
transcription factor binding motifs. The promoter region of a particular gene is
not necessarily identical or highly conserved among species (Carninci et al. 2005;
Chiba et al. 2008) and these results confirm this for FoxOla. In conjunction with
the in vitro results, this suggests that for the FoxC sequences positive selection is
acting to optimize transactivation activity in response to promoter differences.
Comparisons of DNA binding by orthologous transcription factors have shown
that the majority of binding events are species specific however, orthologs tend to
share binding site specificity and conservation of binding is not correlated to
binding site presence therefore other factors are involved in determining DNA

occupancy, even for orthologous targets (Odom et al. 2007; Schmidt et al. 2010).
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Additionally, actual targets or required transactivation levels of targets may be
different among species or paralogs resulting in these promoter region differences
and optimization of FoxC transactivation activity in response. Differences in
FoxC targets or required transactivation levels of targets among species have not
been fully demonstrated to date. However, there is evidence that ING2, NFYB
and HDGF are direct FOXCI targets in human cell lines while foxcl.1/foxcl.2
zebrafish morpholinos did not show differences in expression of these genes in
ocular tissue (Berry et al. 2008). Additionally, FoxC2 expression patterns are
different in the developing heart of mouse and Xenopus laevis supporting the
theory that there are species specific requirements for FoxC transactivation
activity (Gessert and Kuhl 2009). Xenopus laevis also contains two FoxC2 genes
that are expressed simultaneously indicating that the level of FoxC2 activity
required is different from species expressing only one FoxC2 gene (Koster et al.
2000). With regards to paralogs, FoxC1 and FoxC2 have overlapping as well as
distinct expression patterns and targets. For example, mouse Foxcl and Foxc2
both transactivate CXCR4 and DII4 (Seo et al. 2006; Hayashi and Kume 2008a).
However, CXCR4 is activated to similar levels by both paralogs while D//4 levels
of activation and control through a FOX binding element differ between the
paralogs (Seo et al. 2006; Hayashi and Kume 2008b). The mechanism(s) by
which FoxC1 and FoxC2 differentially regulate targets is unknown and the

positive site may play a role in directing this regulation.
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FoxC Paralog Differences May Drive Positive Selection

The positively selected site is alanine in human FOXC1 and glycine in
human FOXC2. Here mutation from alanine to glycine in FOXCI reduced DNA
binding of a FOXC1 target. Interestingly, FOXC1 A337G did not have altered
transactivation activity on the 6x BS or FOXO1a reporters suggesting that an
increased transactivation activity makes up for a reduced DNA binding ability.
The A337G mutant in the GAL4-DBD FOXC1(215-553) construct demonstrated
significantly greater transactivation activity than wild type supporting the theory
that A337G increases transactivation activity. Since this increase is only visible
in the context of the GAL4 DNA binding domain, it also suggests that the A337G
effects on DNA binding are specific to the forkhead domain. FOXC2 has also
been shown to have a greater transactivation activity on the FOXO1a reporter as
compared to FOXC1 (Huang 2009). All together this indicates that the positive
site influences FOXC1/FOXC2 functional differentiation. However, in the mouse
and chicken sequences, the amino acid at the positive site does not differ between
paralogs suggesting that other sequence differences or regulatory mechanisms

contribute to paralog differentiation in these species.

Species Differences in FoxC Genome Composition May Drive Positive Selection
Finally, differences in the number of FoxC1 and/or FoxC2 genes among

species may cause actual FoxC targets, required FoxC transactivation activities

and/or DNA binding abilities to vary among species. Thus, the positively selected

site may be adapting inhibitory domain activity in response to these conditions.
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FoxC genes originated in the Eumetazoa as they are present in the Bilateria and
Cnidaria lineages but not in the Porifera or outside of the Metazoa (Larroux et al.
2008). The FoxC1 and FoxC2 paralogs have only been identified in the
vertebrate lineage and may have been created through whole genome or block
duplication (Mazet et al. 2006; Wotton and Shimeld 2006). In the species
considered here, human, mouse and chicken each have one FoxC1 gene and one
FoxC2 gene, while the tetraploidy of the African clawed frog results in two copies
of each paralog. Teleosts contain additional FoxC1 paralogs, consistent with an
extra round of duplication in this lineage, but have lost FoxC2 sequences (Wotton
and Shimeld 2006; Wotton et al. 2008). Here, two foxcl zebrafish sequences
were included but only one FoxC1 sequence from the green spotted pufferfish
was initially identified. A 174 amino acid sequence that is 88% identical to the
N-terminus of FOXC1 is present in pufferfish but was not included in this
analysis due to its short length. There is evidence that human FOXC1 and
FOXC2 and zebrafish foxcl.1 and foxc1.2 regulate the transcription of
FGF19/fgf19 and FOXO1la/foxOla.l and foxOla.2 ((Tamimi et al. 2006; Berry et
al. 2008; Huang 2009). This suggests that the zebrafish foxcl genes compensate
for their loss of Foxc2 genes. Conversely, the African clawed frog contains two
FoxC2 genes, both of which are simultaneously expressed (Koster et al. 2000),
suggesting that FoxC2 transactivation activity is modified in comparison to
species with expression of only one FoxC2 gene. This history in conjunction with

the in vitro results suggests that positive selection is acting on FoxC genes to
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optimize their transactivation function in response to the presence of different

FoxC complements in different species.

Positive Selection and the Inhibitory Domain Itself Influence DNA Binding

The positively selected site influences DNA binding. EMSAs
demonstrated that the A337G mutation has reduced DNA binding compared to
wild type. This is the first time that the inhibitory domain has been shown to play
arole in FOXC1 DNA binding. To further investigate if the inhibitory domain
affects DNA binding, EMSAs comparing the effects of the inhibitory domain in
cis and in trans were performed. To examine the effects in trans, FOXC1 wild
type was combined with the inhibitory domain as a fragment or empty vector (as a
control) and DNA binding abilities were compared. The addition of the inhibitory
domain in trans did not affect DNA binding by FOXC1. To examine the effects
of the inhibitory domain in cis, the binding ability of FOXC1 with the inhibitory
domain deleted (FOXC1AID) was compared to that of wild type FOXCI1.
FOXCI1AID demonstrated a decreased binding ability compared to wild type as at
least ten times more FOXC1AID was required to create band shifts comparable in
intensity to wild type FOXCI1. The lack of effect on DNA binding when the
inhibitory domain is present in trans in conjunction with the effects on DNA
binding observed when the inhibitory domain was removed from FOXC1, shows
that the overall composition of FOXCI1 affects DNA binding and the inhibitory
domain plays a role in DNA binding in addition to the forkhead domain. The

inhibitory domain is intrinsically disordered and similar to the results here,
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disordered regions outside of the DNA binding homeodomain in the HOX
proteins Antp, NK2 and Ubx have been shown to affect DNA binding abilities
(Liu et al. 2008; Toth-Petroczy et al. 2009). For Antp and NK2, protein
conformation, charge and additional DNA contacts mediated by the disordered
regions outside of the homeodomain and play a role in DNA binding. The
mechanism(s) of disordered region effects on DNA binding of Ubx are unknown
but may involved protein conformation, intramolecular interactions or pKa
changes. Loss of the inhibitory domain may affect DNA binding due to a number
of potential changes to FOXC1 including: loss of overall protein conformation,
loss of interaction with other protein(s), loss of additional DNA contacts, altered
post-translational modifications, altered charge, etc. Any of these changes may
directly or indirectly involve the inhibitory domain. My results show that the
inhibitory domain plays a role in FOXC1 DNA binding ability and the positively
selected site is specifically involved. Both loss of the inhibitory domain and the

A337G mutation reduce FOXC1 DNA binding ability.
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Conclusions

The in silico and in vitro analyses here have provided evidence for
positive selection in the FoxC forkhead subfamily. This positive selection may be
acting to differentiate or regulate FoxC function between species or paralogs. It is
important to recognize that transcription factors have the potential to play
powerful roles in speciation through gene regulation. Identification of sites under
positive selection in transcription factors provides evidence for differentiation of
gene regulation among orthologs and identifies the amino acids that can cause
this. This is one of the first reports providing biological evidence for positive

selection in a transcription factor.

Advances in genome sequencing and functional analyses of proteins in
different species have shown that for many gene families gene function is not
grossly different among species and the expansion of families in higher organisms
often results in redundancy or complementation rather than the development of
unique gene function. These properties are also found in the forkhead gene
family. As a result of these observations, differences in cis-regulatory elements of
promoters among species is now considered a major factor driving evolutionary
change. Of course these observations are quite general and ignore many known
differences in gene function among species therefore arguments against the
consideration of cis-regulatory elements changes as more important than protein
changes during evolution have been made. Here I have provided evidence that a

combination of differences in protein and promoter sequence in FoxC proteins
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and their targets can drive evolutionary change. To my knowledge, this is the first
demonstration that transcription factor amino acid change due to positive
selection results in altered transactivation ability and that these alterations are

influenced by differences in target promoters.

Mutational analysis of the positive site in FOXCI1 has also furthered our
knowledge of FOXC1 functional regulation. Analysis of disease causing
mutations in FOXC1 has shown that too much or too little transactivation activity
can lead to disease therefore regulation of FOXC1 function is essential for
normalcy. The inhibitory domain of FOXCI1 is known to be critical for regulation
of FOXCI1 transactivation activity, however the mechanisms of this regulation are
unknown. Identification of the positive site as a regulator of FOXCI1
transactivation activity is a step in elucidating these mechanisms. Additionally,
the inhibitory domain has been shown to play a role in DNA binding for the first
time. Concise regulation of FOXC1 activity is imperative for normal
development and adult function and this work has increased our knowledge of
FOXCI regulation by the inhibitory domain. It is also the first time that residues
outside of the forkhead domain have been shown to influence the DNA binding

ability of a forkhead transcription factor.
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Tables

Table 3-1. Site and branch-site LRT results.

If the LRT result is greater than the critical value at o = 0.05 then the test is

statistically significant. The P-value for each test is also given. A P-value < 0.05

is statistically significant and shown in bold.

o = 0.05 critical

Models Compared LRT Result P-value
value
Site Models
M3 vs. MO 494.906 9.49 <0.0001
4
M2a vs. Mla 0 5.99 1
2
MS vs. M7 6.604 5.99 o 0.03
2
M8 vs. M8a 3.523 2.71 50:50 * 0.03
0 M

Branch-Site Models

Model A vs. Null 0.070 3.84 0.79
Sarcopterygii branch !
Model A vs. Null 0.445 3.84 Xz 0.5
FoxC2 branch !

Table 3-2. Transcription factors whose binding motifs are found upstream of

FoxO1la and whose sites are shared between mouse and human.

Transcription Factor Numbeg i(;i(;sBinding General Function*
NRF-2 or GABPA 10 cellular respiration
RREB-1 2 cellular differentiation
HMG-IY or HMGA1 1 multiple, cancer metastasis
REL 1 multiple, oncogene
TEF-1 or TEADI1 1 multiple, muscle twitch

* Data is from the NCBI Gene Database (Wheeler et al. 2006).
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Figures
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Figure 3-1. Cartoon representation of the experimentally determined functional

domains in human and mouse FoxC1 and FoxC2 (Berry et al. 2002; Petrova et al.

2004; Fujita et al. 2006).

Attempts to identify a N-terminal transactivation domain and an inhibitory

domain in human FOXC2 have not been made. Yellow: transactivation domain

(TA) Green: forkhead domain (FKH) Pink: inhibitory domain (ID)
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Figure 3-2. Graph of the posterior weighted o, the mean of ® over the site classes
weighted by the probability of each class, for each site as estimated by model M8.
A cartoon of the functional domains in human FOXC1 corresponding to the sites
analyzed is shown underneath. Gaps in the alignment were not included in the
analysis therefore the o for these amino acids is set to 0. A337 of FOXC1 has o
= 6.5 with a probability of 0.95. Yellow: transactivation domain (TA) Green:

forkhead domain (FKH) Pink: inhibitory domain (ID)
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Sarcopterygii
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Figure 3-3. FoxC phylogeny.

The amino acid composition at the positively selected site is given to the right of
each gene. The branch separating the Sarcopterygii (lobed finned fish and
tetrapods) lineage from the Actionopterygii (ray finned fish) lineage and that
separating the FoxC1 genes from the FoxC2 genes which were tested for positive

selection are indicated with stars.
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Figure 3-4. Mutation of the positive site does not abolish protein expression or
alter normal nuclear localization of FOXCI.

A. Western blots demonstrate that the A337 mutant FOXC1 constructs express
protein. Whole cell lysates from cells transfected with wild type or mutant
FOXC1-Xpress constructs were resolved by polyacrylamide gel electrophoresis
then subjected to western blotting with an anti-Xpress antibody. B/C.
Immunofluorescence shows that A337 mutant FOXCI localize to the nucleus.
Cells were transfected with mutant or wild type FOXCI-Xpress and the proteins
produced were detected with an anti-Xpress Cy3 conjugated antibody (red).

DAPI is shown in grey. B. Hela cells C. HTM cells
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Figure 3-5. The FOXC1 A337G mutant shows a reduction in DNA binding.
Cos-7 cells were transfected with wild type or mutant FOXC1-Xpress constructs
and whole cell lysates were collected. A. The amount of Xpress tagged proteins
used in the EMSAs were roughly equalized through western blotting as shown
here. B. EMSAs using these lysates and a radioactively labeled FOXC1 DNA
binding site probe demonstrated band shift patterns equivalent to wild type for all
of the constructs however, the intensity of the A337G band shifts was reduced
compared to wild type (starred lane). Negative controls (buffer) that do not
include cell lysates, but only the buffer in which the cell lysates were collected,
show no band shift. A second negative control (empty vector) that includes whole
cell lysates from cells transfected with empty Xpress vector shows one band that
is not present in the reactions that contain FOXC1-Xpress proteins. This band
likely occurs due to the presence of endogenous forkhead domain containing

proteins in Cos-7 cells.
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Figure 3-6. The positively selected site influences FOXC1 transactivation
activity.
Transactivation activities of the A337 mutants relative to wild type (wt) FOXC1
on the 6x BS reporter (A) and the FOXO1a reporter (B). Statistically significant
differences in transactivation activity relative to wild type are indicated with pink

bars and standard errors are shown.

183



A. FOXC1 TA FKH ID TA

GAL4
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—
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transactivation activity relative to wt
Figure 3-7. Mutating the positively selected site affects the inhibitory domain
intrinsically.
A. Schematic of GAL4-DBD FOXC1(215-553) fusion proteins. Yellow:
transactivation domain (TA) Green: forkhead domain (FKH) Pink: inhibitory
domain (ID) Blue: GAL4 DNA binding domain (GAL4-DBD) B.
Transactivation activities of the GAL4-DBD FOXC1(215-553) A337 mutant
fusions relative to wild type FOXC1(215-553) fusions on a GAL4-DBD
responsive reporter gene. Statistically significant differences in transactivation
activity relative to wild type are indicated with pink bars and standard errors are

shown.
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Figure 3-8. FOXCI binding sites in the 8000 nucleotides upstream of the
translation start site of FOXOIa orthologs.

The 8000 nucleotides in the 5’ to 3’ direction are represented by a horizontal grey
line. Vertical red lines represent FOXC1 binding sites. Binding sites on the +
side of the black line are in trans while those on the — side are in cis with the
antisense strand. Perfect FOXC1 binding sites are indicated with blue stars while

sites that differ by one nucleotide at a known variable nucleotide are labeled with

green circles.
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Figure 3-9. Loss of the inhibitory domain (ID) reduces FOXC1 binding.

Cos-7 cells were transfected with wild type FOXC1, FOXCIAID, ID or empty
vector (EV) and whole cell lysates were collected. A. EMSAs of FOXC1 plus
increasing amounts of EV or increasing amounts of ID. Adding ID does not alter
FOXC1 DNA binding. B. EMSASs of increasing amounts of FOXCI1 or
FOXCIAID. The expression of FOXC1 and FOXCIAID were not equalized prior
to EMSA. The expression of the two constructs at the 3x concentration used in
the EMSA is shown above the EMSA radiograph. At least 10 times more
FOXCI1AID is required to generate a band shift that approaches the intensity of
that seen for wild type FOXC1. Negative controls (buffer) that do not include cell
lysates, but only the buffer in which the cell lysates were collected, show no band
shift. A second negative control (empty vector) that includes whole cell lysates
from cells transfected with empty Xpress vector shows one band that is not
present in the reactions that contain FOXC1-Xpress proteins. This band likely
occurs due to the presence of endogenous forkhead domain containing proteins in

Cos-7 cells.
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Figure 3-10. The codons located at the positively selected site in a gene tree

context.

For each node in the tree the codon located at the positively selected site is given.

Codons at nodes labeled ‘node #’ were reconstructed during the codeml analysis.
The FoxC gene tree was rooted using a set of 10 FoxI sequences as an outgroup.
No codon is given at the root as the codeml analysis was done using an unrooted

tree.
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Figure 3- 11. Alignment of the FoxC sequences with functionally important

regions highlighted.
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Introduction

As discussed in Chapter 1, mutations in FOXC1 have been associated with
ocular anterior segment abnormalities. To date, 23 different missense or nonsense
mutations of FOXC1 have been identified (Figure 4-1) (Mears et al. 1998;
Nishimura et al. 1998; Mirzayans et al. 2000; Kawase et al. 2001; Nishimura et al.
2001; Suzuki et al. 2001; Panicker et al. 2002; Komatireddy et al. 2003; Saleem et
al. 2003b; Mortemousque et al. 2004; Murphy et al. 2004; Cella et al. 2006;
Weisschuh et al. 2006; Fuse et al. 2007; Ito et al. 2007; Weisschuh et al. 2008; Ito
et al. 2009). Only three of these are located outside of the forkhead domain and
they are nonsense mutations that occur within the first 50 amino acids of the
protein. Here I report and functionally examine the first FOXCI missense
mutation, P297S, that occurs outside of the forkhead domain. P297S is within the
inhibitory domain, which is known to regulate FOXC1 transactivation activity
and stability (Berry et al. 2002; Berry et al. 2006). The mechanism by which the
inhibitory domain regulates transactivation activity remains unknown. In Chapter
3 I determined that the inhibitory domain likely does not exert its effect through a
reduction in DNA binding by FOXC1. Here I also attempt to determine if the
inhibitory domain directly represses a transactivation domain or interacts with a

repressor protein.
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Materials and Methods

Patients and Mutation Detection

The 889C>T transition, resulting in P297S, was identified in two unrelated
individuals with anterior segment dysgenesis through sequencing of FOXC1.
Patient 1 presented at 25 years of age while patient 2 presented at 48 years. Other
ocular findings for patient 1 include iridogoniodysgenesis, myopia and abnormal
tissue in the angle while for patient 2 iridogoniodysgenesis, goniodysgenesis, map
dot fingerprint dystrophy, myopia and plateau iris have been noted. It is unknown
whether these patients have other systemic defects. Both patients were
successfully treated medically and surgically. Sequencing of FOXCI in 50
control subjects did not reveal 889C>T. All sequencing was performed with an
Applied Biosystems Genetic Analyzer, 3100-4vant or 3130xI with the Applied
Biosystems Big Dye Terminator kit. This research adhered to the tenets of the
Declaration of Helsinki, patient samples and information were gathered following

the University of Alberta Ethics Board policies.

P297S Functional Analyses

The FOXC1 pcDNA4-Xpress His/Max B (Invitrogen) plasmid was used
in all experiments. Site-directed mutagenesis to create 889C>T was completed
with the QuickChange Site Directed Mutagenesis kit (Stratagene). Transient
transfections were performed with Fugene 6 (Roche) in a ratio of 3:1,

[Fugene]:[DNA] in Hela, human trabecular meshwork (HTM) and Cos-7 cells
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grown in DMEM supplemented with 10% fetal bovine serum. For
immunoblotting, half-life assays and electrophoretic mobility shift assays
(EMSAG), cells were harvested by scraping, suspended in nuclear lysis buffer and
sonicated. Cellular localization of FOXC1-Xpress and protein expression levels
were determined through immunofluorescence and immunoblotting respectively.
EMSAS utilizing a probe containing an ideal FOXC1 binding site (Saleem et al.
2001) were performed to characterize DNA binding ability. Transactivation
assays with the Dual Luciferase Reporter Assay System (Promega) tested the
activity of wild type FOXC1 and FOXC1 P297S on two different reporter
constructs: 6x BS and FOXOla. Statistical significance between wild type and
FOXCI1 P2978S results was measured using a two-tailed t-test with unequal
variances at a = 0.05. The above experiments were all performed as those
described in Chapter 3.

Treatment with cyclohexamide (CHX), a protein synthesis inhibitor, and
measurement of FOXC1-Xpress protein levels was used to determined relative
wild type and FOXC1 P297S protein half-life. Hela and HTM cells in 60mm
plates were transfected with 2ug of wild type FOXC1 or FOXC1 P297S. At 24
hours post transfection, the cells were treated with 100pug/ml CHX for 0, 15, 30,
60, 180 and 360 minutes then harvested. Immunoblotting and ImageJ
densitometry analysis of the proteins allowed for FOXCI1-Xpress quantification.
TFIID protein levels were also measured and used as a loading control to
normalize FOXC1 levels. The levels of FOXCI1 were then normalized to the time

0 (to) FOXCI level and then linearized and plotted. The correlation coefficient
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(R?) of the line was used as a measure of the reliability of the fit of the line. Only
experiments with R? > 0.7 were considered for further analysis. The slope of the
line was used to determine half-life where T, = In(0.5)/slope. To determine
statistical significance, T}, was weighted by wild type FOXC1 T}, for each
experiment independently then two experiments were compared with a two-tailed

t-test with unequal variances at a significance level of a = 0.05.

TLE4 Transactivation Assays

TLE (transducin like enhancer of split) proteins are known as
transcriptional repressors (Chen and Courey 2000; Cinnamon and Paroush 2008).
HA tagged TLE4 isoforms (TLE4a, TLE4b and TLE4c) in the pCI (Promega)
vector were a gift from Dr. Gareth Correy. Each TLE4 isoform was
independently cotransfected with FOXC1-Xpress in Hela and HTM cells for dual
luciferase reporter assays on the FOXC1 6x BS reporter. These results were
compared to cells cotransfected with FOXC1-Xpress and empty HA vector. The
amount of FOXC1 DNA and total DNA transfected was the same for each assay.
As a vector control, empty Xpress and empty HA vectors were cotransfected and
assayed for activity on the reporter. The experiments were performed two times
in Hela cells and three times in HTM cells. To determine if TLE4 has an effect
on the 6x BS reporter, cells were cotransfected with each of the isoforms
independently with empty Xpress vector and assayed for activity on the reporter.
These results were compared to the activity of cotransfected empty Xpress and

empty HA on the reporter. As a positive control, FOXC1 cotransfected with
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empty HA activity was also measured. Statistical significance was determined

with a two-tailed t-test with unequal variances at a significance level of a = 0.05.

For each experiment, FOXC1 and TLE4 expression levels in simultaneously
transfected 60mm plates of cells were measured by western blotting with anti-
Xpress and anti-HA respectively. Immunoblotting of TFIID was used as a
loading control. The level of FOXCI expression was used to weight the
transactivation activity observed. These experiments were performed following

the same procedures as those described in Chapter 3.
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Results

Identification and Functional Analysis of FOXC1 P297S

Routine sequencing of FOXC/ in patients with anterior segment
dysgenesis revealed a heterozygous 889C>T in two individuals (Figure 4-1)
(screening was conducted by F Mirzayans). This change was not observed
through sequencing in 50 control subjects therefore it is likely not a
polymorphism. The transition, resulting in a proline to serine change at amino
acid 297 (P297S), was created in a FOXC1-Xpress vector and its function was
compared to wild type FOXC1. Immunoblotting of wild type FOXC1 and
FOXC1 P297S samples revealed roughly equal expression, equal molecular
weight and number of bands in proteins harvested from transfected Hela, HTM
and Cos cells (Figure 4-2). Wild type FOXC1 is known to be located to the
nucleus (Saleem et al. 2001) and here immunofluorescence of transfected Hela
and HTM cells showed nuclear localization for both wild type and FOXC1 P297S
(Figure 4-2). The DNA binding ability of FOXC1 P297S was equivalent to wild
type as demonstrated by EMSA (Figure 4-2).

The half-life of FOXC1 P297S was 0.96x and 1.25x the half-life of wild
type FOXC1 in two experiments utilizing HTM cells (Figure 4-3). These values
are not significantly different from wild type FOXC1 (P = 0.6). However in Hela
cells, the half-life of FOXC1 P297S was 1.45x the half-life of wild type FOXC1
in two experiments and this difference is statistically significant (P = 0.0007)

(Figure 4-3).
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Transactivation assays with the 6x BS reporter, which contains six ideal
FOXCI binding sites, were performed in Hela cells. FOXCI1 P297S
transactivation activity was 75% of wild type activity (P = 0.02) (Figure 4-4). On
the FOXO1a reporter, which contains 830 nucleotides of the FOXOla cis-
regulatory region with two FOXC1 binding sites, FOXC1 P297S transactivation

activity was 60% of wild type (P = 0.0006) (Figure 4-4).

The Effects of TLE4 on FOXCI1 Transactivation Activity

The FoxC sequences analyzed in Chapter 3 contain an EH1 motif in the
inhibitory domain, with the exception of frog FoxC2b and zebrafish foxc1.2
(Figure 4-5) (Copley 2005; Yaklichkin et al. 2007b). This motif has the potential
to interact with TLE (transducin like enhancer of split) proteins to mediate
repression of transactivation activity (Zhu et al. 2002; Jennings et al. 2006;
Heimbucher et al. 2007; Yaklichkin et al. 2007a; Hoffman et al. 2008). There are
five TLE paralogs in humans, TLE1, TLE2, TLE3, TLE4 and AES (amino
terminal enhancer of split). AES is a dominant negative form that does not
repress transcription. All TLE paralogs are broadly expressed in adult tissues
(Stifani et al. 1992; Miyasaka et al. 1993) and their expression during mammalian
development is still being elucidated. TLE4 has been shown to interact with and
reduce Six3 activity and has potential to function in eye development (Zhu et al.
2002). Therefore TLE4 was examined as a potential corepressor to mediate

FOXCI1 inhibitory domain function. There are three TLE4 isoforms in humans:
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TLE4a, TLE4b and TLE4c¢ (Figure 4-6). Hela and HTM cells were cotransfected
with FOXC1-Xpress and each of the TLE4-HA isoforms independently and
transactivation of the FOXC1 6x BS reporter was measured (Figure 4-6). The
addition of TLE4 resulted in a significant increase in transactivation activity of
the reporter in HTM (P = 0.002 for TLE4a, P = 0.001 for TLE4b, P = 0.006 for
TLE4c) but not in Hela cells. Assessment of TLE4 activity on the 6x BS reporter
in the absence of FOXC1 in HTM cells demonstrated reduced activity when
compared to the activity of the empty vectors (Figure 4-6). This decrease was
statistically significant for TLE4b (P = 0.03) however the experiment was only
performed once. Nevertheless, TLE4 does not appear to activate the 6x BS

reporter.
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Discussion

P297S is a Novel FOXCI Mutation.

A newly identified FOXCI alteration, P297S, was found in two unrelated
individuals with anterior segment dysgenesis. Contiguously with publication of
this work, a different study reported identification of P297S in two other unrelated
individuals, both with microphthalmia, one with additional sclerocornea and one
with additional contralateral myopia (Kaur et al. 2009). However Kaur et al.
ruled out P297S as a causative mutation due to identification of the change in 19
out of 100 control individuals. P297S introduces a novel Hgal restriction site in
FOXCI1 and this was used by Kaur et al. to check controls for the change. Prior to
sequencing I also attempted to use Hgal to check controls for P297S, however the
enzyme was unreliable: not cutting when it was expected to cut on experimental
positive controls or cutting at too many nonspecific sites creating a ladder effect.
Therefore I opted to sequence 50 control individuals and did not find P297S. The
difference in methods used to test controls for P297S likely accounts for the
difference in identification in control samples. It is unlikely that the controls used
in Kaur et al. contain 19 unrelated individuals with FOXC1 mutations however
we don’t know if the controls were examined for disease and it is possible that a
family with FOXC1 mutations was included among the controls. The controls
used in the work presented here were 50 unrelated individuals (spouses of
affected individuals) with unknown phenotypes. P297S has not been reported as
a SNP in the NCBI Entrez SNP database, Build 126, by any other studies

(Wheeler et al. 2006). Most importantly, since the effects of P297S on FOXC1
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function are consistent with those of other disease causing mutations, as discussed
below, I can conclude that P297S is a disease causing mutation and not a

polymorphism.

P2978S Alters FOXCI Transactivation Activity and Stability.

P297 is within the inhibitory domain of FOXC1, a region known to
regulate transactivation activity and protein stability (Berry et al. 2002; Berry et
al. 2006). This is the first identification of a missense mutation outside of the
forkhead domain in FOXC1. Previous characterizations of disease causing
missense mutations in FOXC1 have shown that mutations can affect nuclear
localization, DNA binding, protein expression, phosphorylation, transactivation
activity and can cause aggregate formation (Saleem et al. 2001; Saleem et al.
2003a; Saleem et al. 2003b; Murphy et al. 2004; Ito et al. 2007; Ito et al. 2009).
The P297S mutation does not affect protein localization or DNA binding, two
known forkhead domain functions. Additionally, FOXC1 P297S expression
levels were not grossly altered as compared to wild type FOXC1 and aggregates
were not observed by immunofluorescence. The P297S mutation creates a
potential additional phosphorylation site in FOXC1, however differences in
phosphorylation status or other post-translational modifications between P297S
and wild type are unlikely, as the number and molecular weight of protein bands
on immunoblots were not different between the two constructs. The

transactivation activity of FOXCI is significantly reduced by P297S on both
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reporters tested. Analyses of FOXCI mutations and the presence of disease when
FOXC1 is duplicated have provided evidence that 78-150% of wild type
transactivation activity is normal (Lehmann et al. 2000; Saleem et al. 2001).
Here, the transactivation ability of FOXC1 P297S is < 75% of wild type on two
different reporters. This is consistent with other FOXC1 mutations as all other
FOXC1 missense mutations that have been functionally characterized also reduce
transactivation activity (Saleem et al. 2001; Saleem et al. 2003a; Saleem et al.
2003b; Murphy et al. 2004; Ito et al. 2007; Ito et al. 2009).

A previous study in Hela cells has demonstrated that an amino acid
change, S272A, in the inhibitory domain of FOXCI1 reduces protein stability
(Berry et al. 2006) therefore the stability of FOXC1 P297S was assessed. Here,
FOXC1 P297S has a half-life that is 45% longer than wild type in Hela cells,
while in HTM cells the differences in half-life were not statistically significant.
The differences in half-lives between wild type and P297S as well as between
Hela and HTM cells, which are a cancer cell line and an ocular cell line
respectively, may be due to differences in protein degradation pathways or signals
utilized. The majority of proteins in eukaryotes are degraded by proteasomes
(ubiquitin dependant or independent) or lysosomes (reviewed by: Knecht et al.
2009). Different pathways can be used for the same protein and the pathway
choice is dependant on cell signaling (reviewed by: Attaix et al. 2001). FOXCI is
known to be polyubiquitinated and degraded by the 26S proteasome pathway in
Hela cells (Berry et al. 2006). Phosphorylation of S272 prevents FOXCl1

degradation while a C-terminal degron is required for ubiquitin dependant
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degradation (Berry et al. 2006). P297S may potentially alter or interfere with

these or other yet unidentified degradation or stabilization signal(s).

Missense Mutations Outside of the Forkhead Domain in Other FOX Genes Also
Alter Transactivation Activity.

Missense mutations outside of the forkhead domain have also been
identified in the forkhead genes FOXA2, FOXC2, FOXEI, FOXE3, FOXII,
FOXL2 and FOXP2. The functional consequences of missense mutations outside
of the forkhead domain have been briefly examined in FOXA2 (Zhu et al. 2000),
FOXC2 (van Steensel et al. 2009), FOXI1 (Yang et al. 2007) and FOXL2 (Beysen
et al. 2008). The nuclear localization of mutant FOXC2, FOXI1 and FOXL2 was
shown to be normal. The FOXC2, FOXI1 and one FOXA?2 mutation are located
in transactivation domains and resulted in increased transactivation activity. A
second FOXA2 mutation was located in a region with undefined function and did
not alter transactivation. A FOXL2 mutation was also located in an
uncharacterized region and displayed increased transactivation activity. The
effects of disease causing mutations on DNA binding ability and protein stability
have only been examined in FOXC1. A potential missense mutation (T368N)
near the C-terminus of the FOXCI1 inhibitory domain was identified by Kaur et al.
however no controls were screened for the change. Although there is little data
available, so far the effects of missense mutations outside of the forkhead domain
on protein function are similar among all forkhead genes. Namely these

mutations do not affect nuclear localization but do enhance the activity of the
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domain in which they are found (i.e. if in a transactivation domain they increase

activity, if in an inhibitory domain they increase inhibition).

P297S and FOXCI Duplications May Cause Disease Through a Mechanism That
is Different From That of Forkhead Domain Missense Mutations.

Interestingly, both P297S patients examined here have
iridogoniodysgenesis, a malformation that is more commonly associated with
FOXCI1 duplications rather than mutations (Strungaru et al. 2007). There are
three other FOXC1 mutations associated with iridogoniodysgenesis; Q23X (N-
terminal to the forkhead domain) (Mirzayans et al. 2000), L86F (within the
forkhead domain) (Saleem et al. 2003b) and a deletion of 10 base pairs resulting
in a frameshift and stop codon after 10 amino acids (N-terminal to the forkhead
domain) (Mears et al. 1998). FOXC1 L86F has reduced DNA binding ability and
a 50% reduction in transactivation activity. The Q23X and 10 base pair deletion
mutations would both produce a protein lacking the forkhead domain most likely
rendering FOXC1 nonfunctional. In addition to iridogoniodysgenesis, all of the
individuals with these mutations have Axenfeld Rieger Syndrome with posterior
embryotoxon. Patients with P297S or FOXC1 duplications do not have posterior
embryotoxon (Nishimura et al. 2001; Lehmann et al. 2002; Strungaru et al. 2007).
Considering this phenotypic data in conjunction with the increase in inhibitory
function observed in FOXC1 P2978S, it suggests that FOXC1 duplications and
mutations that disrupt the inhibitory domain may lead to disease through similar

mechanisms and thus have more similar phenotypes as compared to disease
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caused by missense mutations with reduced protein function. One potential
mechanistic explanation is that FOXC1 P297S and FOXC1 duplications exert
their effects through target gene(s) that are different from the target gene(s)
affected in patients without iridogoniodysgenesis. In Chapter 3 I demonstrated
that the effects of an amino acid substitution at A337 in FOXC1 on
transactivation activity are dependant on FOXCI1 binding site context, thus
supporting the theory that different FOXC1 mutations will impact different target

genes.

The Inhibitory Domain May Function By Blocking a Transactivation Domain
and/or Binding Corepressors.

As discussed in Chapter 3, the inhibitory domain is not highly conserved
among species and is unstructured. P297S occurs within a region that is proline
rich in the human, mouse and chicken FoxC1 sequences (Figure 4-5). The fish
and frog FoxC1 sequences and all of the FoxC2 sequences analyzed in Chapter 3
are not proline rich in this region, resulting in a span of gaps in the alignment that
includes FOXC1 P297S. Therefore the role of P297 in FOXC1 function is
specific to FoxC1 in higher organisms. Proline rich regions are known to mediate
protein-protein interactions with signaling molecules and influence local protein
conformation (reviewed by: Kay et al. 2000). Elucidation of the function of this
proline rich region will help determine how the inhibitory domain functions and
potentially identify a mechanism whereby FOXC1 activity is differentially

regulated from FOXC2.
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The mechanism by which the inhibitory domain of FOXCI reduces
transactivation activity has not been determined. In other transcription factors,
inhibitory domains have been shown to lower transactivation activity by reducing
DNA binding (Hagman and Grosschedl 1992; Giovane et al. 1994; Chan et al.
1996; Chen et al. 2009), binding to corepressors (Barr 2001; Wierstra and Alves
2006b; Seo et al. 2009) or binding to a transactivation domain (Serber et al. 2002;
Wierstra and Alves 2006a). Multiple mechanisms may be used by an inhibitory
domain to reduce activity, for example, the inhibitory region in FOXM]c¢ binds
retinoblastoma protein as a corepressor (Wierstra and Alves 2006b) as well as to
its own transactivation domain in cis (Wierstra and Alves 2006a). FOXM1c also
uses an additional mechanism to inhibit transactivation activity, binding of the
inhibitory domain to itself in trans (Wierstra and Alves 2007). In Chapter 3 I used
EMSAs to determine if the inhibitory domain of FOXC1 reduces DNA binding.
Deletion of the inhibitory domain resulted in reduced FOXC1 binding suggesting
that the inhibitory domain does not function by reducing DNA binding. Addition
of the inhibitory domain fragment in trans did not alter FOXC1 DNA binding
ability suggesting that the inhibitory domain does not physically interact with
FOXCI to alter DNA binding. To determine if the inhibitory domain physically
interacts with a transactivation domain or other domains in FOXC1, I began using
nickel pull down assays with full length FOXCI1 or the inhibitory domain
fragment attached to nickel agarose beads (data not shown). I applied a cell lysate
containing full length V5 tagged FOXC1 (V5-FOXC1) to the beads and

determined if V5-FOXC1 bound to FOXCI1 or the inhibitory domain attached to
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the beads. However, V5-FOXC1 bound to nickel agarose beads that did not have
FOXCI1 or the inhibitory domain attached rendering the experiments
uninformative.

Finally, the inhibitory domain may mediate its effects through
interaction(s) with corepressors. To date there are no known proteins that interact
with the inhibitory domain. However, there is an EH1 motif adjacent to the
proline rich region of the inhibitory domain in the FoxC sequences. EH1 motifs
in transcription factors are known mediate interactions with transducin like
enhancer of split (TLE) proteins resulting in a reduction of transcription factor
activity (Zhu et al. 2002; Jennings et al. 2006; Heimbucher et al. 2007; Yaklichkin
et al. 2007a; Hoffman et al. 2008). The mechanism of TLE repression has not
been widely examined however TLEs have been shown to compete with
coactivators and to recruit histone deacetylases to silence chromatin (reviewed by:
Chen and Courey 2000; Cinnamon and Paroush 2008). Here the addition of
TLE4 to FOXCI1 transactivation assays resulted in an increase in FOXC1
transactivation activity. The effect of increased transactivation activity of a
transcription factor upon addition of a TLE protein has been observed in two
different reports involving TLE1 (Hentschke and Borgmeyer 2003; Riz et al.
2009). In both cases, TLE1 was shown to directly interact with the transcription
factor of interest. It is unknown whether TLE1 is mediating activation or out
competing an even stronger repressor. Additionally, an EH1 motif in Drosophila
Dorsal has been shown to have transactivation activity (Flores-Saaib et al. 2001)

and the yeast TLE homolog Tupl interacts with an additional cofactor to activate
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transcription in response to metabolic signals (Conlan et al. 1999). The observed
increase in transactivation activity of FOXC1 upon the addition of TLE4 may be
due to TLE4 mediation of activation or blocking of a different repressor. The
increase in transactivation activity was observed in the HTM but not the Hela cell
lines used here suggesting that additional cell specific cofactors are involved in
this reaction. A similar phenomenon has been observed for FoxA2. A domain
containing an EH1 motif in FoxA2 was shown to function as an activation domain
in HepG2 cells (hepatocyte carcinoma line) and a repression domain in Hela cells
(Wang et al. 2000). This EH1 motif was also shown to bind TLE1 resulting in
reduced transactivation activity. It was speculated that the greater endogenous
expression of TLE1 in Hela cells as compared to HepG2 cells is responsible for
the differences in domain activity among the cell types. I attempted to determine
if FOXC1 and TLE4 physically interact using nickel pull downs with FOXC1
attached to nickel agarose bead and cell lysates containing TLE4, however TLE4
bound to beads that did not contain FOXCI1 (data not shown). Overall there is
evidence that cell type specific cofactors are involved in the regulation of FOXC1

activity and the role of TLEs in this regulation is still unclear.
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Conclusions

P297S is the first missense mutation identified outside of the forkhead
domain in FOXCI. It is a recurrent mutation as it was present in two unrelated
individuals with anterior segment dysgenesis. FOXC1 is under tight regulatory
control, thus any disturbances to this regulation are likely to be pathogenic. Here
I have demonstrated a reduction in transactivation ability and potentially extended
half-life for FOXC1 P297S. It is likely that P297S alters FOXCI interaction with
other yet unidentified factors involved in transactivation and degradation. Both of
these alterations may be disease causing and their effects may be tissue and
timing of expression dependent. These analyses extend the possible pathological
effects on protein function of mutations of FOXC1, namely stability. It also
appears that mutations outside of the forkhead domain and FOXC1 duplications
share a disease mechanism that is different from that of missense mutations within
the forkhead domain. In general, mutations outside of the forkhead domain in any
forkhead protein increase the activity of the domain in which they are found.
Attempts to determine how the inhibitory domain decreases FOXC1 activity have
revealed that the domain does not reduce binding. However, there is evidence
that FOXCI1 interacts with an unknown repressor as the addition of TLE4

increased transactivation activity.
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Figures
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Figure 4-1. FOXCI1 mutations and functional domains.

FOXC1 wild type

A. Schematic of FOXC1 functional domains (Saleem et al. 2001; Berry et al.
2002) with the location of known missense mutations shown above and nonsense
mutations shown below the protein. Yellow: transactivation domain (TA) Green:
forkhead domain Pink: inhibitory domain Black horizontal bar: nuclear
localization signal (NLS) B. Chromatograms showing FOXC1I 889C>T

(indicated with a star) and wild type sequences.
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Figure 4-2. FOXCI1 P297S does alter protein expression, localization or DNA
binding.

A. Western blotting of cell lysates from cells transfected with wild type (wt)
FOXC1 or P297S. Probing for TFIID serves as a gel loading control. B.
Immunofluorescence of cells transfected with wt FOXC1 or P297S. Red =
FOXCI1 Grey = DAPI. C. EMSA with increasing amounts of wt FOXC1 or
P297S and a radioactively labeled FOXC1 DNA binding site probe. FOXCI1 was
transfected into COS-7 cells and whole cell lysates were utilized. Panel A
demonstrates relative protein expression levels. The buffer lane (cell lysis buffer
is added but no cell lysate is included) shows no band shifts. The empty vector
lane (cell lysates from cells transfected with empty vector) shows a faint band
shift at a position that does not correspond with FOXC1-probe bands (blue

arrow). This shift is probably due to endogenous proteins binding to the probe.
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Figure 4-3. P297S increases FOXCI1 half-life (T;) in Hela cells but not in HTM
cells.
Cells transfected with FOXC1 wild type (wt) or P297S were treated with
cyclohexamide (CHX) for 0, 15, 30, 60, 180 or 360 minutes. The amount of
FOXC1-Xpress remaining after each time point was measured by immunoblotting
and densitometry analysis, weighted by a TFIID loading control,
In([FOXC1],/[FOXC1]p) was calculated and plotted (n = time point). Linear
regression was used to fit a line (Linear (wt or P297S)) to the data and the slope
of the line was used to calculate T, = In(0.5)/slope. R? = correlation coefficient

Representative graphs are shown for HTM cells (A) and Hela cells (B).
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The activity of wt FOXCI is set to 1. Pink = statistically significant difference

from wt Open bars = 6x BS reporter Hatched bars = FOXOla reporter Standard

errors are shown.

transactivation ability relative to FOXC1 wt
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Figure 4-5. Alignment of the FOXC1 inhibitory domain with other FoxC1 and
Fox(C2 sequences.

This alignment is the same one created in Chapter 3, the sequences have been
rearranged to place FOXCI1 first. Only the inhibitory domain, as defined in
FOXC1, is shown. P297 is marked in red in FOXC1. The EHI1 motif is
highlighted in blue and the EH1 motif definition is shown below the alignment

(Smith and Jaynes 1996; Copley 2005).
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FOXC1 + TLE4 on the 6x BS reporter in HTM cells.
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Figure 4-6. The presence of TLE4 proteins increases FOXC1 transactivation
activity in HTM cells but not Hela cells.

A. Schematic of the three TLE4 isoforms naturally created through alternate
splicing (courtesy of Dr Gareth Cory). The exon composition of each isoform is
shown. General functions of the protein domains are as follows: the Q domain
(red) is involved in tetramerization and other protein interactions, the GP domain
(green) can interact with the histone deacetylase HDACI, the CcN domain (blue)
may be phosphorylated and function in nuclear localization, the SP domain
(yellow) may function in repression however it is not well studied and the WD40
domain (purple) can bind to other proteins (Stifani et al. 1992; Brantjes et al.
2001; Rave-Harel et al. 2005; Jennings et al. 2006; Heimbucher et al. 2007). The
addition of TLE4 to transactivation assays of FOXC1 on the 6x BS reporter has
no effect on reporter activation in Hela cells (B) and increases reporter expression
in HTM cells (C). For both assays empty Xpress + empty HA had significantly
less activity than FOXC1 + empty HA (P <0.0001 for B and C). D. TLE4 alone
did not activate the 6x BS reporter in HTM cells. As a positive control, FOXC1 +

empty HA demonstrated significant activation of the reporter, P = 0.02.
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Discussion

In Chapters 2 and 3 I assessed the selection pressures on the FoxA, FoxC,
FoxD, FoxI, FoxO and FoxP subfamilies. The results allowed for the prediction
of functional domains, domain boundaries and residues that differentiate
orthologs and paralogs. It appears that after forkhead gene duplication, selective
restraints were relaxed enough to allow for differentiation into subfamilies.
Neutral changes, positive selection and gaps in the alignments allow for paralog
diversification.

In Chapter 3 I identified positive selection at one amino acid site in the
FoxC subfamily. Mutation of the site resulted in altered FOXCI1 transactivation
activity and DNA binding. The mutant effects are the same as those seen in
disease causing FOXC1 mutations therefore providing biological evidence for
positive selection. The mutant effects on transactivation activity were dependant
on the cis-regulatory region of the reporter used. Examination of the upstream
region of the FoxCl1 target, FoxOla, for FoxC1 binding sites showed that the
location and sequence composition of binding sites varies among species. These
results provide evidence that changes in the cis-regulatory region of FoxC target
genes as well as the FoxC proteins can alter regulation in a species specific
manner.

In Chapters 3 and 4 I assessed the effects of mutations within the FOXC1
inhibitory domain on FOXC1 function. For the first time, mutation and deletion
of the inhibitory domain was shown to alter FOXC1 DNA binding. The first
FOXC1 missense mutation outside of the forkhead domain, P297S, was identified
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and characterized. This mutation altered FOXCI transactivation activity and

stability.

Evidence That Alterations in Both Proteins and the Cis-Regulatory Regions of
Genes Contribute to Evolutionary Change is Provided by the Forkhead Gene
Family

Currently there is some question as to whether changes in proteins or
changes in the cis-regulatory regions of genes contribute more to adaptive
evolution. Analysis of the forkhead gene family has provided evidence that both
types of change are present and not mutually exclusive within a transcription
factor gene family and its targets.

The genome composition of forkhead genes varies among species.
Phylogenetic analyses have demonstrated expansion of the family that is
concurrent with increasing organism complexity (Figure 1-6) (Kaestner et al.
2000; Mazet et al. 2003; Adell and Muller 2004; Lee and Frasch 2004; Magie et
al. 2005; Szilagyi et al. 2005; Tu et al. 2006; Larroux et al. 2008). Differences in
forkhead domain sequence among family members have allowed for the
establishment of subfamilies whose origins can be traced through the family
expansion (Kaestner et al. 2000; Larroux et al. 2008). In Chapter 2 I used
BLASTCLUST to cluster full length forkhead sequences into groups with 30%
identity over 90% of their length. The resulting clusters concurred with
previously identified subfamily divisions that were created using the forkhead

domain alone. Identification of selection pressures in the FoxA, FoxC, FoxD,
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FoxI, FoxO and FoxP subfamilies in Chapters 2 and 3 identified regions of
conservation (negative selection) as well as regions of change (alignment gaps,
neutral changes, positive selection) outside of the forkhead domain in each of the
subfamilies. Sequence differences among family members allow for differential
target selection and regulation (Pani et al. 1992; Li et al. 2004; Stroud et al. 2006).
All together this data shows that forkhead proteins have differentiated from one
another during family expansion while maintaining enough sequence similarities
to establish family and subfamily relationships.

The differentiation of forkhead genes into subfamilies combined with
differences in family member complement among species suggests that forkhead
protein changes contribute to the evolution of species. Evidence supporting this
theory comes from each thesis chapter. In Chapter 2 a domain important for
transactivation activity (conserved domain III) was shown to be conserved in the
Deuterostomia but not the Protostomia lineage of the FoxA subfamily.
Additionally, positive selection was observed in the forkhead domain of the
lineage separating the Protostomia/Cephalochordata from the Craniata. These
species specific changes both have the potential to create differential activity of
the FoxA proteins among species. In Chapter 3, the identification of positive
selection in FoxC transcription factors and biological support obtained in FOXCI1
mutational analyses indicates that the amino acid composition of the positively
selected site is due to species specific requirements for FoxC activity or
regulation. Altering the positively selected site can change FOXC1

transactivation activity and DNA binding ability. Therefore in other species,
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which have an amino acid that is different from human at the positively selected
site, FoxC transactivation activity and DNA binding ability may be altered. This
would allow for differential regulation of FoxC target genes among species.
Work in Chapters 3 and 4 shows that P297 is not conserved among FoxC
subfamily members however the P297S mutation in FOXCI1 reduces FOXC1
transactivation activity and causes disease. If mutation of a non-conserved amino
acid can cause disease, then any sequence differences among species have the
potential to alter protein function in a species specific manner.

Additional evidence that differentiation of forkhead proteins contributes to
speciation comes from studies of FOXP2. Analysis of FoxP2 among mammals
has identified two amino acids that may be under positive selection (Enard et al.
2002). In one study the two amino acids were mutated in human FOXP2 to the
amino acids found at these sites in chimpanzee FoxP2 (Konopka et al. 2009).
Microarray analyses of total RNA from a human neuronal cell line expressing
either FOXP2 or mutated FOXP2 revealed that changing these two sites resulted
in differential expression of over 100 different target genes. A comparison of
gene expression between human and chimp brain tissue identified expression
differences between the species that overlapped with those seen in the cell line
experiment. Therefore amino acid changes in FoxP2 allow for the differential
regulation of genes between humans and chimps. A second study mutated the
two potentially positively selected amino acids in endogenous mouse Foxp2 to
those found in human FOXP2 (Enard et al. 2009). The mutant mice were shown

to have altered ultrasonic vocalizations, decreased exploratory behavior and
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altered neuronal growth as compared to wild type mice. This is evidence that
protein changes among species can lead to phenotypic differences among species.
There is evidence that other transcription factors have species specific
activity as well. First, transcription factors have been shown to have species
specific targets through ChIP (chromatin immunoprecipitation)-chip analyses.
Human and mouse transcription factors HNF1A (hepatocyte nuclear factor 1A),
HNF4A and HNF6 bind species specific as well as shared target genes (Odom et
al. 2007). The most commonly occupied DNA sequence for each transcription
factor varied slightly between human and mouse. The transcription factor
CEBPA (CCAAT/enhancer-binding protein alpha) has also been shown bind
species specific targets in human, mouse, dog, opossum and chicken (Schmidt et
al. 2010). Second, comparison of gene expression profiles with microarrays or
RT-PCR among species have demonstrated species specific gene expression. For
example, comparison of the genes expressed in the lacrimal gland between human
and mouse demonstrated species specific gene expression as well as differences in
the abundance of common transcripts (Ozyildirim et al. 2005). Differences in
gene expression between human and mouse kidney (Si et al. 2009) and embryonic
stem cells (Ginis et al. 2004) have also been observed. Finally, attempts to rescue
mutant phenotypes caused by loss of a transcription factor in one species with a
homologous gene from another species have shown that complete rescue is not
always possible. As an example, a null mutation of tin (tinman) in Drosophila
results in failure of heart and visceral mesoderm formation (Ranganayakulu et al.

1998). The mouse homolog of tin, Nkx2-5 (NK2 transcription factor related,
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locus 5), is important for normal cardiac morphology and myogenesis but is not
involved in visceral mesoderm formation (Lyons et al. 1995). Introduction of
mouse Nkx2-5, into Drosophila tin mutant germlines resulted in rescue of the
visceral mesoderm but not heart, demonstrating divergence of transcription factor
function (Ranganayakulu et al. 1998). These examples provide evidence that
there are species differences in orthologous transcription factor function, however
the relative contribution of change in proteins compared to change in cis-
regulatory regions of target genes to these differences is unknown.

The contribution of changes in the cis-regulatory regions of genes to
evolution has not been as widely examined as the contribution of protein changes.
In one study, the DNA occupancy of human HNF1A, HNF4A and HNF6 on
human chromosome 21 and the orthologous mouse genes on mouse chromosome
16 was shown to be different (Wilson et al. 2008). Interestingly, within a mouse
carrying human chromosome 21 the DNA occupancy of mouse HNF1A, HNF4A
and HNF6 on human chromosome 21 was equivalent to the occupancy of the
human genes on chromosome 21 within a human cell. This demonstrates that
species differences in the cis-regulatory regions of genes exist and can change
transcription factor occupancy of DNA in the absence of protein changes.

In Chapter 3, analysis of the effects of mutations at the positively selected
site in FOXC1 on transactivation activity of different reporters demonstrated that
changes in the cis-regulatory region of a gene can change FOXC1 activity. For
example, when compared to wild type FOXC1, FOXC1 A337P has decreased

transactivation activity on one reporter but no change in activity on a different
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reporter. The cis-regulatory region of a known FoxCl1 target, FoxOla was also
shown to be different among species. These data show that species specific
differences in the regulatory region of forkhead target genes exist and can
potentially lead to species specific gene regulation.

Overall there is evidence that differences in forkhead gene family member
sequence as well differences in the cis-regulatory region of forkhead target genes

can both contribute to evolutionary change.

Non-Conservation of a Sequence Does Not Mean That it is Unimportant for
Function

It is common to perform sequence comparisons among orthologs and
paralogs when looking for functionally important regions in proteins or cis-
regulatory regions of genes. Regions that are conserved are thought to be
functional while regions of non-conservation are considered non-functional or
less important for function (Ponting 2001). In Chapter 2 I used these theories to
predict functional and non-functional residues in the forkhead proteins based on
the observed selection pressures. The idea that conserved residues are functional
does have biological support. For example, the forkhead domain has been shown
to be conserved and functional in many different forkhead proteins (Li et al. 2004;
Saleem et al. 2004; Wierstra and Alves 2006; Cirillo and Zaret 2007). The idea
that non-conserved regions are non-functional does not have experimental support
because these regions are generally ignored by researchers. My analyses of

mutations of the non-conserved FOXC1 positively selected site, the patient

242



mutation P297S and the variable disordered inhibitory domain in Chapters 3 and 4
all show that these non-conserved amino acids are important for normal protein
function. Therefore it is not correct to simply say that if a sequence is not
conserved among species it is not functionally important. Logically, differences
must exist among species to actually create species. The concept that non-
conserved does not mean non-functional is important when searching for disease
causing mutations. Programs that predict if a single nucleotide polymorphism is
deleterious consider changes at non-conserved sites to be non-deleterious (Ng and
Henikoff 2006). There is evidence that disease causing mutations are more likely
to occur at an evolutionarily conserved site, however this does not mean that they
cannot occur at non-conserved sites (Miller and Kumar 2001). The FOXCI1
P297S mutation discussed in Chapter 4 is of a non-conserved site, demonstrating
that non-conserved sites can be as important as conserved sites for normal protein
function. Similarity, the non-conserved FoxC positively selected site discussed in
Chapter 3 is also important for normal FOXCI1 function. The work in this thesis
demonstrates that evolutionarily non-conserved residues can be functionally

important.

The Inhibitory Domain is Important for Regulation of FOXCI Target Genes.
Previous work has shown that deletion of the inhibitory domain of FOXC1

results in an increase in FOXCI1 transactivation activity on the 6x BS reporter. In

Chapters 3 and 4 I found that mutation of a single amino acid in the inhibitory

domain would also lead to alterations in FOXC1 transactivation activity.
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Interestingly, the effects of the mutations at A337 on transactivation activity
varied with the reporters tested. This shows that inhibitory domain activity is
influenced by the cis-regulatory region of a FOXC1 target. Therefore the
inhibitory domain is not simply reducing FOXCI1 activity by a constant
percentage on every target gene; instead the inhibitory domain is fine tuning
FOXCI activity in response to other signals. One of these signals may be the
binding site itself. Analysis of the structure of glucocorticoid receptor (GR)
protein bound to DNA targets with variable sequences has shown that the protein
adopts a different conformation when bound to different targets (Meijsing et al.
2009). This results in transactivation activities that are target specific. The
change in GR transactivation activities was not correlated with changes in target
site affinity but appears to be related to the differential use of cofactors. If
FOXC1 adopts different conformations in response to binding site differences the
mechanism of inhibitory domain function may be affected. A second signal
influencing inhibitory domain activity may be interactions or lack thereof with
other proteins due to cis-regulatory region changes that affect the availability of
interacting partners. i.e. the loss or gain of binding sites for cofactors that are
involved in inhibitory domain function. Finally, the inhibitory domain has the
potential to influence FOXCI target affinity. In Chapter 3 both deletion of the
inhibitory domain and the A337G mutant decreased FOXC1 DNA binding. This
shows that the inhibitory domain can influence target binding. These three
mechanisms may all be involved in inhibitory domain regulation of FOXCI target

activation. Determining how the inhibitory domain actually reduces FOXC1
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activity will aid in determining which mechanisms are more likely to be used by
the domain to fine tune FOXCI activity.

The P297S patient mutation resulted in a less severe defect of FOXCI
transactivation activity as compared to mutations within the forkhead domain.
Patients with P297S were phenotypically more similar to patients with FOXC1
duplications rather than forkhead domain mutations. Taken together with the idea
that the level of FOXCI activity is influenced by cis-regulatory target sequences,
this suggests that mutations in different functional domains of FOXCI1 lead to
various phenotypes through differential regulation of target genes. Mutations in
different domains of FOXC1 may simply alter the activation level to different
extents resulting in different levels of target gene activation. Mutations in
different domains may also result in abnormal activity on FOXCI targets that are
specific to the mutation. A combination of domain mutation specific effects on
activity level and particular targets affected could also occur. Genotype-
phenotype correlations cannot be established at this time as only two individuals
the mutations outside of the forkhead domain have been identified. However,
examination of the relative effects of different FOXC1 mutations on different
target genes would establish if mutations in different domains can exert their

effects through differential target regulation.
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Future Directions

While there has been much research focusing on the forkhead domain
family, the mechanisms behind how these proteins actually function and why they
are different from one another remain poorly understood. Forkhead family
member expression patterns overlap greatly during development and in adults.
The forkhead domain itself is highly conserved among orthologs and paralogs, but
different enough to allow for preferential DNA targets to exist among family
members. However, forkhead genes are promiscuous and do not exclusively bind
to their preferred target sequences. The mechanisms behind target choice are still
being determined. Helix 3 of the forkhead domain is known to bind DNA and aid
in target selection, as discussed in Chapter 1. However helix 3 is usually 100%
conserved among paralogs and would not allow for differential target selection by
paralogs if it were the only factor used for target selection. How forkhead genes
actually activate or repress transcription also remains to be elucidated. As
discussed in Chapter 1, FoxA proteins appear to activate transactivation by
opening compacted chromatin. While the FoxP transcriptional repressors interact
with corepressor proteins to form compact chromatin. Confirmation of the use of
these mechanisms by other family members or identification of novel mechanisms
is still pending. The experiments discussed below will contribute to answering
these questions. Determination of what forkhead genes are actually doing and
how they are doing it will allow for a better understanding of speciation,

development, body function and how to treat forkhead related disease.
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The in silico analysis in Chapter 2 has shown which amino acids are
conserved and which are not conserved among subfamily members. Conserved
residues may perform similar functions in paralogs while non-conserved residues
may be differentiating paralogs. Positive and potentially positive selected sites in
the FoxA3 and Protostomia lineages of the FoxA cluster and the FoxO3 lineage of
the FoxO cluster can all be biologically verified with the methods that were used
in Chapter 3. Predicted domains or refinement of domain boundaries can be
tested in the same manner through the utilization of deletion constructs. These
types of analyses will aid in a fuller understanding of how forkhead proteins
perform precise functions and verify or refute the theories proposed in Chapter 1.

Determining why a set of proteins is under positive selection is difficult in
the forkhead gene family because protein functions and the mechanisms of
function are still being elucidated. For the FoxA subfamily, I predicted that the
positive selection in the lineage separating the Protostomia/Cephalochordata from
the Craniata has acted to allow one or two copies of FoxA genes in the
Protostomia/Cephalochordata to regulate the same targets of FoxA1l, FoxA2 and
FoxA3 in the Craniata. Alternatively, the subfamily expansion in the Craniata
may have allowed for the establishment of novel targets in this lineage. To test
these theories the regulation of FoxA targets by the different FoxA paralogs and
orthologs can be compared using chromatin immunoprecipitation and
transactivation analyses. These analyses would confirm or refute that the amino

acids under positive selection are important for target selection. Additionally, if
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target genes are different among species, FoxA subfamily members can be said to
play a role in speciation.

The effects of mutations at the neutrally changed sites within the forkhead
domain identified in the FoxA, FoxD and FoxP clusters can also be examined
with the methods used in Chapter 3. These experiments would test the theory that
any amino acid may be present at a neutral site and protein function will not be
impaired. If the mutated protein activities are the same as the wild type protein
activities, this would support the above theory of neutral change. If mutations at
the neutral site are beneficial or detrimental, the above theory of neutral change is
not supported. The experiments would also determine the importance of and
potentially the role of the neutral sites in forkhead domain function.

Altering the positively selected site in FOXC1 demonstrated that the amino
acid composition at this site was important for regulation of transactivation
activity. Testing the corresponding site for functional effects in FOXC1 orthologs
and paralogs using the methods in Chapter 3 would determine if positive selection
is having the same effects on the different proteins. If a difference is not
observed, the positive selection is not acting on that particular protein to modify
its function, but is acting to differentiate those proteins in which changes in
activity are observed.

The effects of mutations at the positively selected site in FOXC1 were
different on different promoters. The reason for these differences is unknown.
One possibility is that different mutations result in the use of different FOXCI1

binding sites. In support of this, FOXC1 with the forkhead domain mutation
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1126M is known to have higher affinity for mutated FOXC1 DNA consensus
sequences than a perfect FOXC1 consensus sequence (Saleem et al. 2001).

The actual use of different DNA binding sites can be tested through the use of
deletion construction of the FOXC1 binding sites within the FOXO1a reporter in
conjunction with transactivation assays. If deletion of a binding site results in
reduced transactivation by wild type FOXC1 but not mutant FOXC1 (or vice
versa), then different binding sites are being used by the different constructs. If
binding site targets do not seem to differ, then other yet unknown inhibitory
domain mechanisms are being altered by the mutation.

Identifying the FOXC1 inhibitory domain functional mechanism requires a
number of theories to be pursued. As discussed in Chapter 4, the inhibitory
domain may physically interact with FOXCI to reduce activity. Nickel pull down
or co-immunoprecipitation assays can be used to determine if this occurs. My
attempts to identify FOXC1-inhibitory domain interactions with nickel pull
downs have resulted in negative controls with positive results (i.e. FOXC1 binds
to empty nickel agarose beads). The inhibitory domain may also interact with
other protein(s) to reduce activity. Protein-protein interactions can be identified
with yeast two hybrid assays. Additionally, since the presence of TLE4 increased
the transactivation activity of FOXC1 in HTM cells, but not in Hela cells, a
FOXCI interacting partner (which is out competed by TLE4) may be present in
HTM cells but not in Hela cells. A comparison of the proteome of the two cell
lines could identify potential interacting partners. However, it is unknown if

TLE4 is acting to reduce FOXC1 repression or activate transactivation. The
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effect of deleting the inhibitory domain on FOXCI1 transactivation activity has not
been tested in HTM cells. Comparison of the magnitude of transactivation
activity change when the inhibitory domain is deleted between different cell types
will establish if there are FOXCI1 cofactor differences among cell types. This is
one mechanism by which FOXC1 target activation can be controlled.
Establishment of how the inhibitory domain of FOXC1 exerts its functional
effects may provide a mechanism that can be exploited in the treatment of

individuals with disease caused by duplications of or increased dosage of FOXCI.
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