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ABSTRACT

Recent advances in gene targeting technology have significantly shaped modern-day
mouse genetics, as they allow for the accurate analysis of gene function in vivo. By
capitalizing on conventional methodologies that are based on homologous recombination,
the advent of artificially engineered nucleases, like transcription activator-like effector
nucleases (TALENS), enables precise genome editing without the need for conventional
targeting vectors, which typically possess long “arms” of homology that are difficult to
work with, even with recombineering strategies employing bacterial artificial
chromosomes. Unlike traditional techniques, these novel nucleases can be engineered in
less than a week and together with compact targeting vectors, can be used to easily

manipulate almost any locus in the mouse genome.

The current selection of commercially available antibodies makes it difficult to assess the
specific roles of protein isoforms during early development. The Tcf/Lef family of
transcription factors comprise of key downstream effector proteins of the canonical
Wnt/B-catenin signal transduction cascade. This pathway is implicated in the regulation
of self-renewal and is dysregulated in a number of human diseases including cancers.
Among the Tcf/Lef factors, Tcf3 has been heavily studied in mouse embryonic stem
cells, due at least in part to the observation that its transcript levels are expressed at the
highest levels compared to the others. Recently, it was proposed that a switch takes place
between a repressive state mediated by Tcf3 to an activating B-catenin-Tcfl complex in
response to Wnt signals. Here, we use TALEN technology to introduce an epitope tag at

the endogenous locus of m7cf7, the gene encoding the Tcfl protein. By tagging the N-
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terminus of full-length and N-terminally truncated dominant-negative variants of Tcfl,
we establish a tool to better study a previously unappreciated role for Tcfl in regulating
embryonic stem cell self-renewal and differentiation. Furthermore, we also show that the
tagged variants generated exhibit similar protein expression levels to those of wild-type

controls, and display nuclear localization as expected.
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CHAPTER 1
INTRODUCTION

1. Embryonic Stem Cells

The defining characteristics of embryonic stem cells (ESCs) include the ability to self-
renew and to be pluripotent. Pluripotency enables these cells to differentiate into cell
types of any of the three primary germ layers (i.e. mesoderm, endoderm, and
ectoderm)'”. In addition, ESCs can be maintained and propagated in vitro under defined
conditions. Thus, the unique properties of ESCs give them the potential to contribute to
regenerative therapies, while at the same time provide a suitable model system for

studying development and cancer-related processes.

In terms of their regulation, the ability of ESCs to self-renew relies almost exclusively on
a core transcriptional network, which consists of the transcription factors Oct4, Nanog,
and Sox2>*. These three factors establish an autoregulatory circuitry within pluripotent
cells, with each factor having the capacity to induce the expression of the others by

binding their promoters’.

1.1 Mouse embryonic stem cells

1.1.1 Derivation

In the early 1980s, two independent groups derived the first mouse embryonic stem cell
(mESC) lines from the inner cell mass of an early developmental stage known as the
blastocyst'. Mouse blastocysts were grown on mitotically inactivated mouse embryonic
fibroblasts (MEFs), called “feeders,” as this layer was shown to be essential for the

isolation of mESCs. However, it was later established that the feeder layer was not

1
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necessary for the prolonged maintenance of mESCs in culture, and that the soluble
cytokine leukemia inhibitory factor (LIF) in addition to serum was sufficient to sustain
these cells in their undifferentiated state®’. The removal of LIF, combined with the
growth of mESCs in suspension, results in the formation of embryoid bodies (EBs) and
differentiation. EBs are spherical ESC-derived cellular aggregates, which when allowed
to differentiate over time, resemble disorganized early mouse embryos possessing a

variety of cells from each of the three primary germ layers®”.

1.1.2 Assessing validity and function

There are currently a number of assays that have been developed to assess the
pluripotency and differentiation potential of mESCs. The predominant in vitro assay for
testing differentiation is EB generation, as the expression of genes specific to each germ
layer can be assayed by western blot or qRT-PCR analyses’. Alternatively, a more recent
approach involves exposing mESCs to defined culture conditions and growth factors in

order to induce differentiation into a particular cell type'’.

However, the gold standard test for measuring pluripotency lies not in in vitro, but in vivo
assays. If truly pluripotent, once they are introduced into the developing blastocyst,
mESCs can generate germ line transmissible chimeric organisms that contains germ cells
derived entirely from the ESCs''. Thus, when chimeras are bred with a test mouse, the
resulting offspring will be a hybrid. Alternatively, chimeras can also be achieved by
tetraploid complementation using mESCs'?. Here, a host embryo is isolated at the 2-cell
stage and both cells are fused together so that subsequent daughter cells are tetraploid.

Tetraploid embryos are incapable of generating an embryo proper on their own, but
2
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mESCs introduced into tetraploid blastocysts will “complement” the tetraploid cells such
that the mESCs will develop into the embryo proper and the tetraploid cells will give rise
to most of the extraembryonic tissues. Pluripotency can also be demonstrated by the
ability of a given cell line to give rise to endodermal, mesodermal, and ectodermal
lineages through the formation of teratomas'”. Teratomas are benign tumours comprised
of cells from all three germ layers, which develop following injection of pluripotent cells

into syngeneic or immunodeficient mice.

1.2 Signaling cascades regulating mESCs

1.2.1 LIF/Stat3

Leukemia inhibitory factor (LIF) is a soluble factor produced by feeder cells and is
required to support the undifferentiated growth of mESCs®’. This cytokine signals
through the dimerization of cytokine receptors gp130 and LIF-R, which activate the Jak
family of tyrosine kinases to phosphorylate both receptors'®. This in turn signals the
transcription factor Stat3 to be recruited to the cytokine receptor complex at which point,
Jak phosphorylates it, and ultimately leads to its dimerization, nuclear translocation, and
transcriptional activation of target genes'>'’. While in the absence of LIF, Stat3
overexpression promotes self-renewal and pluripotency, inactivation of Stat3 function in

17,18

the presence of LIF results in differentiation’ > °. This suggests that Stat3 is an integral

downstream mediator of LIF signaling for the maintenance of pluripotency.
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1.2.2 BMP4/Smad

Interestingly, the ability of LIF to maintain mESC self-renewal and pluripotency is
effective only when cells are grown in culture media containing serum. In the absence of
serum however, LIF alone cannot maintain mESC pluripotency and cells undergo neural
differentiation as a result, which is suggestive of another LIF-cooperating factor'’. This
additional factor was determined to be bone morphogenetic protein 4 (BMP4), as mESCs
were shown to be able to sustain pluripotency in serum-free culture conditions with both
BMP4 and LIF*. BMP4 is a member of the transforming growth factor p (TGFp) family
and has been shown to cause a block to neural differentiation®. In brief, the canonical
BMP signaling pathway involves the phosphorylation of Smadl, 5, or 8 (i.e. R-Smads)
by the type I receptor. Two phosphorylated R-Smads then form a complex with Smad4,
and together, this complex translocates into the nucleus to induce transcriptional
activation of target genes including the inhibitor of differentiation (Id) genes. Moreover,
BMPs can also enhance pluripotency by acting as an inhibitor of MAPK/ERK (mitogen-
activated protein kinase/extracellular signal-regulated kinase) pathways®. Upon
withdrawal of LIF from serum-free culture conditions, mESCs expressing Id proteins
readily differentiate, but fail to give rise to cell types of neural lineage®. This observation
suggests that LIF and BMP4 act cooperatively in order to inhibit differentiation for the

maintenance of mESC pluripotency.

1.2.3 Canonical Wnt/p-catenin
The canonical Wnt/B-catenin pathway is one of the fundamental regulators of normal

embryonic development and tissue homeostasis>. It has also been strongly implicated in

4
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the regulation and maintenance of pluripotent ESCs****. Additionally, mutations in Wnt
signaling proteins have been observed in a number of human cancers. One of the first
genes to be characterized as a component of the Wnt/B-catenin signaling pathway is
Integration 1 (Int-1), which was shown to be activated upon viral integration of mouse
mammary tumour virus™. The subsequent discovery and characterization of the Int-1
homolog in Drosophila melanogaster, Wingless (Wg), was found to control segment
polarity in the developing larvae®®. Thus, the modern name for the Int-1 gene is Wntl,
which stems from the synthesis of Int-1 and Wingless. Since then, many of the
components of the signaling pathway were discovered. The specifics of Wnt/B-catenin

signal transduction are discussed in greater detail below.

2. Canonical Wnt/B-catenin Signaling Pathway

The canonical Wnt/B-catenin cascade is initiated by the binding of a Wnt ligand, which
are typically 40 kDa lipid-modified glycoproteins, to two cell surface receptors: Frizzled
(Fz), a seven-pass transmembrane receptor, and its co-receptor low-density lipoprotein
receptor-related protein 5 or 6 (LRP5/6). Within the human genome, there are 19 Wnt
genes and 10 Fz proteins, the latter of which consists of a large extracellular cysteine-rich
domain at the N-terminus to which Wnt ligands bind with great affinity”'. In the absence
of Wnt ligand, the ubiquitous kinase, glycogen synthase kinase-3 (GSK-3), is found in a
destruction complex with casein kinase 1 (CK1), adenomatous polyposis coli (APC),
Axin, and the effector molecule B-catenin (Figure 1). Initially phosphorylated by CK1, -
catenin is then N-terminally phosphorylated by GSK-3, which marks it for ubiquitin-

dependent proteasomal degradation facilitated by the E3 ubiquitin ligase B-TrCP>>. Wnt-

5
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induced activation of the pathway leads to the stabilization of cytosolic B-catenin. More
specifically, the initial binding of Wnt ligands to the heterodimeric receptor complex
results in the phosphorylation of the LRP5/6 cytoplasmic tail. Facilitated by the
scaffolding protein Dishevelled (Dvl), Axin is then recruited to the membrane where it
utilizes the LRP5/6 phosphorylation event as a docking site®. This latter step is critical in
deactivating the destruction complex, as GSK-3 and CK1 are subsequently tethered to the
membrane as well. Deactivation of the destruction complex ultimately promotes the
cytosolic accumulation and nuclear translocation of f-catenin, resulting in the
transactivation of target genes in concert with the T-Cell Factor/Lymphoid Enhancer

Factor (Tcf/Lef) family of transcription factors™.
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Figure 1: Canonical Wnt/p-catenin Signaling

(a) In the absence of Wnt ligand, B-catenin is found in a destruction complex with GSK-
3, CK1, Axin, and APC. Once phosphorylated by GSK-3, B-catenin is ubiquitin-tagged
for proteasomal degradation. Tcf/Lefs in the nucleus are bound to co-repressors and
repress transcription of Wnt target genes. (b) In the presence of a Wnt stimulus, the
destruction complex is disassembled, as a phosphorylation event on LRP5/6 creates a
docking site for Axin. B-catenin is no longer degraded and its accumulation in the
cytoplasm eventually leads to subsequent translocation into the nucleus where it
transactivates Wnt target genes in concert with Tcf/Lefs.
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2.1 Major components of pathway

2.1.1 Glycogen synthase kinase-3

A key member of the Wnt/B-catenin pathway and an important regulator of stem cell self-
renewal is the multifunctional serine/threonine kinase GSK-3. The name GSK-3 is
derived from its ability to phosphorylate glycogen synthase, an enzyme involved in
glycogen synthesis’>. Two variants of GSK-3 exist in mammals, namely GSK-30 and
GSK-3B, each encoded by a separate gene. While the N- and C-termini of GSK-3a and
GSK-3p differ quite substantially, they share almost identical sequence homology in their
kinase domains and exhibit functional redundancy in Wnt signaling as observed in
mESCs®®. However, the phenotypes of GSK-3a and GSK-3p knockout mice differ.
Although GSK-3a knockout mice are viable with few abnormalities, those that have

GSK-3pB knocked out undergo several developmental defects and die around birth®’>®,

A unique requirement for the enzymatic activity of GSK-3 is that substrates must be pre-
phosphorylated by another kinase, like CK1. In addition, the priming phosphorylation
event must occur four residues C-terminal to the GSK-3 target site, as depicted by the
consensus sequence S/T-X-X-X-S-P/T-P, where the first serine/threonine (S/P) is the
target site, followed by any three amino acids (X), and the last serine/threonine that is
pre-phosphorylated by a priming kinase®”. Several target proteins have multiple tandem
target residues, such as [-catenin, which is phosphorylated by GSK-3 on three

consecutive residues after a priming phosphorylation event executed by CK1-a.
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2.1.2 B-catenin

B-catenin is the key effector molecule and a proto-oncogene of the Wnt pathway, as it is
responsible for Wnt-induced signal transduction into the nucleus and the subsequent
transcriptional induction of Wnt target genes. Apart from its involvement in signaling, -
catenin along with its homologues a-catenin and y-catenin (plakoglobin), were identified
to exhibit a structural role in cell adhesion by interacting with epithelial cadherin (E-
cadherin) molecules™. The structure of p-catenin includes a central domain consisting of
12 Armadillo repeats, which facilitate interactions with its binding partners including
Axin, APC, and transcription factors of the Tcf/Lef family*'. The name given to these
repeats stems from [-catenin’s Drosophila orthologue Armadillo, which causes an

armadillo-like phenotype of developing larvae, when mutated*.

Following induction of the Wnt signaling pathway, cytoplasmic levels of B-catenin rise to
a certain threshold after which it translocates into the nucleus to engage in Wnt target
gene activation. Interestingly, [P-catenin neither possesses a traditional nuclear
localization signal (NLS) nor a nuclear export signal (NES) and as such, the precise
mechanism by which it enters and exits the nucleus is poorly understood. Although its
nuclear import and export has been shown to act independently of karyopherin/importin,
recent studies have suggested that B-catenin directly interacts with nuclear pore complex
(NPC) proteins™*°. Additionally, B-catenin also does not contain a DNA binding domain

and consequently requires DNA binding partners like Tcf/Lefs for promoter docking®’.
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2.1.3 T-Cell Factors and Lymphoid Enhancer Factor

Transcription factors of the Tcf/Lef family are a subset of the high mobility group
(HMG) box protein family, with four members identified in vertebrates to date: Tcfl
(Tcf7), Tct3 (Tcf711), Tetd (Tcf712), and Lefl (Lefl). The names given to the Tcf/Lefs
correspond to their discovery as regulators of lymphoid cells, including T-lymphocytes.
Tcfl was first identified in a screen seeking transcription factors that bound to a specific

enhancer region of the T-cell gene, CD3-g***

. Lefl was characterized following a screen
for transcriptional regulators that bound to the T-cell receptor o enhancer’’. Both Tcf3

and Tcf4 were later identified using hybridization screens with 7c¢f7 cDNAs containing

the HMG box°".

Each of the Tcf/Lef family members possesses highly conserved regions, including an N-
terminal B-catenin binding motif, a high mobility group (HMG) DNA binding domain,
and a nuclear localization signal (NLS) (Figure 2). B-catenin is the most potent activator
of Tcf/Lef-regulated transcription and was originally identified as the link between

3754 Truncation mutants

Tcf/Lefs and Wnt signaling through yeast two-hybrid screens
lacking the N-termini of Tcf/Lefs, referred to as dominant-negative mutants, do not bind
B-catenin and fail to transcriptionally activate Wnt target genes. The HMG DNA binding
domain consists of an HMG box as well as a basic tail comprised of basic amino acids. A
notable characteristic of Tcf/Lefs is their ability to bend DNA when bound to their target
consensus sequence, CCTTTGAAC in vertebrates, also known as the Wnt responsive

element (WRE)>. This sequence is precisely located in the minor groove of DNA and

when bound by a Tcf/Lef, the helix can bend between 90" and 127>, This feature allows
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for the interaction of distant transcriptional complexes. Additionally, the small basic tail
functions to enhance Tcf/Lef binding affinity to the negatively charged DNA backbone as
well as serving as a potent NLS by interacting with importins®>~®. Domains of Tcf/Lefs
that are dissimilar between family members include the context-dependent regulatory
domain (CRD) and the C-terminal ‘E’ tail, the latter of which is translated from 7c¢f, and
not Lef, genes’. The CRD contains an alternative exon in all vertebrate Tcf/Lefs, but also
includes a repressive domain, which serves as a docking site for the repressor
Groucho/TLE (transducin-like enhancer of split)’®. The E tail contains a basic cysteine
motif, termed the C-clamp, which provides additional binding specificity to target

53,59,60
genes .

Context-dependent Regulatory Domain - HMG Box NLS C-terminal/E-tail

Figure 2: General schematic representation of Tcf/Lef gene structure

Despite their homologue-specific roles, Tcf/Lef genes all include regions of high
similarity including the B-catenin binding motif, HMG box, and the nuclear localization
signal (NLS). Relatively more variable regions between the transcription factors include
the context-dependent regulatory domain and an E-tail found in the C-terminus of some
Tcfs.

Furthermore, a number of different isoforms of Tcf/Lefs have been identified, and this
diversity has been attributed to dual promoter usage and extensive alternative splicing, in
addition to variations in the CRD and C-terminal tails (Figure 3)°"%%. Alternative
promoters create naturally occurring isoforms lacking the N-terminal B-catenin binding
domain and are observed in all Tcfl and Lefl, but not Tcf3 or Tcf4. On the other hand,
alternative splicing can create variants missing other functional domains like the C-

clamp, but all except one Tcf4 isoform retain the HMG DNA binding domain®. Full-
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length isoforms of Tcfl and Lefl are often associated with activation of Wnt target
genes, while Tcf3 and sometimes Tcf4 are linked to target gene repression® . Although
the mechanism by which this occurs is not well understood, it is believed that having the
amino acid motifs LVPQ and SxxSS renders the Tcf/Lef a transcriptional repressor of

Wnt target ge:nes67’68

. The fact that the SxxSS motif is always present in Tcf3 and
alternatively spliced in some Tcf4 isoforms supports the notion that Tcf3 and sometimes
Tcf4 act to repress Wnt target genes. The activating and inhibitory roles of the Tcf/Lefs
were further assessed in a recent study conducted by Ho and colleagues (2013). The
group demonstrated that during the reprogramming of somatic cells into induced
pluripotent stem cells (iPSCs), Wnt signaling represses the early stage but stimulates the
latter stage of this process. In particular, Tcf3 and Tcf4 enhance early reprogramming

events and are inhibited by Wnt signaling via Tcfl and Lefl. In the later stage however,

Tcf3 and Tcf4 are inhibitory, as depleting both genes enhanced iPSC reprogramming®.
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Figure 3: Schematic diagram of different Tcf/Lef isoforms in vertebrates

A number of isoforms exist in the Tcf/Lef family of transcription factors. The different
variants are generated through the use of alternative splicing of the mRNA transcript or
dual promoter usage, or a combination of both. LVPQ and SxxSS are repressive domains.

B and E tails are designated with their corresponding letters. Figure adapted from Arce et
al., 2006”".

i
i

3. Activation of Wnt/B-catenin Signaling in mESCs

3.1 GSK-3 inhibition/ablation

GSK-3 inhibition by the small molecule inhibitor 6-bromoindirubin-3'-oxime (BIO) was
shown to enhance pluripotency and the retention of the relevant markers in both mESCs
and hESCs™?’. Similarly, treatment of mESCs with LiCl also yielded similar
observations. However, these experiments were not carried out for more than 7 days or
for multiple passages. The advent of a three inhibitor (i.e. “31 ) cocktail established
naive pluripotency in mESCs maintained in fully defined serum-free medium. Naive

pluripotency refers to ESCs having the ability to give rise to an entirely ESC-derived
13
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mouse via tetraploid aggregation’’. They can also be expanded clonally without genetic
transformation. hESCs however, exist in a relatively lower state of pluripotency known as
“primed” pluripotency and require different growth factors for their maintenance’. The
3i cocktail consists of two small molecule inhibitors of MAPK/ERK signaling, SU5402
and PD184352, as well as the highly specific GSK-3 inhibitor CHIR990217". It is
believed that the MAPK/ERK inhibitors serve to cause a block in FGF4-driven
autoinductive signaling required for the differentiation of mESCs. The use of small
molecule inhibitors however, does have the potential to cause unintended off-target

effects.

Ablation of both GSK-3a and GSK-3 (double knockout; DKO) promotes self-renewal in
the presence of LIF whereas in the absence of LIF it skews differentiation towards
mesendodermal cell types, while blocking neuronal differentiation of mESCs’*"*"*. DKO
mESCs retain the expression of key markers associated with pluripotency and display
extremely high levels of cytoplasmic and nuclear B-catenin®. Additionally, DKO cell

morphology closely resembles that of mESCs treated with CHIR990217*.

3.2 Role of p-catenin in mESCs

B-catenin’s role in reinforcing pluripotency was demonstrated in a number of studies
overexpressing the protein. Ogawa and colleagues (2006) used an inducible system to
study the effects of wild-type and overexpressed stabilized B-catenin in mESCs>. This
group, along with Takao and colleagues (2007), who generated the S33A stabilized -
catenin cell line, observed that stabilization resulted in the retention of pluripotency

markers upon LIF withdrawal””. Additionally, Kelly and colleagues (2011) demonstrated
14
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that mESCs stably expressing P-cateninS33A exhibited a cell morphology that was
indistinguishable from GSK-3 DKO mESCs and exhibited a delayed loss of
pluripotency’®. A proposed mechanism by which stabilized B-catenin reinforces
pluripotency is that it enhances the transcriptional activation of Oct-4 target genes, which
was demonstrated by the observation that an Oct-responsive reporter and Oct-4 target
genes were induced upon stimulation of the Wnt/B-catenin pathway by administering

Whnt3a or CHIR99021747¢,

Studies involving B-catenin knockout mice indicate embryonic lethality by d6.5, as
embryos display severe defects in the formation of ectoderm and the anterior-posterior
axis’"’®. Of note, the protein expression levels of the p-catenin homologue y-catenin (also
known as Plakoglobin) have repeatedly been shown to be upregulated in a -catenin-null
background. However, y-catenin is not further altered upon GSK-3 inhibition with
CHIR99021 in cells lacking -catenin. Furthermore, when B-catenin-deficient mESCs are
differentiated as aggregates they fail to undergo mesendodermal and neuronal
differentiation, revealing that y-catenin levels are insufficient to compensate for the lack
of PB-catenin with regard to its role in mediating these differentiation events’ ™.
Intriguingly, ectopic expression of y-catenin in B-catenin” mESCs was indeed responsive
to GSK-3 inhibition, as transcript levels of prototypical Wnt target genes were
upregulated as a result”’. Also, in wild-type mESCs, overexpression of y-catenin results
in a similar phenotype as that observed in GSK-3 DKO mESCs or wild-type mESCs

overexpressing stabilized B-catenin. That is the cells are refractory to differentiation and

display a complete block in their ability to differentiate into neurectoderm. These
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findings suggest that although y-catenin cannot substitute for -catenin, overexpression of
y-catenin mimics the effects of stabilized B-catenin on mESC self-renewal and
differentiation. Importantly, Wray and colleagues (2011) demonstrated that B-catenin
deficiency in mESCs eliminates its responsiveness to GSK-3 inhibition with regard to the
maintenance of the pluripotent state®. This study underscored the importance of p-

catenin in mediating the effects of CHIR99021 in mESCs maintained in the 3i cocktail.

4. Tcf/Lef Signaling in mESCs

The expression of both mRNA transcripts and protein expression of all four factors of the
Tct/Lef family have been detected in mESCs (Figure 4). Transcript levels of Tcf3 have
been shown to be expressed at the highest levels, while western blot analysis revealed

expression of the four proteins at readily detectable levels™*.
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Figure 4: Tcf/Lef protein and mRNA expression in mESCs

a) Wild-type mESCs were cultured for 12 days in EB media (-LIF, 5% fetal bovine
serum). Each day, cells were pelleted and whole cell lysates were prepared using RIPA
lysis buffer. Protein samples were probed for Tcfl, Tef3, Tcf4, and Lefl, using GAPDH
as a loading control. b) mRNA expression levels of all Tcf/Lef factors were assayed at
days 0, 3, and 7. Bars represent the mean of biological triplicates and error bars indicate
SEM.
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4.1 Tcf3-Tcf1 switch model

A recently emerging model of Wnt/B-catenin signaling proposed by Yi and colleagues
(2011) by using bioinformatics studies suggests that there is a switch from a Tcf3-
induced repressive state, to a Tcfl-induced state of transcriptional activation, in response
to Wnt signals in mESCs. This theory is supported in part by the observation that mESC
lines expressing Tcf3 lacking the N-terminal B-catenin binding domain display defects in
the ability to self-renew in response to Wnt3a stimulation or chemically-induced GSK-3
inhibition®*®'. Additionally, in Xenopus, Tcf3 is phosphorylated by homeodomain-
interacting protein kinase 2 (HIPK2) in response to Wnt signals, leading to its
dissociation from target genes in a B-catenin-dependent manner®. Interestingly, Tcfl
does not become phosphorylated and replaces the Tcf3-bound WRE during Wnt-induced
activation of the pathway, suggesting a possible mechanism by which Tcf3 is derepressed
in mESCs™. Tcf3 is the most abundantly expressed of all Tcf/Lefs in mESCs, at least at
the transcript level, making it the factor that has been comparatively studied more in-
depth in these cells. The relatively new Tcf3-Tcfl switch model provides insight into a
previously unappreciated role of Tcfl in Wnt/B-catenin signaling and stem cell self-

renewal and raises new questions regarding the mechanisms controlling the proposed

Tcf3-Tcfl switch in the context of mESCs.

4.2 Regulation of mESCs by Tcf1

Tcfl plays important roles in the control of a number of developmental programs, and is

required for early T-cell differentiation and the polarization of T helper 2 (Tg2) cells®>*°,

In addition, it has been shown to regulate ventroposterior development and dorsal
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development in Xenopus and Zebrafish, respectively® " **. Unlike Tcf3 and Tcf4, Tcfl
(and Lef1) contains an alternative promoter that generates N-terminal truncated isoforms

devoid of the B-catenin binding domain®"*

. This helps to explain the observation of a
number of bands ranging from 25 to 55 kDa in Western blot analyses of Tcfl protein
expression in human T-cell extracts®’. N-terminal-truncated Tcf protein products are
referred to as dominant-negative isoforms (e.g. DN-Tcfl) as they compete for WRE
binding sites, and in doing so, prevent Wnt-induced activation of canonical Wnt/B-
catenin signaling. In general, the usage of 7c¢f7 alternative promoters is linked to changes
in cell state, with full-length Tcfl (FL-Tcfl) isoforms expressed abundantly in
proliferating cells and dominant-negative variants expressed highly in differentiating and

32,90,91
arrested cells™™”™

. These generalizations stem from a number of key observations. First,
Tefl-null (Tefl™") mice experience adenoma formation in the intestine and breast’. This
can be explained by the observation that DN-Tcfl is the predominantly expressed
isoform in normal cells, where as FL-Tcf1 is upregulated in cancer. Interestingly, while
DN-Tcf1 is detected in the normal colonic crypt, it is absent in proliferating colon cancer
cells”. Moreover, genetic ablation of Tcf7 in colon cancer cells is growth inhibitory”.
Secondly, DN-Tcfl is preferentially expressed in resting T cells whereas FL-Tcfl is

predominantly expressed during lymphocyte maturation and naive CD8" T cell

activation’’.

Two recent studies have also demonstrated that Tcfl-deficient mice develop thymic T-
cell lymphoma, which is equivalent to human T-acute lymphoblastic leukemia’***. These

latter studies both note a significant upregulation of Lefl mRNA and point toward a
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dependency on Lefl for the development of T-cell lymphomas. Furthermore, the
expression of short hairpin RNAs (shRNA) against Tcfl mRNA transcripts in mESCs
appears to inhibit many of the same genes that are upregulated in Tcf3” mESCs®.
Whnt3a-stimulated Tcf3”” mESCs also display a defect in responsiveness following Tcfl
shRNA expression®. Such findings are suggestive of a tumour suppressive role of DN-
Tcfl, and further support the Tcf3-Tcfl switch model of Wnt/B-catenin signaling in
mESCs. Nonetheless, it appears as though the system requires a balance of Tcf3 and Tcfl

activities in order to sustain prolonged self-renewal in mESCs.

5. Genome Editing Techniques

The holy grail of genetics can arguably be deemed as being able to fully characterize a
given gene and determine its significance, if any, toward human inherited diseases.
Recent advances in gene targeting technology have significantly shaped modern-day

mouse genetics, as they allow for the accurate analysis of gene function in vivo.

5.1 Genetically engineered mouse models

The mouse has been used for several decades as a model organism to mimic human
diseases. In addition to the relatively high similarity between the mouse and human
genomes, the development of gene targeting technologies has allowed for the functional
analysis of genes in the mouse that have been, until recently, impossible to carry out in
other mammals’®”’. With the completion of the human genome project in 2003, the
demands for the development of genetically engineered mouse (GEM) models as a means

to study functional genomics have become increasingly significant. Not only have GEM
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models proven to be an invaluable tool to aid in the understanding of gene function in
vivo, but they have also been capable of faithfully mimicking human diseases. The
feasibility of performing such genetic alterations has rapidly evolved over the past three
decades as genome-editing technologies have come to be more precise and less
technically challenging. Of note, the number of gene targeting papers published each year

has risen exponentially over the past 20 years (Figure 5).
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Figure 5: Number of gene targeting papers published in the past 20 years

The data collected was obtained using the PubMed database for the following search
terms: gene targeting, homologous recombination, and ES cell technology.

5.2 Homologous recombination-mediated gene targeting

Gene targeting strategies commonly make use of homologous recombination (HR) events
occurring between endogenous target gene loci and artificially introduced DNA to
generate genome modifications in mice”. Using mESCs, HR-mediated genetic
alterations can range from producing subtle gene disruptions like point mutations to

99,100

causing complete gene ablations . HR occurs naturally at a relatively low frequency
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of approximately one event for every 10° to 107 cells and has been recognized to be one
of two major DNA repair mechanisms in mammalian cells'’’. In response to DNA
damage, particularly in the form of double-strand breaks (DSBs), the repair machinery of
any given cell will attempt to repair the break by exchanging homologous sequences with
the sister chromatid template or with those of artificially introduced DNA
constructs' "', Alternatively, the affected cell may resort to the second major repair
mechanism, non-homologous end joining (NHEJ), which often results in imprecise
rejoining of severed DNA strands ultimately leading to various gene disruptions'**'?®. A
given gene of interest may be altered at the endogenous locus by designing a targeting
vector so that “arms” of homology flank the desired gene modification. However, since
HR-mediated gene targeting relies heavily on the low occurrence of DSBs, long arms of
homology are required to increase the frequency of HR and to attain detectable targeting
events'*°. Moreover, due to the complexity of mammalian genomes, targeting vectors are
more likely to be inserted randomly into the mouse genome rather than in a specific

. 107,108
manner as observed in yeast'"”

. To circumvent this, negative selection can be
employed by cloning a gene fragment for diphtheria toxin A (D-TA) with a poly-A signal
(DT-ApA) outside of the homology arms'”. Given that the A subunit inhibits protein
synthesis, most random integrations will incorporate the cassette which will help select
against these clones, whereas those that have successfully undergone HR will not have

incorporated it'””. Additionally, clones are typically screened further by Southern blotting

in order to isolate those that are void of random integration and are correctly targeted''”.

22



M.Sc. Thesis - S. Mahendram; McMaster University - Biochemistry & Biomedical Sciences

5.3 Historical landmarks

Traditionally, conventional HR-based gene targeting approaches relied almost
exclusively on the availability of conveniently positioned restriction enzyme sites to be
able to construct targeting vectors (Figure 6a). However, this strategy suffers from two
main limitations when generating the targeting construct. First, the likelihood of utilizing
unique restriction enzyme cleavage sites surrounding the desired fragment of genomic
DNA becomes almost impossible when fragment sizes are hundreds of kilobases long. In
addition, traditional PCR amplification approaches are relatively error-prone, also
limiting the length of desired fragments. Secondly, the cloning efficiency is significantly
reduced when attempting to introduce large fragments of DNA into conventional vectors
that can only hold a maximum of approximately 20 kb of foreign DNA. For this latter
reason, other vector types like yeast artificial chromosomes (YACs), phage artificial
chromosomes (PACs), and bacterial artificial chromosomes (BACs) were developed to
accommodate large segments of DNA and to provide better feasibility in constructing
large regions of homology. Of these, BACs are the most commonly used as they can
accommodate up to 200 to 300 kb of foreign DNA and have proven to yield targeting
efficiencies as high as 28% in mESCs''""''2. Additionally, the replication of BACs is
strictly controlled, as they are usually maintained in no more than two copies within host
bacteria, thereby avoiding recombination events that may occur between homologous

DNA fragments'".
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Figure 6: Conventional recombinant DNA technology versus phage-mediated
recombineering

a) Conventional gene targeting relies on the use of unique restriction enzyme cleavage
sites to introduce a selection cassette into a plasmid backbone that has already been
digested with the same restriction enzymes. After ligation and transformation into
competent cells, drug resistant clones are selected for and subsequently transformed into
a BAC-containing bacterial strain to incorporate the cassette into the BAC by classical
HR. b) Recombineering bypasses the use of an intermediate plasmid prior to BAC
incorporation. The selection cassette is amplified to contain short regions of homology
and transformed into bacteria containing a BAC and phage recombination functions.
Adapted from Copeland et al., 2001'"*.

Many of the issues associated with conventional targeting approaches have been
somewhat alleviated by taking advantage of endogenous recombination machinery in
Escherichia coli (E. coli)'”’. Recombinogenic engineering or recombineering, depends on
the cooperation between one of the bacterial host’s strand invasion proteins and an
exonuclease (RecA and RecBCD in E. coli, respectively) along with linearized double-
stranded DNA to initiate the recombination process'’’. Similarly, an alternative and

comparatively more efficient method of recombineering makes use of phage-derived
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protein pairs to aid in the recombination process of introducing desired gene
modifications and selection cassettes in BAC DNA (Figure 6b)'>'"". Unlike the previous
method, this approach sometimes referred to as A-mediated recombination, depends on
the interaction of one protein pair encoding 5’-3” exonucleases and another pair coding

8

for DNA annealing proteins''®. The most significant advance of recombineering

technology compared to conventional gene targeting is that only short arms of homology

(<60 bp) are required to obtain efficient HR'"”

. More importantly, recombineering
bypasses the need to construct an intermediate targeting vector containing a selection
cassette. The selectable gene can be amplified to produce a linear PCR product
containing short regions of homology which can then be used to incorporate into a BAC

120
vector

. Furthermore, this methodology presents a relatively more time saving and cost-
effective way of manipulating BACs, which can subsequently be used as targeting
vectors in mouse ES cells. However, due to the large size of BACs, conventional
screening methods like Southern blotting or end-point PCR cannot be carried out to
isolate correctly targeted clones. Therefore, either additional modifications to the BAC
targeting vector are warranted, or more complicated screening techniques like

fluorescence in situ hybridization (FISH) and qRT-PCR-based “loss-of-allele” assays are

typically used''>'*".

5.4 Site-directed nucleases
In recent years, new technologies have been developed to overcome the drawbacks of
recombineering and BAC-mediated gene targeting. One emerging approach to improve

the poor HR efficiencies is the introduction of DSBs by an external source, which can
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result up to a 1000- to 5000-fold increase in HR events compared to BAC
transgenesis'*>'*>. Such techniques are based on site-directed nucleases (SDNs), which
generate DSBs at specific target gene loci to facilitate a higher percentage of HR
events'>*. Initially, the homing endonuclease Scel proved to be an efficient way of
introducing DSBs in mouse ES cells, stimulating targeting efficiencies up to 50-fold'*’.
However, due to the fact that Scel requires a specific recognition sequence to be

introduced at the target locus, other SDNs were developed as alternatives.

5.4.1 Zinc-finger Nucleases

Zinc-finger nucleases (ZFNs) are synthetic enzymes possessing DNA binding and DNA
cleavage domains. Initial reports on ZFNs described these molecules as having a central
zinc finger domain that provides binding specificity, which is fused to the catalytic
domain of Fokl nuclease'>'*’. Zinc fingers are naturally found in many eukaryotic
proteins and play an important role in facilitating nucleic acid-protein interactions. Each
zinc finger recognizes a string of three nucleotides by binding into the major groove of
the DNA helix (Figure 7a)'*®. Additionally, dimerization of the FokI nuclease domain is
essential to introduce DSBs at predetermined target sites'””. Thus, a typical ZFN-
mediated targeting experiment involves engineering a pair of ZFNs, each of which binds
opposite strands of the DNA molecule to facilitate the heterodimerization and activation

of the Fokl cleavage domain.
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GCCGCAGCTGGACTCG GGGCGGCGCGGGCGCAGG

CGGCGTCGACCTGAGCCC CGCCGCGCCCGCGTCC

GCCGCAGCTGGACTCG GGGCGGCGCGGGCGCAGG

CGGCGTCGACCTGAGCCC

Figure 7: Schematic of the differences between ZFN and TALEN binding

a) Zinc finger motifs (horizontal ovals) recognize nucleotide sequences in triplets. b)
TALEN monomers (vertical ovals) recognize individual nucleotides of the target site.
Fokl nuclease cleaves following dimerization within the spacer region to create a DSB.

CGCCGCGCCeGeaTee

By appropriately designing ZFNs to recognize defined sequences of at least 18 bp, a
unique target within the mammalian genome will likely be recognized. However, ZFN
monomers are also prone to homodimerizing at unwanted locations in the host genome,
leading to unanticipated gene disruptions. Thus, even though engineering ZFNs to
recognize more than 18 bp will increase binding efficiency, the additional zinc finger
motifs will increase the likelihood of binding off-target sites. In addition, some cell types
display increased ZFN-induced cytotoxicity as a result of mis-targeting, which further
limits the gene targeting potential of ZFNs. Therefore, while ZFN technology displays a
number of advantages, it is important to develop novel ways of reducing the number of

off-target DSBs and associated cytotoxic effects.
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5.4.2 Transcription Activator-Like Effector Nucleases

Recently, a novel class of tools for genome editing using SDNs was developed, which
makes use of transcription activator-like effector (TALE) proteins derived from the plant
pathogenic bacteria Xanthomonas'’. Naturally, TALEs infect plants by injecting effector
proteins into the host cell that bind specific DNA target sequences to effectively suppress
plant defense and support bacterial virulence'*’. The central domain of such TALEs
consists of 33-35 tandem amino acid repeats, with the total number of repeats ranging
from 12 to 27. Within each repeat, two adjacent amino acid residues at positions 12 and
13 collectively called a repeat-variable di-residue (RVD), serve to bind a single

nucleotide, thereby giving a TALE its DNA-binding specificity (Figure 8)"*"'**.

LTPDQVVAIASHDGGKQALETVQRLLPVLCQDHG
~~~~~~~~~~~~~~ NLS  Fokl

DNA-binding Domain

Figure 8: Schematic representation of a TALEN monomer

The monomer consists of a central domain containing 12-15 repeats (blue boxes) of 33-
35 amino acids. The 12" and 13™ amino acid of each repeat, called the RVD (e.g. HD
RVD highlighted in orange), varies among repeats and gives the monomer its specificity.
The four most common RVDs are HD, NG, NI, and NH, which bind to cytosine,
thymine, adenine, and guanine, respectively.

By utilizing such target specificity, a number of groups have demonstrated that, similar to
ZFNs, the fusion of TALE:s to the catalytic domain of Fokl nuclease can be used to carry
out targeted genome modifications in vivo'>'*®. Like ZFNs, two separate TALE
nucleases (TALENs) must be constructed in order to induce a DSB in the target DNA, as

Fokl nuclease must dimerize for it to be catalytically active (Figure 7b). The fact that a
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TALEN monomer can be customized to recognize sequences at the individual nucleotide
level, allows for a simpler design process compared to that required for ZFNs. Moreover,
the technology can be used with HR-directed repair of DSBs by co-transfecting a
targeting vector that includes arms of homology flanking the targeting site. This way, not
only can TALENs be used to generate knockout cell lines via NHEJ, but they may also
be used to target genes of interest through HR to generate desired modifications (i.e.
fusions, deletions, knockouts, and knock-ins). Importantly, the use of TALENs
significantly increases the efficiency of HR as much shorter arms of homology (<1 kb),
compared to conventional approaches, can be employed in targeting vectors. Thus, clones
generated via TALEN-mediated HR can be readily screened using standard PCR
methods. Unlike ZFNs, custom TALEN monomers can be assembled by joining the
tandem repeats using conventional cloning techniques'>’. However, due to the high
degree of homology and number of repeats, such methodologies are difficult and
impractical. For this reason, a novel high throughput approach called Golden Gate
cloning was developed'**'*. The Golden Gate method of cloning is a series of digestion-
ligation reactions, which exploits Type IIS restriction enzymes to build an array of DNA
fragments in a sequential manner. Using this cloning strategy, custom-made TALEN-
encoding plasmids can be generated in less than one week. A drawback of the technology
however, is that there seems to be no conclusive evidence explaining why some custom
TALENSs are ineffective. Some speculations include possible interactions between repeat

domains that may negatively influence target DNA binding affinity.
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Despite being first reported in 2010, TALEN technology has established itself as a better
alternative to ZFNs. In fact, gene disruption studies in human cells have shown that even
though TALENs and ZFNs induce similar HR frequencies, TALENs exhibited much
lower nuclease-associated cytotoxic effects and minimal off-target cleavage'*. However,
since it is still a relatively new technique, other unknown off-target effects may have yet

to be discovered.

5.4 Future directions

5.4.1 Type Il CRISPR/Cas System

Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) is an established
defense mechanism in bacteria using RNA-guided cleavage of pathogenic DNA'*'. In the
type I CRISPR/Cas system, CRISPR-associated (Cas) genes and a non-coding guide
RNA facilitate sequence-specific cleavage of foreign DNA'**'*  Specifically, short
fragments of foreign DNA are integrated into the CRISPR loci and transcribed in
CRISPR RNA (crRNA). The crRNAs then anneal to transactivating crRNAs
(tracrRNAs), which guide Cas9 proteins to a specific site in the foreign DNA to initiate
cleavage. To date, the effectiveness of CRISPR/Cas-mediated genome editing has been

demonstrated in human iPSCs, as well as in zebrafish and bacteria'*'*

. However, a
thorough validation of the system has yet to be conducted, as unintended off-target
effects have yet to be fully examined. Emerging data appears to suggest that the
specificity of CRISPR-mediated genome cleavage is not robust, as off-target sites have
been shown to be cleaved with frequencies of equal to or greater than those observed at

the intended site'*.
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5.4.2 Artificial Restriction DNA Cutters

Artificial Restriction DNA Cutters (ARCUT) is a chemistry-based system for
manipulating target DNA'*. The system consists of the Ce(IV)/EDTA complex and
pseudo-complementary peptide nucleic acid (pcPNA). Two pcPNA strands first bind to
their target sequence but are offset by several nucleotides to form the “double-duplex
invasion complex.” The remaining unpaired single-stranded portion of the double-
stranded DNA serves as a target for Ce(IV)/EDTA, which selectively cleaves only single-
stranded DNA'*". While the major advantage of ARCUT is the freedom of cleavage site
selectivity, the system is still in its infancy, as more exhaustive studies have yet to be

carried out in order to successfully validate the system.

6. Project Rationale

The emergence of the Tcf3-Tcfl switch model of canonical Wnt/B-catenin signaling has
directed the scientific community to appreciate the potentially critical role of Tcfl in
mESC self-renewal and differentiation. Thus far, isoform-specific roles of Tcfl in
mESCs have not been delineated, due at least in part to the low sensitivity of available
antibodies, and their cross-reactivity with other Tcf/Lefs. As a result, the experiments in
this thesis will aim to genetically engineer an epitope tag at the N-terminus of both the
full-length and dominant-negative isoforms of Tcf1 to facilitate studying the role of these
isoforms in mESC biology. The implications of this design are significant, as
endogenously tagging Tcf/Lefs provides a definitive way to study these factors, and
eliminates any ambiguity in their detection. Not only will this model be important from a

developmental perspective, but it will also provide a framework for understanding the
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nuclear signaling events that arise from dysregulated Wnt signaling in numerous human
cancers. Furthermore, our approach can also be used to fuse fluorescent proteins to
endogenous Tcfl isoforms, providing an unprecedented opportunity to study the

regulation of their expression and subcellular localization in living cells.

Hypotheses
1. ESC fate is determined by the relative expression and cellular localization of all
Tcf/Lef factors as well as their isoforms.
2. FL-Tcfl is necessary for the maintenance of mESC self-renewal and pluripotency,
and a switch from FL-Tcfl to DN-Tcfl expression occurs in response to cues for

differentiation.
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CHAPTER 2
MATERIALS AND METHODS

1. Cell culture

The growth and maintenance of mESCs (E14Tg2a) were carried out in DMEM (Thermo
Scientific) supplemented with 15% FBS (Gibco), 1 x nonessential amino acids (Thermo
Scientific), 1 x L-glutamine (Thermo Scientific), 1 x sodium pyruvate (Thermo
Scientific), and 55 uM B-mercaptoethanol (Sigma). The media was filter-sterilized with a
0.22 um filter (Millipore) after which 1000 U/mL ESGRO® LIF (Millipore) was added.
Cells were plated on tissue culture-treated plates that were pre-coated with 0.1% gelatin,
and grown in a humidified incubator at 37°C and 5% CO,. Passaging of mESCs was
carried out every other day with Accutase (Innovative Cell Technologies), and typically

split at a 1:6 ratio.

2. Embryoid body assay

The medium used (EB media) for differentiating mESCs was identical to the above
standard mESC media, but contained 5% FBS (rather than 15%) and lacked LIF. Cells
were initially grown on inactivated mouse embryonic fibroblasts (iMEFs) before pre-
plating to remove the feeders. Cells were then counted using the Countess” Automated
Cell Counter (Invitrogen) and plated in EB media onto ultra-low attachment 6-well dishes
(Corning). Upon lysis, EBs were collected and washed twice with 1 x PBS by

centrifugation at 270 % g for 5 minutes.
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3. Transfection and gene targeting

Transfection of cells was performed using Lipofectamine® LTX with Plus  Reagent
(Invitrogen) and counted using the Countess” Automated Cell Counter (Invitrogen). For
targeting experiments, 4 x 10° mESCs were transfected with 5 pg of each TALEN vector
and 1 pg of donor, and plated at clonal density. The cells were fed 24 hours following
transfection, and neomycin-resistant clones were selected for with media containing
G418 (250 pg/mL) 48 hours post-transfection. Six to eight days later, 60 colonies were
isolated and replica-plated to carry out PCR-based screens for successful HR. Once
clones were confirmed to have undergone successful HR, the neomycin cassette was
excised by transfecting 2 x 10° cells with 2.5 pg of pCX-Cre-Puro and plating at clonal
density. Transfected cells were pulsed with 2 pg/mL puromycin the day after transfection
for 24 hours to select for those expressing the pCX-Cre-Puro, after which they were
grown in standard mESC media for 6-8 days. Individual clones were picked and replica-
plated to screen for their sensitivity to G418. Those cells that were no longer resistant to
G418, due to the deletion of the neomycin cassette, were isolated and expanded. The
plasmid encoding Cre recombinase, pCX-Cre-Puro, was provided as a gift from Dr.

Jonathan Draper (McMaster University).

4. shRNA-mediated knockdown of Tcfl expression

The shRNA-mir construct against exon 7 of m7cf7 was purchased from Transomic
Technologies (ID: RLGM-GU66089) and contained the following guide sequence:
TATGACCTTGGCTCTCATCTCC. The construct was linearized using Pvul and

subsequently transfected into mESCs maintained under puromycin (2 pg/mL) selection.
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Cells were then isolated, expanded, and characterized for effective knockout using
western blot analysis. An shRNA-mir non-targeting construct (NegSH) was used as a

negative control (Transomic Technologies™ , ID: TRM1103).

5. Antibodies

The following primary antibodies were used for western blotting analysis and/or
immunofluorescent staining: rabbit anti-Tcfl (C46C9, Cell Signaling), rabbit anti-Tcfl
(C63D9, Cell Signaling), goat anti-Tcf3 (sc-8635, Santa Cruz), rabbit anti-Tct4
(C48HI11, Cell Signaling), rabbit anti-Lefl (C12A5, Cell Signaling), mouse anti-
3XFLAG (F1804, Sigma), rabbit anti-Nanog (A300-397A, Bethyl Laboratories), and

mouse anti-GAPDH (ab8245, Abcam).

Horseradish peroxidase-conjugated secondary antibodies used for western blotting were
obtained from Bio-Rad (goat anti-mouse and goat anti-rabbit; 170-6516 and 170-6515,
respectively). Fluorochrome-conjugated  secondary  antibodies  used  for
immunofluorescent staining were purchased from Invitrogen (goat anti-mouse Alexa

Fluor 488 and goat anti-rabbit Alexa Fluor 647; A-11001 and A-21245, respectively).

6. Cell lysate preparation

Whole cell lysates were prepared by washing dishes of cells twice with 1 x PBS before
lysing on ice with 1 x RIPA buffer [SO mM NaCl, 1% NP-40,0.5% DOC, 0.1% SDS, 50
mM Tris pH 8.0, 1 mM EDTA, and Halt Protease Inhibitor Cocktail (Thermo Scientific)]
for 10 minutes. Using a cell scraper, lysed cells were transferred to 1.5 mL

microcentrifuge tubes and centrifuged at 16, 100 x g at 4°C for 10 minutes. The
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supernatant was then collected and quantified using the Lowry method (DC Protein
Assay, Bio-Rad). Samples were either normalized to 0.5 pg/puL or 1 pg/uL in 1 X LDS

buffer (Thermo Scientific) with 5% TCEP Bond-Breaker solution (Thermo Scientific),

and heated at 95°C for 5 minutes prior to electrophoresis.

7. Western blot analysis

Protein samples (10-15 pg per well) were separated using 10% Bis-Tris gels and
transferred onto PVDF membranes using the Trans-Blot” Turbo ~ Blotting System (Bio-
Rad). Membranes were blocked with 5% skim milk/TBS for 30 minutes at room
temperature and incubated in primary antibody (3% milk/TBS-T) at 4°C on a rotator
overnight. Primary antibody dilutions were as follows: Tcfl (1:1000), Tcf3 (1:1000),
Tcf4 (1:1000), Lefl (1:1000), 3XFLAG (1:2500), Nanog (1:5000), GAPDH (1:10°). The
next day, blots were washed 4-5 x with 3%/TBS-T, 10 minutes per wash, and incubated
in the appropriate horseradish peroxidase-conjugated secondary antibody for 45 minutes
at room temperature. All secondary antibodies used were diluted to 1:20 000 in 3%/TBS-
T. Blots were then washed 5-6 x with 1 x TBS-T, 10 minutes per wash, prior to a 5
minute incubation in Luminata Forte Western HRP substrate (Millipore) for enhanced
chemiluminescence detection using either standard film (CL-XPosure, Thermo

Scientific) or the ChemiDoc = MP Imaging System (Bio-Rad).

8. Immunofluorescent staining
All incubation and wash steps were carried out at room temperature unless specified

otherwise. mESCs were prepared for immunofluorescent staining by seeding 30 000 cells
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onto each well of a gelatin-coated 8-well p-Slide (Ibidi). The next day, cells were washed
twice with 1 x PBS for 5 minutes each, and fixed in freshly made 4%
paraformaldehyde/PBS for 15 minutes. The fixed cells were then incubated with 0.2%
Triton X-100 for 5 minutes, washed twice with 1 x PBS, and blocked in 2% BSA/PBS-T
(0.1% Tween) for 30 minutes prior to incubating in primary antibody overnight at 4°C or
1.5 hours at room temperature. Primary antibody dilutions were as follows: Nanog
(1:500), and 3XFLAG (1:500). Cells were then rinsed 3 x with 1 x PBS before
incubating in the appropriate fluorochrome-conjugated secondary antibody (1:1000) for 1
hour. Finally, the cells were rinsed 3 x with 1 x PBS prior to adding 1-2 drops of

ProLong® Gold antifade (containing DAPI) solution (Invitrogen).

9. Generation of targeting vectors

Genomic DNA from wild-type mESCs (E14Tg2a cell line) was PCR-amplified
(Herculase II Fusion DNA Polymerase, Agilent Technologies) using primers flanking a
coding region of mTcf7. Arms of homology flanking the 5’ and 3 ends (5’HA and 3’HA,
respectively) of this region were also generated using this method, and ranged from 1kb
to 1.5kb in size. Incorporation of a 3XFLAG epitope tag at the N-terminus of both
isoforms was engineered using the p3XFLAG-CMV10 plasmid vector (Sigma), and
subsequently ligated into the pL452 targeting vector'**. Likewise, targeting vectors for
fluorescent-tagging the N-terminus of FL-Tcfl and DN-Tcfl with monomeric Azami-
Green (mAG) were designed in a similar manner, except that the 3XFLAG was swapped
with mAG from pCAG-mAG-Skp2, which was gifted by the J. Draper Lab (McMaster

University). Details of vector construction are outlined below. All primers were designed
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using IDT’s online software (idtdna.com) or Vector NTI® (Invitrogen) and their

sequences are outlined in Table 1 below.

9.1 N-terminal tagged 3XFLAG-Tcf1

All PCR products were gel purified (MinElute®, Qiagen), treated with blunting enzyme
(Thermo Scientific), and cloned into pJET1.2/blunt (Thermo Scientific) prior to all
ligation steps. The 3’HA was amplified using primers engineered to contain BamHI and
Notl (primers A, B, I, and J) restriction sites, and cloned into pL452 (pL452 3’HA).
Next, primers flanking exons 1 and 2 for FL-Tcf1 (primers C and D), and exon 3 for DN-
Tcfl (primers K and L) were used to incorporate Hindlll/Kpnl and HindlIll/EcoRI sites,
respectively. These regions were cloned directly downstream of the 3XFLAG sequence
in p3XFLAG-CMV-10. Since a convenient and unique restriction enzyme site is not
present directly upstream of the 3XFLAG sequence, the 5’HA was incorporated using the
In-Fusion® HD Cloning Kit (Clontech) as per the manufacturer’s protocol. In brief, the
5’"HA was amplified using primers generated using the online In-Fusion® Primer Design
software (Primers E, F, M, and N). This product, along with the linearized product of
p3XFLAG-CMV-10 (using primers G, H, O, and P) were mixed in a single In-Fusion®
reaction. Finally, the 5 HA-3XFLAG-coding-3’HA fragment was cloned into
pL452 3’HA using Kpnl or Kpnl/EcoRI for FL-Tcfl and DN-Tcfl, respectively. In the
case for FL-Tcfl, the cloned fragment was screened for directionality using Agel. Both
targeting vectors were also sequence-verified to confirm the absence of PCR-induced

mutations (MOBIX Lab, McMaster University).
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Table 1: PCR Primers Used to Generate Targeting Vectors

Primer Sequence

A | 5’-GGATCCTTTTTAACCCCCCTCCGGAGCAGACA-3’
5’-GCGGCCGCCATCCCAGAG-3’
5’-GATTACAAGGATGACGAT-3’
5’-GGTACCAAAAAAAAAAACCCTGCCAAGGGGTC-3’
5’-CCGTCAGAATTAACCGGTACCGTCCTGTGGGGCCGGGAGTC-3’
5’-GTCTTTGTAGTCCATGGTGCGCTGCGCCCGCCG-3°
5’-ATGGACTACAAAGACCAT-3’
5’-GGTTAATTCTGACGGTTC-3’
5’-GGATCCCTGAAAATACTGGGATTCCAGAGTGT-3’
5’-GCGGCCGCAGCTGATACC-3’
5’-AAGCTTATGTACAAAGAGACTGTC-3°
5’-GAATTCGAACCCCAGAACTTTTCAAAAGTCA-3’
5’-CCGTCAGAATTAACCGGTACCAGAAGCCGAGGGAGCGCC-3°
5’-GTCTTTGTAGTCCATGCCACTGGCACACTCCGGGGCC-3’
5’-ATGGACTACAAAGACCAT-3’
5’-GGTTAATTCTGACGGTTC-3’

FL-Tcf1

DN-Tcf1

D | O|Z2 |20 | R|=|~|Z|lQ|0mO|g| O|w

10. TALEN pair design and construction
The TALEN vectors used to facilitate HR-directed repair were designed using the online

149

tool, TAL Effector Nucleotide Targeter . TALEN pairs were constructed using two

different protocols, which are briefly outlined below.

10.1 Cermak et al., 2011
The construction of DN-Tcfl TALEN pairs was carried out using this method, which
involves two primary steps: 1) assembly of 1-10 repeat module plasmids (i.e. RVDs) into

intermediary arrays, and 2) joining of the intermediary arrays into an acceptor backbone
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130 Both forward and reverse

vector containing a transgene coding for Fokl nuclease
TALENS consisted of 20 RVDs separated by a 19 nucleotide spacer region. The forward
TALEN contained the RVD array HD NG NN NI HD HD HD NI NN HD NG NN NG
NN NN NG NG NG NG NG and bound to the sequence 5’-
CTGACCCAGCTGTGGTTTTT-3’, while that of the reverse TALEN was NN NG NI
HD NI NG NN HD HD NI HD NG NN NN HD NI HD NI HD NG which corresponded
to 5’-AGTGTGCCAGTGGCATGTAC-3’. Considering the forward TALEN as an
example, RVDs 1-10 were cloned into the vector array plasmid, pFUS A, and RVDs 11-
19 were cloned into a second array plasmid, pFUS B. A separate 20 pL digestion-
ligation Golden Gate reaction using Bsal was performed for each set of arrays. Next, the
reactions were treated with Plasmid-Safe DNase (Epicentre) and 5 pL of each reaction
was used to transform competent Machl bacterial cells, which were plated onto LB agar
containing 50 pg/mL spectinomycin with 20 mg/mL X-gal and 0.1 M IPTG for
blue/white screening. The next day, white colonies were picked and inoculated, and
clones were screened the following day using PCR. Positive pFUS_A and pFUS B were
then mixed into a single Golden Gate reaction using Esp3I, and contained the last repeat
plasmid, pLR-NG, as well as the final acceptor vector pTAL3 encoding Fokl nuclease.
Once completed, 5 uL of the reaction was used for transformation and were plated on LB
agar containing 100 pg/uL carbenicillin. White colonies were inoculated the next day and
plasmid mini-preps were isolated following overnight culture. A diagnostic digest was

performed using Stul, and constructs were further verified with sequencing.
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10.2 Sanjana et al., 2012

The FL-Tcfl TALENs were generated using this method, which involves dividing the
TALEN recognition sites into hexamers initially, and further ligating these hexamers by
carrying out a series of PCR amplification steps'”'. The forward and reverse TALENs
consisted of 20 and 15 RVDs, respectively, and were separated by a 15 nucleotide spacer.
The recognition sequences are as follows: forward TALEN, HD HD NH HD NH HD HD
HD HD NH HD NI HD HD HD NH NH HD NH HD corresponding to 5°’-
CCGCGCCCCGCACCCGGCGL-3’; reverse TALEN, HD HD NI NH HD NG NH HD
NH NH HD NI NG NH NH corresponding to 5’-CCATGCCGCAGCTGG-3’. Each RVD
monomer was amplified using specific primers in order to add appropriate ligation
adapters. TALEN recognition sequences were divided into hexamers, as monomers 1-6,
7-12, and 13-18 were added to 3 separate Golden Gate digestion-ligation reactions driven
by BsmBI to generate circularized hexameric tandem repeats. The reactions were then
treated with Plasmid-Safe DNase to remove any linear DNA. Next, each tandem hexamer
was PCR-amplified to generate a linearized product, which was subsequently purified
and ligated into the appropriate final acceptor plasmid consisting of the last RVD and
Fokl catalytic domain in a second Golden Gate reaction using Bsal. The ligation product
was then transformed into competent Mach! cells and plasmid DNA isolated from clones
was screened by digestion with Afel. Plasmids with appropriate Afel digestion products
were further validated by sequencing to confirm correct ligation and orientation of the

hexameric repeats.
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11. Quantitative RT-PCR

Total RNA was extracted from cells using the PureLink® RNA Mini Kit (Life
Technologies), and 1 pg was reverse transcribed using qScript cDNA SuperMix (Quanta
BioSciences) as per the manufacturers’ protocols. The resulting cDNA was diluted to 10
ng/uL and 30 ng was used per PCR reaction using PerfeCTa® SYBR" Green FastMix"
(Quanta BioSciences). Bio-Rad’s CFX96 qPCR instrument and the accompanying CFX'
Manager 2.0 software were used to determine gene expression levels normalized to B-
actin using the delta-delta Ct method. Primer sequences were either designed using the

online software provided by IDT (idtdna.com) or obtained from a published source and

are listed in Table 2 below.

Table 2: Quantitative RT-PCR Primers

Primer Sequence Reference
Actin (B) FWD: 5>-TTGCTGACAGGATGCAGAAGGAGA-3’ [74]
REV: 5’-ACTCCTGCTTGCTGATCCACATCT-3’ [74]
Axin2 FWD: 5’-AAAGAAACTGGCAAGTGTCCACGC-3 [74]
REV: 5’-GGCAAATTCGTCACTCGCCTTCTT-3’ [74]
FWD: 5’-AAGGCCAGAGAACACCCTGATGAA-3’ N/A
Lefl REV: 5’-CTGCACCACGGGCACTTTATTTGA-3’ N/A
Nanog FWD: 5’-AACCAAAGGATGAAGTGCAAGCGG-3’ [74]
REV: 5’>-TCCAAGTTGGGTTGGTCCAAGTCT-3’ [74]
Tefl FWD: 5’-CCAGTGTGCACCCTTCCTAT-3’ [66]
REV: 5’- AGCCCCACAGAGAAACTGAA-3 [66]
Tcf3 FWD: 5’-CCCCCTACTTTCCCAGCTAC-3’ [66]
REV: 5’-CTTTGTGTTTCCCCCTTCCT-3’ [66]
FWD: 5’-AGCCATCAACCAGATTCTCG-3' N/A
Tefd REV: 5’-CTTCCCATAGTTATCCCGTGC-3' N/A
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12. Statistical analysis and imaging

All statistical analyses, including analysis of variance (ANOVA) and unpaired t-tests,
were carried out using the software package Prism (GraphPad). Cells were visualized for
fluorescence using the IX81® inverted microscope with DSU (Olympus) and

accompanying MetaMorph software (Molecular Devices).
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CHAPTER 3
RESULTS

1. TALEN-facilitated homologous recombination to epitope-tag Tcfl isoforms

Two sets of TALEN pairs were constructed to facilitate HR of donor vectors to introduce
the 3XFLAG epitope or monomeric Azami-Green (mAG) tag at the N-terminus of FL-
and DN-Tcfl isoforms. mAG is a monomeric green fluorescent protein variant derived
from the stony coral G. fascicularis'**. Unlike traditional green fluorescent protein (GFP)
and its derivatives, mAG can be used in applications related to fluorescence resonance

energy transfer (FRET)' .

Given that the DN-Tcfl TALEN backbone (i.e. pTAL3) was not optimized for
expression in mammalian systems, the TALEN binding and FokI catalytic domains were
cloned into a modified pcDNAS-FRT (Invitrogen) mammalian expression vector. This
essentially served to place the TALENSs under the control of the potent mammalian CMV
(cytomegalovirus) promoter. On the other hand, the TALEN pair for FL-Tcfl did not
need to be altered as the backbone already contained a CMV promoter and codon

optimized sequence for expression in mammalian cells.

Both sets of TALEN pairs were strategically designed so that they would exclusively cut
the endogenous m7cf7 locus and not the accompanying targeting vector being co-
transfected. In order to do so, the TALEN cut site needed to overlap the boundary either
between the 3’ end of the 5’ homology arm and the 5’ end of the coding sequence, or the
3’ end of the coding region and 5’ end of the 3’ homology arm. This strategy was

successfully implemented in the design of both FL- and DN-Tcfl. In both cases, the
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TALEN recognition sequence was at the 5’HA-Exonl boundary and 5’HA-Exon 3

boundary for FL- and DN-Tcf1, respectively (Figure 9).
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Figure 9: Schematic representation of TALEN pair binding sites at the endogenous
mTcf7 locus

TALEN-induced double-strand breaks upon Fokl dimerization (red dashed lines) were
strategically designed to exclusively occur at the endogenous locus rather than the
targeting vector. Inset provides a representation of TALEN binding (black dashed lines)
in order to generate 3XFLAG-tagged full-length (a) and dominant-negative (b) isoforms
of Tcfl.

In addition to the TALEN pair, the pL452 targeting vector was also co-transfected into
wild-type mESCs. pL452 makes use of a neomycin cassette that is flanked by a single
loxP site on either side, which is integrated into clones following transfection, either by
HR or random integration. Treatment with Cre recombinase, transiently expressed by

pCX-Cre-Puro, excised the neomycin cassette, which comprises the eukaryotic and

prokaryotic promoters phosphoglycerate kinase-1 (PGK) and EM?7, respectively and the
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neomycin resistance gene coding sequence (NEO). As a result of the excision, a single

loxP site was integrated into the m7cf7 locus (Figure 10).

a) , 1 o
Gene (tcf7)

! ~
1 ~
-7 EM? N
g 1 1 ~
1 I 1 loxP
1 1

l + ore

5HA * L loxP IHA

I 1 I
(FL) (FL) (FL)

V

=~ Targeting Vector

Targeted Gene

b)

I
= ~ ' Gene (tcf7)

.
! $ EM7 RN

) .

_-"5HA : 110 loxP loxP ,' 3’Hl; Seo

= ¥ )BT S Targeting Vector

l + CRE
11

5HA loxP 3'HA
Targeted Gene

Figure 10: Schematic representation of the targeting design to incorporate an N-
terminal 3XFLAG-tag at the m7cf7 locus

Using TALEN technology to generate double-strand breaks, the above targeting vectors
were co-transfected to carry out homologous recombination-directed repair (dotted lines)
using arms of homology (HA), while incorporating a 3XFLAG epitope tag (red arrow) at
the N-terminus of FL-Tcfl (a) and DN-Tcfl (b). PGK and EM7 are eukaryotic and
prokaryotic promoters, respectively. The NEO cassette was used to enrich for putative
homologous recombinants by selection with the drug G418, which is toxic to wild-type
mESCs lacking the cassette. Cre recombinase was then used to excise the NEO cassette
leaving a single loxP site behind in the targeted locus.
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Taking this into consideration, both arms of homology were designed such that the
remaining loxP site following treatment with Cre recombinase would integrate into a
non-conserved intronic region (Figure 11). Such regions of minimal to no conservation
were analyzed by examining known transcription factor binding sites across a number of
different species. Regions that are present in the mouse genome, and absent in most other
organisms suggest that they are not evolutionarily conserved, and thus, were deemed
nonessential to be able to serve as a suitable genomic location to incorporate the

remaining loxP site.

a)
Mammal Cons @ — .——.,__-__ I__T_L.._l_l_-_l_
=-3.3 _
Mc;uée CTCCGGAGGGGYGTTAARAARAARAARARARARRACCCTGCCAAGGGGTCCCCTT
Rat CTCCAGAGGGGY-—— == == == ——-AFCGACTGCCAAGGGGTCCCCTT
Human CTCTTGAGHGA AGARTTGCCAAGGGGTCCCCTE
Orangutan CTTTTGAGAGH SAATTGCCAAGGGGTCCCCTC
Dog CTCCCCAGGG— CRGGETTGCCCAGGGGTCCCGCT
Horse CTCTCCAGAGAR-—————————=——— ARRATATT TCCAAGGGGTCGCCTT
opossum TTCTTAAGATAR-—————=—=—=———— AARRATC TGGCCATGTGGGTTCCTE
Chicken CCTGTCGGGGG(Q-—————-——--GACGGARf=====================
Stickleback
b)

Mammal Cons g - -_._..__-J___._.___— — AN

-3.3

Mduée AGGACACTCTGGAATCCCAGTYGTTTTCAGGAACCCCABAARCTTTTC
Rat AGGACACTCTGCAATCCCAGCRGTTTTCAGGAT TCCCABAACTTTTC

Human AGGAGAGTGTGAARACACGAATRG ———— === === === — GHEATTTCTTT
Oranoutan AGAAGAGTGTGAAACACAGATRG -~ ———————————— GHATTTCTTT
Dog AGGACAGTCTGARACACTAATE T ——— == - e e ch-ATTTTTT
Horse AGGACAACCTGARACACTAATET HTTTTTTTT
Opossum = == = ==

Chicken =
Stickleback

Figure 11: Non-conserved regions of 7cf7

Regions of low conservation across various species (outlined in red) were considered to
be good candidate sites for loxP integration following Cre-mediated excision of the
neomycin cassette after successful homologous recombination. (a) FL-Tcfl; (b) DN-
Tcfl. Figure adapted from the UCSC Genome Bioinformatics Database'>’.
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2. Validation of proper homologous recombination and successful endogenous
genome modification via PCR

The short arms of homology used in the TALEN-compatible targeting vectors permitted
the rapid screening of mESC clones by PCR analyses, which allowed for the isolation of
those that had undergone proper HR (Figures 12-15). Briefly, for the 3’ arm of homology
(i.e. 3’HA), a sense primer located within the neomycin cassette used in combination
with an antisense primer located beyond the region of homology was used to discern
between wild-type and targeted alleles. For the 5° end of the targeted gene (i.e. 5’HA), a
sense primer located outside the region of homology together with an antisense primer
located within the neomycin cassette was used to confirm proper recombination. While a
working PCR-based screen was established for both homology arms in the DN targeting
experiment, only the 3’HA screen was successfully implemented in the FL tagging

experiment.
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Figure 12: PCR-based screen for successfully targeted 3XFLAG-FL-Tcfl

a) Schematic of a working 3’ homology arm PCR screen used to isolate targeted clones.
The expected band size using primers for 3’HA incorporation (pink) is indicated.
TALENs were co-transfected with the targeting vector. 60 neo-resistant colonies were
picked and screened. b) Groups of 4 colonies were pooled and screened for the presence
of the 3’HA. (c) The positive group (i.e. GC4) was subsequently screened for individual
positive colonies. A working 5’HA screen was not established. The efficiency of
targeting was approx. 3.3% (2/60 neo-resistant clones were positive for the 3’HA screen).
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Figure 13: PCR-based screen for successfully targeted mAG-FL-Tcfl

a) Schematic of a working 3° homology arm PCR screen used to isolate targeted clones.
The expected band size using primers for 3’HA incorporation (pink) is indicated.
TALENs were co-transfected with the targeting vector. 80 neo-resistant colonies were
picked and screened. b) Groups of 4 colonies were pooled and screened for the presence
of the 3’HA. (c¢) The positive groups were further screened for individual positive
colonies. A working 5’HA screen was not established. The efficiency of targeting was
approx. 26.3% (21/80 neo-resistant clones were positive for the 3’HA screen).
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Figure 14: PCR-based screen for successfully targeted 3XFLAG-DN-Tcfl

a) Schematic of 5’ and 3’ homology arm (HA) PCR screens used to isolate targeted
clones. Expected band sizes using primers for 5’HA incorporation (green) and 3’HA
incorporation (pink) are indicated. TALENs were co-transfected with the targeting
vector. Corresponding controls were transfected with the targeting vector and control
plasmids lacking the TALEN portion. 60 neo-resistant colonies were picked and
screened. b) Groups of 4 colonies were pooled and screened for the presence of the
3’HA. ¢) Positive 3’HA groups were subsequently screened as individual colonies. d)
Isolated clones that were positive for 3’HA integration were further screened for the
presence of the 5S’HA. The efficiency of targeting was 8.3% (5/60 neo-resistant clones
were positive in 5 and 3’ HA screens).

51



M.Sc. Thesis - S. Mahendram; McMaster University - Biochemistry & Biomedical Sciences

a) 2463 bp 1252 bp

b)

1.25 Kb ==p

c)

1.25 Kb ==p

d)

2.46 Kb ==p

Figure 15: PCR-based screen for successfully targeted mAG-DN-Tcfl

a) Schematic of 5’ and 3’ homology arm (HA) PCR screens used to isolate targeted
clones. Expected band sizes using primers for 5’HA incorporation (green) and 3’HA
incorporation (pink) are indicated. TALENs were co-transfected with the targeting
vector. Corresponding controls were transfected with the targeting vector and control
plasmids lacking the TALEN portion. 80 neo-resistant colonies were picked and
screened. b) Groups of 4 colonies were pooled and screened for the presence of the
3’HA. ¢) Positive 3’HA groups were subsequently screened as individual colonies. d)
Isolated clones that were positive for 3’HA integration were further screened for the
presence of the 5’HA. The efficiency of targeting was 10% (6/60 neo-resistant clones
were positive in 5 and 3’ HA screens).
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3. Detection of endogenous protein expression of epitope-tagged Tcfl isoforms

Once potentially targeted clones that were positive based on PCR analysis were isolated,
they were further screened for the presence of 3XFLAG via western blotting. Promising
clones that were positive for the 5S’HA (DN-Tcfl only), 3’HA, and 3XFLAG were
subsequently sub-cloned following a transient transfection of a pCX-Cre-Puro in order to
excise the loxP-flanked neomycin cassette. Colonies were picked and replica-plated in
two separate 96-well plates with one containing standard mESC media and the other
containing mESC media with 250 pg/mL G418. Clones that did not survive in G418 were
indicative of having undergone successful excision of the neomycin cassette. The
excision was extremely efficient, as more than 80% of clones underwent the removal of
the neomycin cassette in both the FL- and DN-Tcfl1 targeting experiments. Specifically,
at least 25/30 3XFLAG-FL-Tcfl clones underwent excision, while at least 24/30 clones

were successfully excised in the DN-Tcf1 experiments.

Western blot analysis using an a-3XFLAG antibody of neomycin-excised clones revealed
an additional band at approximately 65 kDa in FL-Tcf1 clones A3 and D3, which was not
observed in any of the DN-Tcfl clones (Figure 16). Furthermore, it appears as though a
null mutant was unintentionally generated in DN-Tcf1 clone C5A, as it was missing the

prominent 47kDa band and was not detected by the a-3XFLAG antibody.
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Figure 16: Protein expression levels of endogenous 3XFLAG-tagged Tcfl isoforms

Both FL-Tcfl and DN-Tcfl protein expression was observed at readily detectable levels
from whole cell lysates. Note that the DN-Tcfl clones designated here may include the
FL variant with an embedded 3XFLAG (FL-Tcfemb). The band sizes detected with the
a-3XFLAG antibody (a) closely resembled those seen with the a-Tcfl antibody (b). An
additional band at ~65 kDa was detected in the 3XFLAG-FL-Tcfl clones. Clone C5A

— G G T —

o-3XFLAG

o-GAPDH

o-Tcf1 (all)

o-GAPDH

appears to be a null mutant. Non-specific binding is designated by an asterisk.

Similarly, whole cell extracts of mAG-FL-Tcfl clones that were positive for the 3’HA
were used to screen via western blot analysis to observe for the presence of a supershifted
band compared to a wild-type control. Indeed, 4 out of 9 clones screened displayed the

expected banding pattern (Figure 17). Specifically, an additional band that had migrated
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at approximately 75 kDa was detected in clones H2, E4, H4, and CS5 but not in the wild-

type control.
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Figure 17: Screen for protein expression for successfully targeted mAG-FL-Tcf1
Several clones that were positive for the 3’HA screen via PCR were lysed and harvested
for western blot analysis. A supershifted band at ~75 kDa indicates the presence of mAG
tagged FL-Tcf1. Putative correctly targeted clones are designated by an asterisk.

4. Disruption of alternative promoter fails to detect 3XFLAG-DN-Tcf1l

Due to the presence of alternative splicing and a second promoter in exon 3 of m7cf7, the
targeted DN-Tcfl clones resulted in the generation of a FL variant of Tcfl with an
embedded 3XFLAG tag (here on, referred to as FL-Tcflemb) at the 5° end of exon 3 in
addition to generating an N-terminally tagged DN-Tcfl (Figure 18a). In an attempt to
circumvent this and to eliminate the FL-Tcflemb variant, the DN-Tcf1 targeting vector
was modified to include an insertion mutation within the untranslated region of the DN
variant (Figure 18b). The insertion of a nucleotide should cause a frame-shift mutation in
the FL variant leading to its nonsense-mediated decay, while at the same time retaining

the original and unaltered open reading frame driven by the alternative promoter, to give

rise to clones exclusively expressing N-terminally tagged 3XFLAG-DN-Tcfl. However,
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western blot analysis on isolated clones revealed an absence of bands following a 3-day

EB assay (Figure 18c¢).
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Figure 18: Unsuccessful detection of 3XFLAG-DN-Tcfl following insertion

mutation

a) Schematic representation of alternative splicing and dual promoter usage in m7cf7
illustrates two possible 3XFLAG-tagged variants that may arise from targeting DN-Tcf1.
b) A modified targeting vector containing an additional cytosine in the untranslated
region of DN-Tcfl was co-transfected with TALEN monomers in an attempt to disrupt
the open reading frame of FL-Tcfl and to retain that of DN-Tcfl. ¢) Western blot
analysis on two isolated clones grown for 3 days in EB media (-LIF, 5% FBS) indicated
that the modified strategy yielded no detectable 3XFLAG-DN-Tcfl under the conditions

tested.

56



M.Sc. Thesis - S. Mahendram; McMaster University - Biochemistry & Biomedical Sciences

5. 3XFLAG-FL-Tecf1 exhibits nuclear localization in differentiating mESCs

In order to determine the intracellular localization of FL-Tcfl clones,
immunofluorescence analysis was carried out for 3XFLAG. Full-length clones A3 and
D3 were stained for 3XFLAG and Nanog following 2.5 days in EB media (i.e. -LIF, 5%
FBS) (Figure 19). As expected, the presence of 3XFLAG-FL-Tcfl began to appear on
day 2.5 in the nuclear fraction of cells and displayed heterogeneity in its expression.
Interestingly, in some cells there appeared to be an inverse relationship between FL-Tcf1l
and Nanog expression. In particular, mESCs that display a relatively high level of Nanog
expression, also exhibit a low expression of 3XFLAG-FL-Tcfl. Although this pattern did
not hold for all cells, it calls into question the role of FL-Tcfl in positively regulating
Nanog levels, which would be expected from the Tcf3/Tcfl switch model.

WT-E14Tg2a FL-Tcf1 cl. A3 FL-Tcf1 cl. D3

Nanog DAPI

3XFLAG

Figure 19: Immunofluorescence staining of 3XFLAG-FL-Tcfl clones indicates
nuclear localization and heterogeneity within cell populations.

Cells were maintained in EB media (-LIF, 5% FBS) for 2.5 days prior to staining with
DAPI (nucleus), a-Nanog, and a-3XFLAG (FL-Tcf1l). Cells stained at day 0 had been
maintained in standard mESC conditions (LIF, 15% FBS) for at least 24 hours. Arrows
indicate an inverse relationship between 3XFLAG-FL-Tcf1 and Nanog expression.
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CHAPTER 4
DISCUSSION

1. Summary of findings

In this thesis, we establish a working tool to help assess the roles of FL and DN-Tcf1 in
mESC self-renewal and differentiation. First, targeting vectors were successfully
designed to act as a template for HR-directed repair in order to incorporate either a
3XFLAG or mAG tag at the N-terminus of FL- and DN-Tcfl variants. In addition,
TALEN pairs were strategically engineered so that they would only cause a DSB in the
endogenous m7cf7 locus while leaving the co-transfected donor vector uncleaved
(Figures 9, 10). By capitalizing on the relatively short arms of homology (compared to
conventional methods) at the 5’ and 3’ end of the targeting vector, correct HR and
endogenous genome modification were validated using simple PCR-based screens

(Figures 12-15).

Furthermore, the protein expression of 3XFLAG-FL-Tcfl and 3XFLAG-DN-Tcfl were
observed at readily detectable levels and were somewhat comparable to wild-type
controls based on the o-Tcfl commercial antibody (Figure 16b). Interestingly, the
presence of a ~65 kDa band was observed in the FL but not in the DN clones, suggesting
that this additional band could actually be one of the FL-Tcfl variants that does not co-
migrate with a DN-Tcfl isoform (Figure 16a). In addition, the higher band of the
prominent doublet at ~47 kDa was also present in only the FL-Tcfl clones. Based on
these observations, it appears as though the major band at 47 kDa not only corresponds to

FL-Tcfl, but to a DN variant that co-migrates with it. Najdi and colleagues (2009) made
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a similar observation in normal colon and colon cancer cells, wherein it is possible that a
FL-Tcf1 variant with a B tail has the same molecular weight (predicted to be 48 kDa) as a
DN-Tcfl isoform with an E tail”®. However, it is important to recognize that the
3XFLAG-DN-Tcfl may actually be a variant of FL-Tcfl with an embedded 3XFLAG,
which may contribute to the ambiguity of the identity of specific bands observed on a

western blot.

Due to the possibility that the DN targeting strategy may have resulted in the
unintentional generation of the FL-Tcflemb variant, only the mAG experiment for the
FL-Tcf1 strategy was carried forward to western blot analysis (Figure 17). Not only did
the potentially positive clones for N-terminally-fused mAG protein display an additional
band at ~75 kDa, but their overall protein expression for each Tcfl band was
approximately half as intense as the wild-type control sample. This observation suggests
that the predicted positive clones are heterozygotes exhibiting successful targeting on one

allele only.

The 3XFLAG-FL-Tcfl clones A3 and D3 displayed nuclear subcellular localization in
differentiating mESCs (Figure 19). In addition to the apparent heterogeneous expression
observed, there appeared to be an inverse relationship in some cases between 3XFLAG-
FL-Tcfl expression compared to that of Nanog after 2.5 days in culture conditions that
were conducive to differentiation. While it has been previously reported that Nanog gene
transcription is repressed by Tcf3 in mESCs, this observation may be the first to suggest
the existence of a regulatory mechanism between Nanog and FL-Tcfl protein

.82
expression .
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2. Future Directions

While a working 5’HA and 3’HA screen was established for the DN-Tcfl targeting
strategy, a 5’HA screen could not be implemented for the FL-Tcf1 targeting scheme. This
is perhaps due to the observation that the region upstream of the 5’HA of FL-Tcfl is
highly GC-rich. In fact, the first 400 nucleotides upstream of the 5’HA contain a GC
content of over 63%. GC-rich DNA sequences are extremely stable because of triple
hydrogen bonding (as opposed to two hydrogen bonds in AT interactions) and stabilizing
secondary structures. As a result, GC-rich DNA sequences are tightly associated as
duplex DNA strands, which make it difficult for polymerases to amplify such regions of
the genome. Incidentally, all targeting experiments with the FL-Tcfl1 targeting constructs
have given rise to bands on FLAG western blots with identical apparent molecular
masses, which would not be expected if the fusion products being detected were merely
artifacts of random targeting vector integration. To ensure that our clones are not
reflective of random integration events, multiple clones that are positive for the 3’HA
screen and 3XFLAG/mAG should be screened using Southern blotting with probes
directed against the neomycin cassette. It is also likely possible to optimize a 5’HA
screen with primers that are located further away from the GC-rich region combined with

new PCR reagents that have been developed for difficult GC-rich templates.

Although the bands detected by the a-3XFLAG antibody shed some light on the identity
of the Tcfl isoforms that contain the first coding exon of the m7cf7 locus, it may be
helpful to re-target the endogenous mTcf7 locus with a targeting vector that would

incorporate a C-terminal epitope tag. For instance, either the end of the B tail or E tail
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could be tagged with a 3XFLAG epitope. The results obtained from this strategy together
with those observed during the course of this thesis might provide a more accurate
prediction with regard to the identity of bands observed using a commercially available

antibody.

As generating an insertion mutation upstream of the translational start site of DN-Tcf1l
disrupted detection of any 3XFLAG-tagged isoform (Figure 18), an alternative strategy
should be carried out. Perhaps the insertion mutation modified the alternative promoter in
such a way that it led to the altering of mRNA hairpin structures which may be required
for translation initiation. Alternatively, it is possible that there really is an absence of DN-
Tcfl expression in mESCs under these conditions. Recently, Kim and colleagues (2013)
developed a reporter system (MACS Reporter System) to enrich for cells that have
undergone engineered nuclease-induced mutations'>*. The group showed that cells that
have taken up the reporter plasmid containing desired TALEN binding sites will express
GFP only if successful cleavage occurs. This is due to the fact that the sequence for GFP,
located downstream of the TALEN binding sites, is out-of-frame in the absence of
engineered nucleases. If a DSB is induced by a set of TALENS, the cell will resort to
NHE]J to repair the break. This repair process however, is highly inaccurate and imprecise
as it will likely result in a frame-shift mutation that will place the GFP sequence in frame
and thus allow the cell to fluoresce green. Therefore, using the established 3XFLAG-FL-
Tcflemb cell lines, a second TALEN pair specific for m7cf7 exon 1 will induce a DSB to
stimulate the cell to initiate NHEJ. In the absence of a targeting vector, this error-prone

repair mechanism will likely result in misjoining of severed DNA strands and result in
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premature termination of FL-Tcfl translation. Since the promoter region of the DN
variant will still be intact, it is expected that by selecting cells based on their expression
of GFP arising from the TALEN-cleaved and an improperly repaired surrogate MACs

reporter, the 3XFLAG-DN-Tcfl can be isolated.

Once the exclusive DN-Tcfl clones are isolated (i.e. without the embedded 3XFLAG
variant), protein expression levels for 3XFLAG and Tcfl should be assessed to observe
for any differences compared to current observations as seen in Figure 16. These clones
should also be stained for 3XFLAG as described in the immunofluorescence experiment

(Figure 10) and comparisons should be made to wild-type and FL-Tcfl1 clones.

Further characterization of epitope-tagged clones will also involve conducting
knockdown experiments using shRNA. shRNAs against Tcfl have previously been
shown to be effective, as Yi and colleagues (2011) used an shRNA against exon 8§ to
demonstrate that endogenous Tcfl stimulates Wnt target gene activation in a Tcf3-
independent manner®. In addition, we show here that an SIRNA against exon 7 reduces
Tcfl protein expression, as this was observed by the absence of all bands normally
detected in wild-type mESCs with commercially available antibodies (Figure 20).
Moreover, two different a-Tcfl antibodies were used for detecting knockdown: 1) a-Tcfl
(all) was produced by immunizing rabbits with a peptide corresponding to a region
surrounding Leul58 of human Tcfl, and should recognize all Tcfl isoforms; 2) a-Tefl (-
AN) should not detect DN variants, as it was generated by immunizing rabbits with a
peptide corresponding to a region surrounding Pro95 of human Tcfl which is found

within the N-terminal B-catenin binding domain. However, since both commercially
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available antibodies used for Tcfl seem to be no different from one another, isoform-
specific knockdown experiments against various exons should be carried out in order to

further help decipher the identity of bands observed.
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Figure 20: Stable knockdown of Tcfl protein expression in wild-type mESCs.
Knockdown of Tcfl was achieved by transfecting an SH construct against exon 7. Stable
cell lines were generated by linearizing the construct, selecting in puromycin, and
screening for knockdown via western blotting (SH cl. 1-3). A non-targeting control
construct was also used in a separate transfection (NegSH cl. 1-3). Knockdown was
detected using two different a-Tcfl antibodies: (a) recognizes all isoforms (b) does not
recognize dominant-negative variants.

It must also be verified that the 3XFLAG- and mAG-tagged Tcfl isoforms are
functionally equivalent to wild-type Tcfl variants and do not cause obvious effects on the

pluripotent nature of the mESCs. To test for alteration of mESC cell state following
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genome modification, pilot studies should be conducted to evaluate for defects in
pluripotency and differentiation. The transcript levels of several pluripotency and Wnt-
target genes should be analyzed in both targeted cell lines. Using qRT-PCR, the
expression of Nanog, Oct4, Sox2, axin2, brachyury, and cdx1 should be compared to that
of wild-type controls. In addition, protein expression levels of these markers should also
be carried out using western blot analysis. The changes in both transcript and protein
expression levels of the different Tcf/Lefs in the modified cell lines should then be

compared to those observed in wild-type mESCs following an EB assay (Figure 4).

In order study the roles of FL and DN isoforms of Tcfl in mESC biology, several assays
may be carried out. Using the endogenously engineered 3XFLAG tag of both FL-Tcfl
and DN-Tcfl, chromatin-immunoprecipitation (ChIP) studies should be performed to
determine the binding of these isoforms to promoters of Wnt target genes including
axin2, brachyury, and cdx1, as well as to the promoters of those genes that partake in
establishing pluripotency (i.e. Nanog, Oct4, and Sox2) in mESCs. Similarly, Tcfl-
interacting proteins can be identified by taking advantage of a powerful new technique
based on biotinylation. In brief, targeting vectors are generated to contain an N-terminal
fusion of Tcfl with the promiscuous E. coli biotin ligase BirA*. Facilitated by TALEN-
mediated HR, cells expressing the BirA*-Tcfl fusion protein are supplemented with
biotin, which stimulates BirA* to biotinylate proximal and interacting proteins. The
biotinylated proteins may then be purified using affinity purification columns following
cell lysis, after which the identity of the purified proteins can be discerned by mass

spectrometry. Both ChIP and Co-IP assays should be conducted using mESCs cultured in
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different culture conditions: (1) standard mESC media (15% FBS, +LIF), (2) mESC
media supplemented with CHIR99021, to allow for accumulation of B-catenin, and (3)
EB media (-LIF, 5% FBS), to observe for differences between FL- and DN-Tcfl

isoforms during differentiation.

Lastly, the potentially positive mAG-FL-Tcfl clones gleaned from Figure 17 must be
transiently transfected with Cre recombinase in order to excise the existing neomycin
cassette. Once the mAG-DN-Tcfl have also been generated, both cell lines can be used to
study the subcellular localizations of both Tcfl isoforms during the course of early
differentiation using live cell imaging approaches. Furthermore, the established cell lines
may then be used to sort heterogeneous populations based on fluorescence intensity. It
will be extremely informative to correlate the retention/loss of pluripotency markers with

the expression of the specific isoforms of Tcfl.

3. Conclusions

The advent of TALEN technology not only has shown to be effective in generating
mouse models of human disease, but it also shows promise as an emerging tool for gene
correction studies in clinical trials. The aforementioned experiments and results presented
in this thesis provide an extremely useful tool for studying the expression profiles of FL-
and DN-Tcfl isoforms over the course of early development and their role in maintaining
pluripotency in mESCs. Upon further characterization of the established cell lines, the
specifics behind the proposed Tcf3-Tcfl switch mechanism may also be delineated. Not
only will the methods described here be applicable to Tcfl, but will also increase our

understanding of how the other Tcf/Lef transcription factors cooperate in regulating stem
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cell self-renewal and differentiation. Due to the varying sensitivities of currently
available antibodies, it is difficult to determine the relative expression profiles of the
Tct/Lefs. Thus, the model systems that have been generated along with similar epitope-
tagging approaches for the other factors will allow for a more realistic cross-examination

of their roles in ESC biology.
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