DEFINING MECHANISMS UNDERLYING CONTEXT-SPECIFIC

TCF/LEF DEPLOYMENT AT TARGET GENES



DEFINING MECHANISMS UNDERLYING CONTEXT-SPECIFIC

TCF/LEF DEPLOYMENT AT TARGET GENES

by
VICTOR GORDON

BSc Life Sciences, McMaster, 2013

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of the

Requirements for the Degree Doctor of Philosophy



McMaster University © Copyright by Victor Gordon, August 2020
McMaster University DOCTOR OF PHILOSOPHY (2020)
Hamilton, Ontario (Biochemistry and Biomedical Sciences)

TITLE: Defining mechanisms underlying context-specific TCF/LEF deployment at target

genes
AUTHOR: Victor Gordon, BSc (McMaster University)
SUPERVISOR: Bradley Doble, PhD

NUMBER OF PAGES: xxiv, 209



LAY ABSTRACT

Throughout development and adult life cells are in constant communication, using a
variety of cell signaling pathways to maintain adult stem cell populations and to pattern
tissues throughout the body. Communication between cells often requires one cell to
release a protein molecule (called a ligand) that is recognized by a receptor molecule on
the surface of another cell. These cell surface receptors, when bound by the signaling
ligand become activated and often set of a cascade of internal cellular events that
ultimately result in changes in gene transcription in the nucleus. These transcriptional
changes are toggled by proteins known as sequence-specific transcription factors that
are able to selectively regulate expression of target genes. The net effect of combinations
of extracellular ligands binding cell surface receptors determines the selective recruitment
of specific transcription factors that activate a cell’s transcriptional program, in turn

defining its fate and function.

A very important developmental signaling pathway is the Wnt signaling pathway, which
employs a family of secreted Wnt molecules as ligands. The Wnt pathway is critical at all
stages of organismal development and plays an essential role in tissue maintenance in
mature animals. However, due to its critical role in stem cell maintenance, when mutations
occur in Wnt signaling components it can have dire consequences. Wnt signaling has
been found to be disrupted in more than 70-80% of all cancers. One major feature among
these Wnhnt-related cancers is the inappropriate expression and mobilization of Wnt
transcription factors. While the expression and activity of Wnt transcription factors —

known as T-Cell Factor/Lymphoid Enhancer Factors (TCF/LEFs) — changes throughout



development and stem cell maintenance, their inappropriate expression is frequently

associated with metastasis and poor patient outcomes.

We have used mouse embryonic stem cells (NESCs) as a model system with which to
study the mechanisms employed by TCF/LEFs to regulate their target genes. Through a
number of approaches, which include adding fluorescent tags to TCF/LEF factors to track
their intercellular locations and expression levels or enzymatic tags to identify proteins
that interact with individual TCF/LEFs during a snapshot of cell activity, we have gained
new knowledge about how these critical transcription factors regulate Wnt-regulated
transcriptional programs. We also describe a method for generating micropatterned
growth surfaces for mESCs that forces clusters of cells to grow within small circular
shapes with a diameter of 1 mm or less. We show that mESCs confined to circular
micropatterns differentiate in a highly reproducible manner that allows us to study the cell
populations undergoing differentiation with a focus on cell fate determination

mechanisms.



ABSTRACT

The canonical Wnt/B-catenin signaling pathway is essential for the proper regulation of
cell-fate decisions throughout embryogenesis and in adult issues. Activation of the Wnt
signaling pathway allows for nuclear localization of the cell adhesion protein 3-catenin,
which then interacts primarily with members of the T-Cell Factor/Lymphoid Enhancer
Factor (TCF/LEF) transcription factor family to modulate gene activity. The TCF/LEF
family includes TCF7, TCF7L1, TCF7L2, and LEF1. While all four family members share
a common DNA binding consensus sequence, their expression throughout
embryogenesis and adult stem cell populations is unique, with their misexpression
commonly occurring in Wnt related cancers and correlating strongly with metastasis and

poor patient outcomes.

TCF/LEF exchange at target gene loci is a key feature of mediating context-specific
cellular responses to Wnt signaling and can be observed to occur in a variety of
populations throughout development and in adult stem cell populations. To model
TCF/LEF exchange in vitro we have optimized a micropatterning fabrication and culture
protocol capable of identifying and isolating discrete LEF1-only and TCF7L1-only
populations during gastrulation-like processes. To characterize how complements of
TCF/LEFs change during cellular divisions we have developed a novel mitotic chromatin
proteomic technique. This method identifies LEF1 as the only TCF/LEF to remain
associated with mitotic chromatin in Wnt-activated conditions in mouse embryonic stem
cells that are transitioning out of pluripotency as a consequence of removing leukemia
inhibitory factor from their culture medium. Additionally, gene targeting techniques were

used to label endogenous LEF1 and TCF7L1 with different fluorescent proteins in a single



mouse embryonic stem cell line, allowing us to use TCF/LEF protein expression as a
reporter of Wnt/B-catenin pathway status, which we found to be capable of identifying a
unique set of compounds that are undetected by traditional Wnt activity (TOP-Flash)

reporter screens.

By using gene editing technology, and novel applications of proteomic and cell culture
techniques, we have been able to investigate the mechanisms driving TCF/LEF
expression and exchange in mouse embryonic stem cells to identify potentially clinically
relevant therapeutic targets for their potential use in addressing TCF/LEF dysregulation
in cancer. We have identified a novel mechanism through which TCF/LEFs maintain cell
fate over cellular division; presented a novel live-cell drug screening platform capable of
identifying compounds missed by existing platforms; and presented an optimized cell
culture technique for the isolation of TCF/LEF exchange events. Taken together, the work
in this thesis provides new insights into the mechanisms through which TCF/LEFs

regulate their gene targets during cell fate transitions and throughout mitosis.
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CHAPTER 1. INTRODUCTION

1.1. WNT/B-CATENIN PATHWAY

The Wnt signaling pathway serves a multitude of critical functions throughout embryonic
development, oncogenesis, and adult stem cell maintenance (Kemp et al., 2005; Merrill
etal., 2001; Tortelote et al., 2013). The best characterized Wnt signaling cascade, is often
referred to as the canonical Wnt pathway, but we will use the more informative and

preferred “Wnt/B-catenin pathway” designation (Fig. 1).
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Figure 1. Wnt/B-catenin sighaling

In the absence of Wnt-activated receptors, B-catenin is targeted for degradation by a
destruction complex. Wnt binding to cognate receptors results in destruction complex
inactivation, which allows B-catenin to accumulate and enter the nucleus where it
interacts with TCF/LEF transcription factors to activate target gene transcription.
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It relies upon the stabilization of the protein B-catenin (Fagotto, 2013; Kemp et al., 2005).
In epithelial cells, the majority of B-catenin resides at the inner surface of the cell
membrane, associated with the cell-cell adhesion protein epithelial cadherin (E-cadherin)
(Heuberger and Birchmeier, 2010). However, a small portion of total 3-catenin resides in
the cytosol, and this is the fraction of B-catenin that is regulated by Wnt/B-catenin

signaling.

In the absence of a Wnt signal, cytosolic 3-catenin is bound and targeted for degradation
by a destruction complex composed minimally of adenomatous polyposis coli (APC),
disheveled (Dvl), B-TrCP, and glycogen synthase kinase-3a/B (GSK-3a/), bound to the
scaffolding protein Axin (Huang et al., 2009; Kunttas-Tatli et al., 2012). In the presence
of a Wnt signal, extracellular Wnt ligand is bound by transmembrane Frizzled (Fz)
receptors, which then bind low-density lipoprotein 5/6 (LRP5/6) transmembrane receptors
(Bhanot et al., 1996; Tamai et al., 2000). The now-colocalized intracellular domains of Fz
and LRP5/6 form the Fz-Wnt-LRP5/6 complex, which interacts with the destruction
complex to facilitate the dissociation of B-TrCP, preventing phosphorylation,
polyubiquitination and degradation of B-catenin (Brocardo et al., 2005; Kunttas-Tatli et al.,
2012). Active cytosolic B-catenin accumulates and then enters the nucleus (Brocardo et

al., 2005).

Upon nuclear entry, B-catenin interacts with a wide array of transcriptional cofactors,
including transcription factor-7 (TCF7), transcription factor 7-like 1 (TCF7L), transcription
factor 7-like 2 (TCF7L2), and lymphoid enhancer-binding factor-1 (LEF1) of the TCF/LEF
family of high mobility group (HMG) transcription factors (Graham et al., 2000). B-catenin

interacts with TCF/LEFs through their highly conserved N-terminal B-catenin binding
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domains (BBD) (Fig. 2), which bind the central Armadillo repeat array (ARM) of 3-catenin
(Graham et al., 2000). While all four members of the TCF/LEF family share a common
DNA binding consensus sequence and possess some redundant functions, they each
possess unique non-redundant functions. These unique functions are required for the
maintenance of specific stem cell populations, the formation of entire organs, and

successful gastrulation.
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Figure 2. TCF/LEF binding to DNA can induce long-range enhancer
interactions.

A) Crystal structure of LEF1 HMG domain (purple) bound to WRE, inducing a bend of
roughly 90° in bound double stranded DNA (Love et al., 1995). B) Cartoon depiction of
TCF/LEF binding a WRE to kink bound DNA and facilitate the interaction of two distant
enhancer elements (yellow) to increase gene expression.
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The common DNA binding consensus sequence shared by all four TCF/LEF family
members (5 — G/ICCTTTGATG/C — 3’) is a product of their highly conserved HMG DNA-

binding domain (Fig. 2) (Van De Wetering et al., 1997; Waterman et al., 1991).

This HMG group DNA binding domain recognizes its consensus motif in the minor groove
of the DNA helix, forcing a bend in the helix of 90° — 127° (Fig. 2A), and is followed by a
“basic tail motif” of nine residues carboxy terminal to the HMG (Giese et al., 1995; Love
et al., 1995). While the bend introduced by HMG binding has been shown to play a role
in looping distant enhancers (Fig. 2B), the basic tail enhances DNA binding affinity
through contact with the positively charged DNA backbone and serves as a strong nuclear

localization signal (NLS) (Giese et al., 1991; Prieve et al., 1998; Yochum et al., 2010).

The DNA binding ability of TCF7L2 and TCF?7 is further modified by a domain known as
the “C clamp” (Atcha et al., 2007a). This domain is also carboxy terminal to the HMG
domain and confers specificity for a secondary GC-rich sequence known as a “helper
site” (Chang et al., 2008). The C-clamp domain does not affect WRE binding directly, but
increases TCF7/TCF7L2 binding at WREs that possess an adjacent “helper site” (Atcha
et al., 2007a) . While this site can facilitate specific TCF/LEF recruitment, genome-wide
ChIP studies for TCF7L2 have shown that helper sites are only enriched in a subset of
targets (Hatzis et al., 2008). In the absence of nuclear B-catenin, TCF/LEFs function
primarily as repressors, through association with several corepressors such as myeloid
translocation gene related-1 (Mtgrl), corepressor of Pan (Coop), and hydrogen peroxide-
induced clone 5 (HIC5) (Ghogomu et al., 2006a; Moore et al., 2008; Song et al., 2010).
However, the most well studied of these corepressors are members of the

Groucho/Transducin-like enhancer of split (Gro/TLE) repressor family. Members of the
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Groucho/TLE family bind TCF/LEFs within their central context regulatory domain (CRD)
and HMG domains, disrupting coactivator recruitment and suppressing downstream
genes (Daniels and Weis, 2005). Motifs similar to the one in LEFL1 identified to be required
for TLE1 binding were also found in the other TCFs (Arce et al., 2009). Additionally, the
CRD of LEF1 and TCF7 have been shown to mediate the recruitment of co-activators
from the AP1 transcription factor family that allow for their B-catenin-independent
activation of target genes (Sprowl and Waterman, 2013). However, despite their common
structure and points of regulation, TCF/LEFs are found to be uniquely expressed
throughout Wnt-active tissues during development and postnatal life. The mechanisms
driving TCF/LEF selection and exchange are very poorly understood but have been

shown to be critical in defining how cells respond to Wnt/B-catenin activation.

1.2. TCF/LEF ISOFORMS

Despite their common structure and points of regulation, TCF/LEFs have unique
interaction partners which shape how they influence Wnt target gene expression.
Additionally, TCF/LEFs are found to be uniquely expressed throughout Wnt-active tissues
during development and postnatal life, with multiple isoforms having been identified for
all factors other than TCF7L1, which has no identified alternative splice variants (Cadigan
and Waterman, 2012; Hrckulak et al., 2016). These isoforms discretely modify TCF/LEF
function and can greatly affect how they associate with and regulate Wnt target genes
(Fig. 3). N-terminally truncated TCF/LEF isoforms lacking the B-catenin binding domain
occur naturally, and have been shown to function as dominant-negative inhibitors of Wnt
signaling activity (Hovanes et al., 2001a; Li et al., 2006; Najdi et al., 2009). Additionally,

the C-tail is quite variable among TCF/LEF splice isoforms. This region can exist as one
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of two broad classes, the ‘B’ tail which is short and has no well-defined function (Arce et
al., 2006), and the longer ‘E’ tail which has unique interaction domains and is not found
in Lefl. The E-tail harbours C-terminal binding protein (CtBP) binding sites and C-clamp
activity in certain isoforms. TCF7L1 and certain TCF7L2 isoforms possess a CtBP binding
sequence in their C-tail domain, which has been shown to act as a co-activator or co-
repressor, critically altering their regulation of Wnt targets in different cellular contexts
(Patel et al., 2014; Valenta et al., 2003). The C-clamp is a region found in E-tail isoforms
of TCF7 and TCF7L2 which does not alter affinity for standard WRESs, but allows the
binding of GC-rich “Helper” sites upstream and downstream of the bound WRE (Atcha et
al., 2007b; Hoverter et al., 2012; Hoverter et al., 2014). The presence of a C-clamp
expands the transcriptome of Tcf7 and TCF7L2, allowing them to regulate critical growth-
related genes that cannot be bound efficiently by C-clamp-lacking isoforms (Atcha et al.,
2007b; Hoverter et al., 2012; Hoverter et al., 2014). Finally, the Lefl N-tail and B-tall
isoforms are defined by the inclusion or exclusion of exon 11, respectively (K. Hovanes,
2000; Willinger et al.,, 2006). While the CRD generally mediates interaction with co-
regulators such as TLEs, it can be alternatively spliced to modify these interactions. All
TCF/LEFs possess an alternative exon within their CRD domain, while TCF7L1 and
TCF7L2 have this exon flanked by alternative splice sites, allowing the alternative exon
to be flanked by short LPVQ and SxxSS amino-acid motifs. The activity of these
alternative exons is not well defined but appears to recruit co-repressors in LEF1
(Ghogomu et al., 2006b). The flanking motifs have been shown to recruit co-repressors

in Xenopus (Gradl et al., 2002).
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Figure 3. Schematic representation of splice diversity among TCF/LEF family
members.

A typical full-length isoform is depicted possessing an N-terminal B-catenin binding
domain (orange, BBD), context-dependent regulatory domain (CRD), high mobility
group DNA binding domain (HMG), nuclear localization signal (dark blue, NLS), and
C-tail (light blue). Isoforms for individual TCF/LEFs depict the presence of a variable
CRD exon (purple), with additional flanking motifs (dark purple), and C-tail domain
variants for all family members except TCF7L1.
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1.3. B-CATENIN-INDEPENDENT WNT SIGNALING

While Wnt ligands can vary greatly in overall structure, their functions can be broadly
grouped as B-catenin dependent or independent. B-catenin independent pathways are
frequently referred to as “noncanonical” Wnt signaling pathways. Wnt ligands stimulating
these pathways were initially identified by their ability to oppose canonical Wnt function
or to affect calcium signaling in developing Xenopus embryos (Kohn and Moon, 2005).
These Wnt ligands still bind Frizzled receptors, but they do not recruit canonical Wnt co-
receptors, affect destruction complex stability, or modulate TCF/LEF transcriptional
activity (Butler and Wallingford, 2017; Kohn and Moon, 2005). These [(-catenin
independent pathways are poorly defined due to their overlap with other signaling
pathways but can be separated into three general groups: Wnt/Calcium signaling,

Fzd/GPCR signaling, and the planar cell polarity (PCP) pathway.

The Wnt/calcium pathway is induced by specific Wnt and Frizzled homologs activating
calcium/calmodulin-dependent kinase Il (CamKII) and protein kinase C (PKC). Wnt5 and
Wwntll are well-known B-catenin-independent Wnt ligands that signal through the
Wnt/Calcium pathway. As intracellular calcium release is required for body plan
specification, the loss of either Wntl1l or Wnt5 function promotes hyperdorsalization of
Xenopus or Zebrafish embryos, respectively (Kuhl et al., 2000; Westfall et al., 2003). In
Wnt5 loss-of-function zebrafish, this phenotype can be partially rescued by expressing
constitutively active CamKIll, demonstrating its functional interaction with CamKIl and its
ability to oppose Wnt/B-catenin signaling. Additionally, Frizzled receptors are seven pass

transmembrane proteins, and have been found to function as G-protein coupled receptors
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(GPCRs), further influencing the calcium pathway and broadening their role in both

canonical and non-canonical Wnt signaling (Slusarski et al., 1997).

The PCP pathway is critical for the organization of structures along the perpendicular axis
in the plane of flat epithelial cells (Butler and Wallingford, 2017). Defining polarity in this
plane is critical for the formation of various tissues, as it allows cells to define a “front”
and “back” relative to a signaling gradient. This mode of orientation is essential for the
intracellular distribution of signaling components and is essential for neural tube
formation. Noncanonical Wnts function by binding Fzd and recruiting a non-LRP cofactor
such as PTK7 or ROR2. The receptor complex then recruits Dsh and DAAM1, which
activates Rho or binds Racl. Activated Rho then activates ROCK, and Racl activates
JNK, which are both major mediators of cytoskeleton formation and restructuring. This
restructuring allows collective orientation cellular structures, such as actin-based hairs in
Drosophila wing cells, or organized cells in patterned tissues such as the neural tube.
Mutations in PCP genes are among the most frequently identified mutations in human
neural tube defects (NTDs). Robinow syndrome, which results in severe skeletal
dysplasia, short limbs, and craniofacial anomalies, has been attributed to mutations in
Wnt5a and its PCP co-receptor ROR2. In the context of cancer, mutations in PCP
receptors or Wnt ligands such as Wnt5a or Wntll are frequently associated with

increased cell migration, proliferation, and metastasis (VanderVorst et al., 2018).

1.4. THE ROLE OF WNT IN DEVELOPMENT
1.4.1. Wnt signaling and pluripotency

The maintenance of mouse embryonic stem cells (MESCS) in vitro requires the inhibition

of multiple developmentally relevant signaling pathways to maintain a state of “naive” pre-
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implantation pluripotency (Silva et al., 2008; Ying et al., 2008). mESCs are traditionally
maintained in serum-containing medium supplemented with LIF, which promotes a
pluripotent state capable of self-renewal through activation of JAK/STAT3 signaling, but
MESCs grown under these conditions are often heterogeneous and contain
spontaneously differentiating subpopulations (Cartwright et al.,, 2005). Partial
differentiation of pluripotent mMESCs was found to arise from auto-inductive FGF4
signaling mediated by the MAPK/ERK pathway, and the inclusion of the MEK inhibitor
PD0325091 was found to increase pluripotent mESC population homogeneity, but at the
expense of clonogenicity (Ying et al., 2008). The inclusion of the GSK-3 inhibitor
CHIR99021 (CHI), which acts as a Wnt mimetic, was found to not only rescue low
clonogenicity in LIF/PDO3 conditions, but also reduced apoptosis and enhanced
pluripotency (Ying et al.,, 2008). The use of these three compounds in serum-free
conditions was found to exhibit greatly increased pluripotent gene expression (Sim et al.,
2017). Further characterization of this serum-free N2B27 + CHI + PDO3 + LIF condition
(N2i + LIF) has revealed that the addition of any two of the three supplements to basal
medium can maintain pluripotent mESC self-renewal, though with slightly less efficiency

than complete N2i + LIF medium.

The unique pluripotent state of embryonic stem cells is controlled primarily by the three
transcription factors: Oct4, Sox2, and Nanog (OSN), that facilitate the expression of
genes required for pluripotency and self-renewal (Orkin et al., 2008). However, initial
characterization of Wnt regulation in pluripotency found that TCF7L1 is the most highly
expressed TCF/LEF factor in pluripotent mESCs and that it co-occupies promoters

throughout the genome in association with Oct4 and Nanog (Cole et al., 2008). While

10
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TCF7L1 was first thought to contribute to the regulation of these genes as both an
activator, in association with B-catenin, and repressor, in association with TLE, further
genetic characterization has provided strong evidence that TCF7L1 functions as a
negative regulator of pluripotent stem cell self-renewal (Martello et al., 2012; Pereira et
al., 2006; Sokol, 2011; Yi et al., 2011). Characterization of TCF/LEFs within the
pluripotent state revealed that TCF7L1 limits Nanog expression and promotes loss of self-
renewal, as the differentiation of TCF7L1KO cells in vitro was heavily delayed due to
excessive Nanog levels (Pereira et al., 2006). The ability of Wnt to contribute to
pluripotency, was later revealed to function primarily through its derepression of TCF7L1-
regulated genes (Shy et al., 2013; Wray et al., 2011). Upon Wnt stimulation, nuclear (3-
catenin was shown to inactivate TCF7L1 by removing it from DNA and inducing its
proteasomal degradation, therefore allowing OSN to maintain pluripotency-enhancing
gene expression (Shy et al., 2013). -catenin mediated degradation of TCF7L1 was found
to be sufficient for the maintenance of pluripotency, as AC-B-catenin lacking its
transactivation domain was capable of degrading TCF7L1 and sustaining pluripotency in
the presence of CHI, suggesting that Wnt contributes to pluripotency strictly through the
B-catenin mediated degradation of TCF7L1 (Wray et al., 2011). Furthermore, the deletion
of TCF7L1 phenocopies the deletion or inhibition of GSK-3, mimicking Wnt activation and
relieving repression of the core OSN network (Wray et al.,, 2011). Additionally, AN-
TCF7L1cells in which TCF7L1 can no longer bind B-catenin are insensitive to Wnt
stimulation, demonstrating that this function is B-catenin specific (Wu et al., 2012). Taken
together, these findings suggest that TCF7L1 functions as a repressor in the pluripotent

state, and that Wnt maintains pluripotency through the B-catenin mediated degradation

11



PhD Thesis — Victor Gordon McMaster University Biochemistry

of TCF7L1. Intriguingly, in the absence of the other TCF/LEF factors in genetically
engineered mMESCs, TCF7L1 appears to be capable of functioning as a transcriptional
activator, so one must be cautious in assuming that it is a truly obligate repressor during

preimplantation mouse development (Moreira et al., 2017).

1.4.2. Wnt signaling and Gastrulation

Pluripotent conditions and mechanisms for in vitro maintenance of mMESCs are reflective
of the inner cell mass and epiblast of the pre-implantation blastocyst, between days 3.5
to 4.5 (E3.5 — E4.5) of development (Davidson et al., 2015). Multiple Wnt ligands are
expressed, and Axin2 reporter activity can be observed throughout these populations,
which demonstrates a high degree of Wnt activity (ten Berge et al., 2011). However, this
Whnt activity is extinguished upon implantation of the embryo (ten Berge et al., 2011).
While cells of the post-implantation epiblast are still considered pluripotent, TCF7L1 is
broadly expressed and Wnt signaling is inactive as determined by Wnt reporters (Guo et
al., 2010; Hoffman et al., 2013; Merrill et al., 2004). However, as the developing embryo
begins to posteriorize, Wnt signaling is activated and TCF/LEF expression patterns begin
to change. Expression of Nodal throughout the epiblast at E5.5 promotes the expression
of the BMP4 within the superjacent extraembryonic ectoderm, which in turn promotes the
expression of Wnt3 within the proximal-posterior portion of the epiblast (Arnold and
Robertson, 2009). Within this proximal posterior region of Wnt3 expression, cells become
Whnt-active and gastrulation is initiated by E6.25. Epiblast cells beyond this Wnt-active
region retain TCF7L1 expression and commit towards ectodermal fates, while Wnt-active
cells lose TCF7L1 expression in favour of LEF1 expression (Merrill et al., 2004; Van

Genderen et al.,, 1994). These LEF1-positive cells then undergo epithelial to
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mesenchymal transition (EMT) and contribute towards the developing primitive streak
(PS) as they commit to a mesodermal fate (Fig. 4). At the conclusion of gastrulation by
E7.5, Wnt-inactive tissues within the anterior of the embryo exclusively express TCF7L1
and TCF7L2 in the anterior ectoderm and endoderm, respectively (Ah Cho and Dressler,
1998; Merrill et al., 2004). However, in posterior Wnt-active tissues TCF7 and LEF1 can
be found throughout mesodermal and ectodermal tissues (Mariétte Oosterwegel, 1993;
Van Genderen et al., 1994) (Fig. 4). The anterior localization of TCF7L1/TCF7L2 in Wnt-
inactive tissues, and posterior localization of LEF1/TCF7 throughout Wnt-active tissues
highlights their general roles of repressors and activators of Wnt, respectively. How Wnt
and TCF/LEF expression affects cell fate determination and commitment is exemplified

by knockout mouse models targeting these factors.

13
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Figure 4. TCF7Ll1land LEF1 expression throughout mouse gastrulation.
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Figure 4. (Continued)

A) By embryonic day 5.5 (E5.5) the epiblast (light blue) of the embryo has committed
towards an ectodermal fate, and broadly expresses TCF7L1(dark red). This population
is overlaid by a layer of cells known as the visceral endoderm (green). Proximal-distal
(P-D) asymmetry is established by the production of pro-Nodal (p-Nodal) by the
epiblast, which is converted into functional Nodal by the superjacent extraembryonic
ectoderm (ExE). This localized activation of Nodal patterns the subjacent embryo,
establishing an organizing population of cells within the visceral endoderm known as
the distal visceral endoderm (DVE). The DVE produces Wnt and BMP inhibitors,
restricting Nodal to the proximal half of the embryo. B) As development continues the
DVE migrates towards what will become the anterior face of the embryo by E6.5. At
this time, the EXE begins producing BMP4, which promotes expression of Wnt3 within
the subjacent epiblast. The presence of the DVE restricts Wnt3/BMP4/Nodal activity
towards the posterior half of the embryo, establishing Anterior-Posterior asymmetry
(A-P), which renames the DVE to anterior visceral endoderm (AVE). This process
initiates gastrulation in the proximal-posterior portion of the embryo, causing
ectodermal epiblast cells to undergo EMT and commit towards endodermal (light
green) and mesodermal (orange) fates as they contribute towards the developing
primitive streak (PS). Cells entering the PS rapidly lose TCF7L1(red) expression in
favour of LEF1 (green) expression. C) Upon completion of gastrulation the PS has
migrated distally and laterally across the embryo and established an organizing body
known as the node (purple) at the distal tip of the embryo. At this point LEF1 is
expressed broadly throughout Wnt-active posterior mesodermal lineages, while
TCF7L1is restricted to anterior Wnt-suppressing ectodermal fates. This A-P separation
of TCF7I1/LEF1 can even be observed in node cells.

1.4.3. Knockout Mouse Models

The functions of LEF1 and TCF7 are unique, yet partially redundant during early cell fate
commitment. While both TCF7 and LEF1 are strongly expressed throughout the posterior
mesoderm of the E7.5 mouse embryo, LEF1 expression is considerably higher, and
independent knockout mice for either TCF7 or LEF1 present unique phenotypes (Mariétte
Oosterwegel, 1993; Van Genderen et al., 1994). Mice lacking TCF7 specifically lack
CD4*/CD8* double-positive thymocytes, but are otherwise phenotypically normal
(Verbeek et al., 1995). In contrast to this specific loss of function, LEF1 knockout mice

exhibit disruption in the formation of several different organs and die roughly one week
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after birth (Van Genderen et al., 1994). LEF1 null mice are approximately 70% the size
of WT litter mates, fail to develop teeth, mammary glands, whiskers, and body hair, and
show an absence of the mesencephalic nucleus of the trigeminal nerve. Together, these
findings suggest that LEF1/TCF7 function may be partially redundant during gastrulation,
but they also highlight that LEF1 is essential for the proper maintenance of mesoderm-

derived cell populations.

The requirement of TCF7 and LEF1 for proper mesodermal commitment is highlighted by
the combined deletion of both LEF1 and TCF7. LEF17/TCF77 mice exhibit embryonic
lethality, with embryos failing to complete gastrulation successfully, resulting in neural
tube duplication, limb bud defects, and loss of mesodermal commitment (Galceran et al.,
1999). This outcome closely phenocopies Wnt3a” mice (Galceran et al., 1999; Takada
et al., 1994). During gastrulation, mesodermal cells exit the PS to contribute towards the
lateral, paraxial, and axial mesoderm. The paraxial mesoderm then segments axially into
somites that eventually form vertebrae later in development (White et al., 2003). In
LEF1//TCF7' mice, caudal somites, which would initially be formed by posterior paraxial
mesoderm, are specifically absent (Galceran et al., 1999). However, somite formation is
acutely impeded in LEF1-Bgal knock-in mice, where an in-frame B-galactosidase knock-
in replaces the HMG domain of LEF1 in both alleles (Galceran et al., 2004). Together
these findings highlight that while TCF7 alone can partially rescue the loss of LEF1,
allowing embryos to successfully gastrulate without the loss of critical cell lineages, LEF1

is required for the effective maintenance cell fates derived from the paraxial mesoderm.

The expression of TCF7L2 is dispensable during gastrulation but is required for the

maintenance of specific stem cell niches. While TCF7L2"- mice successfully complete

16



PhD Thesis — Victor Gordon McMaster University Biochemistry

gastrulation and appear phenotypically normal, they die shortly after birth (Korinek et al.,
1998). Histopathological analysis of developing TCF7L27 embryos revealed that while
proper intestinal epithelium is established by E14.5, no proliferative compartment was
maintained in the crypts of the intestinal epithelium (Korinek et al., 1998). These findings

demonstrate that TCF/LEFs can serve highly specific non-redundant functions.

In vivo, TCF7L1 is required for proper fate restriction during gastrulation, in a 3-catenin-
independent fashion, until E9.0. The loss of TCF7L1 has the strongest impact on early
development out of all single TCF/LEF knockout mice, resulting in embryonic lethality due
to disruption of gastrulation (Merrill et al., 2004). While TCF7117- mice initiate gastrulation
and undergo mesodermal commitment, they do so at the expense of ectoderm, resulting
in expanded mesoderm populations and duplication of axial mesodermal structures such
as the notochord (Merrill et al., 2004). Additional mesodermal structures, which were lost
in LEF17- or Wnt3a” mice (such as somites), were found to be duplicated (Takada et al.,
1994; Van Genderen et al., 1994). These findings are consistent with existing
observations of TCF7L1functioning as a repressor, as it appears to be required for the
restriction of Wnt-active regions during gastrulation. Additionally, this function appears to
be B-catenin independent in developmental models, due to compensatory pathways that
are absent in in vitro culture conditions. Mice homozygous for a TCF7L1mutant lacking
its N-terminal B-catenin binding domain (TCF7L12V2N) are capable of undergoing
gastrulation without any dysregulation, but are not viable due to defects arising after E9.0
(Wu et al., 2012). These findings are consistent with those observed in the pluripotent
state, where TCF7L1 is degraded upon interaction with B-catenin (Shy et al., 2013).

Taken together these findings also demonstrate that repressive TCFs, such as TCF7L1,
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may prime Wnt target genes for occupation and activation by “activating TCF/LEFs” and
that proper regulation and exchange of TCF/LEFs is essential for delimiting and regulating

populations of Wnt-active cells.

1.5. WNT-MEDIATED TRANSCRIPTIONAL REGULATION
1.5.1. Overview of transcriptional regulation in mammalian cells

Gene transcription is a highly ordered event regulated by the aggregation of several
protein complexes and defined by specific DNA and epigenetic features. Central to this
process is the recruitment and stabilization of RNA polymerase Il (RNAPII). However,
prior to RNAPII recruitment, genes must be epigenetically “primed” for transcription.
During interphase DNA can exist in either an euchromatic or heterochromatic state.
These states are defined by the association of DNA with four heterodimeric histone
proteins, which includes two copies of Histone 2A (H2A), Histone 2B (H2B), Histone 3
(H3), and Histone 4 (H4) (Klemm et al., 2019; Olins and Olins, 2003). These complexes
are known as nucleosomes and are encircled by =147 bp of DNA (Kaplan et al., 2009).
Chromatin in which DNA is tightly coiled around compacted nucleosomes is considered
heterochromatin, and due to its compact nature, these regions are not open to
transcription (Lee et al., 2004; Thurman et al., 2012). Euchromatic regions, however, are
nucleosome-poor and possess long stretches of exposed DNA upon which transcription
can be initiated (Lee et al., 2004; Thurman et al., 2012). However, the organization of
nucleosomes within the genome is non-uniform. While most chromatin exists in a
heterochromatic state, histones are depleted at regulatory loci such as enhancers,
insulators, promoters, and actively transcribed gene bodies (Thurman et al., 2012). These

internucleosomal regions are often bound by transcription factors, RNA polymerases, or
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architectural factors (Fyodorov et al., 2018; Thurman et al., 2012). While these regions
comprise less than 3% of the genome, they account for more than 90% of transcription
factor-bound regions (Thurman et al., 2012). Switching between these two chromatin
states is mediated by post-translational modification (PTM) of histones within a given
nucleosome (Bannister and Kouzarides, 2011). In general, the addition of charged acetyl
groups promotes an euchromatic state while the addition of non-polar methyl groups
promotes a compact heterochromatin state (Bannister and Kouzarides, 2011). This is a
result of proximal charged acetyl groups forcing nucleosomes apart, while non-polar
methyl groups promote the adhesion and compaction of nucleosomes. The proteins
mediating these modifications are called epigenetic regulators. Histone acetyl
transferases (HATs) and histone deacetylases (HDACs) mediate histone acetyl status
while histone methyltransferases (HMTs) and histone demethylases (HDMs) mediate
histone methyl status (Bannister and Kouzarides, 2011). However, a large portion of
these factors lack a DNA-binding domain (Haberland et al., 2009). As a result, most of

these factors function ubiquitously or are recruited by DNA binding transcription factors.

Transcription factors typically lack intrinsic histone modifying activity, and instead serve
as scaffolds for the recruitment of epigenetic regulators and general transcriptional
machinery (Spitz and Furlong, 2012). Activating transcription factors recruit co-activators,
such as Ep300/CREB-binding protein, to promote acetylation and opening of surrounding
chromatin (Merika et al., 1998; Simon et al., 2011). Repressive transcription factors recruit
co-repressors, such as the polycomb repressive complex (PRC), which promotes
methylation and condensation of surrounding chromatin (Chittock et al., 2017; Tan et al.,

2007). While modifying surrounding nucleosomes does affect their compaction,
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chromatin remodelers are required to eject or move nucleosomes from/along DNA to
allow/prevent assembly of transcriptional machinery (Alver et al., 2017; King and Klose,
2017; Wapinski et al.,, 2017). The most well-studied chromatin remodeler is the
SWitch/Sucrose non-fermentable (SWI/SNF) complex. This complex rearranges
nucleosomes in an ATP-dependent manner and is ubiquitously employed by transcription
factors (Alver et al., 2017). The chromatin remodeling process exposes long stretches of
DNA, allowing for its transcription. However, opposing epigenetic complexes such as the
Polycomb repressive complex (PRC) compete to re-establish a heterochromatic state and
prevent transcription. As such, the competition between activation and suppression is
highly dynamic, and its regulation is essential for proper gene expression. To ensure the
stable activation of a target gene, multiple transcription factors cooperatively assemble
epigenetic and transcriptional machinery into large assemblies known as
‘enhanceosomes”. While promoters are regions within a few thousand base pairs of the
transcriptional start site (TSS), enhancers can exist tens of thousands of base pairs
upstream or downstream of the TSS (Andersson and Sandelin, 2020; Levine, 2010).
These regions are rich in transcription factor binding sites and facilitate the assembly of
enhanceosomes. The highly stereospecific assembly of transcription factors within these
regions is essential for enhanceosome assembly and the efficient recruitment and
concentration of co-activators, such as CBP/p300, which are required for gene activation
(Carey, 1998; Levine, 2010; Panne, 2008) (Fig. 5A). Certain HMG proteins, such as
HMGAZ1, have also been shown to play a role in enhanceosome assembly (Panne, 2008).
As HMG proteins bind the minor groove of DNA they uncoil the DNA and reduce the free

energy required for subsequent transcription factors to bind (Panne, 2008). Intriguingly
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enhanceosomes do not appear to require direct interaction among associated
transcription factors, but rather their cooperative “chelation” of coactivators, such as
Ep300, is what allows them to activate downstream genes (Levine, 2010). Additionally,
proximal and distant enhancer/promoter elements can be aggregated by DNA looping to
further increase enhanceosome activating potential (Levine, 2010). The architectural
protein CCCTC-binding factor (CTCF) is well known for its ability to bind two distant
regions of DNA and loop-out the intervening region (Arzate-Mejia et al., 2018). This allows
promoters and enhancers caught within the looped region to come into closer proximity

and increase the potency of the assembled enhanceosomes.

21



PhD Thesis — Victor Gordon McMaster University Biochemistry

A)

==

Ac
% L
Pygo TCFI/LEI — w —
4._‘--' \\.." \‘\\l

globules-of-globules-of-globule

N/

Continued fracta

globules-of-globules

Figure 5. Chromatin regulation and organization

A) Enhanceosomes are assembled upon a contiguous region of transcription factor
(TF) binding sites to facilitate the aggregation of epigenetic and architectural
complexes required to optimize target gene activation. Recruited co-activators (CoAs)
typically possess catalytic domains capable of modifying proximal histones to obtain
an open epigenetic state through acetylation, methylation, or a variety of other post-
translational modifications (PTMs). Remodelling complexes, such as the SWI/SNF
complex, are also recruited to translocate or eject nucleosomes from euchromatin
regions, exposing DNA and allowing for transcription to occur. B) The Wnt assembled
however the presence or absence of 3-catenin is what defines its activity or inactivity,
respectively. In the absence of B-catenin TLE is able to recruit HDACs and promote
the compaction of adjacent chromatin (OFF). However, upon -catenin recruitment by
Bcl9 TLE binding is disrupted in such a way that it can no longer recruit HDAC. As a
result the HAT activity of CBP is capable of promoting an open chromatin state through
the acetylation of proximal histones. The pre-assembled nature of the Wnt
enhanceosome allows for rapid changes in the regulation of target genes. C) As
compacts and begins to fold into itself through intermolecular attraction it begins to
crumple into discrete regions that have been termed “globules”. These globules will
then further collapse into each other, forming larger globules.
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Enhanceosomes are large assemblies of transcription factors and epigenetic regulators
that cooperatively recruit transcriptional machinery. Transcription factors regulate target
genes through assembly onto cis-regulatory DNA elements known as promoters and
enhancers. These features reside upstream of the transcriptional start site (TSS) and
facilitate the binding of multiple transcription factors. Assembled transcription factors
cooperatively assemble epigenetic regulators and transcriptional machinery to promote
gene transcription. However, loss of individual factors or opposition by competing
assemblies can prevent expression. In prototypical enhanceosomes, such as the
interferon-p (IFN-B) enhanceosome, eight separate transcription factors assemble along
a contiguous 55 bp stretch of DNA (Panne, 2008). Characterization of the IFN-3
enhanceosome has revealed key insights into enhanceosome formation and stabilization.
While all eight factors bind at very closely arranged DNA binding sites, they lack broad
interaction faces among each other. Instead their assembly upon the enhanceosome
region is stabilized by interaction with shared co-activators, such as CBP/Ep300, and
specific changes in DNA conformation induced by their binding. As such, architectural
factors are required to bend and open the DNA to facilitate enhanceosome assembly.
HMGAL1 is an architectural protein which possesses two AT-hook domains, capable of
non-specifically binding the minor groove of DNA in AT-rich regions and has been shown
to promote IFN-B enhanceosome assembly by reducing the free energy cost of
enhanceosome factor binding. Extensive characterization of the IFN-B enhanceosome
has suggested that enhanceosomes do not require direct interaction among associated
transcription factors, but rather their cooperative “chelation” of coactivators, such as

Ep300, is what allows them to activate downstream genes.
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1.5.2. The Wnt enhanceosome

As TCF/LEFs lack intrinsic repressor or activator capacity, they rely upon the assembly
of secondary factors to regulate the expression of downstream genes. In general,
descriptions of this mechanism are typically reduced to the association of TCF/LEFs with
repressive TLE family members in the absence of Wnt activation, and replacement of
TLEs with B-catenin upon Wnt activation (Brantjes, 2001; Daniels and Weis, 2005).
However, the Wnt enhanceosome is a significantly more complicated assembly of

proteins than this generalization suggests.

Wnt enhanceosomes are large complexes of proteins bound to TCF/LEFs, which remain
stable in both Wnt ON and OFF conditions (Van Tienen et al., 2017b). Core components
of the Wnt enhanceosome in mammals include the Chip/LIM-domain binding protein
(LDB)-single stranded DNA-binding protein (ChiLS) complex, BRG1/BRM-associated
factor (BAF) complex, Transducin-like Enhancer of Split (TLE), Pygopus (Pygo), B-cell
CLL/Lymphoma 9 protein (BCL9), cAMP response element binding protein (CREB)
binding protein (CBP)/E1A associated protein 300 (EP300), and a TCF/LEF factor
(Fiedler et al., 2015; Renko et al., 2019b; Van Tienen et al.,, 2017b). However, the
recruitment of ChiLS/BAF complexes, CREB/Ep300, and TLE are known to not be Wnt-
specific. The ChiLS complex is pleotropic in function, controlling multiple stages of
embryonic development through cell fate commitment and maintenance (Alan D.
Agulnick, 1996; Matthews and Visvader, 2003). LIM-containing proteins recruit the ChiLS
complex to distant enhancers of critical lineage genes, allowing it to facilitate
communication between distant enhancers and promoters by looping-out intervening

sequences (Li et al., 2011; Liu and Dean, 2019; Morcillo et al., 1997). CBP and Ep300
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are members of a coactivator family, frequently recruited by a large variety of transcription
factors, which promote gene expression through their intrinsic HAT activity and
recruitment of transcriptional machinery (Spiegelman and Heinrich, 2004). BRG1 and
BRM are ATP-dependent helicases of the SWI/SNF protein family, and as such are
common chromatin remodelers required to unwind DNA in preparation for transcription
(Rother and Van Attikum, 2017). Members of the TLE family lack a DNA-binding domain,
but are widely recruited transcriptional co-repressors (Jennings and Ish-Horowicz, 2008).
The Pygopus family also possesses HAT activity and is highly specific, but not exclusive,
to the Wnt pathway (David S. Parker, 2002). Finally, Bcl9 is a large flexible protein that
appears to be essential for Wnt enhanceosome assembly and function (Van Tienen et

al., 2017h).

While most components of the Wnt enhanceosome are not specific to the Wnt signaling
pathway, their specific interactions with B-catenin: TCF/LEF complexes is what allows for
the rapid regulation of Wnt target genes. Currently it is understood that B-catenin, TLE
and Bcl9 mediate the transition of the Wnt enhanceosome from an OFF to ON state (Van
Tienen et al., 2017b). While the Wnt enhanceosome remains constitutively assembled at
WREsS, there are considerable architectural changes that occur in its transition from an
OFF to ON state. In the OFF state TLE binds TCF/LEF, BCL9, and recruits HDACs. The
HDAC recruited by TLE opposes the HAT activity of EP300 and prevents activation of
downstream target genes. However, upon Wnt activation nuclear 3-catenin is recruited to
the complex, inducing a conformational change in BCL9 which displaces TLE and its
associated HDAC (Fiedler et al., 2015; Van Tienen et al., 2017b). Additionally, repression

by TLE is further prevented by the recruitment of Ubiquitin Protein Ligase E3 Component
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N-Recognin 5 (Ubr5) which ubiquitylates TLE to prevent its ability to recruit HDACs (Flack
et al., 2017). Once in this ON state EP300 can freely promote activation of target genes.
This retention of core components in both OFF and ON states has been shown to facilitate
the rapid regulation of target genes. The assembly of an inactive Wnt enhanceosome
“‘earmarks” target genes for rapid activation upon Wnt stimulation, which can also be

rapidly inactivated upon 3-catenin depletion.

1.5.3. Co-Regulation of the Wnt signaling pathway

The interaction of TCF/LEFs with secondary transcription factors is well established, as
Whnt signaling often acts in concert with a variety of developmental signaling pathways
(Lei etal., 2004; Zhang et al., 2013). These interactions have been shown to cooperatively
activate or suppress the expression of lineage-specific genes to guide cell fate (Klaus et
al., 2012). Wnt signaling has been shown to be influenced on multiple levels by these
secondary factors, which either influence the stability of Wnt signaling components such
as B-catenin (Kwon et al., 2011) or directly interact with TCF/LEFs themselves (Ross and
Kadesch, 2001). While influencing the stability of Wnt signaling components may
potentiate overall Wnt activity, the interaction of secondary pathways with TCF/LEFs

directly provides insight into how WRES are selectively occupied and regulated.

One of the most closely associated signaling pathways is the TGF- signaling pathway
which, in certain contexts, has been shown to directly influence WRE activity and Wnt
target gene expression (Etienne Labbe, 2000; Jain et al., 2015). TGF-f target genes are
regulated by “receptor Smads” (R-Smads) such as Smad2/3 for TGF- ligands, and
Smad1/5 for BMP ligands (Gaarenstroom and Hill, 2014). However, these Smads require

co-Smads, such as Smad4, to enter the nucleus and affect target gene expression. In the
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absence of a TGF/BMP signal both R-Smads and co-Smads remain unphosphorylated
and are cytosolically localized. However, upon ligand binding by TGF-B Receptor 1/2
(TGFR1/2), TGFR1/2 are autophosphorylated and recruit the appropriate R-Smad group.
These associated R-Smads are then phosphorylated by TGF-B R1/2 and their affinity for
co-Smads is greatly increased. The phospho-R-Smad/co-Smad complex is then capable
of entering the nucleus and regulating target gene expression. While capable of
independently influencing gene activity, Smad2/3/4 complexes have been shown to
interact with LEF1 (Etienne Labbe, 2000), while Smad1/5/4 complexes have been shown
to interact with TCF7L1 (Sierra et al., 2018). In the Xenopus model system LEF1 has
been shown to directly interact with Smad2/3 to directly influence the expression of the
developmentally relevant gene Xtwn (Xenopus homeobox gene twin) (Labbe et al., 2000).
In this context two Smad binding elements (SBEs) were found to exist =200bp upstream
of three concatenated WREs in the Xtwn promoter (Etienne Labbe, 2000). Through use
of reporter assays it was shown that the loss of either SBEs or WREs could shut down
Xtwn expression, whereas both Smad2/3 and B-catenin/LEF1 complexes were required
for maximal activation (Etienne Labbe, 2000). In human embryonic stem cells (hESCs)
Smad2/3 have been shown to promote Wnt-mediated mesodermal differentiation
(Estaras et al., 2015). Mesodermal Wnt target genes were shown to recruit -
catenin/LEF1 complexes and enrich for Ser5-phosphorylated RNA polymerase 2
(RNAPII), indicating initiation of transcription. However, it was shown that recruitment of
Smad2/3 to these target genes was required for the subsequent recruitment of phospho-
Transcription Elongation Factor b (P-TEFDb) to promote Ser7-RNAPII accumulation and

complete transcriptional elongation. Together, these studies show that cooperative gene
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regulation by Wnt and TGF-f3 signaling requires LEF1/Smad?2/3 interactions for maximal

activation of target genes.

Similar mechanisms of cooperative gene regulation have been observed for the FGF,
Notch, and Hippo signaling pathways. Coordinated Wnt/Notch signaling events have
been shown to be critical for specific fates such as intestinal epithelium (Ogaki et al.,
2013). Patterning of broad progenitor-rich tissue groups such as those found in the
developing limb bud or tooth bud have been shown to be the product of Wnt/FGF
coordination (Kratochwil et al., 2002; Sasaki et al., 2005; Ten Berge et al., 2008). The
expansion or restriction of these, and other, progenitor populations has in turn been
shown to be a product of Wnt/Hippo cooperative regulation (Aragona et al., 2013).
However, these various pathways have been shown to interact with Wnt at multiple levels
of the signaling pathway. Transcriptional effectors of Hippo signaling have been shown
to directly interact with TCF/LEFs, whereas additional Hippo signaling components have
been found to directly affect B-catenin stability and localization (Azzolin et al., 2014).
Similarly, LEF1 has been found to function as a co-activator for Notch transcription
factors, and Notch activation has been shown to mediate (-catenin stability (Kwon et al.,
2011; Ross and Kadesch, 2001). However, FGF and Wnt signaling have been shown to
more indirectly affect each other through cross-regulation of each other’s signaling

components (Yin et al., 2008).

The ability of Wnt to interact closely with so many other developmentally critical pathways
demonstrates its importance in cell fate determination and maintenance. However, as
majority of these interactions are directly mediated at the transcriptional level, the

TCF/LEF complement may define a cell’s ability to participate in crosstalk events. Thus,
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how cells determine, maintain, and change TCF/LEF expression status is a critical aspect

of Wnt signaling.

1.6. MITOSIS AND WNT
1.6.1. “Bookmarking” transcription factors

The retention of transcription factors upon mitotic chromatin, and its role in cell fate
determination, is becoming better understood. Initial models of mitotic chromatin asserted
that transcription and translation halted until mitosis was complete and all transcription
factors and transcriptional machinery were ejected into the cytosol during mitosis (Marian
A. Martinez-Balbas, 1995; Parsons and Spencer, 1997). However, these assertions were
supported by experiments that relied upon formaldehyde crosslinking prior to
immunofluorescent imaging of transcription factors and associated machinery during
mitosis. When these observations were compared to experiments using live cell
fluorescence microscopy of fluorescently labelled factors, it was determined that many
transcription factors (Liu et al., 2017; Palozola et al., 2019) and much transcriptional
machinery (Chen et al., 2002; Xing et al., 2008) remain associated with mitotic chromatin.
The artifactual loss of mitotic association observed in studies employing formaldehyde
crosslinking methods is thought to be due to the fluid-like nature of mitotic chromatin,
which results in chromatin-associated factors only interacting transiently, thereby
preventing efficient crosslinking (Maeshima et al., 2020a). Mitotically associated factors

include:
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Table 1. Experimentally confirmed bookmarking factors

Factor Context Reference

TFIID HelLa (human, cervical | (Christova and Oelgeschlager, 2002;
cancer) Xing et al., 2008)

TFIIB HelLa (human, cervical | (Christova and Oelgeschlager, 2002;
cancer) Xing et al., 2008)

TBP HelLa (human, cervical | (Christova and Oelgeschlager, 2002;
cancer) Xing et al., 2008)

CTCF HelLa (human, cervical | (Burke et al., 2005)
cancer)

FOXI1 PAC2 (Zebrafish, fibroblasts) | (Yan et al., 2006)

RUNX2 Saos-2 (human, | (Daniel W. Young, 2007)
osteosarcoma)

BRD4 NIH3T3 (mouse, fibroblasts) | (Anup Dey, 2003)

MLL HelLa (human, cervical | (Blobel et al., 2009)
cancer)

GATAl G1E (mouse, erythroid | (Kadauke et al., 2012)
precursors)

FOXA1 HUH7 (human, | (Caravaca et al., 2013)
hepatocarcinoma)

RBPJ F9 (mouse, testis) (Lake et al., 2014)

PARP1 HEK293 (mouse, kidney) (Lodhi et al., 2016)

ORC1 U20S (human, | (Kara et al., 2015)
osteocarcinoma)

RING1 HelLa (human, cervical | (Arora et al., 2016)
cancer)

BMI1 HelLa (human, cervical | (Arora et al., 2016)
cancer)
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ESRRB Embryonic stem cells | (Festuccia et al., 2016)
(mouse/human)

SOX2 Embryonic stem cells | (Deluz et al., 2016)
(mouse/human)

OCT4 Embryonic stem cells | (Liu et al., 2017)
(mouse/human)

KLF4 Embryonic stem cells | (Liu et al., 2017)
(mouse/human)

Characterization of mitotically associated transcription factors has revealed that these
factors play a critical role in cell fate maintenance through the rapid reactivation of lineage-
specific target genes following mitosis (Kadauke et al., 2012; Sekiya et al., 2009). This
ability to “bookmark” lineage genes for preferential post-mitotic expression has led to
these factors being referred to as “bookmarking” factors. Rapid reactivation of
bookmarked target genes has been quantitatively demonstrated in studies of the
transcription factor GATAL (Kadauke et al., 2012). ChIP-seq analyses examining GATAL
localization in both interphase and metaphase populations revealed that GATAL remains
associated with a specific set of target genes in both conditions. The preferential
reactivation of these bookmarked targets was then demonstrated by mitotically arresting
cells and following the reactivation of bookmarked versus non-bookmarked targets upon
mitotic release by using qPCR. Consistent with the theorized role of bookmarking factors,
the bookmarked target genes were activated significantly faster than non-bookmarked
targets. Further structural characterization of bookmarking factors, such as FOXAl
(Caravaca et al., 2013) and ESRRB (Festuccia et al., 2016), also revealed that

bookmarking factors both scan and specifically bind DNA during metaphase. While their
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ability to scan mitotic chromatin is what leads to their total decoration of mitotic chromatin
when observed microscopically, it has also been shown to directly affect their ability to
find and bind specific target genes (Caravaca et al., 2013; Sekiya et al., 2009). These

specific binding events have been shown to play a critical role in bookmarking activity.

Global analysis of histone methylation and acetylation status during interphase and
metaphase has revealed that while repressive histone marks are consistently retained
across interphase and metaphase, activating acetylation marks are significantly reduced
during metaphase (Liu et al., 2017; Valls et al., 2005). However, many housekeeping and
lineage marker gene promoters appear to retain their acetylation status during mitosis
(Liu et al., 2017). Consistent with this observation, the working model for bookmarking
factors was that they remained associated with target genes and retained their
euchromatin status so that they could be more easily reactivated following mitosis
(Caravaca et al., 2013; Kadauke et al., 2012). This model followed the long-held notion

that transcription halted during metaphase (Prescott and Bender, 1962).

The recently developed EU-RNA-seq technique has allowed for increased sensitivity in
determining transcriptional activity during metaphase (Palozola et al., 2017). To label
nascent transcripts the culture medium is spiked with 5’ethynyluridine (EU), which is able
to enter cells in a matter of minutes and become incorporated in nascent mRNA (Palozola
et al., 2017). After recovering RNA from the treated population, click chemistry is then
used to conjugate the EU-incorporated RNAs to biotin. Purification of biotin-EU-RNA is
then accomplished by using streptavidin-sepharose beads, followed by on-bead cDNA
synthesis and high-throughput DNA sequencing. When performed on asynchronous

HelLa cells =28 000 transcripts were identified, while =8 000 transcripts were detected in
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mitotic populations (Palozola et al., 2017). While mitotic transcripts were on average
5-fold less abundant than asynchronous equivalents, there was up to 100-fold difference
in expression among mitotic targets. Together these findings demonstrate that
transcription is selectively maintained during mitosis for roughly 30% of interphase target
genes. When considered with existing knowledge that RNA Pol Il (Liang et al., 2015a)
and basal transcription factors (TFIID, TFIIB, etc.) (Teves et al., 2018) remain associated
with mitotic chromatin, this has updated the current view of mitotic bookmarking. In the
current model, bookmarking factors and transcriptional machinery remain associated with
target genes during mitosis, maintaining promoter/enhancer euchromatin status and
providing a pool of mMRNA for translation during early G1, respectively (Palozola et al.,
2019) (Fig. 6). Following mitosis this accumulation of transcript and retention of epigenetic
status allows bookmarked genes to reactivate significantly faster than non-bookmarked
genes, which must first regain their epigenetic status and then recruit transcriptional

machinery before resuming transcription.
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Figure 6. Bookmarking factors maintain gene structure throughout metaphase.

Typical genes regulated by transcription factors that are ejected from mitotic chromatin
(e.g. gene 1) have greatly reduced activity throughout metaphase and are slow to
reinitiate transcription following mitotic exit. This is due to the loss of enhancer looping
and occupation during mitosis (orange box). When not maintained, these enhancer
regions adopt a heterochromatin state (beige circles) as mitotic chromatin condenses.
While RNA Polymerase Il (red circle) has been found to remain associated with the
promoter of many genes during mitosis, its activity is greatly reduced (fewer red
squiggles). As a result, typical genes must restore their euchromatin status before
resuming maximal activity, producing a considerable lag phase following mitosis.
Bookmarked genes (gene2) however retain their epigenetic status throughout mitosis.
Bookmarking transcription factors maintain the open status of bound enhancers,
retaining gene structure and reducing the impact of metaphase on transcription rates.
Upon mitotic exit maximal transcriptional activity is restored, and due to the retained
epigenetic structure of bookmarked genes, maximal transcriptional activity is rapidly
restored. This allows bookmarked genes to resume transcriptional activity significantly
faster than non-bookmarked genes.
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While bookmarking is an observed function for an increasing number of transcription
factors, there is still very little understanding as to why one DNA binding transcription
factor can bookmark, and another cannot. A recent live-cell fluorescence imaging screen
assessed 501 transcription factors for their ability to remain associated with mitotic
chromatin, and found 112 of those factors to become enriched on mitotic chromatin during
metaphase (Raccaud et al., 2019). Unfortunately, mitotically enriched proteins showed
no considerable enrichment in common sequences or domains that correlated with mitotic
retention. However, by using various imaging and transcriptomic techniques, Raccaud et
al. determined that their findings supported a model in which non-specific DNA binding
properties play a critical role in determining whether a transcription factor is capable of
mitotic association. While this model supports the ability of a transcription factor to remain
associated with mitotic chromatin, it is not entirely consistent with proper bookmarking
functionality. As previously mentioned, EU-RNA-seq has revealed that only =30% of
interphase genes appear to be active during mitosis (Palozola et al., 2017). This finding
would suggest that while transcription factors appear to decorate total mitotic chromatin,
it is their specific association with discrete target genes that affects their rapid reactivation
following mitosis. Mitotic chromatin is an incredibly complicated milieu of proteins and
DNA, meaning that the increased DNA scanning trait proposed by Raccaud et al. may
just predispose these factors to non-specifically adhere to mitotic chromatin without
promoting proper bookmarking activity. To understand how transcription factors establish
islands of transcriptional activity through mitosis, we must first understand the

composition and structure of mitotic chromatin.
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1.6.2. Mitotic Chromatin Structure

Organization of chromatin during interphase is a carefully regulated aspect of cellular fate
determination. However, during mitosis, chromosomes undergo a variety of equally
precise topological and epigenetic changes as they begin to form cylindrical chromosomal
bodies. These gross morphological changes and the segregation of factors between the
mitotic chromosomes, perichromosomal layer, and cytosolic fraction of the dividing cell

have been shown to be critical regulators of cellular fate and function.

To understand the 3D structure of chromatin, a variety of chromatin conformation capture
techniques have been developed (Abou El Hassan and Bremner, 2009; Dostie et al.,
2006; Lieberman-Aiden et al., 2009; Zhao et al., 2006). However, the most robust
approach is Hi-C, which is capable of mapping inter-/intra-chromosomal interactions
throughout the entire genome with a one megabase resolution. In this technique, cells
are crosslinked, and DNA is then digested with a restriction enzyme. The resulting sticky
ends are then filled in with biotinylated nucleotides, which can then be ligated under dilute
conditions to favour ligation of DNA fragments within the same crosslinked complex.
Biotinylated fragments are then purified using streptavidin beads and identified by paired-
end sequencing. Mapping these ligated fragments reveals regions of inter/intra-
chromosomal contact across the entire genome. By using these interaction matrices as
a foundation, Lieberman-Aiden et al. were able to use polymer simulation models to
determine how distant interactions reflected on the overall structure of interphase
chromosomes. Building off previously proposed models, Lieberman-Aiden et al. found
that interphase chromosome interactions most closely fit a “fractal globule” model (A.

Grosberg, 1993; Grosberg et al., 1988) (Fig. 5C). In this model each chromosome is a
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considered to be an unentangled polymer which crumples into a series of small globules,
similarly to “beads-on-a-string”. As the polymer compacts further, these globules serve
as monomers until a single globule of globules-of-globules-of-globules is formed. The
fractal nature of these condensed globules would facilitate easy unfolding and refolding,
which would be a requisite of gene regulation (S.K.Nechaev). However, compaction of
these interphase structures into ordered linear mitotic chromosomes requires further

organizational mechanisms.

Upon entering prometaphase, individual chromosomes are condensed into chromatids
through the linear arrangement of loops in the mitotic chromatin (Earnshaw and Laemmli,
1983; Gibcus et al.,, 2018b). Characterization by microscopy has shown that
chromosomes become recognizable by prophase (Ohnuki, 1968), shortening and
condensing further during prometaphase (Liang et al., 2015b) until chromosomes are fully
condensed in metaphase. This process is mediated by gross intermolecular forces within
the chromatin favouring compaction, with Condensin complexes organizing this
compaction, and topoisomerase Il alpha relieving torsion as the DNA is compacted (Liang
et al., 2015b). Condensin complexes are essential for compaction and are assembled
from five proteins, which belong to three different protein families (Hirota, 2004). The
Structural Maintenance of Chromosomes (SMC) family contributes SMC2 and SMC4 to
both Condensin | and Il complexes (Hirota, 2004). The Kleisin family contributes
Chromosome Associated Protein H (CAPH) to the Condensin | complex, and CAPH2 to
the Condensin Il complex (Schleiffer et al., 2003). Finally, two HEAT repeat subunits are
also present in Condensin | (CAP-D2, CAP-G) and Condensin Il (CAP-D3, CAP-G2)

complexes (Miguel A. Andrade, 1995). The HEAT domain is named after the proteins it
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was initially found in: Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A

(PP2A), and the yeast kinase TOR1 (Miguel A. Andrade, 1995).

Once assembled, both Condensin complexes have been shown to function as
mechanochemical motors, capable of translocating along DNA in an ATP-dependent
manner (Terakawa et al., 2017) (Fig 6A). This motor function has been thought to be
responsible for chromosome condensation for many years (Earnshaw and Laemmli,
1983; Hirota, 2004; Ohnuki, 1968). Characterization of this process by performing Hi-C
analysis on metaphase populations has confirmed this notion, finding that the motor
function of Condensin Il allows it to introduce =50kb loops into prometaphase chromatin
during early prophase, which grow in size to become up to =700 kb loops by
prometaphase (Gibcus et al., 2018b) (Fig. 7B). These loops are then subdivided by
Condensin | which introduces smaller =80 kb loops (Gibcus et al., 2018b). These nested
loop sections are non-random, and are instead arranged around a central helical axis,
similar in structure to a spiral staircase (Gibcus et al., 2018b). This central helical structure
is thought to be a result of stacked HEAT domains within CAP-D3 and CAP-G2 of the
Condensin 1l complex (Gibcus et al., 2018b; Yoshimura and Hirano, 2016). While
Condensin | and Il are responsible for the ordered compaction of mitotic chromatin, they
rely on secondary factors to segregate individual chromosomes during metaphase. To
achieve this, a surfactant layer of protein is deposited upon the surface of condensing

chromosomes
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Figure 7. Condensin | and Il mediate the compaction of mitotic chromatin.

A) Condensin | and Il share two common SMC2/4 components but vary in the
composition of their HEAT and Kleisin subunits. However, both Condensin /Il
translocate across DNA in an ATP-dependent manner. B) Condensin Il initiates the
formation of large chromatin loops, which are then further subdivided into nested loops
by the recruitment of Condensin I. C) Overview of mitotic chromatin condensation
mediated by Condensin I/ll. Cross section shows mitotically associated factors (red

circles) adhering to Ki67 perichromosomal layer or directly to mitotic chromatin (yellow
circles).
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This surfactant layer has been termed the “perichromosomal layer” and is an ionically
charged milieu of proteins that prevent metaphase chromatin from collapsing into a single
congealed mass (Cuylen et al., 2016). Characterization of this mitotic compartment by
using 3D-CLEM, a combination of light microscopy and serial block-face scanning
electron microscopy, has revealed that this perichromosomal layer comprises 30-47% of
the entire chromosome volume (Booth et al.,, 2016). These observations are further
supported by quantitative proteomics that has found the perichromosomal layer to

account for more than 33% of mitotic chromosomal protein mass (Booth et al., 2016).

Research into this specific mitotic fraction over a timespan of more than 10 years has
identified >50 specific components, including proteins, antigens, and RNAs (Booth and
Earnshaw, 2017). Although the list of proteins in the perichromosomal layer continues to
grow, the main constituents appear to be fibrillarin, nucleolin, nucleophosmin, peripherin,
and Ki-67 (Booth and Earnshaw, 2017; Van Hooser et al., 2005). These perichromosomal
components reside in the nucleolus during interphase and are released upon nucleolar
degradation during mitosis to form a layer around the mitotic chromatin that is

approximately 80-150 nm thick (Booth et al., 2016) (Fig. 7C).

The most well-studied component of the perichromosomal layer is Ki-67, which is a large
linear protein with a C-terminal domain that has high affinity for heterochromatin, a long
flexible central domain, and a polar N-terminal domain (Booth and Earnshaw, 2017;
Cuylen et al., 2016). This structure has been proposed to allow Ki-67 to assemble on
metaphase chromatin like =80 nm long bristles on a brush (Cuylen et al., 2016). However,
the heterogeneity of the perichromosomal layer is thought to allow many proteins to

“piggyback” on mitotic chromatin through non-specific interactions (Ginno et al., 2018;
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Ohta et al., 2010). As such, many existing proteomic methods have omitted RNA
polymerase Il and translational machinery from their results, suggesting that they would
adhere non-specifically, and that their absence is a result of pure mitotic chromatin
preparations (Ginno et al., 2018; Ohta et al., 2010). However, these claims conflict with
previously discussed observations that RNA polymerase Il is not only present, but also
still active, on mitotic chromatin (Festuccia et al., 2019; Palozola et al., 2017). This would
suggest that novel proteomic tools are required to properly bridge these two techniques
so that we may comprehensively investigate how bookmarking complexes are assembled

and maintained during mitosis.

1.7. TCF/LEF SELECTION AND EXCHANGE

Asymmetry in cell fates following mitosis is a common feature of progenitor cell
populations, such as those observed in the intestinal crypt epithelium (Qi and Chen, 2015;
Qi et al.,, 2017). However, beyond changes in signaling ligand concentrations, the
transcriptional mechanisms governing these abrupt cell fate changes remain poorly
defined. In the context of Wnt signaling, fate-related transcriptional changes can be
observed as changes in TCF/LEF status. An excellent example of such an event is in the
hair follicle, where TCF7L1 and LEF1 have been found to regulate the differentiation of
multipotent skin stem cells (Merrill et al., 2001). As Wnt-inactive TCF7L1-positive skin
stem cells differentiate and contribute towards the hair follicle, they begin to lose TCF7L1
expression and instead express LEF1 as they become Wnt-active. A similar process has
been observed in pluripotent mMESCs, where an exit from pluripotency caused by Wnt
stimulation is associated with the loss of TCF7L1 expression and gain of LEF1 expression

(Moreira etal., 2017; Shy et al., 2013). These examples demonstrate that the complement
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of TCF/LEFs expressed in a cell can be altered in response to Wnt activation and changes
in cellular context. However, while there is no well-defined mechanism for how rapid
changes in the occupancy of target genes by different TCF/LEFs occurs, many potential

mechanisms have been proposed.

1.7.1. Post-Translational Modification (PTM) of TCF/LEFs

Post-translational regulation of TCF/LEFs has been shown to be a crucial aspect of Wnt
signal regulation. Phosphorylation of TCF/LEFs has been shown to selectively deplete or
activate TCF/LEFs. In Xenopus, the phosphorylation of TCF7L1/TCF7L2/LEF1 by HIPK2
has been shown to dissociate them from target genes, allowing TCF7 to selectively
occupy and regulate WRESs in response to a Wnt signal (Hikasa and Sokol, 2011b). By
contrast, LEF1 is specifically regulated by Nemo-like Kinase (NLK), which in some
contexts promotes the transcriptional activity of LEF1 and in others facilitates the
degradation of LEF1 (Ota et al., 2012; Yamada et al., 2006). Further, modification by
ubiquitin has been shown to impede DNA binding of TCF/LEFs, which can be countered
by the selective deubiquitylation of TCF7 by Uch37 (Han et al., 2017). Both TCF7L2 and
LEF1 have been shown to be sumoylated by PIAS4, which affects their transcriptional
activity and localization (lhara et al., 2005; Sachdev, 2001). This complex network of
TCF/LEF post-translational regulation highlights a means through which TCF/LEF status
can be finely tuned. The presence or absence of these modifying enzymes could
determine the TCF/LEF status of a Wnt-responsive cell, defining the effect of a Wnt ligand
on the cell’s biology. Although not the sole source of regulation for TCF/LEF exchange,
post-translational modification of TCF/LEFs is likely to serve as an important mechanism

of TCF/LEF control.
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1.7.2. TCF/LEF Selection via Abundance or Coregulation

As previously discussed, TCF/LEFs can recruit secondary non-Wnt transcription factors
to cooperatively regulate target genes. However, not all TCF/LEFs function equally in this
regard. Cooperative factors may favour one or more TCF/LEFs over the others. As the
cellular context changes, these cooperative factors may then be lost or changed to select
for alternative TCF/LEFs. In the absence of coregulators or regulation by PTM, the
simplest mechanism of exchange may be through sheer abundance. If there are multiple
TCF/LEFs present, the most abundant TCF/LEF may have the greatest impact on how
Whnt signals are transcriptionally executed. However, this mechanism seems unlikely in
scenarios where TCF/LEF exchange events occur rapidly. In the transition from ectoderm
(TCF7L1-positive) to primitive streak mesoderm (LEF1-positive), the region of
TCF7L1/LEF1 double-positive cells is quite limited (Merrill et al., 2004; Van Genderen et
al., 1994). The tight delineation of different TCF/LEF populations would suggest that
exchange events are mediated by more active mechanisms than competitive expression.
In our lab, by employing ChIP-seq, we have found clear cases where individual
TCF/LEFs, specifically TCF7, bind specific WRES exclusively, despite their having

dramatically lower expression than another TCF/LEF (TCF7L1) (Moreira et al., 2018b).

1.7.3. TCF/LEF Selection via Mitotic Depletion

In a variety of adult stem cell niches, such as the hair follicle (Merrill et al., 2001) or
intestinal crypt (Davies et al., 2008), Wnt signaling has been shown to play a crucial role
in tissue patterning. However, in these contexts cell fates change as cells divide and move
from their niches to surrounding environments. Similar to processes observed in

development, TCF/LEF complements change as Wnt status changes (Merrill et al., 2004;
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Van Genderen et al., 1994). In proliferative stem cell niches, there is a zone of transition
where asymmetric cell divisions are likely to occur. These events provide an opportunity
where daughter cells may inherit an asymmetric distribution of TCF/LEFs, providing them
with unique transcriptional states. If some TCF/LEFs are capable of remaining associated
with mitotic chromatin while others are not, they may be able to bookmark Wnt-responsive
genes. Understanding this potential mechanism could provide insight into how Wnt-driven

progenitor states are maintained or lost as cells divide within a given niche.

Although an increasing number of transcription factors have been observed to remain
associated with mitotic chromatin, many of these factors do not rapidly reactivate target
genes following mitosis and are therefore not true bookmarking factors. Despite this, there
may be a function in mitotic loading beyond bookmarking target genes. The mitotic
chromatin, perichromosomal layer, and cytoplasm could be considered different
compartments with different regulatory functions. If, for instance, a cytoplasmic factor
constitutively degraded TCF/LEF members, but mitotically associated TCF/LEFs were
sequestered from its activity through association with mitotic chromatin, then this
differential association could define a method of selective degradation of TCF/LEFs.
Following division, only mitotically retained TCF/LEFs would be available to modulate Wnt

target genes, promoting a renewed Wnt-responsive state in resulting daughter cells.

A gradient of Wnt ligand could further serve to pattern cells if activating TCF/LEFs like
TCF7 and/or LEF1 were mitotically retained. Cells with less Wnt exposure would have
attenuated Wnt signaling and would tend towards a Wnt OFF state. However, cells
engaging more Wnt ligand could enter a feed-forward loop, as activating TCF/LEFs such

as LEF1 promote the expression of Wnt ligands and are themselves Wnt target genes.
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Thus, mitotic bookmarking by activating TCF/LEFs like LEF1 provides a tantalizing
potential mechanism for stem cell fate determination in the context of a Wnt ligand

gradient.

1.8. IN VITRO MODELS AND REPORTERS OF THE WNT PATHWAY

Although studying the role of Wnt in development in animal models is the gold standard,
in higher organisms like mammals, these technigues are very time consuming, technically
challenging and fraught with issues related to the ethical use of experimental animals. To
overcome these limitations, multiple in vitro techniques employing pluripotent stem cells
have been developed to study developmental processes. While these techniques are
generally limited to modelling early developmental events, they provide a scalable and

reproducible platform with which to study these events.

1.8.1. TCF/LEF Optimal Promoter (TOP)-based Reporter Systems

To better characterize and define regions of Wnt activity throughout development, and in
in vitro conditions, reporter genes and systems have been used extensively.
Immunofluorescence techniques were first used to identify Wnt-active cells based on
nuclear translocation of B-catenin. Following the identification of constitutive Wnt target
genes, such as Axin2 and Cyclin-D1, the increased expression of these genes was used
as a reporter for increased Wnt activation (McCormick, 1999; Morikawa et al., 2016; Yan
et al., 2001). Changes in expression were followed by using gPCR or in situ hybridization
to define regions of Wnt activity. However, to track Wnt activity in live cell populations and
to establish an unbiased reporter system, a reporter system based on TCF/LEF optimal

binding sites (TOP) was developed (Van De Wetering et al., 1997).
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The TOP reporter system consists of several concatenated TCF/LEF binding sites
positioned upstream of a minimal promoter fragment and a chosen reporter gene. To
track Wnt activity in live cell populations, GFP or GFP-H2B have been used widely as
chosen reporter molecules (Ferrer-Vaquer et al., 2010b; Varga et al., 2007). For high
sensitivity, a luciferase enzyme was used as a reporter for the original TOP/FOP system
and for subsequent reporters with larger numbers of TCF/LEF binding sites (Korinek et
al., 1997; Veeman et al., 2003). To easily define regions of Wnt activity in tissue samples
B-galactosidase was used with the TOP reporter to generate TOP-Gal reporter mouse
lines (Ramanuj DasGupta, 1999). The versatility of the TOP reporter lead to its broad
application in the field of Wnt signaling, however its synthetic nature fails to fully capture

the nuances of Wnt signaling.

1.8.2. 3D Models of Gastrulation

Initially developed as an alternative to the teratoma assay of pluripotency, embryoid
bodies (EBs) were used to determine if cell lines were capable of trilineage differentiation
(Kurosawa, 2007). This assay allowed for small populations of cells to aggregate while in
suspension and to stochastically differentiate over a 7 — 14 day period. However, due to
considerable inconsistency among EBs, it was difficult to accurately quantify trilineage
capacity beyond “present” or “absent”. Additionally, heterogeneity between EBs meant
that it was not possible to investigate sequential fate decisions over time, as each EB
lacked axial organization and would have differing proportions of cells of a given fate.
However, van der Brink et al. found that by stimulating EBs with a pulse of CHI they could
induce a reproducible axial elongation of EBs, forming structures resembling gastrulating

embryos, which they termed “gastruloids” (van den Brink et al., 2014).

46



PhD Thesis — Victor Gordon McMaster University Biochemistry

Gastruloids are initially formed by a spherical =800 cell MESC or hESC aggregate which,
after an initial culture period, is pulsed with CHI to induce polarization (Turner et al., 2017;
van den Brink et al., 2014). Following this pulse of Wnt activation, gastruloids adopt an
anteroposterior asymmetry, which is marked by an asymmetrical TOP activity and
expression of gastrulation-associated factors such as Brachyury, Sox2, and Sox17
(Beccari et al., 2018; Turner et al., 2017). Gastruloids then adopt a sausage-like
morphology as they elongate along this established axis of asymmetry. This loss of
symmetry demonstrates that cells in a gastruloid are capable of spontaneous
organization. Such organizational events reflect gastrulation more accurately than
traditional EBs. Additionally, chemical inhibition or activation of developmentally relevant
pathways such as Wnt, TGF-3 , or Notch signaling during gastruloid formation provides
an excellent platform with which to investigate developmental signaling circuitry (Turner
et al., 2017; van den Brink et al., 2014). Single cell sequencing of developing gastruloids
has also revealed that somitogenesis may occurring during gastruloid extension, further
broadening the role of this platform in modelling developmental processes (Van Den Brink
et al., 2020). However, while all gastruloids in a given experiment will undergo extension,
their overall morphology is quite heterogeneous (van den Brink et al., 2014). In
combination with their 3D nature, this makes gastruloids quite laborious to gather and to
obtain standardized data from, despite their excellent recapitulation of gastrulation. As
such, 2D micropatterned surfaces provide an alternative platform for truly quantitative
analysis of early gastrulation events, while gastruloids are more suited as a mid-

gastrulation model.
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1.8.3. 2D Micropattern Models of Gastrulation

Standard culture protocols rely upon the random deposition and culture of mMESCs upon
uniform plastic surfaces coated with extracellular matrix components, such as laminin or
gelatin. As cells grow in these conditions, colonies of varying size are formed, and these
colonies populate the culture surface at non-uniform densities. This lack of defined colony
size or distribution results in a culture condition where each colony behaves uniquely,
depending on the number of cells in each colony and the number and proximity of
surrounding colonies (Thery, 2010b). As a result, while careful manipulation of culture
conditions can induce directed differentiation towards a chosen cell fate, there is little
consistency in this process between individual colonies of the same culture plate. If our
goal is to follow TCF/LEF exchange events throughout these early differentiation
processes, using standard culture plates would yield inconsistent data (e.g., imaging
data) between different colonies. Alternatively, characterization by flow cytometry would
lose the spatial context of TCF/LEF exchange events. To overcome these limitations, 3D
aggregation, and alternative 2D culture techniques, can be used to homogenize cellular

populations during gastrulation-like differentiation in vitro.

Cellular populations can be discretely organized on 2D culture surfaces using micro-
engineering techniques. Commonly employed techniques include microcontact printing,
laser-patterning, and photo-patterning (Thery, 2010b). These techniques can be used to
restrict the regions in which cells can adhere by manipulating the chemical nature of the
culture surface on a subcellular scale (Thery, 2010b). By taking advantage of these
chemical differences, regions of the surface can be made selectively adhesive for cells.

Characterization of cells differentiating on these surfaces has shown that micropattern
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shape (McBeath et al., 2004), size (Morgani et al.,, 2018), the distance between
micropatterns (Miyamoto et al., 2016), and the ECM used (Joo et al., 2015) all affect the

differentiation of cells captured within them.

By manipulating micropatterning parameters, it was found that mESCs and hESCs can
undergo gastrulation-like events when confined to 1000 ym diameter circles (Deglincerti
et al.,, 2016; Martyn et al., 2018; Morgani et al., 2018). Further immunofluorescent
characterization of these circular micropatterns revealed that mesodermal fates exist at
the periphery of the circle, with endodermal cells just interior to them, and ectodermal
fates present only in the centre (Deglincerti et al., 2016; Morgani et al., 2018). Critically,
EMT is also observed during this process, with central E-cadherin expression being lost,
and N-cadherin expression being gained, in peripheral mesoderm cells (Morgani et al.,
2018). However, cells grown on micropatterns do not typically retain confined to their
pattern longer than 72 hours, as cells begin to overgrow their pattern and lose their
organization (Miyamoto et al., 2016; Morgani et al., 2018). This short-lived, but highly
organized, nature of micropatterns makes them ideal for the characterization of early

developmental events.

1.9. DYSREGULATION OF WNT IN CANCER
1.9.1. Prevalence of Wnt in Cancer

Due to the role Wnt signaling plays in the maintenance of stem cell populations throughout
the body, dysregulation of Wnt signaling is a common feature of many different cancers
(Zhan et al., 2017). Wnt dysregulation is most prominently observed in colorectal cancer
(CRC), where constitutive Wnt activation is observed in =90% of cases (Giles et al., 2003).

Characterization of patient samples demonstrated that constitutive Wnt activation was
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due to APC loss of function mutations in 90% of these cases. This is consistent with Wnt
signaling being required for the proper maintenance, expansion, and differentiation of
stem cell populations of the intestinal crypt (Farin et al., 2016; Qi and Chen, 2015). The
reliance of Wnt-driven CRC upon APC destabilization was demonstrated by using a
mouse model in which APC could be inducibly knocked out with a specific ShRNA (Dow
et al., 2015). By inducing a loss of APC, constitutively activating Wnt signaling, mice
developed polyps throughout their colon, which resulted in death within 2 weeks.
However, by halting anti-APC shRNA expression, restoring proper Wnt function after 1
week of treatment, defined polyps successfully de-differentiated and contributed towards

healthy tissue. No mortality was observed in mice that had APC function restored.

In breast cancer, constitutive Wnt activation is observed in more than 50% of cases, with
high Wnt activity and nuclear B-catenin staining correlating significantly with poor patient
outcome (Lin et al., 2000). Interestingly, only a small fraction of breast cancers harbor a
mutation in key Wnt regulators such as [3-catenin or APC (Geyer et al., 2011; Pohl et al.,
2017). Instead these cancers exhibit an increased expression of Wnt ligands and
receptors, due to aberrant epigenetic regulation of these genes (Howe and Brown, 2004;
Klarmann et al., 2008). Although the exact mechanisms surrounding or driving these
mutations are poorly understood, Wnt signaling is undoubtably a core aspect of breast

cancer.

Whnt signaling also plays a significant role in both hematopoiesis and the development of
hematological malignancies (Staal et al., 2016). Hematopoietic stem cells (HSCs) found
in the bone marrow give rise to all blood cells, through a carefully regulated step-wise

series of differentiation events. Wnt signaling appears to play a critical role in this process,
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being required not only for specific fate commitment, but also for the proper maintenance
and expansion of differentiated populations (Malhotra and Kincade, 2009; Staal and M.
Sen, 2008). This role is well demonstrated by TCF7-- knockout mice, in which T-cells fail
to fully commit to CD4*/CD8* double-positive T-cells (Verbeek et al., 1995). The proper
balance of TCF/LEF factors is also critical to hematopoiesis, as the loss of TCF7 in mouse
model systems results in spontaneous T-cell malignancies, which resemble T cell acute

lymphoblastic leukemia (Yu et al., 2012).

Among the various classes of hematopoietic malignancies, Wnt signaling has been found
to play a crucial role in the initiation and maintenance of the malignant populations.
Characterization of these hematopoietic cancers has found that Wnt can facilitate these
changes through five major mechanisms: over production of Wnt ligand,
hypersensitization to Wnt ligand through receptor overexpression, epigenetic
dysregulation of Wnt signaling components, mutations in B-catenin or APC which
constitutively activate the pathway, and imbalances in the TCF/LEF complement (Staal
et al., 2016). Any of these events will disrupt proper HSC differentiation and result in
malignancy. These same mechanisms of Wnt dysregulation can be found in almost all
Whnt-driven cancers, highlighting the potency of Wnt signaling and its common points of

failure.

1.9.2. Wnt and EMT in Cancer

Along with the role Wnt plays in fate determination and maintenance, Wnt also plays a
critical role in epithelial to mesenchymal transitions (EMT). Epithelial cells are typically
columnar in shape and tightly adhered to each other through adherens junctions, which

are assembled from cadherin proteins (Wheelock et al., 2008). Epithelial cells express
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primarily E-cadherin, but as they transition towards a mesenchymal phenotype, E-

cadherin expression is lost in favour of N-cadherin (Wheelock et al., 2008).

This cadherin switch causes cells to lose their columnar phenotype, become squamous
in phenotype, and promotes metastasis (Cao et al., 2019). Loss of epithelial phenotype
and metastasis is further promoted by N-cadherin driving the expression of matrix
metalloproteinase 9 (MMP-9), which degrades extracellular matrix (ECM) components
(Hsu et al., 2016; Walker et al., 2014). Suppression of E-cadherin is required for the
initiation of EMT, and is primarily mediated by the zinc finger transcription factor Snail

(Carver et al., 2001). However, Wnt signaling plays a crucial role in this process.

Snail has been found to be destabilized and degraded after its phosphorylation by
GSK3p, in a mechanism similar to B-catenin, such that Wnt stimulation simultaneously
stabilizes Snail and B-catenin (Yook et al., 2005). Additionally, as B-catenin is a structural
protein, it can interact with E-cadherin at adherens junctions (Tian et al., 2011). The loss
of E-cadherin frees bound 3-catenin, adding to the cytoplasmic pool of B-catenin available
for Wnt signal transduction. The increase in free 3-catenin further drives EMT, as Snail
and LEF1 are direct Wnt target genes capable of generating a positive feedback loop
(Hovanes et al., 2001b; Kim et al., 2002; Yook et al., 2005). While EMT is critical for
gastrulation and development, it is commonly dysregulated in cancer, resulting in

increased rates of metastasis.

During gastrulation, ectodermal epithelial cells of the epiblast must undergo EMT as they
adopt a mesenchymal phenotype and migrate through the primitive streak to contribute

towards mesodermal fates (Carver et al., 2001). Throughout development, EMT is tightly
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controlled by TGFf, Notch, and Wnt signaling (Medici et al., 2006; Nawshad et al., 2007;
Zavadil et al., 2004). However, the dysregulation of EMT in the context of cancer has
been shown to be a major driver of metastasis (Chaffer and Weinberg, 2011; Seyfried

and Huysentruyt, 2013).

Metastasis, an event in which cells from the primary tumour spread to adjacent tissues or
distant organs, such as the brain, lungs, or liver, and has been estimated to be the cause
of =90% of cancer-related deaths (Chaffer and Weinberg, 2011). For a cancer cell to
undergo metastasis it must be capable of regenerating a tumour population at its
secondary location. As such, successfully metastatic cells are considered cancer stem
cells (CSCs) by nature. These CSCs are pluripotent or multipotent progenitors capable
of undergoing asymmetric cell division and giving rise to tumour progenitors (Pardal et
al., 2003). Characterization of metastatic breast and pancreatic cancer cells has revealed
rare populations of CSCs expressing both stem cell and EMT marker genes (Al-Hajj et
al., 2003; Hermann et al., 2007). How these metastasized CSCs maintain cell fate and
EMT capacity throughout this process is a topic of intense research. Understanding these
underlying mechanisms has potential to provide insight into novel treatment options for a

wide variety of cancers.

1.10. LEF1 AS A CRITICAL REGULATOR OF METASTASIS

LEF1 has been found to directly mediate the expression of EMT-related genes in a wide
variety of cancers. An outstanding example of this is in the CRC cell line DLD1, which
possesses nuclear 3-catenin but has an epithelial phenotype. By infecting DLD1 cells with
an adenovirus expressing LEF1, cells rapidly undergo EMT. Furthermore, this EMT event

is reversed upon LEF1 withdrawal (Kim et al., 2002).
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Further characterization of EMT has shown that LEF1 independently and cooperatively
regulates EMT-related genes. LEF complexes with activated phospho-Smad2/Smad4
heterodimers in medial edge epithelium cells during embryonic palate development to
directly bind the E-cadherin promoter and suppress its expression (Nawshad et al., 2007).
Another marker of EMT and metastasis is the over expression of Vimentin, a type Il
intermediate filament protein found in mesenchymal cells and migratory epithelial cells
(Brzozowa et al., 2015; Liu et al., 2010). In human breast cancers LEF1 has been
implicated in the overexpression of Vimentin, as B-catenin-TCF/LEF complexes were
found to directly bind the Vimentin promoter and drive its expression (Christine Gilles,
2003). Additionally, Slug mRNA expression was found to increase as a result of LEF1 in

human osteoblasts, further suppressing E-cadherin expression (Lambertini et al., 2010).

Curiously, LEF1 has also been shown to mediate EMT-related genes in a B-catenin
independent fashion in both cancer and developmental contexts. In Madin-Darby canine
kidney (MDCK) cells, the expression of AN-LEF1, which lacks its B-catenin binding
domain, was capable of increasing EMT potential and the expression of EMT-related
genes such as Slug (Kobayashi and Ozawa, 2013). This function of LEF1 was also
observed in B-catenin’ MDCK cells (Kobayashi and Ozawa, 2018). Consistent with these
findings, B-catenin is not found to be nuclear before, during, or after the EMT of palate
cells during mouse development (Nawshad and Hay, 2003). Taken together, these
findings demonstrate that while Wnt signaling plays a critical role in EMT regulation, LEF1
is not only a key mediator of this function, but it is also capable of facilitating EMT

independent of Wnt status in both developmental and cancer contexts.
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Complementary to its role in EMT promotion, LEF1 has been closely associated with
pluripotency maintenance. Wnt signaling has been shown to directly promote the
expression of core pluripotency factors including Oct4, Nanog, c-Myc, and Cyclin D1 (He,
1998; Huang and Qin, 2010; Kim et al., 2011; Shtutman et al., 1999). However, the main
Wnt effector used in the regulation of Oct4 and Nanog is LEF1l. LEF1/B-catenin
complexes have been found to directly occupy WREs within the Oct4 and Nanog
promoters (Huang and Qin, 2010; Kim et al., 2011). Furthermore, LEF1 has been shown
to bind DNA targets in association with Nanog, to further activate their expression (Huang

and Qin, 2010).

While these findings were demonstrated in human stem cell populations in vitro, this role
of Wnt and LEF1 in pluripotency maintenance has been observed across a variety of
cancers. Altered, often overexpressed, LEF1 levels are a common feature across several
cancers including lung adenocarcinomas, colon cancer, endometrial carcinomas,
prostate cancer, and leukemia (Santiago et al., 2017). Additionally, in many of these
cancers, increased LEF1 expression strongly correlates with increased metastasis and
poor patient outcomes (Santiago et al., 2017). The overexpression of Hoxb9 and LEF1 in
lung adenocarcinoma potentiates invasion and outgrowth, while increasing metastasis
towards bone and brain regions (Nguyen et al., 2009). In LEF1-high endometrial cancers,
the expression of ECM-degrading MMP7 is increased by 30-fold relative to surrounding
healthy tissue (Shelton et al., 2012). While LEF1 is required for proper T- and B-cell
differentiation, there is a roughly 13-fold increase in LEF1 expression in acute
lymphoblastic leukemia (ALL) (Petropoulos et al., 2008). In murine models exogenous

LEF1 expression has been shown to induce ALL (Petropoulos et al., 2008).
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Not only can exogenous LEF1 induce EMT in cancer, its withdrawal has been shown to
halt EMT in certain LEF1-high cancers. There are multiple prostate cancer cell lines with
varying phenotypes, although in androgen-dependent (AD) cell lines, LEF1 expression is
found to be 100-fold greater than in androgen-independent (Al) cell lines (Li et al., 2009).
By exogenously expressing LEF1 in Al prostate cancer cell lines, a 2.5-fold increase in
matrigel invasiveness was observed, and this feature was lost when these same cells
were treated with a LEF1 shRNA (Li et al.,, 2009). Taken together, these findings
demonstrate that LEF1 is a potent mediator of EMT and metastasis. With the knowledge
that LEF1 is itself a Wnt target gene, aberrant Wnt activation not only establishes a
positive feedback loop, LEF1 overexpression enforces and maintains a pro-EMT and pro-

metastasis cell state.

Due to the strong correlation between LEF1 overexpression and metastasis, LEF1 has
been used as a biomarker in a wide variety of cancers. In chronic lymphoblastic leukemia,
a 2011 study found LEF1 to be overexpressed in 100% of 92 tested neoplastic samples
(Tandon et al., 2011). Additionally, while LEF1 is absent in mature B-cells, LEF1 was
found to be overexpressed in =70% of B-cell CLL samples (Menter et al., 2015). In oral
squamous cell carcinoma (OSCC) LEF1 is overexpressed, while TCF7L2 expression is
constant between surrounding tissue and OSCC cells (Su et al., 2014). Additionally,
higher LEF1 expression correlates strongly with lymphovascular invasion and reduced
survival (Su et al., 2014). In healthy colon crypt tissue TCF7L2 is the only TCF/LEF
expressed. However, LEF1 is frequently overexpressed. This overexpression of LEF1 in
CRC cells is associated with shorter survival time, and increased metastasis (Lin et al.,

2011). While these correlations allow LEF1 to function as an informative biomarker for
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patient outcome and treatment options, the mechanisms underlying this function are
poorly understood. While LEF1 promotes and maintains the expression of pluripotency-
and EMT-related genes, how does it maintain this transcriptional network following
metastasis? How does LEF1 maintain this pro-metastatic function over multiple divisions

in the absence of Wnt activation? My unbiased opinion: bookmarking.

1.11. Hypothesis

We hypothesize that TCF/LEF exchange at Wnt target genes is mediated by factors
bound to co-regulatory elements flanking WREs in the genome and the selective

depletion of mitotic TCF/LEFs upon cellular division.

We will address our hypothesis by generating endogenous TCF7L1/LEF1 reporter cell
lines and by using micropatterning to isolate mESC populations before, during, and after
TCF/LEF exchange events occur during gastrulation-like differentiation in vitro. These
populations will be examined by techniques that will allow us to determine genome-wide
changes in chromatin occupancy by TCF7L1, LEF1 and undetermined factors and
concomitant changes in global transcriptional outputs. We will also address potential
bookmarking roles for TCF7L1 and LEF1 by employing techniques that will allow us to
identify the network of proteins associated with TCF7L1 and LEF1 in asynchronous and
mitotically arrested mESCs. These interaction networks will also assist us in building

models for the mechanisms regulating TCF7L1/LEF1 exchange at target genes.
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CHAPTER 2. ENDOGENOUS TCF7L1 AND LEF1 EXPRESSION AS A REPORTER
OF WNT ACTIVITY

2.1. SUMMARY OF INTENT

Despite the broad role that Wnt signaling plays throughout development and adult stem
cell maintenance, our understanding of the mechanisms regulating dynamic changes in
TCF/LEF status is far from complete. However, TCF/LEF exchange events appear to
correlate strongly with abrupt cell fate changes. The most well-documented events occur
during: i) early gastrulation, when TCF7L1-positive ectodermal epiblast cells become
mesodermal LEF1-positive cells as they contribute to the PS (Merrill et al., 2004; Van
Genderen et al., 1994); ii) T-cell maturation, when a TCF7 to LEF1 exchange is observed
(Xing et al., 2016); and, iii) hair follicle cycling, when a TCF7L1 to LEF1 exchange is

observed (Merrill et al., 2001).

In general, TCF/LEF-expressing populations during development are restricted to the
static expression of one or two TCF/LEFs, with activating (TCF7/LEF1) and repressive
(TCF7I1/TCF7L2) TCF/LEFs typically being paired (Ah Cho and Dressler, 1998; Ferrer-
Vaquer et al., 2010a; Mariétte Oosterwegel, 1993; Merrill et al., 2004). Furthermore, TOP-
GFP reporter mice have revealed that not all of these populations are Wnt-active, as
measured by TOP activity (Ferrer-Vaquer et al., 2010a). However, as these cells
differentiate towards more specific cell fates and organize into larger structures, their
TCF/LEF status changes accordingly. The appropriate selection of TCF/LEFs is critical
during these processes, as TCF/LEF knockout mice show acute loss of specific stem cell
populations dependent on the lost TCF/LEF (Korinek et al., 1998; Zhou et al., 2010).

These findings demonstrate that while TCF/LEFs share some redundant functions, their

58



PhD Thesis — Victor Gordon McMaster University Biochemistry

appropriate expression and exchange are required for development and postnatal

survival.

The absence of TOP activity in regions of exchange suggests, not only that the TOP
reporter fails to fully capture Wnt regulation, but also that TCF/LEF exchange may be
regulated cooperatively with secondary pathways. However, characterization of these
TCF/LEF exchange events is limited not only by insufficient existing reporter systems, but

also by technical limitations associated with isolating these highly specific populations.

While the TCF/LEF optimal promoter (TOP) reporter system is the most commonly used
method of assessing Wnt activity in live cell populations, it does not reflect TCF/LEF
status. The TOP reporter is ideal for capturing events of strong Wnt activation, but it fails
to capture the nuanced changes in Wnt transcriptional machinery that occur during Wnt
activation. The Super 8X TOPFlash reporter possesses seven concatenated TCF/LEF
binding sites upstream of a minimal promoter driving the expression of a luciferase
reporter gene (Molenaar et al., 1996). As such, the TOP reporter is effectively reporting

only the formation of transcriptionally activating nuclear B-catenin: TCF/LEF complexes.

Changes in TCF/LEF status cannot be accurately inferred from changes in TOP activity.
Changes in TOP activation are therefore binary and not reflective of the changes in
TCF/LEF status that are integral to facilitating these changes. This lack of biological
relevance can be observed in drug screening efforts aimed at identifying Wnt modulating
compounds by using TOP-based reporter systems. With more than three million
compounds estimated to have been screened for Wnt activity via TOP-based reporter

systems, only 3 are currently in phase 2 clinical trials (Jung and Park, 2020; Lu et al.,
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2016). Additionally, these TOP-based screening efforts appear to preferentially identify
compounds that target either cell surface Wnt receptors or destruction complex
components (Jung and Park, 2020; Lu et al., 2016). As these Wnt signaling components
would most directly affect nuclear -catenin levels, this preference is understandable, but

has limited the clinical translation of identified compounds.

Since potent Wnt activators/inhibitors identified by TOP-based reporters typically target
core regulators of Wnt activation, their use in vivo will influence nearly all Wnt-active
tissues. However, more biologically nuanced screens should be able to select for
inhibitors of disease-specific Wnt-states, thereby limiting off-target effects in vivo. To
overcome this limitation, individual Wnt transcriptional components such as the TCF/LEFs

themselves, would need to be tracked directly.

Additionally, the characterization of TCF/LEF exchange events during gastrulation is
complicated by the limitations of in vivo systems. While adaptive light-sheet microscopy
platforms have been developed for time-lapse imaging of live embryos, this approach is
technically difficult (McDole et al., 2018). Alternative live cell microscopy approaches are
similarly difficult to implement (Yamanaka et al., 2007), while the characterization of fixed
samples greatly reduces temporal resolution and reproducibility. To bypass these
limitations, 2D and 3D in vitro culture techniques can be used to capture early
gastrulation-like events. By combining these 2D and 3D techniques with an updated Wnt-
reporter mouse embryonic stem cell (MESC) line we can capture and quantitatively
characterize TCF/LEF gastrulation-like events in vitro while bypassing the technical

limitations associated with in vivo techniques.

60



PhD Thesis — Victor Gordon McMaster University Biochemistry

2.2. ABSTRACT

The canonical Wnt/B-catenin signaling pathway is essential for the proper regulation of
cell-fate decisions throughout embryogenesis and in adult issues. However, due to its
role as a critical signaling pathway it is very frequently dysregulated in variety of cancers.
As such there have been numerous high throughput/high content screening efforts put
forward to identify modulators of Wnt activity. The most prominent platform used by more
than 90% of these screens in the past decade is the TCF/LEF Optimal Promoter (TOP)
reporter assay, which relies upon several concatenated TCF/LEF binding sites to drive
the expression of a downstream reporter gene. While this reporter system is very
sensitive to changes in Wnt activity, very few identified compounds have successfully
translated to clinical use. Additionally, inhibitors of epigenetic regulators have recently
been found to have excellent specificity for cancer populations. Unfortunately, this class
of inhibitor would very likely be missed by an exogenous TOP reporter system. To
overcome these limitations, and to provide a more biologically relevant screening
platform, we have used TALEN-facilitated homologous recombination to fluorescently
label endogenous TCF7L1 and LEF1, two key transcriptional regulators of Wnt signaling
that play critical roles in the maintenance of pluripotency and EMT, respectively. By
tracking TCF7L1/LEF1 expression status through live cell fluorescence imaging, we have
been able to identify epigenetic inhibitors capable of altering TCF7L1/LEF1 status without
affecting TOP activity, demonstrating our novel platform’s ability to identify inhibitors that

would otherwise have been missed by traditional TOP screens.
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2.3. Introduction

The dysregulation of Wnt signaling is a common feature among a wide variety of cancers,
where its aberrant activation or suppression can have either tumour suppressor or
oncogenic activity in a context-dependent manner (Kim et al., 2002; Santiago et al., 2017;
Zhan et al., 2017). There have been continuous drug screening efforts for the discovery
of novel small molecule, RNA-mediated, antibody, or protein-based modulators of Wnt
signaling activity (Lu et al., 2016). Currently, slightly more than half of all patents held for
Wnt modulators have been protein based, while the second and third most prevalent

modulators are antibody and small molecule mediated, respectively (Lu et al., 2016).

The targets of these modulators are prominently extracellular components of Wnt
signaling, which function through the sequestration or stimulation of Wnt ligands and
receptors (Lu et al., 2016). While targeting these components of the Wnt signaling
pathway is viable, tightly regulated Wnt signaling is required for the proper maintenance
and differentiation of many adult stem cell populations throughout the body; by globally
affecting Wnt signaling activity there may be a considerable risk of off-target effects
(Chiurillo, 2015; Lu et al.,, 2016). Additionally, while extracellular Wnt ligands and
regulators are often epigenetically silenced during progression of Wnt related cancers,
the most frequent initiating mutations are those that occur in intracellular regulators of -

catenin stability (Chiurillo, 2015; Lu et al., 2016; Rodenhizer et al., 2018).

The biased identification of inhibitors of extracellular components is not ideal, as these
inhibitors can only indirectly affect B-catenin transcriptional activity. However, this

apparent bias for identification of extracellular Wnt modulators may be an artifact of the
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TOP-driven Wnt reporter, which lacks the biological nuance required to fully reflect Wnt

signaling status.

The TOP reporter possesses seven concatenated TCF/LEF binding sites upstream of a
minimal promoter driving the expression of a chosen reporter gene. As such the TOP
reporter is effectively reporting only the formation of transcriptionally activating nuclear
B-catenin: TCF/LEF complexes. This functional bias results in the selective identification
of compounds affecting B-catenin stabilization, which is clearly reflected in the bias for
receptor/destruction complex targets of current Wnt-targeting therapeutics (Jung and

Park, 2020; Lu et al., 2016).

While B-catenin is a potent transcriptional regulator of the Wnt signaling pathway,
TCF/LEFs are responsible for the selection of target genes, and their selective expression
and exchange is critical for cell fate determination. As previously discussed, TCF/LEF
dysregulation is a common feature among Wnt-driven cancers. In breast cancers both
TCF7L1and LEF1 have been found to be drastically upregulated (Slyper et al., 2012;
Zheng et al., 2017), while LEF1 is over expressed in most colorectal cancers and B-cell
lymphomas (de la Roche et al., 2014; Menter et al., 2015). Additionally, the exogenous
and synthetic nature of the TOP reporter system prevents it from capturing epigenetic

changes affecting cells.

Epigenetics is known to play a critical role in differentiation, as demonstrated by global
changes in DNA and histone acetylation and methylation status that can be observed
within differentiating embryonic or adult stem cell populations (Gyuris et al., 2009; Shang

et al., 2009). Additionally, major regulators of histone status such as histone deacetylases
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(HDACSs) and histone acetylases (HATs) have been shown to mediate the activity of a
growing list of non-histone proteins, including the oncosuppressor p53 (Juan et al., 2000).
The impacts of HDAC/HAT activity on non-histone proteins can impact their stability by
mediating acetylation of lysines to prevent or promote ubiquitylation and degradation, or
altering protein-protein interactions to affect gene expression (factors such as signal
transducer and activator of transcription 3 (STAT3) require acetylation for dimerization

and subsequent nuclear translocation) (Zhuang, 2013).

As such, the dysregulation of HDACs/HATSs is a common feature across many types of
cancer, often resulting in or promoting aberrant epigenetic or transcriptional changes
through the post-translational modification of histone and non-histone proteins
(Chunaram Choudhary, 2009; Minucci and Pelicci, 2006; Parbin et al., 2014). Due to their
importance in differentiation and cancer development, considerable effort has gone into
finding chemical inhibitors of HDAC/HAT activity, resulting in a multitude of specific or pan
HDAC/HAT inhibitors (HDACIi/HATI) becoming commercially available. The most striking
feature of HDACi compounds is their apparent selective toxicity for tumour cells, with
normal cells displaying a considerable degree of resistance to the toxic effects of these

compounds (Minucci and Pelicci, 2006; Parbin et al., 2014).

Though Wnt signaling has been known to influence epigenetic status, through the direct
recruitment of epigenetic regulators by B-catenin, current research has continued to
strengthen the link between Wnt signaling and epigenetic regulation (Jiang et al., 2008;
Wolf et al., 2002; Zaidi et al., 2010). While LEF1 and TCF1 were found last year to have
intrinsic HDAC activity, required for the proper maturation and maintenance of CD8+ T-

cells, the acetylation or trimethylation of K49 in B-catenin by members of the polycomb
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repressive complex 2 (PRC2) was shown to be a critical mediator of [(-catenin
transcriptional activity (Hoffmeyer et al., 2017; Xing et al., 2016). While 3-catenin K49A
mutants were found to have major differentiation defects, mutations in K49 of 3-catenin
have also been found frequently in Wnt-associated cancers (Hoffmeyer et al., 2017).
Additionally, Hoffmeyer et al. demonstrated that the K49Me3 versus K49Ac status of B-
catenin at target genes was a stronger determinant of transcriptional activity than overall

B-catenin localization.

It appears that the interaction of Wnt components with epigenetic machinery is critical,
not only for regulating Wnt target gene activity and histone status, but also for modulating
the activity of Wnt signaling components themselves (Hoffmeyer et al., 2017). As the
weight of these interactions between epigenetic regulators and Wnt signaling continues
to gain significance, it is becoming clear that a new generation of more biologically
relevant reporters will be required to interrogate and understand Wnt signaling

mechanisms.

2.4. RESULTS
2.4.1. Targeting Endogenous LEF1, TCF7L1, and ROSA26 loci by using TALENs

To directly assess the expression of TCF7L1and LEF1 in E14Tg2A mESCs by using live
cell imaging, each gene locus was targeted by employing transcription activator-like
effector nuclease (TALEN)-facilitated homologous recombination. Through co-
transfection of an appropriate targeting vector (Supp. Fig. 1) the LEF1 gene was N-
terminally fused with monoAzami Green (mAG) and the TCF7L1 gene was N-terminally
fused with mono-Kusabira-Orange2 (mKO2) through homologous recombination. The

resulting mAG-LEF1/mKO2-TCF7L1 cell line is referred to as Green-LEF1/Orange-
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TCF7L1 (GLOT3). Integrations were confirmed by PCR and then validated by western
blotting, and imaging analysis. Bands for WT and labelled TCF7L1/LEF1 were identified

by western blotting, confirming their hemizygous integration (Fig. 8).
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Figure 8. GLOT3-CHmIR validation by western blot analysis.

Wild (E14Tg2a) and GLOT3-CHmIR cells were probed for LEF1 in differentiation (EB)
and pluripotent (ES) conditions. Bands were identified at the expected full length
(empty arrowhead) and fusion (filled arrowhead) sizes for LEF1 and TCF7L1. A)
Samples were blotted for LEF1 and GAPDH loading control separately. B) Samples
were blotted for TCF7L1 and GAPDH separately.

2.4.2. Characterizing mKO2-TCF7L1/mAG-LEF1 Expression in EB Medium and
Potential Effects on Wnt function or mESC Differentiation

To a determine a time point at which LEF1 and TCF7L1 are most highly expressed, and
to ensure our GLOT3 cell line did not impede Wnt activity or differentiation, we assessed
mKO2-TCF7L1/mAG-LEF1 fluorescence and lineage marker expression over three days
of differentiation in EB medium (Fig. 9A). Wild-type E14TG2a cells grown in identical

conditions were collected for analysis by qRT-PCR (Fig. 9B). Consistent with our GLOT3
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observations, expression of established Wnt target genes Wnt3 and Brachyury was
lowest when repressive TCF7L1 expression is high, and highest when activating LEF1
expression is low. These consistencies suggest that differentiation of the GLOT3 mESC

line is not impeded by our endogenous LEF1/TCF7L1 fluorescent tags.

2.4.3. Constitutive H2B-miRFP670 Expression as an Endogenous Nuclear Marker

To facilitate rapid and consistent nuclear identification of cells during live imaging, the
epigenetically stable ROSA26 locus was targeted by using TALENS to introduce histone
2B (H2B) fused to a fluorescent nuclear marker. To avoid spectral overlap and
aggregation of our H2B nuclear marker, we chose the monomeric far-red fluorescent
protein miIRFP670 (miR) (Shcherbakova et al., 2016). As the ROSA26 locus has
moderate constitutive activity, we attempted to target our cassette with or without a CAG
promoter. However, due to the poor quantum yield of miRFP670, the resulting moderate
expression without a CAG promoter was insufficient for robust nuclear identification (Fig.
10A). The presence of an upstream CAG promoter facilitated robust expression and
consistent nuclear identification (Fig 10B). As such, our CAG-driven H2B-miRFP670 cell

line was used in all future experiments.
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Figure 9. Dynamic expression of TCF7L1/LEF1 during mESC exit from
pluripotency.

The expression of TCF7L1/LEF1 is most dynamic after 48 hours of culture in EB
conditions, where cells are primed for Wnt activation and mesodermal commitment.
A) GLOT3 cells cultured as hanging drop EBs were collected every 24 hours and
characterized by flow cytometry to determine mAG-LEF1/mKO2-TCF7L1
fluorescence levels using flow cytometry (n = 3). B) Wild-type E14Tg2a cells cultured
as hanging drop EBs were collected every 24 hours to determine mesoderm
(Brachyury), ectoderm (BMP4), and Wnt activity (Wnt3) marker gene expression by
using qPCR (n = 3).

2.4.4. Optimizing Imaging and Treatment Conditions with Wnt Modulators
To automate image processing, a pipeline was generated using Cell Profiler (McQuin et

al., 2018) for image analysis and Python for data processing. Our H2B-miRFP670 signal
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was used to identify nuclei, and this area was then used to determine mean mAG-LEF1
and mKO2-TCF7L1 fluorescence intensity for each cell. Images were acquired at the 48-
hour mark, which has been shown in hanging drop EBs and adherent cultures to have
large LEF1- and TCF7L1-positive populations (Moreira et al., 2017). Hex bin graphs were
then used to compare TCF7L1/LEF1 expression for all cells identified in each condition

(Fig. 11).

To optimize dosage and image quantification, we chose to first characterize a set of three
known inhibitors. As LEF1 is a known Wnt target gene that is strongly activated by the
potent GSK3 inhibitor, CHIR-99021 (CHI), we treated our GLOT3-CHmIR cell line with 1,
5, or 10 uM CHI, with the first robust change in TCF/LEF expression being observed at 5

UM (Fig. 11).

The Smad?2/3 inhibitor SB-431542 (SB) and FGFR inhibitor SU-5402 (SU) were also
tested at 5 and 10 uM concentrations (Fig. 12A). A similar trend was observed where 5
and 10 uM doses were similar in effect, while 5 uM was less cytotoxic. As such, 5 uM was
chosen as our initial screening concentration when working with larger libraries. To
guantify these changes, the percent of change of LEF1/TCF7L1 fluorescence in each well

was quantified over its respective DMSO control (Fig. 12B).
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Figure 10. Detection of nuclei with H2B-miRFP670.

The inclusion of a CAG promoter in our ROSA26-targeted H2B-miRFP670 cassette
allows for robust nuclear detection. GLOT3 cells with an endogenously driven (A) or
CAG-driven (B) H2B-miRFP670 cassette were plated at equal density and grown in
EB medium conditions for 48 hours prior to imaging and image analysis using identical
settings. Nuclear H2B-miRFP670 fluorescence is shown on the left panels (H2B-miR),
with nuclei identified by our CellProfiler pipeline outlined in yellow. These images are
then shown as a merge with Green (mMAG-LEF1) and Red (mKO2-TCF7L1) channels.
GLOT3-CHmIR seeding, treatment, imaging, and quantification protocols were
optimized by using a small library of known Wnt modulators.
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Figure 11. Dynamic LEF1/TCF7L1 states are recapitulated in adherent culture
and can be influenced by chemical inhibitors.

GLOT3-CHmIR cells were grown for 24 hours in EB medium before CHI (CHI99021)
was added at the indicated concentrations and grown for an additional 24 hours.
Equivalent volumes of DMSO were added as vehicle controls. Images were acquired
from each well at the 48-hour mark and mean nuclear intensity was scored for mAG-
LEF1 (y-axis) and mKO2-TCF7L1 (x-axis). Data is presented on a log scale hex bin
scatter plot for each identified nucleus, with average cell count per run listed above
each plot (n = 3).
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Figure 12. LEF1 and TCF7L1 protein expression in mESCs is more responsive
to small molecule treatments in the absence of LIF.
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Figure 12. (Continued) A) GLOT3-CHmIR cells were cultured for 24 hours in the
absence of drugs and an additional 24 hours in medium containing the indicated
concentration of CHI (CHI99021), SU (SU5402), SB (SB431542), or DMSO vehicle
control. Medium used was either mESC or EB, as indicated. Images were acquired at
the 48h mark and mean nuclear fluorescence was plotted as hex bin scatter plots for
MAG-LEF1 (y-axis) and mKO2-TCF7L1 (x-axis) as a log scale. B) Mean nuclear mAG-
LEF1 (black) and mKO2-TCF7L1 (grey) fluorescence intensity for each condition was
plotted as a percent of change relative to DMSO vehicle control.

2.4.5. lIdentifying Wnt-modulating Epigenetic Inhibitors by Changes in
TCF711/LEF1 Status

Our characterization of TCF7L1/LEF1 expression during differentiation demonstrated that
TCF7L1 and LEF1 expression was most prolific throughout the population at 48h (Fig.
9A). To observe changes in this dynamic TCF7L1/LEF1 state, GLOT3-CHmIR cells were
imaged after 48h in EB conditions, with probes added at the 24h mark (Fig. 13A). Thirty
probes were chosen from the Epigenetic Probe Collection (Structural Genomics
Consortium, Toronto), based on their ability to affect their target in <= 24h and have
activity at 5 uM or less, to fit our chosen timeline and to reduce cytotoxicity, respectively
(Fig. 13B). In the 30-probe screen, 11 were found to have a Z-score > 1.0 or < -1.0 in
either the green (LEF1) or red (TCF7L1) channel (Fig. 13C). From these 11 probes, we
chose to move forward with JQ-1, PFI-1, NVS-1, UNC038, UNC0642, and GSKJ4 as they
were the most well documented, and their targets were known to be involved in early
developmental regulation. While most compounds were not found to significantly
modulate mKO2-TCF7L1/mAG-LEF1 fluorescence relative to a DMSO control in follow-
up screens, the Bromo- and Extra-Terminal domain (BET) family inhibitors JQ-1 and PFI-
1 were found to significantly reduce LEF1 expression, and the IMID3/UTX inhibitor GSK-
J4 was found to significantly increase TCF7L1 expression (Fig. 14A). Additionally, JQ-1

and PFI-1 were found to increase mean H2BmiRFP670 fluorescence, which is indicative
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of G2/M phase arrest. However, JQ-1 and PFI-1 treatment has only ever been associated
with G1/GO arrest (Alghamdi et al., 2016; Picaud et al., 2013) (Fig. 14A). To determine if
these six compounds could have been identified by a traditional TOP-based reporter
system, E14Tg2A mESCs were transfected with an 8xTOP-FLASH reporter and
incubated for the same 48h timeline before luminescence was read. While the addition of
CHI successfully activated the TOP reporter, none of our epigenetic probes induced a
change that was significantly different from the DMSO control (Fig. 14B). Our chosen
probes were then re-screened in the presence of 5 uM CHI, using both GLOT3-CHmIR
imaging and TOPFLASH (Fig. 14). While CHI increased TOP activation and LEF1
expression, this effect was shown to be suppressed by all probes. Intriguingly, the
suppression of TCF7L1 expression by CHI was inhibited in the presence of GSK-J4 (Fig.

14A).
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Figure 13. Epigenetic modulators influence LEF1/TCF7L1 expression status.

A) GLOT3-CHmIR cells were seeded at equal density in EB medium for 24 hours,
medium was then replaced with EB medium containing our desired drug and incubated
for an additional 24 hours. Images were then taken of each well at the 48-hour mark,
processed using CellProfiler, and then analysed with custom Python scripts (n = 3). B)
A list of probes, provided by the SGC, used in our initial screen. C) A plot of Z-scores
for each probe. Red asterisks denote probes with a Z-score > 1 or < -1 for either LEF1
or TCF7L1. These noted compounds were then used in subsequent assays.
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Figure 14. GLOT3-CHmIR cells can detect changes in Wnt state better than TOP-

FLASH assays in the absence of CHI.
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Figure 14. (Continued) Epigenetic inhibitors were chosen based on previously
determined activity. A) GLOT3-CHmIR cells were treated with select epigenetic
inhibitors in the absence (name) or presence (C + name) of CHI and scored by mean
nuclear fluorescence (n = 7). JQ1 and NVS1 were found to be capable of significantly
reducing LEF1 expression in the absence of CHI (p < 0.0005) and GSKJ4 was found
to be capable of maintaining TCF7L1 expression in the presence of CHI (p < 0.0005).
B) The screen was then repeated with WT mESCs transiently transfected with TOP-
FLASH reporter constructs (n = 3). CHI was found to significantly increase TOP activity
relative to DMSO, while all tested probes were only found to significantly reduced TOP
activity when tested in the presence of CHI (p < 0.0005).

2.5. DISCUSSION

2.5.1. GLOT3-CHmiR mESCs provide a more biologically nuanced albeit less
sensitive, screening platform compared to TOP-based screens.

Our GLOT3-CHmIR platform can identify Wnt modulators that would have otherwise been
missed by traditional TOP-based assays. However, when TOP activity was assessed in
the presence of both our small molecule inhibitor and CHI it was found that the TOP-
FLASH assay could detect a strong suppression of Wnt activity relative to CHI-only
control, with much greater fold change than our GLOT3-CHmIR cell line (Fig. 14). Current
Wnt modulators available to the field and in clinical use tend to target extracellular Wnt
ligands or receptors, which typically results in binary activation or suppression of Wnt

activity (Lu et al., 2016).

That our GLOT3-CHmIR screen could identify nonbinary Wnt modulators suggests that
compounds identified by our screen could be more clinically relevant, as they may more
finely tune Wnt activity. Importantly, these nuances could help identify compounds
capable of modulating TCF/LEF selection. In a wide variety of cancers, aberrant LEF1

expression is associated with increased EMT and poor patient prognosis (Santiago et al.,
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2017). Finding compounds capable of reverting these misexpression events could

potentially provide a mechanism with which to improve patient outcomes.

Consistent with this aim of TCF/LEF regulation, our GLOT3-CHmIR screening platform
has found JQ-1 and PFI-1 to be capable of suppressing LEF1, and GSK-J4 to be capable
of increasing TCF7L1 expression. JQ-1 and PFI-1 are potent inhibitors of Bromodomain
(BD) and extra-terminal domain (BET) family members. These include BD-containing 2
(BRD2), BRD3, BRD4, and BD testis-associated (BRDT) which is found specifically in the
testis. Members of the BET family specifically recognize acetylated lysine on histones
through two N-terminal domains (BD1 and BD2) (Belkina and Denis, 2012; Dhalluin et
al., 1999). Among these members, BRD2 and BRD4 are the most well-studied, as they
have been found to play a critical role in transcriptional regulation through their
interactions with various protein complexes within active promoters and enhancers (Jang
et al., 2005). This has been shown to occur through BRD4 binding acetylated histones
within active promoters and recruiting positive transcription elongation factor b (P-TEFb)
to promote RNA polymerase Il (RNAPII) extension (Jang et al., 2005; Wu and Chiang,
2007). While BRDs have been shown to function quite ubiquitously throughout the
genome, their activity has also been shown to be critically enriched at lineage-specific
enhancers and super-enhancers (Chapuy et al., 2013; Jiang et al., 2020b). Inhibitors of
BET family members, such as JQ-1 and PFI-1, inactivate BRDs by competitively
occupying their acetyl-histone binding domain to prevent their binding to acetylated
histones, reducing their association with, and activation of, oncogenic targets, promoting
terminal differentiation and apoptosis of cancer cells (Filippakopoulos et al., 2010; Jiang

et al., 2020Db).
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As such, JQ-1 and similar BRD inhibitors have been found to exhibit promising
therapeutic effects in a variety of cancers. These inhibitors have been found to be
particularly effective in targeting hematopoietic malignancies, including acute myeloid
leukemia (AML) (Dawson et al., 2011; Roe et al., 2015), diffuse large B-cell lymphoma
(DLBCL) (Chapuy et al., 2013), and Burkitt lymphoma (BL) (Mertz et al., 2011).
Interestingly, LEF1 is over expressed so frequently in these cancers that it is often used
as a biomarker of AML (Petropoulos et al., 2008), DLBCL (Tandon et al., 2011), and BL
(Walther et al., 2013). In these contexts, LEF1 expression correlates with worse patient
outcomes due to its ability to promote EMT and consequential metastasis (Medici et al.,
2006; Nawshad and Hay, 2003). Our finding that JQ-1 suppresses LEF1 expression may
provide a novel avenue for the investigation of therapeutic treatments in cancers where

LEF1 is known to be overexpressed.
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2.5.2. The GLOT3-CHmIR platform selects for direct transcriptional regulators of
wnt signalling.

As previously mentioned, compounds found to directly modulate the activity of TCF/LEFs
are very limited. However, our system uses LEF1/TCF7L1 as a readout of Wnt activity,
allowing it to specifically track an aspect of Wnt signaling that is poorly captured by
existing platforms. While the driving mutation in a majority of Wnt-related cancers are
related to the constitutive stabilization of [B-catenin, mutations in TCF/LEFs are
considerably less frequent (Tate et al., 2019). By selecting for modulators capable of
activating or suppressing TCF/LEF transcriptional activity, compounds identified by our

GLOT3-CHmIR system may be applicable to a wider variety of Wnt-related cancers.

In contrast to existing inhibitors that promote broad Wnt activation/suppression, resulting
in considerable off-target effects in vivo, inhibitors capable of targeting and modulating
TCF/LEF status may have reduced off-target effects. This potential for enhanced
sensitivity is supported by the contrast in therapeutic efficacy of existing kinase-targeting

compounds versus epigenetic inhibitors in the treatment of cancers.

In cancers where translocation events or mutation produce unique constitutively active
kinases, such as the BCR-ABL translocation in AML (Deininger et al., 2000), kinase
inhibitors are exquisitely sensitive for cancer populations. However, targeting WT kinases
that are upregulated in cancer populations results in the inactivation of kinases within
healthy populations long before cancer populations are significantly suppressed. By
contrast, a wide variety of epigenetic inhibitors have been found to be significantly more
selective for cancer cell populations than healthy cell populations, despite targeting WT

epigenetic regulators (Minucci and Pelicci, 2006; Parbin et al., 2014; Perez-Salvia and
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Esteller, 2017). This heightened sensitivity is not yet fully understood, but it demonstrates
that cancer cell populations are more sensitive to modulators of their
epigenetic/transcriptional status. As TCF/LEF dysregulation is a common feature in Wnt-
related cancers, inhibitors capable of reverting or alleviating this dysregulation at the
epigenetic/transcriptional level have the potential to overcome the off-target limitations of

kinase or cell surface receptor inhibitors.

The efficacy of BRD inhibitors in certain cancers has been attributed to their ability to
inhibit the epigenetic maintenance of critical lineage and self-renewal genes by BRDs
(Jiang et al., 2020a). Similarly, LEF1 overexpression in a variety of cancers has been
found to strongly correlate with the upregulation of EMT-related genes (Santiago et al.,
2017). Compounds identified by our GLOT3-CHmIR platform capable of suppressing
LEF1 expression should similarly impede the expression of these EMT-related targets,
sensitizing the cancer population to apoptosis or at least inhibiting metastasis. Congruent
with this hypothesis, and our findings, JQ-1 has previously been shown to inhibit the
proliferation of colorectal cancer cells through the suppression of Wnt signaling (Zhang
et al., 2018). As such, we hope that the use of our GLOT3-CHmIR platform in the
identification of novel epigenetic regulators will identify compounds capable of selectively

disrupting TCF/LEF dysregulation in Wnt-related cancers.

2.6. MATERIALS AND METHODS
2.6.1. Culture Methods

El4tg2a mESCs (ATCC CRL-1821), and derived cell lines, were maintained in mESC
medium containing high glucose Dulbecco’s Modified Eagle’s Medium (DMEM), 15%

Fetal Bovine Serum (FBS), 2 mM L-glutamine, 1 mM Sodium Pyruvate, 100 pM non-
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essential amino acids, 0.1 mM 2-mercaptoethanol, and 102 units/mL leukemia inhibitory
factor (LIF). Cultured cells were passaged every 48h at a 1:6 ratio on 10 cm 0.1% gelatin-
coated culture dishes. During imaging experiments, and to induce LEF1 expression, cells
were cultured in embryoid body (EB) medium, which is identical in composition to mESC

medium but lacks LIF.

2.6.2. TALEN Design and Transfection

TALENSs were designed with TAL Effector Nucleotide targeter 2.0 (Cermak et al., 2011;
Doyle et al., 2012) using default settings, a spacer of 15-20 nt, and 15-20 RVDs per
TALEN. The plasmid kit used for generation of TALENs was a gift from Daniel Voytas
and Adam Bogdanove (Addgene kit # 1000000024). The TALEN pair made to target the
endogenous LEF1 locus was designed to cut roughly 500 bp upstream of the TSS. LEF1
Forward TALEN RVD sequence: NH HD NH HD NH NI HD HD NI HD NH NH NG NH NH
HD HD NI NG. LEF1 Reverse TALEN RVD sequence: NG NI NG NG HD HD HD HD NI
HD HD HD NI NH HD HD HD NH HD NH. The TALEN pair made to target the endogenous
TCF7L1 locus was designed to cut between the third and fourth TCF7L1 exon. TCF7L1
Forward TALEN RVD sequence: NG HD HD HD NH NH NI NH NI NG NG NH NH NG
HD NI NH HD. TCF7L1 Reverse TALEN RVD sequence: HD HD NI NH NH HD HD HD
NG NG NH HD HD HD NI NI HD NG NG NG HD NG. Regions of homology required for
homologous recombination were amplified from either locus using PCR and assembled
into a final repair template vector through digestion and ligation. A LoxP-flanked neomycin
resistance cassette was also included within the recombination region of the repair
template to select for successful integration via resistance to the drug G418. To target the

mouse Rosa26 locus we employed TALEN-mMROSA26 KKR and ELD constructs gifted
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by Radislav Sedlacek (Addgene plasmid # 60025, 60026). A repair template was made
by using pDonor MCS Rosa26, which was a gift from Charles Gersbach (Addgene
plasmid # 37200). This repair template was then engineered to contain either the CAG-

H2B-miRFP670 or H2B-miRFP670 reporter cassettes.

All TALEN targeting transfections were performed using 2 x 10° cells, 2 pg of either
TALEN and 1 pg of repair template and the transfection reagent Lipofectamine 2000
(Thermo, Cat# 11668030). Transfected cells were seeded equally across four 10 cm
culture dishes in mMESC medium for 24h before 2 pg/mL puromycin was added to select
for cells successful transfected with the TALEN expression constructs. After a 24h
incubation with puromycin, medium was removed and cells were washed twice in PBS
before being transferred to mMESC medium containing 250 pug/mL G418. Cells were then
allowed to grow for roughly 5 — 7 days until individual colonies formed. Once individual
colonies could be identified without the aid of a microscope, they were isolated and
expanded. Putative clones were then screened by using PCR to determine if desired
fusion protein cassettes were successfully integrated into the correct genomic locations.
Following PCR validation, putative clones were then Cre excised. 2 x 10° cells were
transfected with 2 pg of Cre-IRES-PuroR, which was a gift from Darrell Kotton (Addgene
plasmid # 30205). As before, individual clones were isolated, successful excision was
validated by PCR, and successful expression of fusion proteins was determined by
western blotting and sequencing. This process was repeated for LEF1, TCF7L1, and

CAG-H2B-miRFP670 using E14tg2a mESCs as our initial cell line.
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2.6.3. Hanging Drop Embryoid Body Formation and Flow Analysis

Hanging drop embryoid bodies (HD-EBs) were generated by using the protocol described
by Wang and Yang 2008, but modified to initiate HD-EB formation using 800 cells rather
than 500 cells (Wang and Yang, 2008). HD-EBs were collected every 24 hours over seven
days of differentiation, gently singularized with Trypsin, and analyzed by using flow
cytometry (n=3). To account for the endogenous expression of mAG-LEF1/mKO2-
TCF7L1 in our GLOTS cells, E14tg2a cells were transfected with CAG-mAG or CAG-

mKO2 for use in fluorescence compensation, rather than fluorphore conjugated beads.

Flow cytometry control plasmids were based on pCAG:H2B-EGFP, a gift from Anna-
Katerina Hadjantonakis & Virginia Papaioannou (Addgene plasmid # 32599 ;

http://n2t.net/addgene:32599 ; RRID:Addgene_32599).

2.6.4. gPCR Analysis

El4tg2a cells were grown as HD-EBs and samples were collected every 24 hours for
three days. RNA was then collected (RNeasy kit, Qiagen) from samples and converted
to cDNA using gScript (Quantbio). The expression of each of the listed genes was
determined using SsoAdvanced Universal SYBR Green Supermix (BioRad), with
expression being shown relative to the expression of Rpl13a (n=3). Primers used for qRT-

PCR:

RPL13a Fwd: 5-TCCCTCCACCCTATGACAAG-3’
Rev: 5-GTCACTGCCTGGTACTTCC-3’

Wnt3 Fwd: 5-TGGAACTGTACCACCATAGATGAC-3
Rev: §’- ACACCAGCCGAGGCGATG-3’

T/Brachyury Fwd: 5-AGCTCTCCAACCTATGCGGACAAT-3’
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Rev: 5-TGGTACCATTGCTCACAGACCAGA-3’

BMP4 Fwd: 5' - GCCGAGCCAACACTGTGAGGA - 3
Rev: 5' - GATGCTGCTGAGGTTGAAGAGG - 3'

2.6.5. Western Blot Analysis

To promote LEF1 expression, cells were grown in EB medium for 48 hours, while cells
were grown for 24h in mESC medium to promote TCF7L1 expression. Protein was
extracted by lysing cells in RIPA buffer with HALT protease/phosphatase inhibitor cocktall
(Thermo). Samples were then quantified by using DC protein assay (BioRad) and 20 ug
of total protein was separated by using SDS-polyacrylamide gel electrophoresis with Bolt
bis-tris gels (Thermo Fisher). Proteins were then electrophoretically transferred to
nitrocellulose membrane and blocked for 1 hour at room temperature in 5% non-fat
milk/TBS, and then incubated overnight at 4°C in 5% nonfat dry milk in TBS with 0.1%
Tween-20 (TBST) containing diluted primary antibody. Primary antibodies against LEF1
(Cell Signaling Technologies C12A5) or TCF7L1 (Abcam ab86175) were used ata 1:1000
dilution, while antibody against GAPDH (Abcam ab9485) was used at 1:40 000. The
membrane was washed to remove excess antibody and incubated in secondary
antibodies diluted 1:20 000 (BioRad) in 5% nonfat dry milk in TBS with 0.1% Tween-20
for 1 hour at room temperature. Blots were then developed with enhanced
chemiluminescence substrate (Immobilon Forte, Sigma) and imaged using a BioRad

ChemiDoc system.

2.6.6. Drug Library Preparation

For initial optimization and validation of our GLOT3-CHmIR screening system we used
CHIR99021 (Sigma), SU5402 (Sigma), and PD0325901 (Sigma). Our library of epigenetic

inhibitors was generously gifted to us from the Structural Genetics Consortium of Toronto.
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All compounds were resuspended in DMSO to a final concentration of 500 mM and split
across multiple 96-well round-bottom plates. These master stocks were then stored
at -80°C. Aliquots were prepared in 96-well round-bottom plate format and stored at -20°C
for use in treatments of live cell imaging populations. Each aliquoted plate was used a

maximum of three times before disposal and preparation of a fresh aliquot plate.

2.6.7. Plate Seeding, Maintenance, and Imaging

Cultured GLOT3-CHmIR cells were singularized by using Accutase for 5 minutes at 37°C
and seeded onto 0.1% gelatin-coated uPlate 96-well plates (IBIDI, 80826) at 10 000
cells/well and cultured for 24 hours in EB medium. After 24 hours, medium was aspirated,
and cells were washed once in PBS before 5 uM of each drug in EB medium was added
to each well to a final volume of 200 uL. Control wells in which no drug was added, or an
equivalent volume of DMSO alone was added, were included in each run. Following an
additional 24 hours of culture, cells were imaged by using a Nikon Al scanning laser
confocal microscope. Images were acquired at 20x magnification over 10 equally spaced
fields within each well with a 488 nm laser and FITC filter to image mAG-LEF1 (492/505),
a 560 nm laser and TRITC filter to image mKO2-TCF7L1 (551/565), and a 647 nm laser
and Cy5 filter to image H2B-miRFP670 (642/670). Images were converted from NIS2
format (Nikon) and annotated using FIJI (Schindelin et al., 2012). Converted images were
then processed with CellProfiler (McQuin et al., 2018) to identify nuclei and score mean
nuclear fluorescence. Fluorescence data was then processed with Python 3.7 (Oliphant,
2007) using Pandas (McKinney, 2010) for data structuring, Matplotlib (Hunter, 2007) for

graphing, and SciPy (McKinney, 2010) for statistical analyses.
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2.6.8. TOP-FLASH Transfection and Quantification

E14Tg2a mESCs were transfected with M50 Super 8x TOPFlash, which was a gift from
Randall Moon (Addgene plasmid #12456) and pRL-CMW (Promega) in a 20:1 ratio using
Lipofectamine 2000 (Thermo) and seeded at 50 000 cells/well in a 0.1% gelatin-coated
96-well flat-bottom plate. Plated cells were then incubated for 24h in EB medium, washed
once with 1X PBS, and then incubated for an additional 24h in EB medium containing
selected drugs. Samples were then prepared and collected for the Dual-Luciferase
Reporter Assay System (Promega E1980), and resulting luminescence was gquantified

using a plate reader with recommended settings.
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Supplementary Figure 1. TALEN-based targeting strategy for GLOT3-CHmIR cell
line generation and TOP-FLASH reporter constructs. A-C) TALENSs depicted in red
yield double-strand breaks in the indicated endogenous loci. Targeting constructs are
shown below. 5°/3’" homology arms are designated as blue boxes (5/3’'HA) and are
mapped back to homologous regions of targeted loci (dotted box). All targeting
constructs contained a LoxP-flanked (purple) neomycin resistance cassette (NEOTr) for
selection of successful integration. D) Plasmid map of TOP-FLASH construct with
several WREs driving luciferase (Luc) expression, and CMV-driven renilla (RL)

transfection control plasmid.
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CHAPTER 3. DEVELOPING A 2D MICROPATTERNED CULTURE PLATFORM FOR
THE CHARACTERIZATION AND ISOLATION OF TCF/LEF EXCHANGE EVENTS

3.1. ABSTRACT

Directing the differentiation of stem cell populations towards a given fate has long been a
goal of stem cell biologists. Differentiation protocols often rely upon selection of a desired
fate from a heterogeneous population and serve as poor models with which to study
mechanisms underlying cell fate determination. By contrast, seeding pluripotent stem
cells onto micropatterned culture surfaces, which contain geometrically defined shapes
in which cells selectively adhere, induces highly consistent organization of differentiating
populations. The consistent organization of micropatterned populations not only makes
them amenable to a variety of automated imaging techniques, but also provides a means
to isolate homogeneous populations for use in downstream mechanistic studies.
However, the techniques and equipment required for the fabrication of micropatterns are
typically restricted to biomedical engineering groups. To make micropatterning more
accessible to a wider range of stem cell biologists we present here a fabrication technique
that requires minimal technical experience. The primary limitation is a requirement for a
specialized UV-ozone cleaner, but this small piece of equipment is affordable for many
labs (approximately $5000 USD). Alternatively, it should be possible to gain access to
this instrument through biomedical engineering facilities available at many academic
institutions. We demonstrate the efficacy of our micropatterning protocol by using it to
reproducibly generate precisely timed cellular differentiation states that we can detect by
using mouse embryonic stem cells in which LEF1 and TCF7L1 genes have had

fluorescent proteins introduced into their endogenous loci to generate N-terminal fusion

89



PhD Thesis — Victor Gordon McMaster University Biochemistry

proteins. We discuss how this platform could be used to isolate pure populations for

downstream analyses.

3.2. INTRODUCTION

Directed differentiation has long been a goal for the field of stem cell biology (Chambers
et al., 2009; Spater et al., 2014; Torres et al., 2012). However, the majority of the efforts
towards coaxing stem cells to differentiate towards a desired fate have been carried out
by using traditional culture techniques. Characterization of these techniques has revealed
that differentiation under these conditions occur less through directed fate commitment of
the total population, and more through subpopulation selection (Oh and Jang, 2019).
These findings demonstrate that the means of differentiation in traditional culture plates
is through selection for a given cell fate by medium conditions, rather than organizing and
guiding the population through a series of cell fates. As a result, cell fate yield is often
quite low, reaching as little as 10-50% of the starting population, requiring cell sorting to
obtain pure (>90%) populations (Oh and Jang, 2019). Low yields and lack of uniform
cellular organization limit secondary characterization, making it quite difficult to track cell

fate events that occur throughout in vitro differentiation.

To overcome these limitations of traditional culture, a variety of microfabrication
techniques have been employed to better organize 2D culture populations (Ermis et al.,
2018). These techniques allow for the capture and consistent geometric organization of
discrete cell populations. By chemically modifying defined regions of the culture surface,
researchers can selectively coat regions of these surfaces with extracellular matrix (ECM)
proteins, allowing them to selectively capture cell populations (Joo et al., 2015). These

techniqgues have been employed to capture individual cells to investigate cytoskeletal
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architecture or hundreds of cells to capture gastrulation-like events. In addition, modified
post-seeding techniques can be used to investigate cellular migration and epithelial to
mesenchymal transition (EMT) (Kusuma et al., 2017; Morgani et al., 2018; Thery, 2010a).
However, the fabrication techniques required to generate these surfaces is often quite

technically difficult and require experience with, and access to, specialized equipment.

The most frequently used fabrication approaches include microcontact printing, laser-
patterning, and photo-patterning (Ermis et al., 2018). Microcontact printing is performed
by coating a polydimethylsiloxane (PDMS) stamp etched to possess the desired micro-
features. ECM proteins can be applied to the stamp and then imprinted onto a desired
culture surface. However, the technical limitations associated with stamp microfabrication
limits its accessibility, and variations in efficient protein transfer limit its reproducibility.
Laser-patterning and photo-patterning both take advantage of high-energy light, such as
deep ultraviolet (<200 nm) light, which can generate localized plasma to directly oxidize
culture substrates or dissociate hydrophobic coatings. When used in combination with
hydrophobic culture substrates, these approaches allow for the generation of discrete
hydrophilic regions that permit the selective deposition of ECM proteins (Ermis et al.,
2018; Strickland et al., 2012). While laser-patterning approaches allow for excellent
control over pattern design, which can be rapidly changed and adjusted as protocols are
optimized, the systems required to implement them are quite specialized. Alternatively,
photo-patterning uses similar principles to laser-patterning, but the equipment required is

significantly cheaper and easily accessible in most university settings (Carpi et al., 2011).

Here, we describe a highly accessible photopatterning technique that requires minimal

knowledge of microfabrication techniques. Our technique uses freely available software
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and common fabrication equipment that many labs will be able to afford, but which is also
available in most engineering departments. The basic principles of the technique can be
built upon as users gain experience. While services exist to purchase prefabricated
micropatterned chips or plates, our technique is considerably more cost-effective and
customizable for those intending to use micropatterned growth substrates routinely. With
the technique we describe, we hope to lower the barrier of entry for cell biology labs and
promote the use of these powerful micropatterning platforms in investigating cell signaling

and differentiation.

3.3. DEVELOPMENT OF METHOD

Much of the existing literature describing micropatterning techniques is highly specialized
and focuses upon fabricating and analyzing cellular behaviour by using intricate
micropatterned fabrication and analysis techniques. While these publications serve their
intended engineering audience well, they rarely see translation into general use within the
fields of biochemistry and cell biology. However, these techniques can provide exquisite
control of cellular environments and differentiation, and as such, warrant consideration by
those in the fields of developmental and cancer biology. To make this technique more
accessible for non-experts we chose to assemble a scalable, cost-effective, and simple

technique that relies upon access to readily accessible materials and equipment.

In developing this protocol, we had three main aims: i) minimize reliance on specialized
equipment, ii) minimize material cost, and iii) provide experience with techniques that can
be independently expanded upon. To this end we chose a photolithographic fabrication
technique that requires only a UV/Ozone Cleaner as a light source, and no prior chemical

preparation of the seeding surface (Fig. 15). As UV/Ozone cleaners are common in micro-
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engineering lab spaces, these devices should be quite accessible through collaborations
with engineering lab groups. The use of a positive photomask and omission of a pre-
coating reduces complexity and avoids the requirement of additional equipment. Finally,
photolithography is a remarkably flexible technique. By using our protocol to establish a
basic microfabrication and analysis pipeline, we hope to provide cell biology and
biochemistry labs with a point of entry into the field of micropatterning and help them

foster future collaborations across multiple disciplines.

3.4. APPLICATION OF METHOD

Our technique can be used as a platform for the generation of homogeneous cell
populations for downstream analysis using microscopy or transcriptomic techniques such
as Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq)
(Buenrostro et al., 2015), Cleavage Under Targets and Release Using Nuclease (CUT &
RUN) (Skene and Henikoff, 2017), or Cleavage Under Targets and Tagmentation (CUT
& Tag) (Kaya-Okur et al., 2019). Cells grown on micropatterned surfaces spontaneously
organize into ordered populations as they differentiate. As a result, gene expression
patterns are highly organized within micropatterns, and are highly consistent between
micropatterns on the same plate and across experiments. This can be taken advantage
of by using fluorescent imaging of live or fixed samples. Since all micropatterns will be
consistent in their shape and dimensions, patterns in gene expression can be averaged
across many micropatterned populations to define these patterns of expression with great
confidence. Additionally, transcriptomic approaches such as ATAC-seq or Tag & Run can
be performed on cell populations of less than 100 000 cells (Buenrostro et al., 2015; Kaya-

Okur et al., 2019; Skene et al., 2018). Performing Tag & Run against a given transcription
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factor in a large micropatterned population will ensure that the obtained results are
reflective of a consistent cellular context, reducing the noise incurred by assessing a

heterogeneous population grown on standard un-patterned culture plates.
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Figure 15. Overview of micropatterning protocol

Step 1: Etch hydrophobic coverslips using a photomask and a deep UV light source.
This process takes advantage of the molecular oxygen produced by deep UV light to
specifically oxidize regions of the culture surface that were exposed through the
photomask. Step 2: Assemble a full culture slide using the photopatterned coverslip
and adhesive slide wells. Step 3: Coat assembled coverslip wells with ECM protein of
choice. ECM proteins will selectively deposit upon oxidized (hydrophilic) micropattern
regions. Step 4: Seed cells onto the coated micropatterned coverslip, wash away
excess un-patterned cells, add desired medium and begin micropattern assay.
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3.5. DESIGNING A PHOTOMASK

3.5.1. Materials

e Software

There are a variety of software programs that will allow for the design of mask features.
However, the files produced by these programs must be compatible with the mask
manufacturer’s factory equipment. For most manufacturers, Equipment Data Acquisition
(EDA) standard formats such as GDS-Il or OASIS files are ideal, but computer-assisted
design (CAD) file formats such as DWG or DWX may also be acceptable. EDA format
files can easily be produced using free design programs such as LayoutEditor

(https://layouteditor.com/). Alternatively, CAD programs such as AutoDesk Fusion 360

(https://www.autodesk.com/) can be obtained by using a free student licence. It is best to

contact your chosen manufacturer before designing a photomask, to ensure that your
photomask is designed using their preferred file format. However, most manufacturers
can convert files between different formats, though this may produce artifacts in your

converted file, which may cost extra for them to correct.

When submitting completed photomask design files, one must be sure to specify if one
has designed a “positive” or “negative” photomask, and if one’s design will read-right with
the chrome facing up or down (Fig. 16B). Most manufacturers will also ask for you to
define your minimum feature size, which is the smallest shape that you require them to
produce for your photomask. Typically, the lower limit of these production techniques is
around 0.5 um, but for the purposes of our larger circle or ellipse patterns 5-10 um is

sufficient.
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e Photomask

Deep UV irradiation generates molecular oxygen by using 184.7/249.8 nm light (Fig. 15).
It is critical that your photomask is mounted on a material that is transparent to
wavelengths below 200 nm. The ideal material for this application is fused-silica quartz,
as glass has much worse transparency below 200 nm, and plastic film is similarly opaque
and will be damaged by this process. A thickness of 2-3 mm is typically sufficient for this
application. However, most photomask manufacturers don’t use fused-silica quartz as
their default material, so one must be certain to specify that it is required. The dimensions
of your photomask should also be defined based on the dimensions of your UV/Ozone
cleaner. Typically, these will be between 3x3 and 5x5 inches. Finally, the mask type
should be specified as =1 um chrome. This is the material that your mask will be made
of. We have had great success with photomasks obtained from PhotomaskPortal

(https://www.photomaskportal.com/) in Texas, USA. Additionally, their website has

excellent resources available to help learn and understand their photomask design and
ordering process. An alternative company, which is present in most countries, is Toppan

Photomasks (https://www.photomask.com/).

3.5.2. Designing Features

Photomasks are typically much larger than coverslips, allowing multiple coverslips to be
patterned at once. As such, the photomask can be subdivided into regions with different
types of patterns. Including larger features easily visible by eye, such as a 1-2 mm thick
line, make it easy to distinguish different subdivisions one may want to employ. In order
to optimize micropattern dimensions for a chosen experiment, it is best to first order a

“test” mask capable of assessing a variety of dimensions. By filling each subdivision with
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a different set of test patterns, it is possible to rapidly assess a wide variety of potential
patterns of interest (Fig. 16A). However, it is important to note that larger micropatterns
containing hundreds to thousands of cells can influence the organization of adjacent
patterns if packed too closely. To avoid these confounding influences, it is best to
separate individual micropattern shapes by 500-750 um (Fig. 16A). Once an ideal pattern
has been identified, a second photomask containing a single selected pattern can be
obtained, which will increase patterned coverslip production rates. Alternatively, carefully
designed test plates can be used as-is to produce micropatterns for low throughput

assays.
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Figure 16. Photomask design guidelines

A) Demonstration of subdivision and feature separation for a 5x5 inch photomask.
Large shapes in each quadrant represent the designs present in each. The blow-out
image shows the actual designs present in each section. B) Positive photomasks leave
an intended design feature uncovered, patterning just a selected feature. Negative
photomasks are filled only by a designed feature, exposing the surrounding space to
the light source. C) Photomasks should always be used chrome side down to prevent
exposing more than your intended area (light purple).
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3.6. MICROPATTERN FABRICATION

3.6.1. Materials

e UV/Ozone cleaner

While we have used Bioforce (ProCleaner™ Plus, SKU 1062) and Jelight (UVO cleaner,
342-220) models, UV/Ozone cleaners with peaks in emission at A = 185 nm and 254 nm
are sufficient for micropatterning applications. However, UV/Ozone cleaners must have
an exhaust system installed or must be used in a chemical hood or biosafety cabinet

(BSC) to avoid exposure to toxic ozone.

While a UV/Ozone cleaner can be purchased online for a moderate price, they can
typically be found in microengineering clean rooms. Through collaboration with these
engineering groups, and by following clean room protocols, it should be possible to gain

access to this equipment.

Photomasks should be placed within 0.5 — 5 cm of the UV/Ozone cleaner bulbs while
patterning is in progress. If the support tray in the instrument is not close enough to the
UV light source, the photomask assembly can be placed on a glass block to bring it closer

to the bulbs.

e Photomask

To avoid fouling or contamination from microparticles, photomasks should only ever be
handled or removed from their case in a BSC or clean room setting. Prior to use, the
chrome face of the photomask should be cleaned by gently rinsing it, or cautiously wiping
it down with a wetted lint-free and non-abrasive tissue such as a Kimwipe (Kimberly-

Clark). This should be done first using acetone to remove any potentially contaminating
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organic residues, and then using isopropanol to remove inorganic contaminants and
residual acetone. After cleaning, the photomask is placed back into its open case, chrome

face up, and allowed to fully air dry before use

Note: Always be sure to use the photomask chrome side down when patterning. This
ensures the closest possible contact between your chrome photomask and the patterning
surface. If placed chrome side up, light will be able to scatter as it passes through the
fused silica-quartz backing, weakly patterning a small area surrounding your intended
design (Fig. 16C). This will result in cells adhering weakly around your micropattern,

resulting in a poorly defined boundary around the patterned cell cluster.

e Uncoated, hydrophobic, polymer coverslips (IBIDI, cat# 10813)

Coverslips should never be removed from their packaging or handled while outside of a

BSC or clean room setting.

e Fine pair of tweezers

e Scissors

e 200 uL Plastic pipette tips (Frogga Bio, Cat# 4TI-2105)
e Sterile Petri dishes (Frogga Bio, Cat# 6139-00)

e Glass stage block

This is a roughly one-inch thick piece of glass that is included with the UV/Ozone cleaner

and matches the dimensions of its loading tray.
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3.6.2. Method

1. Fully wipe down and sterilize your working area using 70% ethanol and a lint-free

wipe to remove any potential microparticle contaminants.

2. Turn on the UV/Ozone cleaner and allow it to run for 5 minutes to fully warm the

bulbs before use.

3. Prepare polymer coverslips:

a. Hydrophobic polymer coverslips will have a film covering their hydrophobic
face. This face is difficult to identify visually so, using a fine pair of tweezers,
scratch at the top right corner of the coverslip. If performed on the correct
face, this will begin to tear the film covering. Once torn, use the fine
tweezers to delicately pull away and remove the remaining film. To keep
track of which side of the coverslip is hydrophobic, place it hydrophobic face
up and use scissors to cut off a small portion of the top right corner. Now,
whenever held in that same orientation, the hydrophobic face will always be
facing up if the top right corner is missing. This is important to remember

when placing your coverslips under the photomask.

b. Place your prepared coverslips into a sterile Petri dish, hydrophobic face

up.

c. Prepare as many coverslips in this way as needed.

4. Create the photopatterning assembly:
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a. Wipe down and clean your glass stage block using 70% ethanol and lint-

free non-abrasive wipes. Allow to air dry before continuing.

b. Open the loading tray of your UV/Ozone cleaner and place your cleaned

glass stage block onto the loading tray.

c. Using a fine pair of tweezers, place coverslips on top of the glass stage
block, hydrophobic face up. Use a minimum of two coverslips to be sure
your photomask is prevented from making direct contact with the glass
stage block. However, be careful to leave enough space between coverslips

to prevent them from laying on top of each other.

d. Using both hands, carefully place the photomask chrome face down, on top
of your coverslips that have been placed onto the glass stage. Use caution
to avoid knocking the photomask against the glass stage block, as this will
damage the chrome photomask. Be sure to visually confirm that your
assembled photomask, coverslips, and glass stage block assembly are less
than 5 cm away from the bulbs of the UV/Ozone cleaner but does not collide

with the bulbs or any internal components of the UV/Ozone cleaner.

5. Photopatterning coverslips:

a. Carefully close the UV/Ozone loading tray and lock it shut.

b. Turn on the UV/Ozone cleaner and let it illuminate your photopatterning

assembly for 10 minutes.
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c. Turn off the UV/Ozone cleaner and carefully open the loading tray. Note: If
using a UV/Ozone cleaner that does not have an exhaust system installed,
wait an additional 2-3 minutes after turning off the device to allow any

remaining ozone to dissipate.

d. Carefully remove the photomask from the photopatterning assembly. If any
coverslips remain stuck to the photomask, hold the photomask over an open
sterile Petri dish and use a plastic pipette tip to carefully nudge the
coverslips off into the Petri dish. Use a fine pair of tweezers to any remaining
coverslips from the glass stage block into the same Petri dish. Do not use
metal tweezers to remove coverslips stuck to the photomask, as there is a

very high risk of damaging the photomask.

e. Photopatterned coverslips can be stored in a sterile Petri dish at room
temperature for roughly two weeks before being used. When held for longer

periods of time pattern quality appears to diminish.

6. Repeat steps 3 to 5 until the desired number of coverslips have been patterned.

7. Once photopatterning has been finished and the photomask is no longer needed,
wash it with acetone and isopropanol as previously described. Carefully place the
photomask back into its storage case and return it to storage. Photopatterned
coverslips can be stored and held in a sterile Petri dish for up to two weeks at room

temperature.
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3.7. COVERSLIP COATING
3.7.1. Materials

e Laminin (Sigma, Cat# L2020-1MG)

We have found Laminin coatings to produce the best results, but it is also possible to use
alternative extracellular matrix (ECM) proteins. Fibronectin or gelatin are two common

alternatives, and their working concentration can be optimized by testing serial dilutions.

e P10 and P1000 pipettes and associated tips Frogga Bio, Cat# 4TI-2105, L1250F)
e Sterile Petri dishes (Frogga Bio, Cat# 6139-00)
e A fine pair of tweezers (Sigma, Cat# T5415-1EA)

e 0.1% (w/v) Pluronic acid F127 in PBS without Ca?*/Mg?*

Pluronic acid is a very efficient antifouling molecule which will prevent non-specific

adhesion of proteins/cells to nonirradiated regions.

e Dulbecco’s PBS without Ca?*/Mg?* (Thermo, Cat# 14190250)

Pluronic acid is slow to dissolve. A 10 mL sample will need to be rocked at room
temperature for =20 minutes for the pluronic acid to fully dissolve. Filter the solution by
using a syringe and 0.2 um filter before use. The final sterilized solution can be stored at

4°C for several months.

e Sticky-slide 8-well (IBIDI, cat# 80828)

o These are bottomless 8-well slides that match the dimensions of Ibidi patterned

coverslips and come with adhesive pre-applied to their bottom surface.
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3.7.2.

1.

Photopatterned coverslips from previous section

Plastic container with lid

Class Il Biosafety Cabinet (BSC)

4°C fridge

Method

Prepare the BSC by wiping down your working area with 70% ethanol using a lint-

free non-abrasive wipe.

Use 70% ethanol and lint-free non-abrasive wipes to decontaminate your plastic

container and place it aside in the BSC to air dry.

Remove the sticky-slide 8-wells from their individual packaging and place them in
the BSC in a sterile Petri dish, adhesive side up, along with a matching number of

photopatterned coverslips in a separate Petri dish, hydrophobic side up.

Using a fine pair of tweezers remove the film from the adhesive side of the sticky-

slide.

Holding the sticky-slide in one hand, and the photopatterned coverslip in tweezers
with the other, align them corner-to-corner and carefully start adhering the
coverslip to the sticky-slide. Note: Be sure that the coverslip is adhered with the

photopatterned hydrophobic face up, towards the sticky-slide.

Using the blunt back end of the tweezers, carefully push out any remaining air

bubbles that may be present between the coverslip and the adhesive surface of
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the sticky-slide. Note: It is very important that one not apply any pressure to the
bottoms of the wells themselves, as this will tear the coverslip. Only apply a gentle

force to the regions directly adhered to the sticky-slide.

7. Set the assembled micropatterned slide aside.

8. Calculate the surface area for each of the wells you wish to coat, referred to as
TotalA, and the recommended fill volume for each of these wells, which will be

referred to as TotalV.

9. Resuspend 1-10 pg of laminin per cm? of TotalA in a volume of 0.1% pluronic
acid/PBS equal to TotalV. Use this solution to fill each desired well with their
recommended fill volume. In the case of an 8-well sticky-slide this will be 300

pL/well. Gently pipette up and down in each well to mix.

a. Note: The amount of laminin used for coating is highly dependent on
micropattern design and density, and as such must be optimized for each

micropattern used.

10.Place assembled and coated sticky-slide assemblies into a sterilized plastic

container and incubate for 18-24 hours at 4°C.

a. Coated sticky-slides should be used immediately after coating. Leaving the
plates for an additional 18-24 hours will allow laminin to adhere non-

specifically, greatly increasing non-specific cell adhesion.
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3.8. CELL DEPOSITION
3.8.1. Reagents

e Mouse embryonic stem cell (INESC) medium

o Dulbecco’s Modified Eagle Medium (DMEM) (Thermo, Cat# 11960051)

o Fetal Bovine Serum (FBS) (Gibco, Cat# LS10082147)

o Non-essential amino acids (NEAA) (Thermo, Cat# 11140050)

o Sodium pyruvate (Thermo, Cat# 11360070)

o L-glutamine (Thermo, Cat# 25030081)

o B-mercaptoethanol (Pierce, Cat# 35602BID)

o Leukemia Inhibitory Factor (LIF) (Gibco, Cat# PMC9484)

e N2B27 medium

o DMEM/F12 medium (Gibco, Cat# 21041025)

o Neurobasal medium (Gibco, Cat# 21103049)

o N-2 supplement (Gibco, Cat# 17502048)

o B-27 supplement without vitamin A (Gibco, Cat# 12587010 )

o Non-essential amino acids (NEAA) (Thermo, Cat# 11140050)

o Sodium pyruvate (Thermo, Cat# 11360070)
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3.8.2.

o L-glutamine (Thermo, Cat# 25030081)

o B-mercaptoethanol (Pierce, Cat# 35602BID)

o CHIR-99021 (Stemcell Technologies, Cat# 72052) and PD0325901
(Stemcell technologies, Cat# 72182) are added as required to yield
complete N2B27 + 2i medium (add inhibitors just prior to using complete

medium).

Accutase (Stemcell Technologies, Cat#. 07922)

Dulbecco’s Phosphate Buffered Saline, without Ca?/Mg?* (Stemcell

Technologies, Cat# 37350)

300 mM EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid)

(Sigma, Cat# P3075) resuspended in Ca?*/Mg?* free PBS.

Rho Kinase Inhibitor (ROCKIi) CAS 872543-07-6 (Sigma, Cat# 555550)

Equipment

Incubator

Benchtop centrifuge

Class Il Biosafety Cabinet

P10 and P1000 pipettes, with respective tips

15 mL centrifuge tubes
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e Semi-confluent 10 cm dish of cultured mESCs

e Benchtop microscope

e Automated cell counter or hemocytometer

3.8.3. Method

1. Remove a semi-confluent 10 cm plate of mESCs from the incubator, aspirate

medium, wash once with 1X PBS and aspirate 1X PBS.

2. Add 2 mL of Accutase, incubate for 5 minutes at 37°C.

3. While cells incubate with Accutase, retrieve micropatterned sticky-slides.

4. Wash the micropatterned slides:

a. Using a P1000 pipettor, gently aspirate the coating solution from a well of
the sticky-slide and add 300 pL of 1X PBS to the same well. Repeat this
step for each coated well of the micropatterned sticky-slide. Note: The
bottoms of the sticky-slide are quite delicate, so care must be taken no to
damage the bottoms of the wells. However, this process must be done
quickly for each well, as exposing the micropatterns to air for too long will

damage their laminin coating.

b. Repeat step 4a) three times for each well.

c. Once washes are finished, add 300 pL of 1X PBS to each well.
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5. Using a P1000 pipettor, add 1 mL of mESC medium to the Accutase-treated plate

of MESCs and dissociate them by gently pipetting up and down.

6. Count mESCs:

a. Transfer dissociated mESC to a 15 mL centrifuge tube and top to 10 mL

total volume using 1X PBS.

b. Centrifuge cells at 1200 x g for 3 minutes.

c. Aspirate the supernatant and resuspend the cell pellet in 8 mL of mESC

medium.

d. Use this resuspension to acquire an accurate cell count.

7. Seed mESCs onto micropatterns:

a. Using a P1000 npipettor, remove all PBS from each well of the

micropatterned sticky-slide.

b. Seed each well with 300 pL of cells suspended in mESC medium
supplemented with 10 pM ROCKi and 100 uM EGTA and seeded at

100 000 to 500 000 cells/cm?.

I. The inclusion of ROCKi helps prevent cell death. EGTA is also
included to chelate divalent cations such as Ca?*. This prevents
caherin-based adhesion, which causes cells to clump together, and

promotes integrin-based adhesion to laminin-coated micropatterns.
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The number of cells/cm? required is dependent on micropattern
design and density and will need to be optimized for each condition

independently.

c. Allow the seeded micropatterns to sit at room temperature in the BSC for 3-

5 minutes to allow cells to settle.

d. Transfer the seeded micropatterns to a 37°C incubator and allow them to

incubate for an additional 1 — 2 hours for the cells to fully adhere.

Note: This step is the most variable point of the entire protocol and
will need to be optimized for each cell line, micropattern, and slide
type used. In optimization runs, the micropatterns can be viewed
under a microscope every 20-30 minutes to look for signs of
adhesion. As cells begin to adhere, they will change from a spherical
to flattened phenotype, which can help gauge how much seeding
time is required. Additionally, seeded populations require roughly 12-
24 hours to completely fill their micropattern, so assessments of
initial seeding densities should be made after this interval. Seeding
too many cells will crowd the micropattern, reducing the 2D quality
of micropatterns and resulting in clumping. Seeding too few cells will
underpopulate the micropattern, resulting in clusters of smaller

colonies growing within the micropatterned space.

e. Once seeding is complete, move the micropatterned coverslip to the BSC.
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At this point, to confirm that cells have adhered to the micropattern,
gently tap the sides of the coverslip and view the micropatterns using
a microscope. If cells have adhered properly, the micropatterned
areas should be quite obviously enriched for adherent cells, while

cells will be seen to move readily across unpatterned areas.

f. For each well independently: use a P1000 pipettor to gently aspirate

medium from the well and gently wash 2-3 times with 300 pL of 1X PBS.

PBS should be added gently to either a corner, or along the walls, of each

well.

Between each wash, be sure to assess adhesion under the

microscope to determine if additional washes are necessary.

Note: Aspirating with a P1000 pipettor is strongly recommended, as
aspirating with a vacuum pump has a higher likelihood of removing
cells from micropatterns. Additionally, PBS or culture medium should
never be added directly on top of the micropatterns as this is almost

guaranteed to remove large numbers of cells from the micropatterns.

g. Once all washes have been completed, carefully remove any remaining

PBS and add your chosen culture medium.

Note: Larger micropatterns for gastrulation-modeling permit stable
growth for 48-72 hours, depending on culture conditions and initial
seeding density. Beyond this time frame, cells begin to overgrow
their micropatterns and lose organization. As such, early runs should

focus on identifying media conditions and seeding densities that are
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appropriate for your chosen timeline. Live cell fluorescence or bright-

field imaging is ideal for these assessments.

3.9. RESULTS

3.9.1. UV-Ozone passivation of polymer surfaces allows for micropatterning of
MESC populations.

Assembled micropatterned 8-well culture slides were found to facilitate mMESC adhesion
and growth within our intended micropattern region without any colonies forming within
unpatterned hydrophobic regions (Fig. 17B). Morphology of cells grown in micropatterns
appeared homologous throughout the population, with cell growth remaining confined to
the micropatterned region for up to 72h after the initial seeding. Beyond 72h of growth,
cells overfilled the micropatterns and began to assume a spherical EB-like structure which

no longer adheres to the surface and enters suspension beyond =72h of initial seeding.

113



PhD Thesis — Victor Gordon McMaster University Biochemistry

A

m 500 pm

ESN2+CHI ESN2+SB

O
m
wn
=
N

LEF1

TCF7L1

Figure 17. GLOT3-CHmIR cells organize reproducibly when cultured in
micropatterns.
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Figure 17. (Continued) A) Tested micropatterns include 1000 um diameter circles, or
ellipses 1000 um in length and 500 pum in width. B) Representative bright field images
of GLOT3-CHmIR cells cultured on ellipse micropatterns taken at 2X (left) or 20X (right)
magnification 24 hours after seeding. No colonies are observed within unpatterned
regions. C) Micropatterned populations were passaged in mESC medium before being
micropatterned for 48 hours in N2B27 medium (ESN2). LEF1/TCF7L1 expression
patterns were influenced by the addition of 5 pM CHI99021 (ESN2+CHI) or 5 pM
SB431542 (ESN2+SB) at the 24-hour mark. D) To demonstrate consistent
micropattern organization, eight separate colonies were imaged in each condition, and
Z-sum stacks were produced using each channel.

3.9.2. Micropatterned GLOT3-CHmiR cells display consistent ordered
TCF7L1/LEF1 expression.

GLOT3-CHmIR cells maintained in mESC conditions and then seeded onto micropatterns
and grown for 24h in N2B27 displayed robust LEF1 expression, localized mainly towards
the edge of the pattern, while TCF7L1 expression was modestly expressed throughout
the full population (Fig. 17C). When grown for 24h in N2B27 + 5 puM CHI, micropatterned
populations were found to lose TCF7L1 expression, while LEF1 expression was greatly
reduced yet no longer excluded from the centre of the pattern as observed in N2B27
alone (Fig. 17C). The 24h N2B27 + 10 uM SB condition was found to reduce LEF1
expression to CHI-like levels yet restrict it towards tips of the ellipse pattern, while TCF7L1
expression was still global and slightly less intense than in N2B27 alone. These observed

patterns become more evident by averaging multiple micropattern images (Fig. 17D).

3.9.3. Micropatterned GLOT3-CHmiR populations distribute more reproducibly
with better spatial separation of TCF7L1/LEF1 populations when maintained in
N2B27 + 2i conditions.

Micropatterned populations were previously generated from GLOT3-CHmIR cells
maintained in mMESC conditions (15% FBS, LIF, DMEM) prior to seeding onto

micropatterns. When seeded onto ellipse micropatterned surfaces, cells were grown for
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48h in N2B27, with 5 pM CHI added at 24h. In this combination of maintenance and
seeding conditions, LEF1 expression was moderately expressed within peripheral cells
while TCF7L1 was expressed weakly throughout the full population at the 48h mark (Fig.
18B). However, when GLOT3-CHmIR cells were maintained in N2B27 + 2i conditions
prior to micropatterning, the expression of TCF7L1/LEF1 was much more robust after 48h
of micropatterned growth (Fig. 18C, D). While the distribution of TCF7L1/LEF1 was similar
to mMESC preconditioned micropatterns, discrete LEF1-only and TCF7L1-only populations
were much more apparent (Fig. 18C). However, TCF7L1 expression was lost more
completely at the periphery of the pattern, and a “knot” of TCF7L1-only cells was also
observed near the tip of ellipse micropatterns, which was not observed when cells were
maintained in MESC conditions (Fig. 18D). Additionally, circular micropatterns 1 mm in
diameter failed to induce organization of TCF7L1/LEF1 populations when cells were
maintained in mMESC medium prior to patterning (Fig. 19B). However, cells maintained in
N2B27 + 2i consistently organized TCF7L1/LEF1 populations across the periphery of
circular micropatterns (Fig. 19C, D). In these micropatterns LEF1 was expressed loosely
throughout the centre of the circle, and in a tight band of cells along the periphery of the
circle, with a moderate space of LEF1-negaive cells between the two populations.
TCF7L1 was expressed predominantly at the periphery of these patterns as well, but in a

thicker band of cells interior to the LEF1-positive peripheral band.
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Figure 18. Maintaining cells in N2B27 + 2i conditions greatly improves
LEF1/TCF7L1 expression and organization within ellipse micropatterns.

A) Cells cultured in either mESC or N2B27 + 2i conditions for 3 passages were used
to seed ellipse micropatterns. Micropatterned populations were then cultured for 24h
in N2B27, and then 24h in N2B27 + 5 uM CHI (CHI99021), before images were
acquired at the 48hr mark. Representative images were acquired at 20X magnification
with mAG-LEF1 (cyan), mKO2-TCF7L1 (magenta), and H2B-miRFP670 (yellow)
channels are shown independently and as a merged image for each condition. B)
GLOT3-CHmIR cells cultured in mESC conditions before micropatterning. C) GLOT3-
CHmIR cells cultured in N2B27 + 2i conditions before micropatterning. D) Magnified
image of the boxed region in panel C with dotted lines denoting regions of
LEF1/TCF7L1 segregation.
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Figure 19. Maintaining cells in N2B27 + 2i conditions greatly improves
LEF1/TCF7L1 expression and organization within circle micropatterns.

A) Cells cultured in either mESC or N2B27 + 2i conditions for 3 passages were used
to seed circular micropatterns. Micropatterned populations were then cultured for 24h
in N2B27, and then 24h in N2B27 + 5 pM CHI (CHI99021), before images were
acquired at the 48h mark. Representative images were acquired at 20x magnification
with mAG-LEF1 (cyan), mKO2-TCF7L1 (magenta), and H2B-miRFP670 (yellow)
channels are shown independently and as a merged image for each condition. B)
GLOT3-CHmIR cells cultured in mESC conditions before micropatterning. C) GLOT3-
CHmIR cells cultured in N2B27 + 2i conditions before micropatterning. D) Magnified
image of the boxed region in panel C) with dotted lines denoting regions of
LEF1/TCF7L1 segregation.
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3.9.4. Quantitative image analysis reveals consistent micropattern organization
across large micropattern arrays.

To quantify micropattern organization across different culture conditions, CellProfiler
(McQuin et al., 2018) was used to define X/Y coordinates to all imaged nuclei, and a
custom Python pipeline was used to represent all identified nuclei from all imaged
micropatterns on a single graph (Figs. 20, 21). Stratifying LEF1/TCF7L1 mean intensity
across quantiles allowed us to correlate nuclear LEF1/TCF7L1 expression with pattern
organization. Representation of first quantile nuclei demonstrates that very low-level
expression of LEF1/TCF7L1 can be observed in all regions of the micropattern (Fig. 20-
Q1, 21-Q1). The low fluorescence intensity of these nuclei, however, may be a product
of autofluorescence caused by the depth of cells present, or the micropattern substrate
itself. Second quantile nuclei reveal a consistent, if slightly noisy, pattern of LEF1/TCF7L1
localization within either micropattern with a considerable portion found to be positive for
both LEF1/TCF7L1 (Fig. 20-Q2, 21-Q2). Finally, the third quantile population reveals that
cells most highly expressing LEF1/TCF7L1 organize into discrete regions of the
micropattern with minimal overlap (Fig. 20-Q3, 21-Q3). Additionally, stimulation of
micropatterned populations with 5 uM CHI appears to favour more rapid and accurate
organization of LEF1/TCF7L1 populations. However, 5 uM and 10 pM CHI treatments

provided best separation at 72 h.
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Figure 20. Plotting identified nuclei based on LEF1/TCF7L1 fluorescence
intensity better reflects population distributions in ellipse micropatterns.

A) Identified nuclei were stratified into quartiles based on mean nuclear mAG-LEF1 or
mKO2-TCF7L1 fluorescence. Q1. The lowest 25% of fluorescent cells. Q2: The
mediumn 50% of fluorescent cells. Q3: The highest 25% of fluorescent cells. B)
GLOT3-CHmIR cells cultured in micropatterns for 24h in N2B27 and then 48h in N2B27
supplemented with 5 or 10 uM CHI (CHIR99021), were imaged at 48h and 72h.
Nuclear fluorescence intensity of mAG-LEF1 (cyan) and mKO2-TCF7L1 (magenta)
were recorded for each nucleus and their X/Y coordinates were recorded relative to
the centroid of the micropattern population. Nuclear LEF1/TCF7L1 intensities were
then stratified into first, second, and third quantiles and plotted, by X/Y coordinate, for
each quantile. Image data presented here were acquired from three separate
micropatterns in each defined condition and plotted onto a single graph for each
condition.
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Figure 21. Plotting identified nuclei based on LEF1/TCF7L1 fluorescence
intensity better reflects population distributions in circular micropatterns.
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Figure 21. (Continued) GLOT3-CHmIR cells cultured in micropatterns for 24h in
N2B27 and then 48h in N2B27 supplemented with 5 or 10 uM CHI (CHI99021), were
imaged at 48h and 72h. Nuclear fluorescence intensity of mAG-LEF1 (cyan) and
mKO2-TCF7L1 (magenta) were recorded for each nucleus and their X/Y coordinates
were recorded relative to the centroid of the micropattern population. Nuclear
LEF1/TCF7L1 intensities were then stratified into first, second, and third quantiles and
plotted, by X/Y coordinate, for each quantile. Image data presented here were acquired
from three separate micropatterns in each defined condition and plotted onto a single
graph for each condition.

3.10. DISCUSSION
3.10.1. Culture Conditions Affect Micropatterning

The conditions in which cells are maintained once micropatterned will directly affect their
differentiation and organization within the micropattern. However, it is important to note
that the conditions in which cells are maintained prior to micropatterning can directly affect
their ability to respond to these micropattern conditions. To demonstrate this, we have
used our previously reported mAG-LEF1/mKO2- TCF7L1/H2B-miRFP670 (GLOT3-
CHmIR) mESC cell line capable of reporting the expression of two key Wnt signaling
transcriptional regulators, T-cell factor 7 like 1 (TCF7L1) and lymphocyte enhancer factor
1 (LEF1). Wnt signaling is a critical regulator of gastrulation, with LEF1 being expressed
throughout the mesoderm and TCF7L1 expressed throughout the ectoderm. By following
these two transcription factors, we can identify regions of mesodermal and ectodermal
fate commitment in differentiating populations. We chose to maintain these GLOTS3-
CHmIR cells in either mESC or N2B27 + 2i conditions prior to micropatterning them in a
common culture condition. While cells maintained in mESC medium could display weak
LEF1/TCF7L1 expression and organization, the cells maintained in N2B27 + 2i medium
had considerably increased LEF1/TCF7L1 expression and organization (Figs. 17-19).

However, other labs investigating early trilineage differentiation on similar micropattern
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culture substrates have found that priming mESCs towards an epiblast-like stem cell
(EpiSC) state prior to micropatterning produces more consistent patterning (Morgani et
al., 2018). Similar preconditioning protocols could be used with our GLOT3-CHmIR cell
line to optimize organization within micropatterned areas. Additionally, while our
micropattern culture protocol used small molecule inhibitors to induce Wnt activation,
most micropatterning protocols make use of recombinant ligands such as Wnt (Martyn et
al., 2018; Morgani et al., 2018). In micropatterned hESC populations Wnt and Nodal
signalling ligands have been found to be produced by the micropatterned cells to induce
organization within the micropattern (Martyn et al., 2018). As such, use of CHI in our
system could bypass these self-organizing networks and induce a global artificial Wnt-
ON state, delaying or impeding organization. While our system appears most ordered at
the 72-hour mark, other systems have observed similar levels of organization by the 24-
or 48-hour marks (Deglincerti et al., 2016; Martyn et al., 2019; Nemashkalo et al., 2017).
As such, preconditioning and micropattern culture conditions will be a primary point of

optimization in future efforts.

3.10.2. Our micropattern platform allows for robust image analysis and
reproducible LEF1/TCF7L1 organization.

The majority of micropatterning publications have relied upon the use of
immunofluorescent staining to define regions of lineage commitment (Deglincerti et al.,
2016; Martyn et al., 2019; Morgani et al., 2018; Nemashkalo et al., 2017). While these
efforts have been foundational in establishing micropatterns as a model system for
gastrulation, IF staining only provides a snapshot of these developmental decisions. By
contrast, the use of our GLOT3-CHmIR cell line with our micropattern platform will allow

us to perform time-course live cell imaging to track LEF1/TCF7L1 expression and
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exchange as cells spontaneously organize in our micropatterns (Fig. 22A). This will allow
us to identify key points of LEF1/TCF7L1 co-expression or separation, allowing us to
determine ideal sample collection times for our chosen downstream experiments.
Additionally, in vivo studies describing LEF1 and TCF7L1 expression patterns during
gastrulation relied upon IF and in situ hybridization (ISH), which impose similar limitations
(Merrill et al., 2004; Van Genderen et al., 1994). While it is well understood that LEF1-
positive mesodermal cells arise from TCF7L1-positive ectodermal cells, we may be able
to capture this event for the first time in live cells by using our endogenous fluorescence
system. Additionally, Wnt signaling activity has been shown to oscillate in intensity during
mesodermal tail segmentation in the mouse (Sonnen et al., 2018). As this work was done
using a Wnt reporter, our system may be able to capture LEF1/TCF7L1 expression
oscillation during our time course. However, capturing and quantifying these changes will

require appropriate image and data processing pipelines.

The CellProfiler and Python pipelines described in this chapter have been designed for
processing small image batches but can be easily scaled up for time-course image sets.
To analyze our images we have produced a CellProfiler pipeline to identify nuclei, assign
their X/Y position within the image, and quantify their mean LEF1/TCF7L1 fluorescence
intensity. As CellProfiler is designed for high-throughput imaging applications, our existing
pipeline can be adjusted to accommodate larger time-course imaging sets, while our
existing Python pipeline will only need to be adjusted to work with larger batches of image
data. Once optimized, this pipeline will allow us to rapidly identify time points at which

LEF1/TCF7L1 separation is most ideal for our downstream assays.
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3.10.3. CUT & Tag analysis of micropatterned populations will allow us to
characterize WRE occupation by LEF1/TCF7L1 in unique populations.

To investigate WRE occupation in distinct LEF1-only and TCF7L1-only populations
generated by our micropatterning platform we will make use of the recently described
Cleavage Under Targets and Tagmentation (CUT & Tag) (Kaya-Okur et al., 2019). This
technique is a hybridization of Cleavage Under Targets and Release Using Nuclease
(CUT & RUN) (Skene and Henikoff, 2017) and Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) (Buenrostro et al., 2013). By gently
permeabilizing live cells and incubating them with a primary antibody against a
transcription factor of interest, this interaction can be amplified by secondary antibodies,
and finally targeted with a Protein A fused Transposase 5 (pA-Tn5) preloaded with
sequencing adapters. Through recognition of the primary and secondary antibodies by
Protein A, the pA-Tn5 fusion protein is able to efficiently integrate sequencing adapters
in a region of roughly 80 bp centred upon the bound transcription factor. These
fragmented regions can then be enriched from purified DNA and analyzed using standard
high-throughput sequencing approaches. The main advantages of CUT & Tag are its high
sensitivity, with nearly twice the peak calling efficiency of CUT & RUN or ATAC-seq at
low read counts, and its ability to be used with single-cell platforms or with as few as 60
000 cells per run (Kaya-Okur et al., 2019). These qualities make CUT & Tag ideal for
investigating the occupation of WRESs within well segregated LEF1-only and TCF7L1-only

populations.

By performing live cell imaging on our micropatterned GLOT3-CHmIR cells, we can
optimize culture conditions to generate concentric LEF1l-only and TCF7L1-only

populations, similar to those observed in our previous optimization efforts (Fig. 18, 19).

125



PhD Thesis — Victor Gordon McMaster University Biochemistry

As our current micropattern designs have been found to accommodate =2000
cells/pattern, with each well holding 25 patterns, we should be able to obtain roughly 50
000 cells/well. These populations can then be gently singularized and processed using
CUT & Tag against either LEF1 or TCF7L1. A unique feature of our micropatterned
populations is that regions of LEF1/TCF7L1 co-expression have been found to resolve
into distinct regions of LEF1-only and TCF7L1-only populations (Fig. 20, 21). Not only
does this provide us with pure populations, but it will also allow us to capture populations
before and after TCF7L1/LEF1 exchange has occurred (Fig. 22B). This important
distinction will allow us to make novel insights into how WRE occupation changes as cells
change their fate, and to inform further investigations of how WRE-proximal factors

change between unique TCF/LEF states.
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Figure 22. Optimization of culture conditions through live cell imaging will
facilitate the isolation of unique LEF1/TCF7L1 populations for future analysis.
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Figure 22. (Continued) A) Automated time-course live cell imaging will allow for
guantitative image analysis to identify ideal culture time points for desired LEF1 (Cyan)
and TCF7L1 (Magenta) separation or co-expression (Blue) within micropatterned
surfaces. Images will initially be taken at wide 6-hour intervals, and when an interval
or interest has been identified shorter 30 minute intervals will be used to determine an
optimal culture time. B) Performing CUT & Tag analysis against LEF1 and TCF7L1 in
TCF7L1-only, or segregated TCF7L1-only and LEF1-only populations will allow for the
characterization of changes in WRE occupation by either factor before and after
exchange occurs. C) The isolation of LEF1-only, TCF7L1-only, and co-expressing
population will allow each population to be characterized by flow cytometry to
determine how common or unique WRE-flanking transcription factors may affect
TCF/LEF exchange.

3.10.4. Assessing micropatterned populations by flow cytometry and ATAC-seq
allows for investigation of LEF1/TCF7L1 co-occupation.

Another key feature of our micropatterned populations was the extensive co-expression
of TCF7L1 and LEF1 observed as micropatterns underwent spontaneous organization
(Fig. 18, 19). While our CUT & Tag approach will provide excellent insight into two unique,
yet static, TCF/LEF states, the use of ATAC-seq will allow us to investigate factors co-
occupying WREs during this exchange. The use of ATAC-seq will allow us to identify not
only TCF/LEF-occupied WRESs, but also occupied consensus sequences found proximal
to these WREs. By optimizing micropattern culture conditions to produce regions of LEF1-
only, TCF7L1-only, and LEF1/TCF7L1 co-expression, we can then sort out these
populations by using flow cytometry and characterize each with ATAC-seq (Fig. 22C). By
scanning WRE-proximal regions in TCF7L1- and LEF1-dominant states and comparing
these to the factors identified in co-expressing populations, we can identify factors which

promote or prevent TCF/LEF exchange.

However, a caveat associated with this approach is the successful isolation of fluorescent

protein-tagged populations via flow cytometry. To optimize mKO2-TCF7L1 fluorescence
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for use with common flow cytometry cubes alternate GLOT3-CHmIR cell lines were
produced in which mKO2-TCF7L1 was replaced with mRuby3-TCF7L1 or mScarlet-
TCF7L1. Additionally, as our fluorophores are endogenously expressed, commonly used
antibody conjugated fluorescent controls may be too bright for use as compensation
controls with our endogenous cell lines. To overcome this, individual Rosa-targeted H2B-
miRFP670 and H2B-mAG lines were produced, with mRuby3 and mScarlet lines in
development. If isolation of these populations by flow cytometry is deemed too difficult,
paired-seq can be used to simultaneously perform RNAseq and ATAC-seq on single cells
(Zhu et al., 2019). This technique would allow the total population to be characterized at
once, with transcriptomic analysis allowing us to confirm LEF1/TCF7L1 status based on

relative transcript levels.

3.10.5. Optimization of Micropatterning Method

While a polymer culture substrate is ideal for a simplified fabrication pipeline, it is not as
optically ideal as glass. During optimization of our system, we found that images taken
in-plane with the polymer substrate produced excessive background, specifically within
the micropatterned area (data not shown). While this can be mitigated by limiting the
depth of our focal plane on confocal microscopes, it may impede our ability to investigate
the basal cells of our micropatterned populations. This specific population is not of
concern for our current research objectives, but further optimization can overcome this
limitation. The autofluorescence observed in our polymer micropatterns is likely a product
of UV/Ozone passivation, as similar levels of autofluorescence were observed when

laminin, gelatin, or fibronectin coatings were tested (data not shown). However,
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micropatterning publications describing the use of glass substrates report no such

autofluorescence (Deglincerti et al., 2016; Kusuma et al., 2017; Nemashkalo et al., 2017).

To optimize glass as a micropatterning substrate we would first need to determine if a
pre-coating is required. Glass substrates do not possess the same degree of
hydrophobicity found in our polymer substrates (Carpi et al., 2011). As a result, typical
PLL-g-PEG pre-coatings and ECM coatings are likely to adhere weakly without a pre-
coating to increase adhesion. Commonly used adhesion promoters are
HexaMethylDiSilazane (HDMS), which must be evaporated in a 120°C oven containing a
glass substrate, and Ti Prime (MicroChemicals) which is an organic titanium compound
that is applied by spin-coating before a 1-2 minute bake at 120°C. This increased
complexity, and equipment requirements, associated with the use of glass culture
substrates were deterrents in our initial efforts. However, with our current micropatterning
experience, they could potentially be adopted to provide a more optimal imaging

substrate.

3.11. MATERIALS AND METHODS
3.11.1. mESC Medium Cell Culture

GLOT3-CHmIR cells were maintained in mESC medium containing high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM), 15% Fetal Bovine Serum (FBS), 2 mM L-
glutamine, 1 mM Sodium Pyruvate, 100 uM non-essential amino acids, 0.1 mM 2-
mercaptoethanol, and 102 units/mL leukemia inhibitory factor (LIF). Cultured cells were

passaged every 48h at a 1:6 ratio on 10 cm 0.1% gelatin-coated culture dishes.
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3.11.2. N2B27 + 2i Cell Culture

GLOT3-CHmIR cells were maintained in N2B27 made with a 1:1 mix of DMEM/F12
medium and Neurobasal medium containing 2 mM L-glutamine, 1 mM Sodium Pyruvate,
100 uM non-essential amino acids, 0.1 mM 2-mercaptoethanol, 1X N2 supplement, and
1X B27 supplement, with 3 uM CHI99021 and 1 uM PDO035901 added prior to use in
culture. Cultured cells were passaged every 48h at a 1:6 ratio on 10 cm 0.1% gelatin-

coated culture dishes.

3.11.3. Live Cell Imaging

Live cell images were obtained by using a 63X oil immersion lens on a laser scanning
confocal microscope (LSM-880, Zeiss). Mono-Azami Green (mAG) was stimulated by a

488nm laser and mono-Kusabira Orange 2 (mKO2) was stimulated by a 561nm laser.

3.11.4. Image Processing and Analysis

Multichannel images acquired by the microscope were converted to single channel TIFFs
using FIJI, and then processed using a custom CellProfiler pipeline to identify nuclei
based on H2B-miRFP670 fluorescence, assign X/Y coordinates based on nuclear
centroids, and quantify mAG-LEF1 and mKO2-TCF7L1 mean nuclear fluorescence. The
resulting data were then processed by using a custom Python script to generate nuclear

position plots.
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CHAPTER 4. MITOTIC TURBOID IDENTIFIES NANOG AND LEF1 AS NOVEL
BOOKMARKING FACTORS WHICH REMAIN ASSOCIATED WITH TRANSCRIPTION
AND TRANSLATION MACHINERY IN MITOTIC CHROMATIN.

4.1. ABSTRACT

Mitotic cell division ensures that resulting daughter cells inherit identical genetic material.
However, asymmetric cell fates can result from these divisions and are indeed required
for the successful patterning and maintenance of tissues throughout the body. One of the
most prominent mechanisms found to drive these asymmetries is mitotic bookmarking. In
this process, lineage-specific transcription factors have been shown to remain associated
with specific genes during mitosis, whereupon they maintain enhancer-promoter loops
and associated transcriptional machinery to facilitate basal transcription throughout
mitosis. By contrast, non-bookmarked genes have been shown to lose enhancer-
promoter loops and maintain little to no transcriptional activity. While this bookmarking
activity has been observed by a variety of key transcription factors, including Oct4, Esrrb,
and Sox2, characterization of bookmarking activity is technically difficult, as it relies upon
mitotic ChIP-Seq analysis. To improve the rate of bookmarking factor detection we
performed mitotic TurbolD using an H2B-TurbolD fusion protein to profile the full
interactome of mitotic chromosomes in Wnt-activated mESCs. While a variety of well-
established bookmarking factors were identified by mitotic H2B-TurbolD, we also
observed the novel mitotic retention of Nanog and LEF1. Through fusion of LEF1 and
Nanog with TurbolD we were able to identify considerable overlap between their mitotic
interactomes and the mitotic interactomes of TurbolD fusions with well-known
bookmarking factors. Intriguingly, the selective mitotic association with transcription and

translation machinery was common to all TurbolD-fused bookmarkers tested, including
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LEF1 and Nanog. These findings suggest not only that LEF1 and Nanog possess
bookmarking activity, but that bookmarking factors maintain translation in addition to the
transcription of bookmarked targets. Additionally, mutational analysis of LEF1 revealed

that sumoylation at Lys-267 is required for its mitotic stability.

4.2. INTRODUCTION

Asymmetrical cell division is essential for the proper patterning of various tissues
throughout the body, allowing stem cell niches to retain their identity while producing
single differentiated daughter cells over multiple divisions (Ng and Alexander, 2017; Qi
and Chen, 2015). While there are multiple mechanisms of asymmetry that have been
identified, including asymmetric cell membrane (Paridaen et al., 2013) or transcription
factor inheritance (Fuentealba et al., 2008), mitotic bookmarking appears to be a
commonly employed mechanism. During mitosis the majority of transcription factors are
ejected from mitotic chromatin, rendering them inactive. However, “bookmarking”
transcription factors remain associated with their gene targets throughout mitosis,
allowing them to maintain enhanceosomes and enhancer-promoter loops at their bound
genes (Festuccia et al., 2019; Kadauke et al., 2012). Additionally, RNA polymerase Il has
been shown to remain associated and active at these bookmarked loci (Palozola et al.,
2017). While typical non-bookmarked genes lose their assembled enhancers and halt
transcription as mitotic chromatin compacts, bookmarked genes retain a basal level of
transcription, and resume maximal transcription significantly faster upon mitotic exit,
affording these genes a competitive advantage in establishing cellular fate (Festuccia et

al., 2019; Kadauke et al., 2012). As such, bookmarking factors play a critical role in cell

133



PhD Thesis — Victor Gordon McMaster University Biochemistry

fate maintenance, and understanding the mechanisms guiding their recruitment and

retention is critical to understanding cell fate determination.

However, mitotic chromatin is a highly complex cellular compartment that is difficult to
isolate or investigate by using traditional techniques (Maeshima et al., 2020b). As
interphase chromatin compacts, the majority of the genome becomes heterochromatic
and non-bookmarking transcription factors are ejected from their bound enhancer or
promoter regions (Gibcus et al., 2018a). As compaction continues, chromatin is then
assembled into nested loops around a core of condensin | and Il complexes (Gibcus et

al., 2018a).

To prevent individual chromosomes from condensing into a single disordered mass,
MKi67 and other nucleolar proteins form a surfactant-like layer around each chromosome
termed the perichromosomal layer (Booth and Earnshaw, 2017; Cuylen et al., 2016). This
region is highly charged, and accounts for roughly 40% the chromosomal volume and

33% of chromosomal protein mass (Booth et al., 2016).

It is the stratified nature of mitotic chromosome that confounds traditional techniques used
to identify mitotic chromatin-associated proteins. Immunofluorescence crosslinking
techniques are impeded by the perichromosomal layer, rendering IF results unreliable
and inconsistent (Festuccia et al., 2017). The highly charged nature of the
perichromosomal layer, and its tight adherence to mitotic chromatin, make it exceptionally
difficult to isolate from mitotic chromatin in proteomic analyses as well. Additionally, while

live cell fluorescence imaging bypasses crosslinking, it cannot distinguish between mitotic
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association and true specific gene bookmarking, requiring technically difficult mitotic

ChlIP-seq validation assays (Deluz et al., 2016; Festuccia et al., 2016; Wong et al., 2014).

Taken together, these complications have greatly slowed the investigation of mitotically
associated transcription factors. To overcome these limitations, we have optimized a
mitotic TurbolD protocol for the rapid proteomic investigation of transcription factors and

nucleosome components associated with mitotic chromatin.

TurbolID is a genetically engineered derivative of the BiolD promiscuous biotin ligase,
capable of saturating proximal interactors with only a 45-minute biotin pulse (Branon et
al., 2018), while previous BiolD versions have required an incubation time of 18 — 24
hours (Roux et al., 2018). This reduced incubation time has allowed us to investigate
chromatin-associated interactions in nocodazole-arrested metaphase mouse embryonic
stem cell (MESC) populations, which would otherwise become highly cytotoxic over the

24-hour incubation period required by traditional BiolD enzymes.

By transiently expressing an H2B-TurbolD fusion protein, we were able to capture
interactions throughout the volume and surface of mitotic chromosomes, capturing
several well-defined bookmarking transcription factors, as well as Nanog and LEF1 as
novel bookmarking factors. Additionally, our H2B-TurbolD data suggests that
transcriptional and translational machinery are greatly enriched upon mitotic chromatin,
and not just associated with the perichromosomal layer non-specifically, as previously
thought. Subsequent TurbolD fusions with Oct4, Esrrb, Rbpj, Nanog, and LEF1 were able
to capture mitotic associations with, not only enhanceosome and transcription factors, but

also translation-associated factors, suggesting that bookmarking factors not only maintain
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transcription but also prime translation of bookmarked genes. The novel bookmarking
activity of LEF1 was further characterized by directed mutation analysis, suggesting that
mitotic LEF1 is selectively stabilized by K267 sumoylation and constitutively degraded in
an apparently TLE3-dependent manner when this site is ablated. The findings presented
here demonstrate that mitotic TurbolD is a robust, yet technically straightforward,

approach to rapidly identifying and characterizing mitotically associated proteins.

4.3. RESULTS

4.3.1. H2B-TurbolD Identifies Proximal Interactors in Asynchronous and
Metaphase mESCs

To detect nucleosome-associated proteins in both interphase and metaphase, we chose
to tag H2B with TurbolID. To identify H2B interactors, a transient expression vector was
generated containing a CAG-driven H2B-TurbolD fusion protein, followed by a P2A self-
cleaving peptide and EGFP to serve as a transfection reporter. Control vectors containing
a CAG-driven TurbolD-P2A-EGFP cassette were also generated to serve as an
experimental control by identifying non-specific TurbolD interactors. Wild-type E14Tg2a
MESCs were then transfected with either vector, cultured for 48 hours in EB medium + 5
UM CHI, and then pulsed with 500 uM Biotin for 45 minutes before sample collection (Fig.
23A). Metaphase populations (M-phase) were collected after adding 150 ng/mL
Nocodazole 7 hours prior to biotin addition and collection, while asynchronous
populations (A-phase) were kept in EB + 5 uM CHlI for the full 48h culture period. Proximal
H2B interactors from M or A populations were then identified through mass spectrometry.
Putative protein-protein interactions in either condition were determined by using SAINT
(Significance Analysis of INTeractome). Comparison of peptide counts among these

interaction lists revealed that while 263 interactors saw a 2-fold increase in peptide counts
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in interphase conditions, and 203 interactors saw a 2-fold increase in peptide counts
under metaphase conditions, 497 interactors were found to exhibit no significant change
in association between either condition (Fig. 23B). Our H2B-TurbolD fusion protein was
confirmed to successfully integrate into nucleosomes and mitotic chromatin by its ability
to selectively enrich for mitotic chromatin markers such as condensin components,
chromatin scaffolding factors, and topoisomerases in M-phase samples (Fig. 23D).
Similarly, Sumo2 peptides were exclusively identified, and chromatin remodeling factors
were significantly reduced, in M-phase samples (Cubenas-Potts et al., 2015).
Interestingly, a considerable number of transcriptional machinery components remained
associated with H2B-TurbolD during metaphase, and translation-associated factors were
selectively enriched in M-phase samples. Finally, while a number of known bookmarking
factors were found to remain associated with mitotic H2B-TurbolD, both NANOG and
LEF1 were also found to remain associate with mitotic chromatin, which has not yet been

reported.
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Figure 23. Proximal H2B-TurbolD interactors identified in asynchronous and
metaphase populations that are unique from whole mitotic proteome
approaches.
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Figure 23. (Continued) A) Overview of asynchronous (A) and metaphase (M) sample
preparation. Wild-type E14Tg2a mESCs are transfected with a chosen transient
expression vector and grown for 48 hours in EB + 5 pM CHI. Mitotic samples are
arrested for 7 hours in prometaphase using 150 ng/mL nocodazole. Both samples are
pulsed with 500 uM biotin for 45 minutes before collection, lysis, and analysis. B)
Distribution of identified H2B-TurbolD interactors, based on peptide counts, found to
be enriched in asynchronous interphase populations (A >= 2*M), metaphase
populations (M >= 2*A), or common to both conditions. D) Dot plot of H2B-TurbolD
interactors identified after 48 hours of transient vector expression.

4.3.2. Mitotic H2B-TurbolD Detects Few Perichromosomal Components

To determine if our identified H2B-TurbolD interactors were consistent with known mitotic
chromatin components, our mitotically enriched interactors were compared to mitotic
interactors identified by whole-proteome mitotic analysis and MKi67 ChIP-MS data sets
(Fig. 23C). Our whole proteome (WP) data set was taken from mitotically enriched factors
identified by Ginno et al., where a sucrose density gradient was used to isolate a mitotic
chromosome fraction from cell lysates (Ginno et al. 2018). This list was then compared
to a list of mitotically enriched factors identified by MKi67 ChIP-MS reported by Sobecki
et al. (Sobecki et al. 2016). While 43% of MKi67 ChIP-MS targets were also identified by
WP, only 14% of targets were identified by H2B-TurbolD, demonstrating nearly a 4-fold

reduction in contamination by perichromosomal components.

4.3.3. Mitotic TurbolD Using Mitotically Associated Transcription Factors

To investigate the interactome of mitotically enriched transcription factors, TurbolD
fusions with LEF1, OCT4, NANOG, RBPJ, and ESRRB were generated. Mitotic
association of our chosen transcription factors was confirmed by generating EGFP
fusions of each factor and performing live cell fluorescence imaging (Fig. 24A). All

products displayed mitotic enrichment. Transient expression vectors for each of the
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chosen transcription factors were then transfected into E14Tg2a mESCs and collected
under conditions identical to those used for our previous H2B-TurbolD analysis. Protein-
protein interactions for both asynchronous (A) and metaphase (M) conditions were once
again determined by using SAINT. Bait-bait comparison of interaction profiles revealed
that the interaction profiles of LEF1 and NANOG cluster strongly as independent A/M
sample pairs (Fig. 24B). However, while OCT4 and ESRRB A/M interactomes cluster
together, RBPJ clusters most strongly with H2B A/M samples (Fig. 24B). To further
investigate these common interactions between all samples, a chord diagram was

generated using significant (BFDR < 0.05) interactors from all A/M samples (Fig. 24C).

Most strikingly, RBPJ was found to share 76% of its interactome (573/748) with H2B,
while all other transcription factors have only =60% of their interactions in common with
H2B interactors. Additionally, while the other selected transcription factor-TurbolD fusions
had 70-80% of their interactions in common with each other, RBPJ only displayed =50%
of its interactions in common with other transcription factors. Very similar trends are also
observed when looking at mitotically enriched (M >=2*A) or asynchronous-enriched
(A>=2*M) interactors. However, a considerable portion of these interactions appear to be

unique to each factor (Fig. 24D).
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Figure 24. Mitotically enriched transcription factors share more common
interactions with each other than H2B.

A) Live cell fluorescence imaging of mESCs transiently transfected with EGFP-tagged
OCT4, ESRRB, RBPJ, NANOG, or LEF1 expression vectors. Transient expression
vectors also expressed H2B-mKO2 to mark mitotic chromatin.
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Figure 24. (Continued) B) Bait vs bait hierarchical comparison of identified factors
among TurbolD asynchronous (A) and metaphase (M) data sets. C) Chord diagram of
all significant interactions (BFDR <= 0.05) identified in A and M conditions for each
TurbolD fusion. D) Unigue and total identified A-enriched (A >= 2*M peptide count) and
M-enriched (M >= 2*A peptide count) interactors in each sample.

4.3.4. NANOG, OCT4, ESRRB, RBPJ, and H2B Possess Unique Interactomes

Gene ontology (GO) analysis was performed on lists of identified interactors from each
condition to determine if TurbolD fusions with H2B or transcription factors (LEF1,
NANOG, OCT4, ESRRB, RBPJ) recognized unique interactomes in asynchronous or
metaphase populations. As would be expected from transcription factors during
interphase, a majority of GO terms were associated with transcription or epigenetic
regulation (Fig. 25A). Asynchronous H2B-associated GO terms were primarily associated
with histone acetylation or methylation, which would be expected of heterochromatic
regions, where H2B is expected to reside (Fig. 25A). Interestingly, M-phase transcription
factor GO terms are primarily associated with RNA polymerase Il binding, and even
ribosome binding (Fig. 25B). While M-phase H2B GO terms do include helicase activity,
that would be expected in compacting mitotic chromatin, the majority of enriched GO
terms are associated with transcription and translation associated processes (Fig. 25B).
Together, these findings demonstrate that M-phase and A-phase interactomes are unique

for both H2B and our chosen transcription factors.
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Figure 25. (Continued) Interaction lists of mitotically (M >= 2*A peptide counts) or
asynchronously (A >= 2*M) enriched interactors from H2B alone, or all pooled
transcription factors, were assembled. GO term analysis was then performed on A)
asynchronous or B) metaphase interaction lists, with the top 8 GO-terms based on fold
enrichment being displayed.

4.3.5. Mitotically Enriched Transcription Factors and Enhanceosome
Components

Direct comparison of interactor peptide counts between A and M conditions among our
assessed factors revealed that there are key regulatory components common among
most factors. While a variety of E3 ubiquitin and sumo ligases can be found to associate
With H2B, ubiquitin ligase, Trim33, and Sumo ligase, Pias4, were found to be common
interactors with most factors (Fig. 26A). While it is logical that H2B associates with a
variety of nucleosome remodeling factors in both interphase and metaphase, as
chromatin remains dynamic in both contexts, it is interesting that our assayed
transcription factors remain associated with remodeling complexes during metaphase. All
assayed transcription factors remain associated with core SWI/SNF complex components
Aridla/b during metaphase (Fig. 26B). As the SWI/SNF complex is a core enhanceosome
component, this may suggest that our assayed transcription factors retain enhanceosome
structure during metaphase. Consistent with this observation, our assayed transcription
factors mitotically associate with Yeats2, which specifically binds histone H3 crotonylated

Lys-27, a marker of active promoters and enhancers.

In further support of our GO analysis, all assayed transcription factors mitotically
associate with Ccntl and Ythdf3. Ccntl is an activator of p-TEFb, promoting transcript

elongation, while Ythdf3 binds N6-methyladenosine (m®A)-containing RNAs and
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promotes RNA translation efficiency. Additionally, all assayed transcription factors
interact with a variety of Wnt enhanceosome components (Fig. 26D). While CTNNB is
identified by H2B only in interphase, all transcription factors associated with 3-catenin
during metaphase. Interestingly, while TCF7 and TCF7L1 are recognized only during

interphase, LEF1 remains associated with H2B, Nanog, and RBPJ during metaphase.
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Figure 26. Bookmarking factors remain associated primarily with chromatin
remodeling factors during metaphase.

The most frequently enriched A) post-translational modifiers, B) chromatin remodelers,
C) Wnt signaling components, and D) translation factors identified by each TurbolD
fusion were chosen and presented here. Average peptide spectral counts were capped
at 50.
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4.3.6. Potential Mitotic LEF1 Stabilization by K267 Sumoylation

While TCF7, TCF7L1, and LEF1 were all identified by one or more factors in our TurbolD
screen, LEF1 appeared to be the only TCF/LEF capable of remaining associated with
mitotic chromatin in MESCs maintained as described. To determine which domains of
LEF1 are responsible for this unique function, targeted LEF1 truncations were generated
and assessed by live cell fluorescent imaging. While full length (FL) and AB-catenin
binding domain (AB) LEF1 isoforms are capable of strongly associating with mitotic
chromatin, this enrichment is greatly reduced by the loss of the C-tail domain (AC) (Fig.
27A). The first fifteen residues of the C-tail domain contain a nuclear localization signal
(NLS) and are also tightly associated with bound DNA (boxed region), likely causing the
loss of mitotic enrichment observed in our AC mutants (Fig. 27A). To assess the impact
of post-translational modifications on LEF1 mitotic enrichment we chose to perform a
conserved Lys-267-Arg mutation to disrupt the previously reported sumoylation of Lys-
267 by PIAS4 (Sachdev et al. 2001). Both FL-K267R-LEF1 (K267R) and AC-K267R-
LEF1 (K267RAC) point mutants resulted in attenuated fluorescent signal, suggestive of
increased degradation of the protein (Fig. 27B). As sumo proteins have been shown to
influence protein-protein interactions, and the sumo site of LEF1 (K267) is proximal to the
TLE binding domain of LEF1 (235 — 255), a LEF1 deletion was generated targeting the
TLE-binding domain (AT). The loss of the TLE binding site alone did not appear to
considerably affect LEF1 localization or abundance (Fig. 27C). However, in the absence
of a TLE binding domain K267R mutants were no longer capable of inducing attenuation

of LEF1 fluorescent signal (Fig. 27C). These findings suggest that K267 sumoylation is
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required for the stabilization of mitotic LEF1, which is otherwise constitutively degraded
in a TLE-dependent manner, although this remains to be confirmed by further mechanistic

studies.

148



PhD Thesis — Victor Gordon McMaster University Biochemistry

A o B C

FL & » K267R K267R A235-255
BD | CRD I | HMG | Ctaill | gD |an I l HMG | Ctaill I 8D |cRD HI l HMG | qa.||
BB 460 K267RAC K267R K267RAT K267R
|CRDII |HMG|Ctai|| |BD|CRDI |HMG| |BD|CHDH||HMG|CtaiI|
Asas 397
| pD | CRD II

Isoform

Isoform Merge

wvy

SUMO

nTCE7 EQELQPYDRNL——-KTQAEPEAEKEREKPVIFEPLNAFMLYMEEMRAKVIAECTLEES 331
rTCE7 FQELQPYDRNL———KTQAEPEAEKELEKPITKEPLNAFMLYMEEMRAKVIAECTLEES 331
hTCE7 EQELQPFDRNL-—-KTQAESKAEKEREKPTIKEPLNAFMLYMEEMRARVIAECTLEES 296
hLEF1 EQEHPHTDS DLMHVEPQHEQREECEPERPHTKEPLNAFMLYMEEMRANVVAECTLEES 326
nLEF1 EQEHPHTDSDLMHVEPQHEQREECEFPERPHIFEPLNAFMLYMEFMRANVVAECTLEES 324
rLEF1 EQEHPHTDSDLMHVEPEHEQREECEFPERPHIFEPLNAFMLYMEFMRANVVAECTLEES 324
hTCF7L1 FQEPAPPSL.SPAVSVESPVTVEEEEEEKPHVEEPLNAFMLYMEEMRAKVVAECTLEES 373
mTCFTL1 FQEPRAPSL.SPAVSAKSPVIVEEEEEEKPHVEEPLNAFMLYMEEMRAKVVAECTLEES 369
rTCEFTL1 EQEPRPPSLSPAVSAKSPVIVKEEEEEKPHVEEPLNAFMLYMKEMRAKVVAECTLEES 372
TTCEFTLZ VEQESSQSDVGSLHS SKHODSEKEEEKEKPHIKEPLNAFMLYMEEMRAKVVAECTLEES ZE6
mICETLZ VEQESSQSDVGSLHS SKHODSKKEEEKEKPHIFEPLNAFMLYMEKEMRAKVVAECTLEES 354
hTCFTLZ VEQESSQSDVGSLHS SKHODSEKEEEREKPHIKEPLNAFMLYMEEMRAKVVAECTLEES 354

*ER .. SiE ELE REWNERERENERERERE R ERERENEN

HHHHHH

HMG Domain
IKKPLNAFMLYMKEMEANVVAECTLEESARL
INQILGERWHALSEEEQAKYYELARKERQL
HMQLY PGWSARDNYGRRERRERERLQESTS
GTGPRMTAARYT NLS

Figure 27. Constitutive mitotic degradation of LEF1 requires TLE binding and is
inhibited by sumoylation at K267.

Wild-type mESCs were transiently transfected with expression vectors containing
LEF1 mutants and grown for 48 hours in EB + 5 uM CHI before imaging. mAG-LEF1
isoforms (cyan) and H2B-mKO2 (magenta) nuclear marker are shown as single
channel and merged images for each isoform. BD marks the 3-catenin binding domain
(residues 1 -60), CRD marks the central regulatory domain (residues 61 — 356), HMG
marks the high mobility group DNA binding domain (residues 357 — 425), C-tail marks
all residues C-terminal to the HMG (residues 326 — 397), TLE marks the TLE binding
site (residues 235 — 255), and Su marks the sumoylation site (K267).

149



PhD Thesis — Victor Gordon McMaster University Biochemistry

Figure 27. (Continued) A) Full length LEF1 (FL) was found to be enriched upon mitotic
chromatin and weakly present within the cytoplasm, while B-catenin binding domain
truncations (AB) saw no significant change in localization, the loss of the C-tail domain
(AC) prevented mitotic enrichment and resulted in strong cytoplasmic localization. B)
The conserved point mutation of K267R preserves the chemical profile of lysine but
prevents sumoylation, resulting in the constitutive degradation of K267R-FL-LEF1
(K267R) and truncated AC-K267R-LEF1 (K267RAC) isoforms. C) While loss of the
TLE binding domain (AT) had minimal effect on LEF1 localization, it prevents the
degradation of FL-K267R-LEF1 (K267RAT). D) Crystal structure of LEF1 (purple)
bound to DNA fragment containing a WRE (orange and green) with boxed region
outlining the first 15 residues of the C-tail that are lost in our AC isoform (Love et al.,
1995). The HMG Domain and full C-tail domain (bolded) sequence is listed below, with
the nuclear localization signal (NLS) underlined. E) Multiple sequence alignments of
all four TCF/LEF factors from human, mouse, and rat reveal a high degree of
conservation at the sumoylation site (Red box) identified in LEF1, with mouse K267

4.4, DISCUSSION
4.4.1. Mitotic H2B-TurbolD Captures Metaphase Heterochromatin Interactors

Existing techniques for proteomic analysis of mitotic chromatin rely upon the isolation of
mitotic chromatin through density gradient or size exclusion chromatography (Ginno et
al., 2018; Heusel et al., 2020). While such techniques have provided excellent insights
into the composition of the mitotic proteome, they are not capable of excluding targets
that associate non-specifically with mitotic chromatin (Van Hooser et al., 2005). These

non-specific interactions have largely been attributed to the perichromosomal layer.

This space is defined as a charged surfactant-like coating covering all mitotic
chromosomes, which prevents the aggregation of individual chromosomes during
metaphase, and is comprised primarily of MKi67 and several other nucleolus-associated
proteins (Booth and Earnshaw, 2017; Cuylen et al., 2016). Further characterization of this
space by serial block-face scanning electron microscopy has shown that 30-47% of

chromosomal volume during metaphase is comprised of perichromosomal proteins
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(Booth et al., 2016). However, bookmarking factors have been shown to bypass this
space and interact directly with enhancer and promoter regions within the genome. To
better understand how bookmarkers localize and mediate these interactions it is important
to generate proteomic data that is not contaminated by non-specific perichromosomal

interactions.

To overcome perichromosomal contamination, we performed TurbolD analysis using a
H2B-TurbolD fusion protein in asynchronous and nocodazole-arrested metaphase mESC
populations. The inclusion of an asynchronous condition allowed us to identify
metaphase-specific interactions, and to identify factors that are retained in either
condition. Identification of core architectural mitotic chromosome components, such as
Smc2/4 and several helicases, confirmed that our H2B-TurbolD product is capable of
labeling interactors even in tightly compacted heterochromatin states. Additionally, the
perichromosomal marker protein MKi67 was more robustly detected in metaphase

samples.

Together, these findings demonstrate that our H2B-TurbolD approach can identify
interactors throughout the volume and surface of mitotic chromosomes. Additionally,
surface interactions identified by H2B-TurbolD should only include factors capable of
closely interacting with mitotic heterochromatin. While the perichromosomal layer has
been shown to have a depth of =150nm, TurbolD only has a range of 10-20 nm when
linkers between the “bait” and TurbolD proteins, such as the GGSGG linker we used, are
employed (Booth et al., 2016; Branon et al., 2018). Specifically, this aspect of our H2B-

TurbolD system suggests that the observed abundance of transcriptional and
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translational machinery is due to intentional mitotic loading, and not contamination by

perichromosomal pull-down.

Whereas bookmarking factors are typically characterized by mitotic enrichment observed
by live cell fluorescence, H2B-TurbolD can capture the mitotic enrichment of multiple
transcription factors simultaneously. Screening large numbers of transcription factors for
bookmarking function has been done before by using live cell imaging platforms, but it is
a very laborious process, which limits the number of cell lines or contexts that can be
feasibly assessed. As all known bookmarking factors have been found to possess
chromatin-scanning activity, our H2B-TurbolD system could be used to rapidly investigate
the full complement of bookmarking factors present in any TurbolD-amenable cell type or
culture context. However, in our study we chose to investigate the mitotic association of

OCT4, ESRRB, RBPJ, NANOG, and LEF1 in Wnt-activated mESCs.

4.4.2. Selected TF Baits Reveal Unique Aspects of Mitotic Enrichment

As OCT4 has previously been shown to remain associated with 61.5% of its interphase
genes during metaphase (Liu et al., 2017), and RBPJ has been shown to remain
associated with ~60% of its interphase gene targets (Lake et al., 2014), we chose to tag
these proteins to represent broadly associated bookmarking factors. While CCCTC-
binding factor (CTCF) was initially a candidate to represent topological regulators of
mitotic chromatin, it has previously been shown to strongly impede proliferation upon over
expression in multiple cell lines (John E. J. Rasko, 2001). Additionally, CTCF has been
confirmed by multiple techniques to lose tight association with chromatin in prometaphase
(Oomen et al., 2019). However, RBPJ has been shown to directly bind CTCF, and nearly

20% of mitotic RBPJ targets are enriched for adjacent CTCF binding motifs (Lake et al.,
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2014; Owens et al., 2019). Additionally, the depletion of CTCF results in the loss of
enriched CTCF motifs in mitotic RBPJ targets, suggesting that RBPJ and CTCF
collaborate in establishing chromatin domains and mediating long-range chromatin

interactions during mitosis (Lake et al., 2014).

As such, RBPJ was chosen as a bait to overcome the limitations associated with CTCF,
while still providing insight into the role of CTCF during mitosis. Consistent with our
intention, CTCF was selectively identified by H2B and RBPJ baits in asynchronous and
metaphase conditions, demonstrating the association of RBPJ with CTCF (Fig. 26B). The
RBPJ interactome was also shown to cluster most strongly with the H2B interactome,
suggesting that these interactions occur predominantly in nucleosome-rich regions such

as heterochromatin (Fig. 24B).

During metaphase, mitotic chromatin is highly compacted, with non-bookmarked
promoters becoming silenced (Patel et al., 2018). However, GO analysis of our mitotic
H2B-TurbolD interactome found TFIID-class transcription factor complex binding factors
to be enriched by 35-fold, suggesting that these promoters are heterochromatic but still
bound by TFlID-associated factors (Fig. 25B). Interestingly, RBPJ has been shown to be
capable of suppressing target genes through direct contact with TFIID and TFIA
components (lvan Olave, 1998). While RBPJ has also been shown to activate genes
through recruitment of Mastermind-like protein (MAML) and the intracellular domain of
the Notch receptor (NICD), neither component was identified by RBPJ-TurbolD

(Andersson et al., 2011; Borggrefe and Oswald, 2009; Vasquez-Del Carpio et al., 2011).
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Instead we found RBPJ to interact strongly with KDM5a, a co-repressor directly bound by
RBPJ (Liefke et al., 2010), in both metaphase and asynchronous conditions. While we
did find RBPJ to interact with certain co-activators, the close association of RBPJ with
heterochromatin and TFIID components suggests a unique role for RBPJ among our
tagged transcription factors. While our other bookmarking baits had interactomes
indicative of transcriptional activation, RBPJ appears to associate predominantly with
epigenetically silenced promoters to maintain their silenced status by inhibiting associated
TFIIA/D components and recruiting co-repressors to promote a heterochromatin state.
This would suggest that RBPJ functions as a “negative” bookmarking factor, ensuring that

target genes remain suppressed during mitosis (Fig. 28C).

By contrast, Esrrb was chosen to represent a highly selective bookmarking factor, as it
has been shown to only remain associated with ~13% of its interphase targets during
mitosis (Festuccia et al., 2016). However, ~55% of all ES-specific super-enhancers
associated with key pluripotency genes are mitotically bound by Esrrb (Festuccia et al.,
2016; Warren et al., 2013). If these super-enhancer regions are also bound by Oct4 in
our chosen condition, it may be for this reason that the ESRRB-TurbolID interactome

clusters most closely with the OCT4-TurbolD interactome.

As it has previously been reported by multiple sources to be excluded from mitotic
chromatin in live cell images of ES cells (Deluz et al., 2016; Festuccia et al., 2016), Nanog
was chosen to be tagged as a control for mitotic depletion. While our H2B-TurbolD data
found Nanog to remain associated with mitotic chromatin, it was assumed that this
interaction was likely to be transient in nature, given the aforementioned imaging data.

However, in our E14Tg2a mESC line, overexpressed EGFP-NANOG fusion protein
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appeared enriched upon mitotic chromatin, and our TurbolD-NANOG fusion generated

robust interphase and metaphase interactomes.

While this consequentially eliminated our mitotic depletion control, leaving us with only
our independent TurbolD control, it allowed us to identify a novel function of Nanog as a
potential bookmarking factor. The bookmarking activity of Nanog may be Wnt-activity
dependent, as no other sources assessed mitotic enrichment in the presence of CHI, or
could have been unmasked due to our choice of using an N-terminal fusion (Deluz et al.,
2016; Liu et al., 2017). However, the critical role of Nanog in the maintenance of
pluripotency, and its expression within the posterior ectoderm of gastrulating embryos,
immediately adjacent to cells undergoing EMT and mesodermal commitment, both
strongly suggest that Nanog bookmarks to maintain cellular identity (Hart et al., 2004;

Hatano et al., 2005).

Finally, LEF1 was chosen to be tagged as it has not yet been reported to be capable of
mitotic enrichment and was the only TCF/LEF found to be present on mitotic chromatin
by our initial H2B-TurbolD run (Fig. 26C). While its interactome was quite limited, it
identified key Wnt enhanceosome components and shared some of the most highly
conserved interactors of the other transcription factors. TurbolD-LEF1 was also able to

detect TCF7L1 in asynchronous populations (Fig. 26C).

While the Wnt enhanceosome has previously been shown to remain constitutively
assembled at target genes, regardless of Wnt status (Fiedler et al., 2015; van Tienen et
al., 2017a), this observation suggests that TCF/LEFS may actively compete for, or co-

occupy, Wnt enhanceosomes at target genes.
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The greatly reduced interactome of LEF1 compared to other baits is also an interesting
finding, suggesting that LEF1 is quite specific in its interactions. Previous characterization
of TCF/LEF occupation of WREs by CHiP-seq analysis has shown that even in the face
of total TCF/LEF depletion, WRE occupation is not proportionally depleted (Moreira et al.,
2018c). Additionally, BiolD has previously been used to characterize the interactome of
TCF7L1 in asynchronous populations before and after CHI treatment (Moreira et al.,
2018a). In this study the interactomes of endogenously versus exogenously expressed
BiolD-TCF7L1 were compared, finding a total of 43 and 146 proximal interactors,
respectively. Although this assay used BiolD instead of TurbolD, the scale of these
interactomes are much more similar to the 56 total interactors identified by our TurbolD-

LEF1 analysis, than to the 300 — 500 interactors identified by OCT4, NANOG, or ESRRB.

As such, the reduced number of LEF1 interactions is not overly surprising. This disparity
in interactome scale suggests that LEF1, and potentially TCF/LEFs in general, are more
discrete in their interactions than comparable transcription factors. While all transcription
factors participate in enhanceosomes to promote gene expression, TCF/LEFs do so with
very little promiscuity. While OCT4, NANOG, and ESRRB are known to interact with a
wide variety of transcription factors, supporting their larger interactomes (Festuccia et al.,
2016; Horne et al., 2015; Mulas et al., 2018), TCF/LEFs may only associate with different

factors in the presence of core Wnt enhanceosome components.

The range of BiolD, and in turn TurbolD, biotinylation has been estimated to be 10-20
nm, which corresponds to roughly 30 nt of DNA or a protein complex of roughly 3000 —
4000 kDa (Astori et al., 2020). While this range is sufficient to capture proximal

enhanceosome components for most promiscuous factors, the constitutive presence
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closely associated of Wnt enhanceosome components would prevent TCF/LEFs from
reporting a rich interactome by BiolD analysis (Renko et al., 2019a; van Tienen et al.,
2017a). As such, our reduced TurbolD-LEF1 interactome is reflective of constitutive
TCF/LEF association with Wnt enhanceosome components, suggesting that TCF/LEFs

do not contribute promiscuously to non-Wnt enhanceosomes.

While our aim was to use TurbolD to characterize mitotically associated bookmarking
factors in differentiating mESC populations, a recent study has used BiolD to characterize
the interactome of eight lineage-restricted T lymphocyte transcription factors (Astori et al.,
2020). While these experiments were only performed in asynchronous populations, they
were able to identify AT-rich interactive domain-containing protein 1a (ARID1a), a core
component of the BAF (SWI/SNFA) complex as a highly conserved interactor among all
tested transcription factors (Astori et al.,, 2020). T cell-specific ARID1a knockout mice
were then generated, which resulted in a significant depletion of mature T cells and a 20-
fold reduction in thymic cellularity (Astori et al., 2020). Complementary knockout mice for
transcription factors assessed in this study, such as TCF7 and PAX5, also result in the

depletion of mature thymic populations (Horowitz et al., 2004; Sjef Verbeek, 1995).

Together, these findings demonstrate the requirement of specific chromatin remodeling
factors, such as ARID1a, in the maintenance of cell fate by lineage-specific transcription
factors. Interestingly, while ARID1la was strongly enriched in both asynchronous and
metaphase samples for LEF1, NANOG, OCT4, and ESRRB no peptides were detected
by H2B in either context (Fig. 26B). By contrast RBPJ, which appears to associate
predominantly with heterochromatin regions, only recognizes ARID1a with very low

confidence (Fig. 26B). This would suggest that ARID1a is selectively enriched within
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nucleosome-free regions, and that lineage-maintaining transcription factors such as
bookmarkers may require associated SWI/SNF components such as ARID1a to maintain

an open status at their target genes.

4.4.3. Bookmarking Transcription Factors Remain  Associated With
Transcriptional and Translational Machinery

In the current model of bookmarking, transcription factors are thought to facilitate the
retention of enhancer-promoter loops throughout metaphase, allowing target genes to
retain their association with transcriptional machinery and maintain basal expression
(Palozola et al., 2019). All five of the TurbolD-tagged transcription factors assessed here
appear to be consistent with this theory, as multiple remodeling factors and transcriptional
regulators were recognized by each. Specifically, a core component of p-TEFb, Ccntl,
was identified in the mitotic fraction of all tested transcription factors (Fig. 26D). However,
all five factors were also found to specifically interact with Ythdf3 in metaphase. This is a
point of significant note because Ythdf3 binds mRNA and interacts directly with 40S and
60S ribosome subunits, promoting translation efficiency of the bound mRNA transcripts
(Shi et al., 2017). While none of our assessed transcription factors were found to interact
directly with any ribosomal components, mitotic samples of Oct4, Esrrb, and Rbpj were
all found to interact with one or more Eukaryotic translation initiation factor (EIF). When
considered in the context of translation machinery found to be enriched on mitotic
chromatin by H2B-TurbolD, this may suggest that bookmarked genes not only maintain

transcription during metaphase, but also maintain a state of active translation.

While early characterization of mitotic translation rates found protein synthesis to

decrease by 70% upon mitotic entry (Fan and Penman, 1970), more recent techniques
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have shown that rates of translation are largely unaffected by the cell cycle (Coldwell et
al., 2013; Stonyte et al., 2018). While this observation is quite unexpected, it offers an
even stronger potential mechanism in guiding cell fate maintenance than the retention of
transcriptional activity alone. Through mitotic translation, bookmarked genes would be
able to rapidly outcompete non-bookmarked targets, no longer requiring an advantage in
transcript levels alone to re-establish lineage-specific gene network output. Additionally,
while MKi67 was one of the most abundant interactors of H2B-TurbolD, due to MKi67
interacting extensively with heterochromatin during mitosis (Sobecki et al., 2016), only
RBPJ identified MKi67 peptides with low confidence while no other transcription factors

recognized any MKi67 peptides.

While the total mitotic decoration observed by fluorescence imaging would suggest that
bookmarkers coat mitotic chromatin, our observation that they fail to identify a major
component of the perichromosomal layer would suggest that bookmarking factors
permeate through the volume of mitotic chromatin, and not along the surface. However,
this permeation is not complete, as core chromosomal components such as Condensin
factors were only identified by RBPJ. As transcription and translation components have
previously been identified as major components of the MKi67 interactome (Booth and
Earnshaw, 2017; Sobecki et al., 2016) it would suggest that they are dispersed throughout
the perichromosomal layer, while their recognition by our transcription factors suggests
that these components may be directly recruited to active “bubbles” of transcription and
translation at bookmarked genes within mitotic chromatin (Fig. 28). LEF1 appears to be
selectively enriched upon mitotic chromatin, and it is likely that alternative TCF/LEFs can

be similarly enriched in different cellular contexts.
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While all four TCF/LEFs share a high degree of sequence homology, and compete for
common WREs, knockout mouse models have shown that their individual functions are
quite unique. Throughout development there are frequently regions of overlap in the
expression of these factors, but as cells differentiate their TCF/LEF expression profile is
often reduced to a single factor (Courtney van Genderen, 1994; Merrill et al., 2001; Sjef
Verbeek, 1995). Despite these observations, very little is known about the mechanisms
governing such events of TCF/LEF selection or exchange. However, our mitotic TurbolD
approach has found that LEF1 is selectively maintained on mitotic chromatin in Wnt-active
conditions, and that LEF1 stability in these mitotic cells is potentially mediated through

K267 sumoylation and interaction with TLEs (Fig. 27A, B, C).

From previously published findings, it is likely that LEF1 is sumoylated at K267 by Pias4
(Sachdev et al., 2001). The consensus site for this sumoylation event, [KVQE], is quite
highly conserved among all four TCF/LEF family members (Fig. 27E). Additionally, LEF1
was found to interact quite strongly with TLE3 in both asynchronous and metaphase
samples, which our truncation screen found to be required for LEF1 depletion. Taken
together, these observations provide novel insight into the mechanisms governing
TCF/LEF exchange. Characterization of the Wnt enhanceosome has shown that Wnt
enhanceosome components, including TLE3 and TCF/LEFs, remain constitutively
associated with Wnt target genes (Fiedler et al., 2015; Renko et al., 2019a; van Tienen
et al.,, 2017a). However, it appears that upon mitotic entry TLE3 may mediate the
degradation of Wnt-enhanceosome-bound TCF/LEFs that lack sumoylation. As TLE3
lacks intrinsic kinase or E3 ligase activity, it would appear that this degradation event is

mediated by an interactor of TLE3. To better investigate this mechanism further, LEF1
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truncations are needed to determine the PTM sites that may be required for this function,

and additional TLE3-TurbolD analyses will be needed to identify this secondary factor.
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Figure 28. Physical location and functional role of bookmarking factors.

Bookmarking factors diffuse through the volume of mitotic chromatin and maintain
“bubbles” of active transcription and translation at bookmarked target genes within
mitotic heterochromatin. A) H2B-TurbolD incorporates into nucleosomes throughout
the genome. These incorporated nucleosomes detect proximal interactors within a 20
nm radius at all stages of chromatin compaction.
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Figure 28. (Continued) B) As chromatin condenses into individual chromosomes
heterochromatin is arranged in tightly packed nested loops around a Condensin |
(cyan) and Condensin Il (magenta) core. Heterochromatin looped beyond this
Condensin core folds in onto itself and is coated by a surfactant-like perichromosomal
layer roughly 150 nm thick and composed primarily of Mki67. A medial view through
mitotic chromatin demonstrates that transcriptional machinery (orange) and
translational machinery (red) are distributed primarily throughout the 150 nm thick
perichromosomal layer. H2B-TurbolD embedded throughout the mitotic
heterochromatin will capture interactions throughout the volume of mitotic
chromosomes and up to 20 nm into the perichromosomal layer. While bookmarking
transcription factors (purple) and enhanceosome components (yellow) diffuse
throughout the mitotic chromatin, they also assemble into euchromatic “bubbles” of
active transcription and translation. C) These euchromatic bubbles are where
“activating” bookmarking factors retain enhancer-promoter looping and
enhanceosome assembly, to which transcription and translation factors are recruited.
Alternatively, “silencing” bookmarkers such as RBPJ retain heterochromatin status and
inactivate transcriptional machinery upon select promoters. Our TurbolD (green)
tagged factors were able to identify interactors within 20 nm (light green) in these
“bubbles”.

45. MATERIALS AND METHODS
45.1. Cell culture

El4tg2a mESCs (ATCC CRL-1821), and derived cell lines, were maintained in mESC
medium containing high glucose Dulbecco’s Modified Eagle’s Medium (DMEM), 15%
Fetal Bovine Serum (FBS), 2 mM L-glutamine, 1 mM Sodium Pyruvate, 100 pM non-
essential amino acids, 0.1 mM 2-mercaptoethanol, and 103 units/mL leukemia inhibitory
factor (LIF). Cultured cells were passaged every 48 h at a 1:6 ratio on 10 cm 0.1% gelatin-
coated culture dishes. During experiments, and to induce LEF1 expression, cells were
cultured in embryoid body (EB) medium, which is identical in composition to mESC

medium but lacks LIF.
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45.2. Plasmids

Full-length mouse LEF1 and TCF7L1 were PCR-amplified from mESC cDNA. The PCR
products were blunt-end ligated into pJET3.4 (Thermo, K1231) and validated by
sequencing. Using a vector generously provided by Dr. Jonathan Draper’s lab (McMaster
University), containing CAG-H2B-mKO2-pA we used multiple InFusion (Takara) reactions
to generate CAG-H2B-mKO2-P2A-mAG-LEF1-pA, and CAG-H2B-mKO2-P2A-mAG-
TCF711-pA vectors. 3xHA-TurbolD-NLS was PCR amplified from 3xHA-TurbolD-NLS-
pcDNA3 (Addgene 107171) and integrated into our previously described CAG-H2B-
mKO2-P2A-mAG-LEF1-pA vector to generate CAG-3xHA-TurbolD-NLS-P2A-H2B-MmAG-
pA (TurbolD), CAG-H2B-TurbolD-P2A-mAG-pA (H2B-TurbolD), and CAG-H2B-MmAG-
P2A-TurbolD-LEF1-pA (TurbolD-LEF1) vectors. To assess mitotic association by live cell
fluorescence TurbolD was excised by restriction enzyme digest and replaced with EGFP
to produce CAG-H2B-mKO2-P2A-EGFP-LEF-pA vectors. A similar protocol was followed
for the generation of EGFP- and TurbolD-fusion vectors for OCT4, ESRRB, RBPJ, and

NANOG

45.3. Cell lines and Transfection

Mouse E14Tg2a embryonic stem cells were maintained in an incubator with 5.0% CO2 at
37 C in mESC medium. To generate cells transiently expressing TurbolD and mAG fusion
proteins, MESCs were transfected by using lipofectamine 2000 according to the
manufacturer’s recommended protocols. For TurbolD runs 9 x 10° cells were transfected
with 9 ug of H2B-TurbolD or TurbolD-LEF1, seeded equally across three 10 cm plates,
and were maintained in EB medium (mESC medium without LIF) supplemented with 5

MM of CHIR99021 (StemCell Technologies) for 41 hours. Medium was aspirated from all
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plates, which were then washed once with 1X PBS. EB medium supplemented with 5 yM
CHI was added to one plate, and EB medium with 5uM CHI and 150 ng Nocodazole
(Sigma, M1404) was added to the other two. After 47 hours and 15 minutes, biotin-D
(Sigma, B4639) was added to all plates at a final concentration of 500 uM. Cells were
incubated for an additional 45 minutes after the addition of biotin (37°C, 5% COy).
Mitotically arrested cells were collected from nocodazole treated plates by mitotic shake-
off, collected in 15 mL centrifuge tubes, and washed twice with PBS. Untreated cells were
dissociated using Accutase (Stemcell Tech., 07922), collected in 15 mL centrifuge tubes,
and washed twice with PBS. Excess PBS was aspirated, and samples were then snap-

frozen and stored at -80°C until all runs were completed.

4.5.4. TurbolD On-Bead Protein Digestion, and Identification by 1D LC-MS/MS

Samples were thawed on ice and lysed with 1 mL of 1 x RIPA [20 mM Tris-HCI, pH 7.5;
150 mM NaCl; 1 mM EDTA-Naz; 1 mM EGTA; 1% NP-40; 1% sodium deoxycholate; 2.5
mM sodium pyrophosphate; 1 mM B-glycerophosphate; 1 mM NasVOas, 1X Halt™
Protease/Phosphatase inhibitor (Thermo Scientific™)] for 5 minutes. Samples were then
sonicated over 10 x 5s pulses at 50% load to shear DNA (Fisher Scientific sonicator FB50
with micro probe). Lysed samples were clarified by centrifugation at 16 000 x g for 10
minutes at 4°C. The supernatant of each sample was quantified by using the Bio-Rad DC
Protein Assay. Following quantification, 20 pL aliquots of streptavidin-sepharose bead
slurry for each sample was washed once in 1 mL of 1X RIPA. Washed bead aliquots were
then resuspended in 1 mL of 1X RIPA containing 1 mg of quantified protein supernatant
and rotated overnight at 4°C. Samples were then centrifuged at 1000 x g for 5 minutes,

and bead pellets were washed thoroughly three times by resuspending in 1 mL Wash
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Buffer (50 mM Tris-HCI pH 7.4, 8 M Urea) and rotating for 8 minutes at room temperature.
Samples were then resuspended in 285 yL of ammonium bicarbonate (50 mM) and 15
uL of 1 mM biotin to saturate streptavidin binding and to prevent peptide recapture during
on-bead digestion. Protein-bound beads were washed with Tris buffer 3 times, and
protein reduction was performed by using 10 mM dithiothreitol (DTT) for 30 minutes at
57°C. Protein alkylation was then performed with 50 mM iodoacetamide (IAA) and
guenched with 17 mM DTT at room temperature. Digestion was then performed by using
1 pg trypsin/Lys-C mix (Promega) overnight at 37°C. Peptides were collected the next
day, desalted by using Sola HRP cartridges (Thermo), and samples were then lyophilized

and quantified prior to mass spec analysis.

45.5. Data Analysis

Mass spectrometric data was obtained with an Orbitrap Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Peptides were identified by
using instrument standard settings: 2 missed cleavage tryptic peptides were permitted,
with a parent and fragment mass tolerance of 0.02 Da and 15 ppm, respectively. A fixed
post-translational modification of C+57.021 was applied, and variable PTMs including N-
terminal acetylation, deamidation, methylation, phosphorylation, oxidation and
ubiquitylation were permitted. Peptides were then assigned into source proteins with
Proteome Discoverer 2.2 (Thermo Fisher) using a mouse protein sequence database
(Uniprot, 2019). SAINTexpress was then used to calculate the probability of each
potential proximal protein interaction from background contaminants using default
parameters (Choi et al., 2011). Two experimental replicates were used for control and

experimental samples. Two unique peptides and a minimum iProphet probability of 0.95
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were required for protein identification. SAINTexpress data were analyzed and visualized

by using ProHits-Viz (Knight et al., 2017).

4.5.6. Live Cell Imaging

Mouse E14Tg2a stem cells were transfected as previously described using 5x10° cells
and 1 ug of plasmid DNA. Transfected cells were then seeded in EB medium with 5uM
CHI at 5 x 10* cells/well onto p-Slide 8 well chamber slides (IBIDI, 80826) and grown for
48 hours prior to imaging. Live cell images were obtained using a 63x oil immersion lens
on a laser scanning confocal microscope (LSM-880, Zeiss). Mono-Azami Green (mAG)
was stimulated by a 488 nm laser and mono-Kusabira Orange 2 (mKO2) was stimulated

by a 561 nm laser.
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Supplementary Figure 2. TurbolD and LEF1 mutant plasmids. A) TurbolD-only
control plasmid and all vectors used for the expression of proteins of interest (POIs).
B) Transient expression vector used to investigate LEF1 mitotic association. All LEF1
isoforms were inserted at the indicated LEF1 position in separate vectors.
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CHAPTER 5. Discussion and future directions

5.1. Applications for mitotic TurbolD

Functional characterization of mitotic chromatin has classically relied upon transcriptomic,
immunofluorescent, and whole-proteome analyses that are impeded by the chemical
complexity of mitotic chromatin. The reliability of paraformaldehyde and other fixation
techniques have been shown to be inconsistent in their capture of mitotic chromatin
interactions, resulting in the inaccurate assessment of bookmarking activity for many
factors (Teves et al., 2016). While mitotic ChIP-Seq analyses have successfully identified
mitotic gene targets of bookmarking factors, due to the reliance on a chemical crosslinking
step, true bookmarking efficiency may be inaccurately reported (Festuccia et al., 2017;
Teves et al., 2016). Additionally, inefficient mitotic chromatin fraction isolation techniques
result in proteomic samples that are contaminated by perichromosomal components that
require considerable post-processing to define mitotic components with confidence

(Ginno et al., 2018; Heusel et al., 2020).

More recent efforts to identify bookmarking factors have relied upon the transient
transfection of fluorescently labelled factors to allow for assessment by live cell imaging
(Raccaud et al., 2019). While this approach bypasses the complications associated with
handling or isolating mitotic chromatin, the data it provides is mostly qualitative in nature.
To overcome the technical limitations associated with classical techniques, while
providing quantitative in situ proteomic data, we chose to perform mitotic TurbolD analysis
(Branon et al., 2018). By using H2B to define the mitotic heterochromatin interactome,

and multiple known bookmarkers to define a bookmarking interactome, we were able to
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identify and strongly support the putative bookmarking activity of LEF1 and Nanog, which

have not yet been shown to remain associated with mitotic chromatin.

While mitotic transcriptome techniques are more absolute in their ability to define the
bookmarking capacity of a given factor, mitotic H2B-TurbolD can identify the entire mitotic
interactome in a given cellular context in a single experiment, rapidly informing follow-up
assays. As such, this technique has broad application in the characterization of
transcription factors associated with maintaining a given cell state. This could provide
excellent insight into changes in mitotically associated factors as cells differentiate from
a given precursor state to a defined terminal cell state, such as in the differentiation of

MC3T3 osteogenic progenitor cells (Almeida et al., 2005; Kahler et al., 2006).

Additionally, there is growing evidence that bookmarking plays a functional role in
maintaining cellular identity to oppose a cancer state, and maintaining a cancer state once
it has been obtained (Fritz et al., 2019; Zaidi et al., 2018). The ease of mitotic TurbolD
could allow for the characterization of the mitotic interactome for many cancer and normal
tissue samples, potentially identifying common mitotically associated factors that could
serve as future therapeutic targets. Additionally, epigenetic regulator inhibitors have
already seen clinical application in a variety of cancers (Cheng et al., 2019; Perez-Salvia
and Esteller, 2017). One of the most frequently discussed epigenetic inhibitors is JQ-1,
which is a potent inhibitor of the Bromodomain and Extra-Terminal motif (BET) family,
specifically targeting BRD2/4 (Da Costa et al., 2013; Filippakopoulos et al., 2010;
Handoko et al., 2018; Jiang et al., 2020a). As acetyl-lysine binding factors, BRDs have
been shown to maintain the active state of key lineage and pluripotency genes (Horne et

al., 2015; Jiang et al., 2020a). However, in the presence of JQ-1, however, BRDs can no

170



PhD Thesis — Victor Gordon McMaster University Biochemistry

longer bind acetyl-lysine, losing their affinity for these key target genes, which then
become repressed, resulting in apoptosis (Jiang et al., 2020a). Interestingly, our H2B-
TurbolD dataset identified nearly the entire BET protein family. Use of our mitotic TurbolD
technique for characterizing how BET family members and associated chromatin factors
change in response to JQ-1 could shed novel insight into how JQ-1 affects BRD function
and mitotic association. Additionally, as more factors are tagged and used in mitotic
TurbolD experiments, bookmarker interactomes will become more well defined, allowing

for more confident bookmarker validation.

However, care must be taken in the preparation of fusion constructs. In our H2B-TurbolD
dataset, we found endogenous Nanog to be significantly enriched on mitotic chromatin.
When reviewing existing publications to determine if this observation was novel, two prior
publications were found in which Nanog was assessed for bookmarking capacity through
transient expression and live cell imaging (Deluz et al., 2016; Festuccia et al., 2016). In
both publications Nanog was C-terminally fused to a chosen fluorescent protein and
convincingly excluded from mitotic chromatin. While both the N- and C-terminal regions
of Nanog have been shown to possess transactivation potential the C-terminal domain
was found to possess seven times greater transactivation potential (Pan and Pei, 2003).
For this reason, our Nanog, GFP and TurbolD fusions were assembled as N-terminal
fusions. However, while our intention was to have Nanog as a negative control (a non-
bookmarking transcription factor), our N-terminal fusions revealed robust mitotic
association. While this was a pleasant surprise, it did deprive us of a non-bookmarking
control. Although the interactomes identified by each of our chosen bookmarkers appear

convincingly consistent and are implied to be euchromatic by their absence from the H2B-
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interactome, a follow-up run must be done to confirm that these regions are not open to

non-specific interaction by mitotically excluded factors.

Despite the extensive characterization of bookmarking factors, and their common role in
cell fate, there has been no obvious commonality identified among them that might confer
or predict bookmarking ability. A recent live cell imaging screen assessed the mitotic
enrichment of 501 transcription factors, and while a correlation was observed between
high non-specific DNA binding and mitotic enrichment, no significant protein sequence
feature was found to correlate with mitotic enrichment (Raccaud et al., 2019). These
findings led them to suggest then that mitotic enrichment may be mediated by specific
interaction partners or post-translational modifications. Consistent with this viewpoint is
our observation that LEF1 is the only TCF/LEF to be enriched upon mitotic chromatin,
and that this ability may require LEF1 to be sumoylated at Lys-267. While LEF1 has
previously been reported to be sumoylated at this site by PIASy, our finding that it may

modulate mitotic association is entirely novel (Sachdev et al., 2001).

However, Lys-267 and its associated PIASy consensus site is very highly conserved
among TCF/LEF family members, suggesting that this modification may have different
effects on other TCF/LEFs, or that this PTM is applied to a chosen TCF/LEF in a context-
dependent manner. Both possibilities are intriguing, and while additional experiments are
required to investigate this topic further, insights can be made from our existing TurbolD-
LEF1 data. The first observation is that while TLE1/3/4 were identified by OCT4 and
NANOG, TLE3 is the only TLE identified by LEF1. As the depletion of K267R LEF1 is
rescued by the deletion of TLE binding domain of LEF1, itis likely that TLE3 is specifically

involved in the modulation of LEF1 levels. However, as TLES remain associated with the
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Wnt enhanceosome in both Wnt ON and OFF states (Fiedler et al., 2015; van Tienen et
al., 2017a), it would suggest that TLE3 is specifically recruited to LEF1-bound Wnt

enhanceosomes, as TurbolD-LEF1 failed to capture peptides from any secondary TLES.

Interestingly, this pattern corroborates in vivo findings in which TLE3/4 are expressed
broadly throughout early LEF1-positive domains of the primitive streak and lateral
mesoderm (Koop et al., 1996; LOBE, 1997), while TLE3 is specifically expressed within
tooth buds, hair follicles, and regions of epithelial-mesenchymal induction that are LEF1-
exclusive and lost in LEF17- mice (Courtney van Genderen, 1994; LOBE, 1997). This
would suggest that LEF1 and TLE3/4 may cooperatively establish a LEF1-only state. As
K267R-LEF1 levels are rescued by the deletion of the TLE binding domain, it appears
likely that TCF/LEFs lacking a central sumoylation mark may be selectively destabilized
following their interaction with TLE. While this sumoylation consensus sequence is highly
conserved by all four TCF/LEF family members (Fig. 27E), only LEF1 and TCF7L2 have
been shown to be sumoylated at this site (Sachdev et al., 2001). Perhaps this selective
sumoylation is indicative of a preceding interaction that is required for PIASy to sumoylate
TCF/LEFs, and this interaction does not occur with all TCF/LEFs. To investigate these
potential mechanisms additional truncations of LEF1, and the remaining TCFs, will need

to be made.

There are many directions that these experiments can take us, depending on how our
TCF/LEF deletions respond, but in general we will need to determine how the remaining
wild-type TCFs behave in mitotic cells, and which common or unique mutations affect
their mitotic localization and stability. To help guide these specific mutations we will also

perform mitotic TLE3-TurbolD to identify interactors which may be capable of influencing
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TCF/LEF stability. Although TLEs possess no intrinsic ability to affect protein stability, a
potential requirement of TLE3 binding for LEF1 destabilization suggests that secondary
factors recruited by TLE3 may modulate the stability of LEF1. While TLEs have been
shown to be ubiquitinated and degraded by multiple factors, they have not yet been shown

to mediate TCF/LEF stability (Hanson et al., 2012; Liu et al., 2018).

However, TCF/LEF activity and stabilty has been shown to be affected by
phosphorylation from Nemo-like Kinase (NLK) or homeodomain-interacting protein
kinase 2 (HIPK2), and ubiquitination by NLK-associated RING finger protein (NARF)
(Hikasa and Sokol, 2011a; Ishitani et al., 2003; Yamada et al., 2006). As such, there is
precedent for mitotic depletion or inactivation of TCF/LEFs by selective PTMs, but it will
require a directed effort to elucidate these mechanisms. Given the new-found function of
LEF1 as a putative bookmarker, it would suggest that, like so many other things in Wnt
signaling, the remaining TCFs may also bookmark in a context-dependent manner.
Understanding how TCF/LEFs are selected and permitted to remain associated with
mitotic chromatin will provide novel insight into critical fate-switching events throughout
development and adult stem cell populations. Additionally, if TCF/LEF bookmarking is
indeed regulated through selective PTMs, then our characterization of this mechanism
may allow for the identification of novel drug targets capable of breaking cancer state

retention by aberrantly expressed and bookmarking TCF/LEFs in cancer.

However, a point of note must be made regarding the relatively small interactome
observed by our TurbolD-LEF1 samples (Table 2). While our TurbolD-LEF1 samples
found a number of self-identifying peptides comparable to the other tagged transcription

factors, suggesting that it was stable and expressed to a similar degree, it generated an
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interactome roughly 10 - 15% the size of other transcription factors. By contrast Nanog
had only 5 self-identified peptides and still produced an average interactome. Additionally,
LEF1 has a similar length and percentage of lysines (biotinylation target) compared to the

other selected transcription factors, suggesting that this restricted interactome is valid.

From our fluorescent LEF1 fusions we know that LEF1 should be enriched upon mitotic
chromatin, and from our H2B-TurbolD fusion identifying components of chromosomal
core, we know that LEF1s interactome should not be sequestered through its participation
in dense complexes or enhanceosomes. Together, these observations would suggest
that TurbolD-LEF1 is comparable in its expression to other fusion products, and that its
reduced interactome is not the result of mis-localization or steric hindrance. However, the
N-terminal domain of LEF1 binds closely with B-catenin, and as there is only a minimal
G-G-S-G-G linker between LEF1 and TurbolD, this linker may not afford TurbolD enough
mobility to adequately identify proximal interactors. While the other transcription factor
fusions have disordered regions at the end where TurbolD is fused, our Wnt-active culture
conditions would mean that LEF1 should be in constitutive contact with B-catenin. This
interaction could reduce the mobility of the TurbolD fusion. Otherwise, while all samples
were prepared using a common stock of buffers and reagents, and following an identical
protocol, not all sample sets were prepared on the same day. To ensure that TurbolD-
LEF1 results were not the product of a handling error, further additional samples should

be prepared and analyzed to see if they match our existing data.
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A-Peptides M-Peptides Length K-count %K Total Interactome

H2B 18|13 16|18 127 19 15% 939
LEF1 14|15 15|18 397 25 6% 56
NANOG 515 5|6 305 16 5% 314
ESRRB 21|21 21|21 433 32 7% 376
OCT4 11|10 9|10 352 19 5% 501
RBPJ 21|20 21|21 526 32 6% 748

Table 2. TurbolD bait peptide counts by condition.

A- and M-peptides are the number of self-identified peptides identified by each bait (ie.
TurbolD-LEF1 recognized 14 and 15 LEF1 peptides in either of its two runs). Length
is the length of the bait protein, K-count is the number of Lysines found in each bait,
%K is Kcount/Length, and Total Interactome is a count of all significant interactors
identified by each bait in both asynchronous and metaphase conditions.

5.2. Improving the GLOT3-CHMIR drug screening platform

While our GLOT3-CHmIR drug screening platform identified compounds that would be
missed by traditional TOP screens, its signal-to-noise ratio was lower than we had hoped.
As such, while our hits were significant, they lacked the 5- to 10-fold increase observed
in TOP-based screen when tested with our CHI positive control. To overcome these
limitations, changes can be made to our existing GLOT3-CHmIR cell line or our culture
conditions. While our choice of mAG appears comparable to most other green fluorescent
proteins, the use of mKO2 seems to have not been an optimal choice. While initially
chosen for its rapid maturation time, and compatibility with frequently used microscopes
readily available at our institution, alternative RFPs produce spectra that much better
match most existing imaging equipment in microscope facilities worldwide. An updated
GLOT3-CHmIR cell line in which mKO2 has been replaced with mScarlet, an RFP that is
roughly 175% the brightness of mKO2, has been generated prior to the submission of this
thesis and currently only requires western blot validation. This improved GLST3-CHmIR

cell line will provide better spectral separation between LEF1 and TCF7L1 fluorophores,
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while the added brightness of mScarlet will improve the dynamic range of TCF7L1.
However, to further boost signal intensity and provide additional biological relevance to
our screening platform, our samples can be cultured and imaged on micropatterned

surfaces.

The use of modified culture surfaces has already been used to generate both organ-on-
a-chip platforms (An et al., 2015) and simplified 2D micropatterned screening plates
(Degot et al., 2010). The main advantages of micropatterned culture surfaces are similar
in this application as well, by ensuring much greater consistency in cells imaged per well
and eliminating any variation in fluorescence intensity that may arise from differences in
colony density or size (Degot et al., 2010). Additionally, our basal culture conditions can
be optimized to induce a LEF1/TCF7L1 expression state that favours the aim of our drug
screen and can be characterized by IF prior to screening. This approach will allow us to
define cell fates, or even EMT events, associated with LEF1/TCF7L1 status. The
consistent geometric dimensions of our micropatterns will also allow us to use image
processing pipelines to quantitatively define these regions of anticipated cell fate and
TCF/LEF state. All these features together will allow us to observe changes that occur
not only in TCF7L1/LEF1 intensity, but also in their spatial distribution, and infer their
impact on differentiation and EMT, which will in turn inform follow-up experiments.
Fabrication of our existing micropatterns at a 96-well scale will, however, require
cooperation with our polymer coverslip vendor (IBIDI) or operating at this scale will be
unfeasible otherwise. However, screening at available 8-well or 18-well scales will also

be feasible for high content screening experiments.
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5.3. CONCLUDING REMARKS

While the importance of Wnt signaling is appreciated in many fields of research, new
techniques or tools capable of accurately capturing the nuances of the pathway are
required to gain new mechanistic insights. The diversity in Wnt ligands and their
interactions with a wide variety of Wnt cell surface receptors is further complicated by
their interaction with secondary receptors that impede or promote Wnt activation. The
intracellular localization and regulation of the destruction complex components adds yet
another layer to the complexity of Wnt signal transduction. All these components, in the
context of Wnt/B-catenin signaling, dynamically contribute towards the regulation of
nuclear [(-catenin translocation. However, the assembly of Wnt enhanceosome
components, TCF/LEF selection/exchange, and their interactions with a variety of
secondary factors that promote, impede, or bypass B-catenin interaction, all contribute
towards a cellular state that is broadly referred to as Wnt “active” or “inactive”. In turn this
seeming “Rube Goldberg device” variety of signaling pathway is, perhaps through the
advantage of its own complexity, essential for a multitude of developmental and adult

tissue patterning events.

The aim of this thesis was to address how TCF/LEF expression and exchange affects
Whnt-mediated cell fate decisions. To address this aim we have generated endogenously
labelled cell lines and adapted micropatterning culture techniques for the isolation of
homogeneous TCF/LEF-expressing populations. These platforms will allow users to track
changes in Wnt transcription status in highly ordered populations by using live cell
fluorescent imaging to select cell populations (Chapters 2 & 3). These populations can

then be isolated and analyzed by using transcriptomic techniques to investigate how
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TCF/LEFs exchange upon WREs and to identify interactors that may mediate their
retention or exchange. Additionally, we devised a mitotic TurbolD technique to investigate
how TCF/LEF exchange may be mediated by selective mitotic retention. While we found
LEF1 to be the sole TCF/LEF to remain associated with mitotic chromatin, this technique
could be complemented by employing mitotic CUT & Tag to further characterize this

mitotic function.

This work has established and demonstrated the efficacy of novel tools capable of
disentangling the complexity of the Wnt signaling pathway by reducing the heterogeneity
of sample populations, improving the relevance of biological reporters, and developing
new proteomic techniques to investigate the role of Wnt in mitosis. We believe that these
tools will provide new insights into the mechanisms driving TCF/LEF exchange that would

not otherwise be possible to assess by using standard techniques.
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