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SUMMARY

This work is divided into two parts. The first examines the effects and mechanisms of Wnt
signaling in mouse embryonic stem cells (ESC). Wnt signaling has been demonstrated to prevent
the differentiation of ESC grown in culture. | focus on the most downstream effectors of this
pathway, the Tcf/Lef transcription factors. | find that Tcf/Lefs are not required for the maintenance
of the ESC state but that Tcf3, in particular, is required for differentiation. Wnt stimulation prevents
differentiation through the inactivation of Tcf3. This process involves removal of Tcf3 from
chromatin, export from the nucleus, and subsequent degradation. In addition to being functionally
important for the differentiation of ESC, this mechanism appears to be specific to Tcf3 and
represents a divergence from the classic picture of Tcf/Lef activation. Inactivation of Tcf3 appears
in other phases of development including eyelid closure, the developing forebrain, as well as in

aggressive forms of breast cancer, indicating that this mechanism is not unique to ESC.

The second part of this work examines methods for genome editing in ESC. | make use
of CRISPR/Cas9-based tools for the generation of a double stranded breaks in genomic DNA and
subsequent stimulation of homology directed repair (HDR). Multiple properties of HDR donor
DNAs were evaluated including length of homology arms, size of insert, and concentration of
DNA, in order to identify optimal parameters for genome editing experiments. Furthermore, |
identified a method of co-insertion (COIN) that increases HDR rates by up to 30-fold in both mouse
and human ESC. Finally, | have generated a series of optimized reagents that take advantage of
the COIN phenomenon to universally improve HDR targeting efficiencies in mouse and human

cells, as well as streamline the process of removing selection cassettes from the genome.

viii






Chapter 1: Introduction



Part I: Differentiation of Mouse Embryonic Stem Cells

Naive and Primed Pluripotent Stem Cells

All mammals begin as a single large cell, the fertilized egg. This cell floats slowly down the
fallopian tube, dividing seven times to generate around 128 cells in both mice! and humans?3.
The process takes 4-5 days at the end of which the embryo will implant in the wall of the uterus.
During divisions 5-7, a hollow cavity called the blastocoele forms in the center and the embryo is
thereafter referred to as a blastocyst. In the mouse blastocyst, a homogenous group of 10-20
cells (30-50 cells in humans?) called the inner cell mass clusters on one side of the blastocoele*.
This clump of cells represents the entirety of the future adult animal. These stem cells are
labeled “pluripotent” because they have the potential to become any of the cell types within an
adult. Cells from the inner cell mass can be removed from the blastocyst and either maintained
in the pluripotent state or differentiated into a variety of lineages in vitro. Alternatively, they can
be re-injected into a new blastocyst where they have the capacity to form all the different
lineages, including germline, in the resulting chimaeric mice®. This property confirms their
pluripotency and has made them extremely useful for studying mammalian biology. Their ability
to be genetically modified in vitro and then reintroduced into embryos is the foundation of

modern gene targeting and mammalian genetics®.

After implantation, cells from the inner cell mass will undergo a number of transcriptional
and epigenetic changes that prepare them to respond appropriately to differentiation signals.
This process has been called “priming” and thus cells at the end of this stage are referred to as
being “primed” for differentiation, while those in earlier stages are called “naive”. Morphological
changes also occur in the embryo at this time. The inner cell mass flattens out into a sheet of

cells and wraps around a central cavity to form a cuplike structure called the epiblast.



Pluripotent cells can be isolated and maintained in culture from either the naive blastocyst or the
primed epiblast. Although both sets of cells are taken from the embryo, pluripotent cells were
originally isolated from blastocyst stage embryos and so these are historically referred to as
embryonic stem cells in mice (MESC). Cells taken from the primed epiblast are instead referred

to as epiblast stem cells (EpiSC).

After priming, a group of signaling molecules including WNT38, BMP4°, and Nodal'® are
released from the posterior of the embryo and drive mesendoderm formation from a region
called the primitive streak!. This begins the specification of the primary germ layers and initial
patterning of the embryo in a process called gastrulation. One of the interesting differences
between naive and primed stem cells is how they respond to these differentiation cues. WNT
signaling, for example, promotes the self-renewal of naive cells and inhibits their
differentiation??16, Conversely, WNTs stimulate the differentiation of primed cells as seen in the

primitive streak during gastrulation?”-2°,

LIF, FGF, and WNT signaling pathways

Naive mESC have the ability to self-renew, a property defined as the capacity of a multipotent
cell line to proliferate without sacrificing its differentiation potential. The self-renewal of mMESC
can be maintained in culture, indefinitely, by the manipulation of a few different signaling

pathways. This includes the LIF/STAT3%?’ FGF/ERK?®, and canonical WNT pathway?82°.

The secreted peptide Leukemia Inhibitory Factor (LIF) was the first defined factor
recognized to support the self-renewal of MESC?-?, LIF stimulates the downstream
transcription factor STAT322-24 which in turn promotes the expression of pluripotency regulator
TCFCP2L1%. Although effective, LIF alone cannot maintain mESC and supplementation with

high levels of fetal bovine serum (FBS) is required for long term culture. FBS is what remains



when cells and clotting factors are removed from blood. It contains a complex mixture of
proteins, carbohydrates, lipids and other bioactive molecules that varies tremendously. Different
batches of FBS are better or worse at supporting the self-renewal of mMESC and this variability
stimulated the search for defined factors which could generate the same benefits®>3. Through
this work it was discovered that FBS could be replaced by either inhibition of the FGF signaling

pathway or stimulation of the WNT signaling pathway**.

FGF4 and the FGFR2 receptor are both expressed at high levels in mESC and the inner
cell mass of the blastocyst®. Based on findings that FGF4 was required for early
embryogenesis, it was proposed to support self-renewal as an autocrine signal®?33, Instead,
FGF4 -/- mESC had no defects in self-renewal, but exhibited a marked decrease in their ability
to differentiate®. Later it was shown that FGF4 stimulates the downstream MAP kinase (MAPK)
ERK2 to promote the differentiation of mMESC and Erk2 -/- mESC could be maintained with LIF
alone?. Use of selective chemical inhibitors soon followed. These targeted either the FGF
receptor directly (SU5402) or the MAP kinase kinases (MAPKK) MEK1/2 (PD184352 or
PD0325901) which lie upstream of ERK2. In combination with LIF, these chemical inhibitors
supported the long-term self-renewal of MESC without the addition of FBS, providing the first

defined culture conditions for maintenance of pluripotency.

Like FGF4, a number of WNT peptides, including WNT3a, are expressed in mESC? and
the inner cell mass of blastocyst stage embryos®4. In contrast to FGF signaling, WNT signaling
does directly stimulate the self-renewal of MESC and inhibits their differentiation. In the
presence of LIF, WNT3a conditioned media® or recombinant WNT3a peptides'® both support
the long term maintenance of naive mESC. Likewise, inhibition of Glycogen Synthase Kinase 3
(GSK3), a negative regulator of the WNT pathway, with the chemical CHIR99021 or genetic
ablation of GSK3 also promotes mESC self-renewal'®141635 By some accounts this effect is

even greater than that of FGF pathway inhibition?°.



The Core Pluripotency Network

Observations that manipulation of the LIF, FGF, and WNT signaling pathways could prevent
mESC differentiation led to a defined chemical cocktail that could maintain mMESC indefinitely*4.
However, none of these manipulations provide a benefit in isolation. At least two pathways must
be targeted together and any combination is sufficient'®. This indicates an incomplete

redundancy between the pathways and suggests an overlapping set of downstream effects.

These three signaling pathways are proposed to converge on a core circuit of
transcription factors including OCT4, SOX2, NANOG, and later extended to include others like
ESRRB, TCFCP2L1, KLF2, and KLF4?13-42, The transcription factors co-regulate each other’s
expression and bind to a highly overlapping set of sites within the genome*3-¢, This is often at
large multi-enhancer complexes referred to as “super” or “stretch” enhancers, which appear to

be key regulatory points for a particular differentiation state®’4°.

Nearly universally, these core transcription factors form a feed forward circuit that
stimulates each other’s expression to maintain the naive state. The exception to this is the
transcription factor TCF3 (gene name Tcf711), a component of the WNT signaling pathway.
TCF3 binds to almost identical genomic locations as OCT4, SOX2, and NANOG*34446  put
appears to be the only member that provides negative feedback, repressing expression of

NANOG, ESRRB, and TCFCP2L1 directly and promoting the differentiation of mMESC>2137,

Thus, the WNT signaling pathway is entwined with differentiation at multiple stages of
early embryogenesis. Wnt stimulation promotes the self-renewal of mMESC and is also involved
in shutting down the naive circuit through TCF3. Upon transition to the primed state, WNT

stimulation promotes further differentiation to the mesendoderm fate'’-2°, This central role and



apparent complexity make the WNT pathway particularly interesting for studying the

mechanisms of differentiation.

The WNT Signaling Pathway and TCF/LEF Transcription Factors

The WNT pathway is highly conserved and frequently responsible for cell fate decisions. In
keeping with this role, the WNT pathway exists in all examined multi-cellular organisms but is
absent from single celled organisms®®5t, The mouse WNT1 gene and its Drosophila homolog
were discovered in parallel®®®3. WNT1 was shown to be an oncogene in mice, generating
mammary tumors when driven by mouse mammary tumor virus (MMTYV) integration®3. In
Drosophila, it was instead described as a developmental morphogen essential for wing
development®2. This dual role in cancer and development was an accurate prediction for the
importance of WNT signaling. From early mesoderm formation!’2° to the generation and
maintenance of the hair follicle®*%%, the WNT pathway is required at every stage of embryonic
development and plays a substantial role in the continued renewal of adult tissues®’. Not
surprisingly, mutations in this pathway cause extremely diverse human diseases® and are

frequent drivers of cancer in the colon, blood, liver, brain, and breast®®.

Although there are variations, the canonical WNT pathway centers on the intracellular
protein B-Catenin. B-Catenin is an essential component of adherens junctions, where it anchors
the transmembrane protein E-Cadherin to the cytoskeleton through interaction with a-Catenin
%960 Free B-Catenin is a potent intracellular signaling molecule, but is usually maintained at low
levels by a destruction complex including the scaffold protein AXIN, the CK1 and GSK3 kinases,
the tumor suppressor APC, and the E3 ubiquitin ligase B-TRCP. Free B-Catenin is recruited into
the complex and phosphorylated first by CK1 and then by GSK3. This phosphorylation

stimulates ubiquitination by B-TRCP and B-Catenin is subsequently degraded in the



proteasome. In the presence of extracellular WNT ligands this destruction is inhibited and -

Catenin accumulates in the cell®°.

In mice and humans there are 19 different WNT genes which produce extracellular
peptides typically involved in autocrine or paracrine signaling®®. Their short range of action is
secondary to a covalent lipid attachment which prevents their free diffusion and ties them to cell
membranes or carrier proteins®:-%3. They bind to a receptor complex on the cell surface which
includes any of ten different Frizzled proteins and the LRP5/6 co-receptors®¢45¢ WNT ligands
initiate binding to Frizzled via their lipid moiety, leading to conformational changes that result in
phosphorylation of the intracellular tail of LRP®”. Phosphorylated LRP can bind AXIN and recruit
the destruction complex to the cell membrane®” 8, This leads to exclusion of B-TRCP as well as
direct inhibition of GSK3, causing saturation of the complex with phosphorylated B-Catenin®85°,
Newly made B-Catenin can no longer be degraded and accumulates in the cell. B-Catenin is
then translocated to the nucleus by a still unclear mechanism which may involve binding to the

FOXML transcription factor.

B-Catenin lacks a DNA binding domain and must bind to transcription factors, primarily
from the TCF/LEF family’*"2, in order to stimulate WNT target genes. There are four TCF/LEF
transcription factors in vertebrates’. Lymphoid enhancer factor 1 (LEF1, gene name LEF1) and
T cell factor 1 (TCF1, gene name Tcf7) derive their names from being first identified in T and B
cell lineages’ 6. TCF3 (gene name Tcf7I1) and TCF4 (Gene name Tcf712) followed soon
after’”. B-Catenin binds to the TCF/LEFs at their amino terminus, and they bind a consensus
sequence of (A/T)(A/T)CAAAG through an HMG DNA binding domain near their carboxy
terminus’®84, Both of these regions are highly conserved among the TCF/LEFs’?. WNT target
gene expression is driven by transactivation domains on 3-Catenin, so the combination of
TCF/LEF and B-Catenin forms a bi-partite activator which binds to DNA through the TCF/LEF

and activates transcription via B-Catenin’-84,



TCF/LEFs are expressed in different combinations in each tissue and developmental
stage®®. Although their abilities to bind B-Catenin and DNA are highly conserved, other regions
are variable. These variable regions are responsible for recruiting different co-factors such as
the Groucho family of co-repressors in the central region or C-terminal binding protein (CtBP) in
the carboxy terminus®#87 and also contain regulatory regions responsible for altering the
stability of protein-protein interactions or stability of the TCF/LEFs themselves in response to
post-translational modifications (PTM)"388, Thus the TCF/LEFs have both similarities and
differences. Single knockout studies produce unique phenotypes and confirm an independent
role for each factor. Among the TCF/LEFs, TCF3 ablation alone is embryonic lethal, exhibiting
early gastrulation defects that lead to abnormal anterior/posterior axis specification®. TCF1
knockout mice are normal apart from defects in thymocyte differentiation®, TCF4 knockout mice
die shortly after birth due to defects in the differentiation of intestinal epithelium’’, and LEF1
knockouts lack teeth, mammary glands, and hair follicles®!. Double knockout combinations
produce more severe phenotypes, which suggests some level of redundancy. TCF1 and LEF1,
for example, exhibit a partially overlapping expression pattern which includes the primitive
streak®. In contrast to the individual knockouts, the TCF1/LEF1 double knockout is embryonic

lethal and exhibits a loss of paraxial mesoderm?®,

Analysis of WNT signaling in mESC is complicated by the combined expression of all
four TCF/LEFs®. As discussed above, WNT signaling promotes the self-renewal of mESC and
numerous studies have implicated the TCF/LEFs as central players in this response®’2. TCF3,
in particular, has been identified in each of three genome-wide loss of function screens for
factors which effect mESC differentiation®°®. Intriguingly, TCF3 opposes WNT pathway
stimulation 121337 while other TCF/LEFs, notably TCF1, stimulate mESC self-renewal and
appear to act in a more classical fashion!2. TCF/LEF independent effects have also been

proposed to occur through either GSK3°® or B-Catenin. B-Catenin can interact with numerous



transcription factors including the SOX family, FOXO proteins, Hypoxia Inducible Factor 1a
(HIF1a), and many others’2. OCT4, in particular, has been proposed to directly interact with B-
Catenin to promote self-renewal®’*°, and a B-Catenin/KLF4 complex has been shown to

stimulate Telomerase expression for long term maintenance of the mESC genome?®,

Teasing out the roles of individual TCF/LEFs, their combined response, and TCF/LEF
independent effects, has been confounded by this complexity. Conclusions are always
tempered with caution that some unanticipated combination of factors may be at play. While
difficult, understanding the mechanism by which the WNT pathway regulates self-renewal and
differentiation may lead to fundamental insights on how cells regulate cell fate decisions. A
complete understanding requires a methodical analysis of each combination of factors in
isolation. Recent breakthroughs in genome editing, namely CRISPR/Cas9 based tools, make

these complex genetic analyses possible.

Part Il: Genome Editing

DNA Damage and Mechanisms of Repair

Transmission of accurate genetic information to the next generation is the most important job of
a living organism. Without faithful replication of the genome, it will cease to exist. The task of
copying the genome is complex in part because of its enormous size. In human cells, a nearly
exact copy of three billion base-pairs needs to be made every time the cell divides. A single
base change may eliminate any chance of progeny survival, or more rarely confer a selective

advantage. Replication of the genome is made even more difficult by the constant bombardment
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of DNA with mutagenic stimuli. These can come from internal sources, such as reactive oxygen
species (ROS) produced during normal cellular metabolism, or from external sources, such as
ultraviolet radiation from the sun. These mutagenic factors change the chemical structure of
individual bases and interfere with proper base-pairing. Each lesion must therefore be removed
before accurate replication can continue. The chemical alterations produced in each case vary
widely and cells have evolved distinct repair pathways to recognize and repair each of these
lesions as efficiently as possible. For example, ROS most frequently produce highly reactive
base radicals which are corrected by the Base Excision Repair (BER) pathway°* while
ultraviolet radiation typically produces pyrimidine dimers which undergo more elaborate

dissection through the nucleotide excision repair (NER) pathway?°?,

One of the most severe forms of damage is a double-stranded break (DSB). This can be
caused by ionizing radiation or ROS, but in dividing cells most frequently occurs during the
replication of unrepaired single-stranded breaks or lesions'?*-1%, Whereas other lesions may
lead to single base-pair mutations, DSBs are particularly dangerous because they can induce
large deletions and chromosome rearrangements. Larger changes are more likely to cause
disease, and rearrangements are frequent drivers of oncogenesis through altered regulation of
oncogenes and tumor suppressorst®, Cells have evolved multiple repair pathways to deal with

DSBs quickly and efficiently.

Mechanisms of DSB repair can be broken down into two major types depending on
whether or not they rely on a template DNA to direct the repair. The template DNA, typically
provided by the sister chromatid'®”18, is recognized by having regions of DNA that are
homologous to those surrounding the DSB site. Pathways that use this strategy are therefore
referred to as homology directed repair (HDR) or homologous recombination (HR). Conversely,
repair pathways which do not require any homologous DNA are referred to as Non-

Homologous-End Joining (NHEJ) because in addition to not requiring a template, the free ends
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are joined together using a DNA Ligase!®®. NHEJ appears to be the most frequently used form

of DSB repair in mammalian cells1-112,

The choice of repair pathway centers on whether the free DNA ends undergo 5°->3’
resection to produce long single-stranded DNA (ssDNA) overhangs. The presence of these
overhangs stimulates HDR and inhibits NHEJ!'3114 NHEJ is initiated, instead, by heterodimers
of KU70 and KU80 which encircle the free ends and protect them from extensive resection*!>17,
The KU proteins additionally act as a scaffold to recruit other components of the repair
complex!’. One of the initial factors recruited is DNA-Dependent Protein Kinase (DNA-PK)8,
The exact role of DNA-PK is not clear but its kinase activity is required for NHEJ and is
stimulated by combined interaction with the KU proteins and DNA!811° Pairs of DNA-PK are

likely involved in stabilizing the gap between free ends and holding them in opposition?°.

Prior to ligation, the free ends are frequently modified by a diverse set of enzymes.
Single or multiple bases may be removed by nucleases such as ARTEMIS or APRAXIN, and
small extensions may be generated by polymerases of the POL X family including Terminal
deoxy Transferase (TdT)?'125, These overhangs can produce small regions of homology that
stabilize the break prior to closure by DNA Ligase IV (LIG4)114126-128 Dye to the end processing
that occurs, NHEJ frequently produces small insertions or deletions (indels) around the break

site and is thus considered an error-prone repair mechanism?10-112.129,

In contrast to NHEJ, HDR pathways are stimulated by 5’->3’ resection*° of free DNA
ends to produce long stretches of ssSDNA that are stabilized by strands of Replication Protein A
(RPA)®!, This resection can be mediated by multiple nucleases including Exonuclease | (EXOI),
MRE11, and another unidentified nuclease®*2***, For homologous recombination to proceed,
RPA must be replaced by strands of RAD51. RAD51 then mediates strand invasion into double
stranded DNA (dsDNA) of the sister chromatid, and scans for homologous DNA sequences®®.

In yeast, approximately 100bp stretches of RAD51 coated ssDNA are required for strand
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invasion®*®, Once a homologous region is located, RAD51 dissociates and the 3’ end of the
ssDNA acts as a primer for DNA synthesis®®®. This recovers any lost sequence and produces
regions of overlapping ssDNA. Resolution depends on whether the other end of the break is
also captured and can create crossover products where the complementary strands of sister
chromatids are exchanged, or non-crossover products where the original pairs are maintained.

Single stranded nicks present after resolution are sealed by DNA Ligase | (LIG1)*".

Due to the lack of mutagenic indel formation, HDR is a higher fidelity repair mechanism
and would presumably be the preferred pathway. However, HDR typically requires the presence
of a sister chromatid to act as the repair template. Cells have thus adapted mechanisms to
promote 5’->3’ end resection during phases of the cell cycle when the sister chromatid is
present, namely S and G2. This occurs through the protein CtIP which directly stimulates end
resection at DSBs'®. During S/G2, CDK2 interaction leads to phosphorylation of CtIP. This
stimulates interaction with BRCA1%® which then recruits CtIP to DSBs. CtIP can in turn
stimulate end resection, leading to increased HDR frequencies during S and G2 phases of the

cell cycle!3-143,

Early Gene Targeting

In 1980, Mario Capecchi demonstrated that foreign DNA, injected into the nucleus by
micropipette, could be stably integrated into the mammalian genome. The addition of short
sequences from the human SV40 virus increased the insertion frequency by more than 100-fold.
It was suggested that the presence of degenerate SV40 sequences in the human genome could
mediate this effect and therefore that the integration was mediated by HDR®1%4, Five years later
came the first demonstration of legitimate gene targeting, where foreign DNA was inserted into

a particular locus rather than randomly in the genome. The B-globin gene was targeted at a low
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frequency by including large arms of homology, about 4.6 kb total, flanking the inserted
sequence!®®. Two years later, a similar strategy of targeted integration had been performed in
MESC!, These experiments provided confirmation that homologous recombination machinery
could be harnessed for making targeted changes to the genome and provided a blueprint for
how to target other regions. However, the widespread use of these technologies were prevented
by two factors. First, the low frequency of on-target insertion and second, the relatively high
frequency of off-target insertions. The rate of homologous recombination in mammalian cells,
even using large arms of homology, is in the range of 1 in 10%-107 while the rate of random
integration is around 1 in 102-10%. This produces a 1,000-100,000-fold higher frequency of
random integration®47-149 requiring that huge numbers of clones be screened to get the desired

product.

The ability to target different regions of the genome efficiently was made possible by the
introduction of selectable markers. These provided resistance to chemicals such as Neomycin
or Puromycin, and were the gold standard for the next 25 years'#14’, A selection cassette
would be placed in the middle of long homology arms and integrants could be selected based
on the presence of resistance. This enriches for both on- and off-target insertions, so a number
of methods were generated to select against off-target insertions. One such method relies on
using an endogenous promoter to drive expression of the resistance gene rather than including
one in the cassette. This improves the on:off ratio by as much as 100-fold but requires targeting
a region that has an amenable promoter'*. Negative selection cassettes were also incorporated
outside of the homology arms to select against off-target insertions, which are assumed to use
non-homologous repair mechanisms such as NHEJ. This negative selection is used to kill cells
which incorporate any of the DNA outside of the homology arms. Positive and negative
selection (PNS) in combination enriched for positive clones by as much as 2000-fold**” and

paved the way for modern mammalian genetics. Most mammalian biology labs now utilize
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knock-out or knock-in mice targeting their gene of interest, and large scale projects have been

organized to knockout every known mouse gene'®’.

While a great success, gene targeting in mice was expensive and time consuming. The
complexity associated with generating large donor constructs, screening and housing large
numbers of mice led to costs of $10,000-20,000 and delays in the range of 1 year to generate a
single new mutant?®2, In addition, while PNS gave 2,000-fold increases in mESC, its effects
were much less substantial in other cell types, giving as little as 2-fold enrichment!>3, mESC
further exhibit a relatively high rate of HDR compared to other cell types, potentially because
they spend the majority of their time in the S phase of the cell cycle!**. Thus, the application of
gene targeting was pigeon-holed to the generation of mice, with extremely limited use in the

many well established experimental cell lines!°.

Stimulation of HDR with targeted DSBs and CRISPR/Cas9 Based Tools

The next breakthroughs in genome editing came from the ability to target DSBs to a specific
location in the genome. One of the major limitations of gene targeting was the low frequency of
on-target insertions. This was true even with the use of PNS which enrich for rare HDR events,
rather than increasing their frequency. As discussed, damage to DNA is quickly recognized in
cells and stimulates repair. Therefore, intentionally damaging DNA by generating a DSB could
potentially increase the frequency of repair at that site. Proof of principle was provided using the
HO and Sce-l homing endonucleases from S. Cerevisiae, which recognize large 18 and 24 bp
sequences, respectively. Generation of a DSB with these endonucleases stimulated both NHEJ
and HDR in yeast and mammalian cells, increasing gene targeting by more than two orders of
magnitude®1%8, In mouse 3T3 cells, this was accomplished by first integrating the Sce-I

recognition site into the genome, then transfecting cells with an expression plasmid for the Sce-|
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nuclease®’. HDR rates of up to 10% were achieved in these cells following Sce-I expression,
however, the requirement for first introducing the recognition site by low efficiency HDR defeats

the purpose for most applications.

A method of generating a DSB in the unmodified genome was needed, and came nearly
ten years later with the introduction of zinc finger nucleases (ZFN)**°. These engineered
proteins are composed of modular zinc finger domains adapted from endogenous transcription
factors. Endogenous zinc fingers recognize a variety of 3 bp sequences and can be combined
to target larger regions. Fusion to a Fok-1 endonuclease provided the first programmable
endonucleases that could be used to generate a DSB in a particular location. ZFN and the
similar TAL effector nucleases (TALENS) were able to increase targeting efficiencies by several
thousand fold in mammalian cells®%-162 and led to the first demonstrated correction of a genetic
mutation in human derived induced pluripotent stem cells (iPSC)%3. Despite the power of these
tools, they have not been adopted for widespread use because of the cost and complexity
associated with engineering a new protein and validating its activity for each desired DNA target

site164,

A simpler and less expensive alternative came with the introduction of CRISPR/Cas9
based tools for genome editing in 2012. CRISPR (Clustered Regularly Interspaced Short
Palindomic Repeats) was first recognized as an unusual genomic sequence at the 3’ end of a
gene in E. Coli. It was noted that there were five 29bp repeats interspersed with variable 32bp
spacer regions?®®, This unusual configuration was unlikely to occur randomly and suggested
some function in the cell. The role of CRISPR was not described until twenty years later, when it
was shown to be a bacterial adaptive immune system used to digest the genetic material of viral
invaders?®®. If a bacterial cell survived a viral invasion, a small piece of the viral genome would

be stored for later reference. These fragments represented the 32bp spacers between the
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originally described repeats. Upon future infection with the same virus, the fragments could be

used as a reference to target and digest the viral genome.

The type Il CRISPR system was first adapted as a programmable tool for the generation
of DSB by Martin Jinek and colleagues in the lab of Jennifer Doudna®®’. In the endogenous
CRISPR system, digestion is performed by a single endonuclease called Cas9. Cas9 is directed
to a particular nucleotide sequence by a pair of RNAs that incorporate into the protein. The first
RNA is transcribed from the spacers in the CRISPR locus and confers the site specificity.
Because a single stranded RNA is generated that is complementary to the viral genome, it is
able to direct Cas9 to that location through Watson-Crick base pairing. The second RNA, the
trans-activating crRNA (tracrRNA), is a structural component in the final ribonucleoprotein. To
simplify the system, a fusion of the two RNAs was engineered to obtain a single guide RNA
(sgRNA). Thus, a two component tool was generated: the Cas9 endonuclease and a sgRNA
that directs Cas9 to a particular sequence where it then generates a DSB%41%7, To program
Cas9 to target a new site, only the first 20 bp of the sgRNA need be changed. Single plasmids
were later generated that contained both Cas9 and an easily modified sgRNA, making the
cloning process simple and inexpensive. In addition, no cipher was needed to convert between
nucleotide and amino acid sequences as with ZFN or TALENS. Three papers were published a
year later showing that this system could be used to generate site-specific DSB in mammalian

cells and stimulate repair through both NHEJ and HDR by several orders of magnitude!*0-111.168,

The power, ease-of-use, and inexpensive nature of CRISPR/Cas9 based tools has led to
their rapid incorporation by the scientific community in only three years. CRISPR/Cas9
apparently works in every organism, from bacteria, to plants, to humans. The list of confirmed
applications is exhaustive and, so far, there have been no publications describing a species in
which CRISPR is not effective. Nonetheless, there are some concerns with current methods of

genome editing. The efficiency of HDR even after the generation of a DSB is still quite low in
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many cell types, perhaps most notably in human iPSC! and human embryonic stem cells
(hESC)¥*°, This requires the generation of donor constructs with large homology arms (2-14 kb
is typical) and the screening of many clones to obtain the desired outcome. In combination, this

increases the time and expense tremendously.

In addition, there are a number of concerns over safety, particularly if genome editing is
to be used for cell therapy in humans. While the Cas9/sgRNA ribonucleoprotein is relatively
specific for a particular site, it also exhibits off-target digestion at degenerate sequences
throughout the genome. A number of methods have been developed that significantly reduce
the frequency of off-target breaks'?168170 however, the rules governing specificity are still not
clear and the position of off-target breaks can’t be accurately predicted!’*. The high frequency of
off-target integrations with HDR donors has also not been adequately addressed. As many as
1% of cells obtain an off-target integration under typical HDR conditions®146-148 and while
negative selection can reduce this frequency as much as 10-fold’?, this still leaves many cells
with an off-target integration. With the latest generation of advancements, genome editing has
broken through to widespread use in the scientific community. Although promising, the use of
current techniques for human medicine will require further improvements in safety and

increases in targeting efficiency.
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Chapter 2: TCF/LEF expression and requirement during mouse embryonic stem
cell differentiation



19

Abstract:

The WNT signaling pathway stimulates the self-renewal of mouse embryonic stem cells (ESC)
and prevents their differentiation to an epiblast like cell (EpiLC) in vitro. Following this transition,
WNTs promote further differentiation to mesendoderm lineages both in vitro and in vivo. There
are four TCF/LEF transcription factors in vertebrates (LEF1, TCF1, TCF3, and TCF4) that may
mediate the effects of WNT in addition to potential TCF/LEF independent mechanisms. We
hypothesize that one or more TCF/LEF transcription factor is required for the WNT response at

each stage of differentiation.

To address the complexity of this system and definitively address the role of TCF/LEFs, we
have taken a systematic approach to evaluate and disrupt TCF/LEF expression. We have first
examined TCF/LEF expression patterns during EpiLC differentiation and in response to
manipulation of the core signaling pathways that maintain ESC self-renewal. Following this we
have generated a series of TCF/LEF knockout cell lines using CRISPR/Cas9 based tools to
examine requirement. Results indicate that none of the TCF/LEF transcription factors are
required for maintenance of embryonic stem cell self-renewal and TCF3 alone was required for

differentiation to EpiLC.
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Introduction:

The exit of embryonic stem cells from pluripotency begins after the blastocyst stage embryo
attaches to the uterine wall to become the epiblast. During this transition epiblast cells undergo
a series of transcriptional, epigenetic, and morphological changes that prepare them to respond
to stimuli during the process of gastrulation. Gastrulation is initiated by a group of signaling
molecules including WNT38, BMP4°, and Nodal'° that are released from the posterior of the
embryo and drive mesendoderm formation from a region called the primitive streak!!. Cells
isolated after implantation and prior to gastrulation are called epiblast stem cells (EpiSC) in
reference to their origin. These are distinct from the naive pluripotent stem cells isolated from
the earlier blastocyst stage embryo, which are historically referred to as embryonic stem cells

(ESC) in mice.

ESC can be artificially maintained in culture through chemical inhibition or allowed to
spontaneously differentiate to an epiblast like state. These cells are referred to as epiblast like
cells (EpiLC) if the differentiation is performed in vitro, to distinguish them from EpiSC which
come directly from the epiblast. Differentiation of ESC can be blocked by inhibition of the FGF
signaling pathway with PD0325901, a MEK1/2 inhibitor, stimulation of the WNT pathway with
CHIR99021, an inhibitor of GSK3, or stimulation of the LIF/STAT3 pathway through exogenous
LIF peptides*. The combination of these two inhibitors plus LIF (2iL) is commonly used to

maintain ESC in vitro.

The WNT pathway is interesting, in particular, because in addition to blocking ESC
differentiation to EpiLC, it promotes mesendoderm differentiation once cells reach the EpiLC
state!”?°, This mimics the role of WNT stimulation in vivo. WNT3 or B-Catenin knockout
embryos fail to generate the primitive streak and completely lack subsequent mesoderm
formation®173, The requirement for WNT stimulation at the blastocyst stage is more

controversial. WNT peptides are released in the blastocyst, and expression of WNT target
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genes such as AXIN2 as well as stimulation of WNT reporter constructs suggest WNT pathway
activation?®. However, B-Catenin knockout embryos appear to progress normally through the
blastocyst stage and don’t exhibit defects until the start of gastrulation!’®. Similar arguments can
be made for the LIF and FGF pathways. LIF knockout mice progress normally to adulthood!"

and FGF knockout mice develop normally until after implantation®:,

A possible explanation for these discrepancies involves the process of diapause, a
reproductive strategy in many species, including mice, that allows the pausing of
embryogenesis prior to implantation. This is thought to allow pregnancy to better align with
abundant food supplies’®. During diapause, pluripotent stem cells in the blastocyst are
prevented from further differentiation and undergo self-renewal. Self-renewal describes the
capacity of these cells to proliferate without losing their pluripotency. It has been proposed that
in vitro cultures of ESC maintained in 2iL represent capture of this diapause state, and that
these signaling pathways help maintain diapause'’®. In agreement with this, although LIF is not
required for normal embryogenesis, it is required to maintain pluripotent cells during

diapause!’’.

Whether or not WNT stimulation is required in the blastocyst, its ability to block the
EpiLC transition suggests components of this pathway are required for differentiation. The
canonical WNT pathway centers on the intracellular protein 3-Catenin. In the absence of WNT
stimulation, free p-Catenin is recruited into a destruction complex where it is sequentially
phosphorylated by the kinases CK1 and GSK3, ubiquitinated by the E3 ligase B-TRCP, and
degraded by the proteasome. In the presence of WNT peptides, the destruction of 3-Catenin is
inhibited. B-Catenin accumulates in the cell, undergoes nuclear translocation, and interacts with
transcription factors to stimulate target gene expression®°. The classic description is that B-
Catenin converts the TCF/LEF transcription factors from repressors to activators by virtue of a

trans-activation domain on B-Catenin’884,
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There are four TCF/LEF transcription factors in vertebrates: Lymphoid enhancer factor 1
(LEF1, gene name Lefl), T cell factor 1 (TCF1, gene name Tcf7), T cell factor 3 (TCF3, gene
name Tcf711) and T cell factor 4 (TCF4, gene name Tcf712)73. All bind to B-Catenin through a
highly conserved domain at their amino terminus and bind a consensus sequence of
(A/T)(A/IT)CAAAG through an HMG DNA binding domain near their carboxy terminus’®#4, While
expression patterns in the defined ESC and EpiLC states have not been described, all four of
the TCF/LEFs are expressed in mixed cultures of differentiated and undifferentiated ESC grown

in fetal bovine serum (FBS) and LIF®,

Two of the TCF/LEFs, TCF1 and TCF3, have been directly implicated in regulation of
EpiLC differentiation and ESC self-renewal. The evidence for TCF3 is strongest. TCF3 is
required in vivo and embryos exhibit early gastrulation defects that lead to abnormal
anterior/posterior axis specification®. It has been identified in a number of genome-wide loss of
function screens for factors which effect ESC differentiation®-°¢, and shown to oppose WNT
pathway stimulation of ESC self-renewal in vitro'?1337, TCF1 knockout embryos are grossly
normal® but evidence suggests that WNT pathway stimulation of ESC self-renewal, in vitro, is
at least partly mediated by TCF1 based activation?. Roles for LEF1 and TCF4 are unknown.
There have been further reports suggesting TCF/LEF independent effects of WNT pathway
stimulation. OCT4 in particular has been proposed to interact with 3-Catenin directly to promote
ESC self-renewal®°, and a B-Catenin/KLF4 complex has been shown to stimulate Telomerase

expression for long term maintenance of the mESC genome®,

We hypothesize that one or more TCF/LEF transcription factor are required for the WNT
promotion of MESC self-renewal, differentiation to EpiLC, and differentiation to mesendoderm.
To address the complexity of this system and definitively address the role of TCF/LEFs, we
have taken a systematic approach to evaluate and disrupt TCF/LEF expression. We have first

examined TCF/LEF expression patterns during EpiLC differentiation and in response to
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manipulation of the core signaling pathways that maintain ESC self-renewal. Following this we
have generated a series of TCF/LEF knockout cell lines using CRISPR/Cas9 based tools to
establish their requirement alone or in combination. Here we find that, surprisingly, none of the
TCF/LEF transcription factors are required for maintenance of embryonic stem cell self-renewal.
TCF3 alone was required for differentiation to EpiLC and cells lacking TCF3 maintain the mESC

in the absence of Wnt signaling.
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Results:
In vitro differentiation of ESC

To maintain cells in the naive ESC state, cells were cultured for greater than five passages in
2iL. This combination has been shown to maintain highly homogenous colonies of pluripotent
stem cells resembling the inner cell mass of blastocyst stage embryos!*. Within 48-72 hours of
removing 2iL and adding bFGF to the media, cells differentiate to epiblast-like stem cells
(EpiLC)"817%, The morphology shifts from round, three-dimensial colonies of closely packed
cells in the ESC state, to flat sheets of individual cells in the EpiLC state (Fig 2.1A). RNA was
collected from each of these states and analyzed by microarray to identify differentially
expressed genes. More than 2,000 genes were identified with greater than 2-fold expression

differences (Fig2.1B).

To clarify the changes relevant for differentiation, we focused on a subset of genes that
have been previously identified as differentially expressed in these two states and exhibit either
some level of functional significance for differentiation, or are commonly used markers for the
ESC or EpiLC state (Figure 2.1C)"818, We see elevated expression of ESC genes in 2iL (Fig
2.1C, compare blue bars to genes with blue text) and elevated expression of EpiLC genes after
differentiation (Fig 2.1C, compare red bars to genes with red text) suggesting efficient capture of

the ESC and EpiLC states.

We next performed a functional assessment of differentiation. After differentiation, the
majority of EpiLC are unable to support growth in 2iL, potentially due to a dependence on FGF
signaling for survival®. Upon replating, the majority of well differentiated EpiLC will not form
colonies, in contrast to naive ESC (Figure2.1D)*!, Interestingly, although exogenous bFGF is
frequently added to stimulate EpiLC differentiation'’®17%, it does not appear to be required. Cells

differentiated in the absence of bFGF underwent identical morphological changes (not shown)
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Figure 2.1 In vitro differentiation of mESC.
(A) Representative colony morphology before and after 72 hours of differentiation.

(B) Microarray analysis of WT cells examining genes with > 2-fold increased expression
in either the ESC or EpiLC state (red = upregulated, blue = downregulated).

(C) mRNA fold change in log scale for a subset of genes previously associated with the
MESC state (blue text) or the EpiLC state (red text). Blue bars represent ESC/EpILC.
Red bars represent EpiLC/ESC.

(D) Replating assay showing the number of colonies that form when cells are replated in
naive culture conditions (2iL). ESC were maintained in 2iL throughout experiment.
EpiLC were differentiated for 4 days prior to replating through the removal of 2iL and
addition of bFGF.

(E) Replating assay showing the number of colonies that form when cells are replated in
naive culture conditions (2iL). Cells were differentiated for 4 days prior to replating
through the removal of 2iL. During this time cells were maintained +/- exogenous bFGF
and +/- CHIR99021 as indicated.

*Data for Figure 2.1D was generated by Matthew MacDougall
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and were unable to generate colonies in 2iL (Figure2.1E). This indifference to exogenous FGF
is probably due to the release of endogenous FGF4 and FGF5°. In contrast, inhibition of GSK3
with 3 uM CHIR99021 (CHIR) prevents EpiLC morphological changes (Fig 2.2A, bottom row)
and maintains a large population of cells capable of forming naive colonies in 2iL (Fig 2.1E,

2.2B).

Inhibition of the FGF/ERK pathway with PD0325901 (PD) also prevents efficient
differentiation. Populations of 2iL competent cells are maintained after differentiation with either
1 or 6 uM PD at approximately the same frequency as CHIR treated cells (Figure 2.2 B). The
combination of both PD and CHIR appears more potent but the differences are not statistically
significant. The morphological changes associated with EpiLC differentiation are not inhibited by
PD at 1 uM, and only slightly at 6 uM. This suggests a separation of the morphological and

functional changes associated with differentiation (Fig 2.2A).

Effects of differentiation, WNT pathway stimulation, and FGF pathway inhibition on

TCF/LEF expression.

The role of the WNT pathway on ESC self-renewal, differentiation to EpiLC, and further
differentiation to mesendoderm lineages prompted us to examine the most downstream
effectors in this pathway, the TCF/LEF transcription factors. We initially examined their
expression at each stage. ESC cells were maintained for three passages in CHIR plus LIF, and
then allowed to differentiate to EpiLC for 72 hours by removing these factors. Changes in
TCF/LEF protein expression were examined by western blot in ESC versus EpiLC (Fig 2.3A
column 1 vs. 4, Fig 2.3B column 1 vs. 7). Strikingly, LEF1 is not expressed at all in ESC but
exhibits substantial expression after EpiLC differentiation. TCF1 is expressed at both stages

with slightly lower expression in EpiLC. TCF3 is also expressed at both stages with higher
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expression in EpIiLC. At the mRNA level, TCF4 has the lowest expression (not shown), however

protein is detectable in both ESC and EpiLC.

The effects of the three primary signaling pathways (LIF, WNT, and FGF) on TCF/LEF
expression were also examined. Inhibition of FGF/ERK signaling with PD exhibited opposing
effects on TCF3 and LEF1 expression (Fig 2.3A, 2.3B). TCF3 levels were increased with
increasing levels of PD in both ESC and EpiLC. It is counter-intuitive that TCF3 promotes
differentiation?*® and is simultaneously upregulated by PD, which inhibits differentiation*4. This
suggests that either a compensatory mechanism exists to inactivate TCF3 or that protein levels

of TCF3 do not correlate with its functional activity in this context.

LEF1 is expressed only in EpiLC and shows a striking dependence on FGF/ERK
signaling. LEF1 expression is substantially diminished in the presence of PD and is abolished
with complete inhibition (Fig 2.3A columns 4-6 and 7-9, Fig 2.3B compare p-Erk1/2 to LEF1 in
columns 7-12). This strong correlation suggests that FGF signaling may directly regulate LEF1

expression in EpiLC.

To examine the effects of WNT pathway stimulation, EpiLC cells were treated without or
with CHIR for 24 hours (Fig 2.3A, compare columns 4-6 vs. 7-9). In contrast to PD, CHIR led to
increased LEF1 and decreased TCF3 protein. In addition, CHIR appears to increase the
expression of TCF1. Since CHIR prevents differentiation into EpiLC*, these expression
changes correlate well with data suggesting that TCF1 promotes self-renewal while TCF3

promotes differentiation.

Cells grown in knockout DMEM supplemented with 15% FBS were also examined (Fig
2.3C). These culture conditions were the standard method for maintaining mouse ESC prior to
the introduction of 2iL. Although it supports robust growth and some maintenance of naive ESC,

the cultures are heterogenous and contain a variable mixture of undifferentiated and
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Figure 2.2 Differentiation to EpiLC is inhibited by PD0325901 (Mek inhibitor) or
CHIR99021 (Gsk3 inhibitor).

(A) Representative colony morphology after 72 hours of differentiation in the presence
of 0-6 uM PD0325901 (top) and 0-3 uM CHIR99021 (bottom).

(B) Replating assay showing the number of colonies that form in naive culture
conditions after differentiation in the presence of 0-6 uM PD0325901 and 0-3 uM
CHIR99021.
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Figure 2.3 Effects of differentiation, FGF signaling, and Wnt signaling on TCF/LEF
expression.

(A) Western blot showing protein levels of active (de-phosphorylated) B-catenin and
TCF/LEF transcription factors. Cells were maintained in naive culture conditions (LEFt 3
columns) or differentiated for 72 hours (right 6 columns). Differentiated cells were
treated without (middle 3 columns) or with 3 uM CHIR99021 (Gsk3 inhibitor, right 3
columns) for the last 24 hours of differentiation. For each condition cells were exposed
tp 0,1, or 6 uM PD0325901 (Mek inhibitor) for the last 24 hours.

(B) Western blot showing protein levels of phosphorylated Erkl (top band of p-Erk1/2),
phosphorylated Erk2 (bottom band of p-Erk1/2), LEF1, and TCF3. Cells were
maintained in naive culture conditions (LEFt 6 columns) or differentiated for 72 hours
(right 6 columns). Cells were treated with 0-9 uM PD0325901 for the last 24 hours of
differentiation.

(C) Western blot showing protein levels of phosphorylated Erk1 (top band of p-Erk1/2),
phosphorylated Erk2 (bottom band of p-Erk1/2), LEF1, and TCF3. Cells were
maintained in Knockout DMEM + 15% FBS in the presence (right 6 columns) or
absence of LIF (LEFt 6 columns) for 72 hours. Cells were treated with Wnt3a, bFGF, or
PD0325901 for 24hours prior to collection.
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differentiated cells. Cells were additionally grown in presence or absence of LIF for 72 hours
(Fig 2.3C, columns 1-6 vs. 7-12). LIF had little impact on the expression of TCF3 and LEF1
expression appears lower in the presence of LIF. The most likely explanation for this is that LIF
increases the percentage of cells in the naive state in these mixed cultures??’, and LEF1 is not
expressed in naive cells (Fig 2.3A,B). Treatment of cells with WNT3a for 24 hours gave results
comparable to CHIR, substantially decreasing the protein levels of TCF3. Inhibition of FGF/ERK
signaling with PD again completely eliminates expression of LEF1 and increases expression of
TCF3. Conversely, addition of exogenous bFGF had relatively little effect. This may be because
FGF signaling is maintained at a high baseline in these cells due to autocrine and paracrine

release of FGF4 and FGF5°28,

Generation of TCF/LEF knockout ESC

To systematically evaluate the contributions of each TCF/LEF protein, isogenic knockout cell
lines were generated using CRISPR-Cas9 based tools. Cas9 was targeted to each of the
TCF/LEFs using a high quality gRNA with more than three mismatches in all potential off-target
sites, identified using the CRISPR design tool at crispr.mit.edu'®?. Cas9 generates a double-
stranded break (DSB) in the targeted genomic region, which is repaired most frequently by non-
homologous end joining (NHEJ). NHEJ is an error-prone repair mechanism, frequently
producing small insertions or deletions (indels) which may lead to frameshift mutations in the
targeted exon'®*. For each of the TCF/LEFs, DSBs were targeted to an exon in the HMG DNA
binding domain, a strategy that has been previously successful for producing each of the single

TCF/LEF knockout mice?790.91,

Cells were initially grown in knockout DMEM supplemented with 15% FBS and LIF.

These conditions provide robust growth, expression of all TCF/LEFs, and can be easily
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converted to 2iL. Cells were transfected with plasmids encoding Cas9 and the relevant gRNA.
Clonal populations were isolated from single cells plated at low density and grown into colonies.
Individual colonies were then picked and expanded for subsequent analysis. Colonies were
initially screened by western blot for loss of protein expression. Bi-allelic frameshift mutations in
an upstream exon leads to loss of protein primarily through nonsense-mediated decay of
MRNA83  Analysis by western blot was successful for LEF1, TCF1, and TCF3. TCF4 protein is
difficult to detect because of its low expression and TCF4 western blots exhibit a high level of
background which confounds analysis. TCF4 was thus analyzed first by Sanger sequencing.
Clones with bi-allelic frameshifts were identified at the DNA level and then loss of protein was
confirmed by western blot. For each TCF/LEF, bi-allelic frameshifts and loss of protein were

obtained in slightly less than 40% of clones (data not shown).

Using this method, isogenic mouse ESC cell lines were successfully generated with all
sixteen possible combinations of TCF/LEFs. Western blots are shown for each of the single
knockouts (Fig 2.4A), double knockouts (Fig 2.4B), triple knockouts (Fig 2.4C), and the

guadruple knockout (4X, Fig 2.4A).

Characterization of WNT pathway stimulation in 4X -/- mESC

In 15% FBS plus LIF, 4X cell lines formed numerous spherical colonies with ESC morphology
(Fig 2.5C), but were more prone to differentiation as compared to WT (Fig 2.6E). Regulation of
B-Catenin was unaffected by the absence of TCF/LEF proteins. WT and 4X cell lines exhibited
identical levels of total f-Catenin (Fig 2.5A), and both responded to GSK3 inhibition by
increasing the level of un-phosphorylated (active) B-Catenin (Fig 2.5B). Upon stimulation with
CHIR, B-Catenin was appropriately trafficked to the nucleus in both WT and 4X cell lines,

indicating that TCF/LEFs are not required for nuclear import (Fig 2.5C).
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Figure 2.4 Generation of all TCF/LEF knockout combinations in mESC.

Western blots showing protein levels of TCF/LEFs in (A) single knockout cell lines and
the 4X knockout (far right), (B) double knockout cell lines, and (C) triple knockout cell
lines. All cell lines were generated and isolated from knockout DMEM media
supplemented with 15% FBS and LIF.
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Figure 2.5 Normal regulation of B-catenin in WT and 4X TCF/LEF knockout cell
lines.

Comparison of WT and 4X -/- cell lines grown in knockout DMEM supplemented with
15% FBS and LIF.

(A) Western blots showing protein levels of total B-catenin.
(B) Western blots showing protein levels of active 3-catenin (un-phosphorylated).

(C) Immunofluorescence showing nuclear (DAPI, blue) and B-catenin (green)
localization in colonies of MESC. Both WT and 4X cell lines exhibit increased nuclear [3-
catenin following treatment with 6 uM CHIR99021 for 24 hours.
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Within the nucleus, the response to CHIR was markedly different. Whereas nuclear 3-Catenin is
recruited to enhancers of WNT target genes Cdx1 and Axin2 following CHIR treatment in WT
cells, this effect is abolished in the 4X cell line (Fig 2.6A). This suggests that TCF/LEFs mediate
this recruitment and subsequent activation of target genes. In agreement with this, increased
Cdx1 or Axin2 mRNA is not stimulated by CHIR in the 4X cell lines (Fig 2.6C). Similarly, 4X cell
lines are unable to stimulate a WNT reporter construct, TOP-Flash, which contains multiple
TCF/LEF binding sites driving expression of luciferase. In contrast, WT cells exhibit substantial
luciferase expression in response to CHIR and knockout of TCF3 alone increases this further

(Fig 2.6B).

Intriguingly, some genes do maintain WNT responsiveness. A notable example is Esrrb,
which has been identified as one of the core transcription factors regulating ESC
pluripotency®?®’. It is expressed exclusively in naive ESC and was shown to be directly
repressed by TCF3 during EpiLC differentiation. In defined culture conditions such as 2iL,
overexpression of ESRRB can replace the requirement for WNT pathway stimulation in the
maintenance of ESC self-renewal®”. Baseline ESRRB expression is lower in 4X cell lines as
compared to WT, which may be secondary to the higher frequency of differentiation in 4X
cultures (Fig 2.6C). Nonetheless, treatment with CHIR causes a significant increase in ESRRB
expression in the 4X cell lines. CHIR also stimulates an increase in 3-Catenin binding at a

central ESRRB enhancer indicating TCF/LEF independent recruitment (Fig 2.6D).

To provide a functional analysis of differentiation we performed an alkaline phosphatase
assay. As described, colonies grown in 15% FBS plus LIF exhibit a range of differentiation. This
can be quantified by a combination of morphology and alkaline phosphatase staining, a marker
present at high levels in naive ESC. Colonies are counted as undifferentiated if they exhibit a
spherical morphology and stain darkly for alkaline phosphatase (Fig 2.6E). Using this criteria the

percentage of undifferentiated versus differentiated colonies can be quantified (Fig 2.6F). The
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percentage of undifferentiated colonies is substantially higher in WT cell lines treated with CHIR.
In agreement with ESRRB expression changes, this pattern is also true in 4X cell lines.
Although they have a lower baseline of undifferentiated colonies, there is still a substantial
increase in response to CHIR. This indicates a TCF/LEF independent inhibition of differentiation

in these conditions.

TCF/LEF requirement in defined culture conditions

To examine TCF/LEF activity in homogenous populations of naive ESC, knockout cell lines
were converted to 2iL culture conditions and maintained for greater than 5 passages. RNA was
then collected from WT, T3 -/-, 4X -/-, and T3 Only cell lines for microarray analysis. These were
compared to in vitro differentiated WT EpiLC as described in figure 2.1B. A large-scale analysis
of differentially expressed genes indicates relatively little difference between any of the knockout
cell lines maintained in 2iL (Fig 2.7A ESC) as compared to WT EpiLC. There are some notable
exceptions for T3-/- and T3 only cell lines (see far left and far right in Fig 2.7A). However,
looking at the subset of differentiation associated genes described in figure 2.1C, there are no
significant differences between any of the knockout cell lines grown in 2iL (Fig 2.7B). In addition,
the knockout cell lines appear morphologically identical (Fig 2.7C). Altogether, these results

indicate that TCF/LEF expression is not required for maintenance of the naive ESC state.

In contrast, there is a substantial shift during EpiLC differentiation. Gene expression
changes are similar between either of the cell lines with TCF3 (WT and T3 Only) both globally
(Fig 2.8A) and in the subset of differentiation genes (Fig 2.8B). However, gene expression
changes are significantly altered in cell lines lacking TCF3 (T3 -/- and 4X -/-). Cell lines lacking
TCF3 are defective in down-regulation of all ESC specific genes as well as up-regulation of

many EpiLC specific genes (Fig 2.8C). Morphological changes also show a requirement for
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Figure 2.6 Downstream Wnt response in 4X knockout mESC.

Comparison of WT and 4X -/- cell lines grown in knockout DMEM supplemented with
15% FBS and LIF.

(A) Chromatin immuno-precipitation for B-catenin at negative control site and enhancers
for Cdx1 and Axin2 genes. WT and 4X cell lines were treated with 3uM CHIR99021 for
24 hours.

(B) TOPFlash reporter assay in WT, T3 -/-, and 4X -/- cell lines treated with 3uM
CHIR99021 for 24 hours.

(C) mRNA expression measured by gRT-PCR for Cdx1 (LEFt), Axin2 (middle), and
Esrrb (right). All were normalized to GAPDH expression. WT and 4X cell lines were
treated -/+ 3 uM CHIR for 24 hours.

(D) Chromatin immuno-precipitation for 3-catenin at Esrrb enhancer. WT and 4X cell
lines were treated with 3uM CHIR99021 for 24 hours.

(E) Colony morphology and alkaline phosphatase (AP) staining of representative
undifferentiated (spherical, dark AP staining) and differentiated ESC colonies (flat
morphology, light AP staining).

(F) AP assay for WT, T3 -/-, and 4X -/- cell lines treated -/+ 3uM for 5 days.
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Figure 2.7 TCF/LEFs are not required for maintenance of naive state

Comparison of WT and TCF/LEF knockout cell lines grown in naive culture conditions
(DMEM supplemented with CHIR99021 + PD0325901 + LIF).

(A) Microarray analysis of WT and TCF/LEF knockout cell lines examining genes with >
2-fold increased expression in either the ESC or EpiLC state (red = upregulated, blue =
downregulated). Expression levels are shown in naive culture conditions for all four cell
lines (ESC, top 4 rows) or after 72 hours of EpiLC culture conditions for WT cells
(bottom row).

(B) mRNA fold change in log scale for a subset of genes previously associated with the
MESC state (LEFt side: Thx3-Fbxo15) or the EpiLC state (right side: Otx2-Pou3f1).
Bars = ESC expression for each cell line / WT EpiLC expression.

(C) Representative colony morphology for each cell line in naive culture conditions.
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Figure 2.8 TCF3is required for EpiLC differentiation

Comparison of WT and TCF/LEF knockout cell lines after 72 hours of EpiLC
differentiation (DMEM supplemented with bFGF and without CHIR99021, PD0325901,
or LIF).

(A) Microarray analysis of WT and TCF/LEF knockout cell lines examining genes with >
2-fold increased expression in either the ESC or EpiLC state (red = upregulated, blue =
downregulated). Expression levels are shown in for WT cells naive culture conditions
(WT ESC) or for all four cell lines after 72 hours of EpiLC differentiation. WT cells
maintained in 3 uM CHIR99021 during EpiLC differentiation are also shown (bottom
row).

(B) mRNA fold change in log scale for a subset of genes previously associated with the
MESC state (LEFt side: Thx3-Fbxo15) or the EpiLC state (right side: Otx2-Pou3f1).
Bars = EpiLC expression for each cell line / WT ESC expression.

(C) mRNA fold change in log scale for a subset of genes previously associated with the
MESC state or the EpiLC state. Bars = EpiLC expression for each cell line / WT ESC
expression.

(D) Representative colony morphology for each cell line after EpiLC differentiation.

(E) Replating assay showing the number of colonies that form in naive culture
conditions after EpiLC differentiation.
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TCF3. WT and T3 Only cell lines differentiate properly to form flat sheets of individual cells (Fig
2.8D top row) while T3 -/- and 4X -/- retain a three-dimensional colony morphology without clear
separation between cells (Fig 2.8D bottom row). Replating cells in 2iL also demonstrates
defective differentiation in cell lines lacking TCF3 (Fig 2.8E). For WT and T3 only cell lines, less
than ten cells out of a thousand retain the capacity to form colonies in 2iL. Conversely, more
than three hundred colonies form per thousand T3 -/- cells. This percentage is comparable to
undifferentiated cells maintained in 2iL (Fig 2.1D) and indicates nearly all of these cells fail to
differentiate. 4X -/- cell lines also retain the capacity to form naive colonies but at a slightly lower
level than T3 -/-. This suggests that other TCF/LEFs may act opposite TCF3 and inhibit
differentiation. This is consistent with previous work suggesting TCF1 and TCF3 exhibit

opposing effects on ESC self-renewal*?.

Maintaining WT cells in 3 uM CHIR during EpiLC differentiation also prevents
differentiation (Fig 2.8E). Morphological changes with CHIR treatment are identical to those
seen in T3 -/- cell lines (Fig 2.8E). Gene expression changes are also similar between CHIR
treated WT cells and T3 -/- cells at both the global level (Fig 2.8A) and for differentiation
associated genes (Fig 2.8C). Altogether, this suggest an inverse relationship between WNT
pathway stimulation and TCF3 activity. CHIR inhibits differentiation to EpiLC whereas TCF3 is
required for this transition. The changes seen by stimulating cells with CHIR or ablating TCF3

are nearly identical.

Unsupervised clustering of TCF/LEF knockout cell lines

Much of this data can be summarized and a few conclusions can be drawn from the

unsupervised clustering of gene expression patterns as measured by microarray. A dendrogram
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clustering the knockout cell lines by similarity identifies three major groups (Fig 2.9A). These
correspond to undifferentiated ESC (all cell lines in the ESC culture conditions, far left), well
differentiated EpiLC (WT Epi and T3 Only Epi, far right), and the poorly differentiated EpiLC (T3
-I- Epi, 4X -/- Epi, and WT Epi maintained in CHIR, middle). This indicates that global gene
expression differences correlate well with the differentiation status of the cells. In the naive
state, all cell lines cluster together, but there is separation that occurs during EpiLC
differentiation. Here the pools correlate with the TCF3 status of cells. Cells without TCF3 group

together, and cells with TCF3 group together.

This unsupervised clustering can be extended from a single dimension as in the
dendrogram (Fig 2.9A), to multiple dimensions with a principal component analysis (PCA) (Fig
2.9B). A PCA identifies orthogonal sets of changes that best identify the overall variation in the
data. In other words, it asks what group of gene expression changes best separate the
individual samples. The answer to this defines principal component 1 (PC1). Of the remaining
gene expression changes once the components of PC1 are removed, one can again ask what
changes best separate the data, to define principal component 2 (PC2). This pattern can
continue to define additional principal components as long as each is not correlated with any
other principal component. Here is shown a principal component analysis with only the top 2
principal components, PC1 and PC2 (fig 2.9B). This allows an unsupervised separation of the

data along two axes.

Intriguingly, the data naturally separates on the PC1 and PC2 with the major
experimental variables: differentiation status and TCF/LEF expression (Fig 2.9B). PC1 is very
similar to the single dimension dendrogram shown in figure 2.9A. Well differentiated EpiLC are
shifted to the far right (WT Epi and T3 Only Epi), undifferentiated are on the far left (all cell lines
in ESC conditions), and poorly differentiated EpiLC are near the middle (T3 -/- Epi, 4X -/- Epi,

and WT + CH Epi). Within this initial grouping, shifts along the vertical PC2 axis are correlated
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Figure 2.9 Unsupervised clustering of TCF/LEF knockout cell lines

Cells were clustered in R based on gene expression differences as measured by
microarray analysis.

(A) Dendrogram shows clustering of WT and TCF/LEF knockout lines in naive culture
conditions (ESC) and after 72 hours of EpiLC differentiation (Epi). WT + CHIR Epi
sample represents WT cells maintained in 3 uM CHIR99021 during 72 hours of EpiLC
differentiation.

(B) Principal component analysis (PCA) shows clustering in two dimensions (Principal
Component 1 and Principal Component 2) of WT and TCF/LEF knockout lines. Arrows
show correlation of position with presence of TCF/LEFs and differentiation status.

(C) Principal component analysis (PCA) shows correlation of all differentially expressed
genes along Principal Component 1 and Principal Component 2 axes as described in
(B). Arrows show correlation of position with presence of TCF/LEFs and differentiation
status.

*All data, analyses, and figures were generated in collaboration with Matthew
MacDougall
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with TCF/LEF expression. Loss of TCF3 is associated with an upward shift on PC2, while loss
of the other TCF/LEFs are associated with a downward shift. For example, T3 -/- ESC are
higher as compared to WT ESC, and T3 only ESC are lower than WT ESC. Likewise T3 -/- are
higher and T3 only are lower for EpiLC conditions. This analysis confirms the correlation
between TCF3 status and EpiLC differentiation, but also suggests an opposing relationship

between TCF3 and the other TCF/LEFs.

Using the same principal components we can also plot each gene represented on the
microarray and how well its expression correlates with each axis. Expression of those in the
middle, the majority, are not correlated with either principal component. However, those at the
extremes are well correlated with that position for each principal component. This means that
genes on the far right are associated with EpiLC differentiation while those on the far left are
associated with the ESC state. Similarly, genes near the top are correlated with a loss of TCF3
and genes near the bottom with a loss of the other TCF/LEFs. This may be useful, for example,
in identifying groups of genes which are upregulated during differentiation in a TCF/LEF

independent (middle-right) or TCF dependent manner (top-right or bottom-right).
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Discussion:

We have analyzed the expression and requirement for TCF/LEF transcription factors during the
in vitro differentiation of ESC to EpiLC and in response to signaling pathways which regulate
that differentiation. We see first that TCF/LEFs are not required for maintenance of the naive
ESC state in the presence of 2iL. This does not mean that WNT pathway stimulation is not
required. TCF3 expression is reduced in response to stimulation with WNT3a or chemical
inhibition of GSK3. Thus the WNT pathway may be required to reduce TCF3 in normal cells, but
not in cells where it is genetically removed. In addition, TCF/LEF independent effects of WNT
stimulation may stimulate ESC self-renewal. Indeed, a TCF/LEF independent effect of CHIR

was seen in 4X cell lines grown in 15% FBS plus LIF.

In 4X cell lines, CHIR increases the percentage of undifferentiated colonies and
increases expression of the pluripotency factor ESRRB. It would be informative to verify these
changes in defined culture conditions. Examining whether CHIR increases the replating capacity
of 4X cells in 2iL after EpiLC differentiation could provide a functional analysis of differentiation.
Gene expression changes of 4X cell lines in response to CHIR could additionally be evaluated
in naive ESC conditions as well as EpiLC. Although we typically maintain ESC in PD, CHIR, and
LIF, any combination of two is sufficient for maintaining the naive state'*. Thus, CHIR can be
removed and then added back later to evaluate expression changes. Knowing the set of gene
expression changes may provide clues for what regulates them. If changes are seen, the
requirement for B-Catenin can be assessed by knocking it out in 4X cell lines. 3-Catenin -/- cell
lines have been previously generated and maintained in both serum plus LIF and 2iL culture
conditions, although they have some defects in cell adhesion, are more prone to differentiation,

and exhibit less robust growth in 2jL>13184,
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Although TCF/LEF independent effects may exist, the primary factor for differentiation is
TCF3. TCF3 is required for differentiation to EpiLC, and among the TCF/LEFs is sufficient alone
to mediate this transition. The mechanism of this is interesting to consider. On one hand, it may
act simply as a transcriptional repressor of core pluripotency transcription factors®2%%7, It is
intriguing, however, that even in those genes that TCF3 does not repress directly, it appears to
bind to enhancers which disappear during differentiation. Looking at the subset of ESC
associated genes that are downregulated during EpiLC differentiation, as described in figure
2.1B, TCF3 binds to a DNAse hypersensitivity site (DHS) within or a little upstream of each
gene (Fig 2.10B). DHS represent regions of open chromatin that are more accessible to DNA
binding proteins. Because they are more accessible to transcription factors, they are frequently
important regulatory regions for gene expression or chromatin structure. Examining the DHS
pattern in ESC as compared to the more differentiated mesoderm cells, many of the peaks are
lost. These genes are not expressed in mesoderm and no longer get activated in response to
various stimuli. Conversely, and not shown here, many new regulatory regions are opened up
during differentiation. This process appears to be partially mediated by OCT4 and OTX2 during

the EpiLC transition"8:185,

Intriguingly, those peaks associated with TCF3 are preferentially lost during
differentiation. The mechanism of enhancer loss or “decommissioning” is not understood.
However, the presence of TCF3 at decommissioned sites and the requirement for TCF3 for
efficient differentiation suggests it could play an active role in this process. TCF3 might recruit a
co-factor to drive epigenetic modifications or possess some unique biochemical activity itself.
Alernatively, TCF3 may drive differentiation indirectly through transcriptional represson of

NANOG, ESRRB, and TCFCP2L152%37,

During development, decommissioning of naive regulatory regions may be important to

alter the response to external stimuli. An example of this is the WNT pathway itself. In the ESC
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state, WNT stimulation maintains self-renewal and inhibits differentiation31416:3529.34 However,
after differentiation to EpiLC, WNT stimulation promotes differentiation to mesendoderm
lineagel’2°. At the EpiLC state, naive genes important for maintaining the ESC state, such as
Esrrb, are no longer upregulated in response to WNT stimulation'8!, Instead, genes important
for differentiation, such as the pan-mesodermal marker Brachyury, become newly
responsive!®!®. The pattern of gene expression changes can be visualized in vitro when
comparing the response to CHIR in the naive ESC state versus the EpiLC state (Fig 2.10A).
One question is whether the genes that lose their responsiveness have lost WNT responsive

enhancers, and if so whether this decommissioning is driven by TCF3.

In the opposite direction, what is driving the newly WNT responsive genes such as
Brachyury? Do these contain new WNT responsive regulatory regions of open chromatin and, if
so, are these generated by OCT4 and OTX2 or a distinct mechanism? Alternatively, they may
simply require a WNT responsive transcription factor which is not present in ESC. LEF1, for
example, is newly expressed in EpiLC. In potential agreement with this, although T3 Only cell
lines can differentiate to the EpiLC state, they are deficient in stimulating Brachyury expression
in response to CHIR as compared to WT (Fig 2.10C). Thus LEF1 could be required to drive
mesoderm differentiation. In vivo data, however, does not support this conclusion. LEF1 and
TCF1 are expressed specifically in the primitive streak during gastrulation, and LEF1/TCF1
double knockout mice are deficient in paraxial mesoderm production. However axial,
intermediate, and lateral mesoderm fates develop normally, suggesting the defect occurs after
the initial mesoderm specification®. This phenotype is identical to that of WNT3a -/- mice!®®, In
contrast, ablation of WNT3, a different gene with an unfortunately similar name, generates none
of the mesoderm fates and completely fails to form a primitive streak, suggesting WNT
stimulated factors other than LEF1 and TCF1 are involved at earlier stages of mesoderm

induction®.
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Figure 2.10 Changes in Wnt pathway stimulation and DNAse hypersensity
associated with EpiLC differentiation.

(A) mRNA expression changes exhibiting greater than 2-fold increase in response to
CHIR stimulation in naive culture conditions (ESC + CHIR) or after 72 hours of EpiLC
differentiation (EpiLC + CHIR). EpiLC + CHIR represents WT cells that were allowed to
differentiate in the absence of CHIR for 48 hours and then CHIR was reintroduced for
the last 24 hours.

(B) Comparison of TCF3 chromatin binding as measured by ChIP-seq and DNAse
hypersensitivity sites (labeled Enhancers) in either ESC or Mesoderm. Binding patterns
were examined for genes that lose expression during EpiLC differentiation as described
in Figure 2.1C.

(C) Induction of Brachyury expression as measured by microarray in WT and TCF3
Only cell lines after EpiLC differentiation and subsequent stimulation with 3 uM CHIR for
24 hours. Fold-change is calculated in comparison to untreated WT EpiLC.
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Experimental Procedures:

ESC culture and differentiation

Naive-state wild type and Tcf/Lef-mutants underwent at least 5 passages in N2B27 (Gibco)

media supplemented with 1uM PD0325901 (Meki, Stemolecule), 3uM CHIR99021
(Gsk3i, Sigma), and 1000 units/mL LIF (EMD Millipore) on tissue culture (TC) plates pre-coated
with 7.5ug/ml poly-ornithine (Advanced Biomatrix) and 5ug/ml ultrapure laminin (Corning;

Novus). 400,000 to 750,000 cells were seeded onto 10 cm”2 TC plates and grown for 3-5 days,
changing media every 2 days, prior to sample collection. For differentiation to EpiLC, 200,000-
500,000 ESC were seeded on to 10cm”2 TC plates pre-coated with 15 ug/mL fibronectin

(Millipore) in N2B27 media supplemented with PD, LIF, and 1% knockout serum
replacement (“KOSR”, Gibco). After 24 hours, cells were treated with N2B27 media

supplemented with 12 ng/mL Fgf2 (R&D) and 1% KOSR for 2 days, with media changed daily.

Generation of Tcf/Lef mutant ESC lines via CRISPR/Cas9 mutagenesis

For ESC lines which required Tcf7I1-ablation, a previously described Tcf711-/- 129/Sv ESC line

was used to mutate other, additional Tcf/Lef genes®®. To facilitate knock-out,

sgRNA targeting the HMG domain of each of the Tcf/Lef gene were designed using a published
sgRNA design algorithm (crispr.mit.edu)'®. Bsb1 restriction enzyme overhangs were appended
to the 5’ ends (CACC to sense, AAAC to anti-sense) of the guide sequences for easy integration
downstream of the U6 promoter in the px330 plasmid!®®, ESC were transfected with equimolar

amounts of the sgRNA expressing px330 plasmid and a plasmid expressing puromycin
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resistance using Opti-MEM (Gibco) and Lipofectamine 2000 (Invitrogen). In ESC lines, in which
ablation of multiple Tcf/Lefs was desired, transfection with all appropriate guides occurred
simultaneously. After puromycin selection, ESC were seeded at low density for clonal isolation
(~2000 cells per well of 6-well TC dish). Individual clones were screened by western blot to
identify those positive for Tcf/Lef-ablation. All in all, 14 new ESC lines were generated, making

all possible combinations of Tcf/Lef knockouts.

Western blot for Tcf/Lef factors

Protein lysates were collected using 2x Laemmli buffer (0.4 g/mL SDS, 0.2 mg/mL bromophenol
blue, 0.16 v/v glycerol, 20 mM Tris 0.5M pH6.8, 200 uM DTT). The following antibodies were
used to detect Tcf/Lefs: anti-Tcf7 (C63D9), anti-Lef1l (C12A5), anti-Tcf712 (C9B9), and a

homemade polyclonal rabbit anti-Tcf7I1.

TOPFlash Luciferase reporter assay

Twenty four hours prior to transfection, 100,000 ESC maintained in serum+LIF media were

seeded per well of a 24-well plate in duplicates. Cells were transfected with SuperTOPFlash

Firefly and Renilla luciferase reporter plasmids using Opti-MEM (Gibco) and Lipofectamine 2000

(Invitrogen). One day after transfection, cells were lysed with 1X passive lysis buffer (Promega).

A Clarity luminometer (Bio-Tek) was used to measure luciferase activities using a dual

luciferase reporter assay kit (Promega). Relative activity was calculated as the ratio of the

reporter plasmid Firefly luciferase activity to Renilla luciferase activity (pRL-CMV).
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Chromatin Immunoprecipitation (ChIP) with quantitative PCR (qPCR)

ESC were grown to confluency in a 10cm”2 dish in serum+LIF conditions

(roughly ~15 million cells to be divided into 3 replicates). To facilitate cross-linking, 37%
formaldehyde (Fisher) was added for a final concentration of 1%, followed by incubation under
overnight at 4°C. 1/20 volume of glycine (Fisher) was added to quench the reaction. Cells were

then washed with cold phosphate buffered saline (PBS) twice prior to harvesting by silicon cell

scrapers and centrifugation (4°C, 4000 rpm), followed by flash freezing with liquid nitrogen and

storage at -80°C. After thawing, all subsequent steps were performed at 4°C or on ice. Cells
were resuspended in lysis buffer (LB) 1 (50 mM Hepes pH 7.7, 140 mM NaCl, 1 mM EDTA,
10% Glycerol, 0.5% NP-40, 0.25% Trtiton-X-100). After incubation for 10 minutes under
constant rotation, cells were pelleted by by centrifugation (2500 rpm) and resuspended in LB 2
(200 MM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 7.5). After incubation for 10
minutes under constant rotation, cells were pelleted by by centrifugation (2500 rpm) and
resuspended in LB 3 (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 7.5, 100 mM NacCl, 0.1% Na-
deoxycholate). Protease inhibitors were added to all lysis buffers prior to resuspension.
Sonication was performed using a Branson Digital Sonifier 450 at 60% amplitude on ice with 20
cycles of 30 seconds ON, 60 seconds OFF. After sonication, 1/10 volume of 10% Triton-X-100
was added before centrifugation to remove cellular debris. 50 uL of chromatin extract was

uncrosslinked for subsequent input DNA isolation. Resulting chromatin extracts were

incubated overnight at 4°C with 20 ul of Protein G Dynabeads (Invitrogen) pre-incubated with 5

pg of B-catenin (Invitrogen 71-2700). Beads were washed 4 times with RIPA buffer (50 mM

Hepes, 1mM EDTA, 0.7% Na-deoxycholate, 1% NP-40, 0.5 M LiCl) and 1 time with TBS (50
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mM Tris, 150 mM NacCl, pH 7.6). Bound complexes were eluted from the beads by heating at
65°C with occasional vortexing. Crosslinks were reversed by incubation at 65°C for 6 hours to
overnight. DNA was isolated using phenolchloroform extraction and ethanol precipitation,

followed by resuspension in Tris-EDTA.

Microarray sample collection and data analysis

Biological triplicates were prepared for RNA isolation with TRIZOL, followed by column

purification with the Qiagen RNeasy kit per manufacturer protocol. Subsequently, RNA was

hybridization to an lllumina Mouse Whole Genome 8-V2 Beadchip microarray. Resulting

microarray data were analyzed using the Lumi R package.
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Chapter 3: Regulation of Tcf711 DNA binding and protein stability as principle
mechanisms of Wnt/B-catenin signaling.

*With the exception of several formatting changes, the content of chapter has been published in
the following manuscript:

Shy, B.R., Wu, C., Khramtsova, G.F., Zhang, J.Y., Olopade, O.l., Goss, K.H., and Merrill, B.J.
“‘Regulation of Tcf711 DNA binding and protein stability as principle mechanisms of Wnt/[3-
catenin signaling”. Cell Reports, 2013.
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Abstract:

Whnt/B-catenin signal transduction requires direct binding of B-catenin to Tcf/Lef proteins, an
event classically associated with stimulating transcription by recruiting co-activators. This
molecular cascade plays critical roles throughout embryonic development and normal postnatal
life by affecting stem cell characteristics and tumor formation. Here, we show this pathway
utilizes a fundamentally different mechanism to regulate Tcf711 (formerly named Tcf3) activity.
B-catenin inactivates Tcf7I1 without a switch to a co-activator complex by removing it from DNA,
an effect leading to Tcf711 protein degradation. Mouse genetic experiments demonstrate that
Tcf711 inactivation is the only required effect of the Tcf711-B-catenin interaction. Given the
expression of Tcf7I1 in pluripotent embryonic and adult stem cells, and in poorly differentiated
breast cancer, these finding provide new mechanistic insights into the regulation of pluripotency

and the role of Wnt/p-catenin in breast cancer.
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Introduction:

Canonical Wnt/B-catenin signaling impacts a wide range of biological activities, including stem
cell self renewal, organ morphogenesis, and tumor formation 5%87. Regulation of the pathway
centers on the stability of g-catenin, which is targeted for proteasome-mediated degradation by
a complex containing Adenomatous Polyposis Coli (APC), Axin structural proteins, and
Glycogen Synthase Kinase 3 (GSK3) 18, Phosporylation of B-catenin by GSK3 stimulates
degradation dependent upon APC, Axin, and the B-TrCP E3 ligase 8%1°2, Wnt signaling inhibits
degradation of B-catenin by blocking its ubiquitination (Li et al., 2012). Pharmacological GSK3

inhibitors similarly inhibit B-catenin degradation by blocking p-catenin phosphorylation.

An important downstream mechanism of the Wnt/p-catenin pathway occurs as -catenin
binds to the amino terminal of Tcf/Lef proteins thereby displacing co-repressor proteins bound to
the Tcf/Lef 8687193 Tcf-B-catenin binding subsequently recruits transactivator proteins to the
genomic sites previously occupied by co-repressors 1°41°7, This accepted model of canonical
Wnt/B-catenin signaling is consistent with observed effects of Tcf/Lef proteins in many contexts
2 however, it is not consistent with recent observations for mammalian Tcf7I1 (formerly Tcf3).
In cells where Lefl and Tcf7 (formerly Tcfl) act as pB-catenin-dependent transactivators, only
transcriptional repressor activity for Tcf7I1 was detected %1%, Here, we show that B-catenin-
binding to Tcf7I1 does not form a transactivation complex, but instead initiates a fundamentally
distinct mechanism. pB-catenin binding inactivates Tcf711 by reducing its chromatin occupancy
and secondarily stimulates its protein degradation. Mouse genetic experiments demonstrate that
this inactivation is the only necessary function of the Tcf7l1-B-catenin interaction. These
molecular and genetic findings provide new insights into the role of Wnt/p-catenin signaling in
cells where Tcf7I1 expression is prominent, including embryonic stem cells (ESC) and poorly

differentiated breast cancer.
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Results:

p-catenin reduces Tcf7I1 protein levels by stimulating protein degradation

Molecular support for the conversion of Tcf/Lef proteins into transactivators by p-catenin
includes the ability of a B-catenin-Tcf7 fusion protein to activate target genes without Wnt
pathway stimulation (Staal et al., 1999). If Tcf711 was switched to a transactivator by -catenin
binding, one would expect a -catenin-Tcf7I1 fusion protein to similarly activate target genes. In
ESC, the B-catenin-Tcf7I1 fusion was unable to activate TOPFlash and LRH-1 reporter genes,
and instead repressed Wnt3a-stimulation of reporter genes (Figure 3.1A). Rather than
converting Tcf7I1 to a transactivator, Wnt/B-catenin stimulation notably decreased Tcf7I1 protein
in ESC treated with recombinant Wnt3a or the GSK3 inhibitor, Chiron99021 (CH) (Figure 3.1B).
These results indicate a significant difference in the downstream effects of Tcf7--catenin and

Tcf711-B-catenin interaction.

To elucidate the transactivation independent effects of B-catenin on Tcf711, we
investigated how Tcf7I1 protein levels were reduced. Wnt3a- and CH-treated ESC displayed
increased Lefl and Tcf7 mRNA levels that correlated with increased protein levels (Figure
3.1B), consistent with Lef1 and Tcf7 being Wnt/B-catenin target genes (Filali et al., 2002;
Hovanes et al., 2000; Roose et al., 1999; Waterman, 2004). In contrast, decreased Tcf7I1
protein was not paralleled by a significant change in mRNA levels (Figure 3.1B), indicating that
B-catenin regulation of Tcf7I1 does not occur transcriptionally. Because Dgcr8 is a required
component of the microprocessor complex necessary for biogenesis of microRNAs (Wang et
al., 2007), CH-stimulated reduction of Tcf7I1 in DGCR8-/- ESC showed that reduction of Tcf711
protein was also not microRNA-mediated (Figure 3.1C). Treatments with the proteasome
inhibitors MG-132 or MG-115 effectively blocked the Wnt3a- and CH-stimulated reduction of

Tcf711 protein (Figure 3.1D, 3.2A), demonstrating that reduction of Tcf711 required protein
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Figure 3.1 Wnt/B-catenin stimulates Tcf7I1 protein degradation.

A) Transient transfection of Tcf7I1-/- ESC with B-catenin-Tcf fusion plasmids and
SuperTOPFlash (top) or LRH1 promoter (bottom) luciferase reporter plasmids. Values
represent mean +/- standard deviation for triplicate transfections.

B) Western blot (top) and Quantitative RT-PCR (bottom) analyses of ESC treated with
50ng/ml recombinant Wnt3a (left) or 3uM CH (right) for the indicated time.

C-E) Western blot analysis of ESC treated with 3uM CH for 24 hrs in DGCR8 mutant
cells (C), for 6 hrs together with MG-132 (5uM) in Tcf711 +/+ and Tcf711An/AN mutant
cells (D), and for 12 hrs together with leptomycin B (E)

F) Distribution of relative levels of nuclear Tcfl71 immunoreactivity in Tcf711+/+ (top) and
Tcf711AN/AN (bottom) cells expressing either GFP (red bars) or ANB-catenin (blue
bars). A total of 200 nuclei were counted for each condition. Data are representative of
three separate experiments (see Figure 3.2C for example of immunofluorescence and
Figure 3.2D for treatment with ANAC-catenin).
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Figure 3.2 B-catenin interaction required for Tcf711 protein degradation.

A) Western blot analysis of Tcf7I1 protein levels in ESC treated for 6 hours +/- 3uM
CHIR and/or 5 uM MG115.

B) Western blot analysis and quantitation of Tcf711 protein levels in Tcf7I11AN/AN ESC
treated for 12 hours +/- 50 ng/mL recombinant Wnt3a.

C) Transient transfection of GFP or ANB-catenin expression plasmids was performed in
Tcf711+/+ (top) and Tcf7L1AN/AN (bottom) ESC. Immunofluorescent detection of Tcf7I1
protein (cyan), GFP (green) or B-catenin (magenta), and DNA (blue) was measured in
nuclei of transfected cells. Images were processed for quantitative immunofluorescence
to generate data for graphs (Figure 3.1F, 3.2D).

D) Quantitative immunofluorescence for Tcf711 protein in ESC transiently transfected
with ANB-catenin (blue), ANACpB-catenin (green), or GFP only (red) expression
plasmids. Bars indicate number of cells (of a total of 200 counted) display the indicated
relative intensity of Tcf7I1 immunoreactivity.
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degradation. Finally, reduction of Tcf711 was blocked by leptomycin B, indicating that it required

Exportinl-mediated nuclear transport (Figure 3.1E).

To determine the role of B-catenin binding to Tcf711, Tcf7I11AN/AN knockin ESC were
used. In contrast to wild-type Tcf711, Tcf7ILAN was not degraded in response to CH or Wnt3a
(Figure 3.1D, 3.2B), indicating the Tcf7l1-p-catenin interaction was necessary for degradation.
To determine if the interaction was sufficient for degradation, ANB-catenin was expressed in
ESC and Tcf7I1 levels were measured by quantitative immunofluorescence. ANB-catenin
expression was sufficient to reduce nuclear Tcf711 levels in Tcf711+/+, but not in Tcf711AN/AN
cells (Figure 3.1F, 3.2C). Interestingly, several recent studies showed that a mutant form of -
catenin (B-cateninAC) supported self-renewal of mouse ESC, and complemented defects
caused by ablation of B-catenin despite the lack of the C-terminal transactivation domain in the
B-cateninAC mutant 137184 Therefore, it is notable that expression of a ANB-cateninAC was
also sufficient to reduce nuclear Tcf7I1 protein levels ESC (Figure 3.2D). Given the substantial
effects of altering Tcf711 levels in ESC 2139329 the reduction of Tcf7I1 protein provides a

mechanism for the poorly understood pro-self-renewal effects of 3-cateninAC in ESC.

Reduction of Tcf7I1 is sufficient to replace Tcf7I1-p-catenin interaction

If a principle mechanism of Wnt/B-catenin signaling functions through inactivation of Tcf711, and
not conversion to a Tcf7I1-p-catenin transactivator complex, then reducing the level of Tcf711
should be sufficient to replace the Tcf7I1-p-catenin interaction. This hypothesis was first tested
in ESC, where reducing the amount of Tcf711AN by siRNA stimulated reporter gene response to
Wnt3a (Figure 3.4A,B). For examination of broader effects of reducing Tcf711 in mice, the level
of Tcf711 was reduced by breeding for hemizygous mice (i.e. Tcf711+/- or Tcf7I11-/AN; Figure

3.4C). It is important to note that Tcf711-/- mice die shortly after gastrulation &.Tcf7I11AN/AN
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embryos progress normally through gastrulation, but later develop a constellation of
morphogenetic defects causing death for all Tcf7ILAN/AN mice at or before birth 18119 Mating
Tcf711+/- with Tcf711+/AN mice produced the Mendelian-expected ratio of Tcf7I1-/AN offspring,
despite the genetic absence of a Tcf7I1 protein capable of interacting with 3-catenin (Figure
3.3A, S2D). Moreover, Tcf711-/AN mice displayed none of the morphogenetic defects observed
in Tcf711AN/AN mice, including poor vascular integrity, edema, oligodactyly, and opened eyelids
(Figure 3.3C-D”, S2E,F). Indeed, Tcf711-/AN mice advanced to adulthood and appeared
indistinguishable from Tcf711+/+ littermates throughout their ostensibly normal lifetimes (Figure
3.3B). Thus, removing one copy of Tcf7ILAN genetically rescued the defects caused by ablating
the Tcf7l1-p-catenin interaction. These results demonstrate that inactivation of Tcf7I1 by -
catenin is the necessary effect downstream of Tcf711-f-catenin interaction for mouse

embryogenesis and postnatal viability.

To determine the effects of reducing Tcf7I1 at the target gene level in mice, tissues
previously shown to be affected in Tcf7ILAN/AN embryos were examined in Tcf7I11-/AN embryos
harboring the BAT-Gal reporter. Compared to Tcf711+/+ e14.5 eyelids (Figure 3.3E-E”),
Tcf71LAN/AN displayed a restricted domain of BAT-Gal activity and decreased expression of
Lefl, a Wnt/B-catenin target, in the mucocutaneous junction of the eyelid (Figure 3.3F-F’”) 1,
The domain of Lefl expression and BAT-Gal activity was increased in Tcf7I1-/AN relative to
Tcf71LAN/AN, and BAT-Gal activity was detected only in cells expressing Lefl (Figure 3.3 F-G””,
Figure 3.4G,H). Given the inability of Tcf7I1AN to respond to B-catenin, the rescue of BAT-Gal
activity in Tcf711-/AN embryos shows that activation is mediated by Lefl, and attenuation of this

activation depends on the level of Tcf7I1-repressor.
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Figure 3.3 Reducing Tcf711 levels replaces the requirement for B-catenin
interaction in mice.

A-D”) Tcf711-/AN mice appear normal at birth (A) and through adult stages (B) (see also
Figure 3.4D-F). Phenotypes observed in Tcf7I1AN/AN embryos, including oligodactyly
(C-C”) and opened eyelids at birth (D-D”), were not observed in Tcf711-/AN embryos.
(See also Figure 3.4E,F).

E-G’’) Tcf/Lef-B-catenin activation of BAT-Gal reporter is restored in the Tcf711-/AN
eyelid. Immunofluorescence for Tcf7I1 (green), Lefl (red), and B-galactosidase (blue)
displayed for e14.5 eyelids from BAT-Gal transgenic Tcf7I1+/+ (E-E”’), Tcf7I1AN/AN (F-
F’), and Tcf711-/AN (G-G’”) embryos. Arrows point to Lef1 positive nuclei with low
levels of Tcf3. Arrowheads point to Tcf7I1 and Lefl double positive nuclei, which were
observed in Tcf711+/+ (E-E’’) and Tcf7I11-/AN (G-G’”’) but not Tcf7I1AN/AN (F-F’”). The
dotted line denotes the BAT-Gal-positive region. Asterisks in (F) mark Tcf7I1 positive
cells in the nearby cornea.
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Figure 3.4 Reduction of Tcf711AN rescues Wnt activation.

A) Transient transfection of Tcf711+/+ (WT) or Tcf7I1AN/AN (KI) ESC with
SuperTOPFlash Luciferase reporter and various concentrations (0.04nM to 5nM) of
siRNA compounds. Control siRNAs (SCRM) and two independent Tcf711-specific (#1,
#2) siRNAs were used. Reporter activity was stimulated by treating with Wnt3a-
conditioned media or control conditioned media for 24hrs. Values represent means +/-
standard deviations of biological triplicates.

B) (top) Western blot showing degree of Tcf7I1 protein knockdown caused by siRNA
used for reporter assay (A) and (bottom) coomassie stained gel showing even loading
of protein lysates samples.

C) Western blot analysis (top, middle) of whole €8.5 mouse embryos determined to
have Tcf7l1+/+ and Tcf711+/- genotypes based on PCR genotyping reactions (bottom).

D) Recovery of offspring with the indicated genotypes from mating Tcf7I1+/- and
Tcf711+/AN mice. Note the normal viability of Tcf711-/AN mice.

E) Images of whole e15.5 embryos of the indicated genotype. Note the lack of edema
exhibited by Tcf711-/AN mice.

F) Images of whole €18.5 embryos of the indicated genotype. Note the lack of
hemorrhage in the Tcf711-/AN mice.

G,H) BAT-Gal transgenic mice harboring the Tcf/Lef-B-catenin reporter transgene were
X-gal stained to identify Tcf/Lef-B-catenin activity. (G) In the limb buds of €10.5
embryos, the intense domain of activity at the posterior region (arrows) is absent in
Tcf711AN/AN embryos and returns in Tcf711-/AN embryos. (H) In 8um thin cryosections
of the eyelids from e14.5 embryos, the domain of BAT-Gal activity at the
mucocutaneous junction (dotted line) is reduced in Tcf711AN/AN and restored to normal
in Tcf711-/AN embryos.
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p-catenin stimulates Tcf711 inactivation in human breast cancer.

In addition to pluripotent cells in the early mammalian embryo, and ESC in vitro, Tcf7I1 mRNA
expression has been noted in several types of adult stem cells and in poorly differentiated
cancers 291204 \We reasoned the novel aspects of the Tcf7I1-destabilization mechanism could
provide new insights into the effects of Wnt/B-catenin in these important contexts. Breast cancer
was chosen for further analysis, because: 1. Wnt/B-catenin has been known to effect mammary
tumors since its discovery by Nusse and Varmus 2%, 2) despite the long history, there remains a
poor understanding of underlying mechanisms of Wnt/B-catenin effects in this disease 2%, 3)
poorly differentiated mammary tumors express high levels of Tcf711 mRNA (0.81 mean Tcf7I1
MRNA +/- 0.91 standard deviation for 270 Basal tumors, -0.32 +/- 0.67 for 941 non Basal,
p<0.0001) (Figure 3.5A) 2°1, and 4) Altering the level of Tcf711 caused significant effects in

xenograft tumor formation experiments 2%7,

Consistent with previous analyses, we noted a very high frequency of the basal
molecular subtype among invasive mammary tumors expressing the highest levels of Tcf711
MRNA (83% of tumors with Tcf711 mRNA >1.1 were basal vs 22% of all tumors assessed were
basal; Figure 3.5A)%12°7. To examine patterns of Tcf7I1 protein expression, a Tcf711 specific
antibody was used for immunohistochemistry (IHC) staining of an array of breast cancer tissue
samples (Figure 3.6A)%32%_|n contrast to Tcf7I1 mRNA, nuclear Tcf711 protein was not
significantly higher in basal subtype tumors (55 +/- 60, n=23) relative to non-basal tumors (44
+/- 74, n=47) (Figure 3.5B, 3.6A), and the frequency of basal tumors displaying strong nuclear
Tcf7I1 (i.e nuclear IHC score > 180) was lower than the overall frequency of basal tumors on the
array (25% with high nuclear Tcf7I1 vs 32% of all tumors) (Figure 3.5C, 3.6B,C). Thus, although

Tcf711 mRNA is highly elevated in basal subtype tumors, Tcf711 protein is not.

Previous analysis of B-catenin protein in breast cancer patient samples demonstrated

that nuclear and cytoplasmic B-catenin was strongly associated with basal subtype tumors and
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poor prognosis 28219 To determine if the disparity between Tcf711 mRNA and protein levels
could be caused by elevated B-catenin, Tcf7I1 IHC results were compared to B-catenin IHC
results among identical patient samples. Remarkably, tumors with strong nuclear Tcf7I1 had
predominantly no nuclear or cytoplasmic B-catenin (B-catenin IHC score of 0) (Figure 3.5D), and
tumors with cytoplasmic and/or nuclear p-catenin (p-catenin IHC score of 2 or 3) displayed
predominantly diffuse or low levels of Tcf7I1 protein (Figure 3.5D). These data indicate that in
human mammary tumors, stimulation of Wnt/g-catenin is strongly correlated with decreased

nuclear Tcf7I1.

To test a causal relationship between elevated 3-catenin and low Tcf7I1 protein in breast
cancer, several breast cancer cell lines were used. Endogenous Tcf7I1 protein was reduced by
CH in all breast cancer cells examined (MCF7, MDA-MB-231, MDA-MB-468, HS578T, HCC38)
(Figure 3.5E). As in ESC, Tcf711 mRNA was not significantly diminished (Figure 3.6E), and the
reduction of Tcf7I1 protein was blocked by the proteasome inhibitor MG-132 (Figure 3.6F).
Treating cells with CH or CH +MG-132 increased cytoplasmic levels of Tcf7I1 detected by
immunofluorescence (Figure 3.6G) As in ESC, Tcf7 is endogenously expressed and can
stimulate TOPFlash activity (Figure 3.5F, 3.6H); overexpression of Tcf7I1 or p-catenin-Tcf711
fusion repressed TOPFlash activity (Figure 3.5F,G). Repression by Tcf7I1AN and Tcf711 HMG*
mutants indicate that inhibition of TOPFlash was caused by a combination of B-catenin binding
and DNA-binding dependent activities of Tcf7I1 (Figure 3.61). These results suggest that the
mechanism of B-catenin mediated inactivation of Tcf711, previously observed in ESC and mouse

embryos, also occurs in human breast cancer.

Tcf7I1 inactivation occurs independently of phosphorylation by HIPK2 or NLK

Treating human breast cancer cells with CH caused a substantial shift in mobility of Tcf711

analyzed by SDS-PAGE (Figure 3.5E). Although more difficult to detect in mouse ESC, likely
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Figure 3.5 Wnt/B-catenin inactivates Tcf711 protein in poorly differentiated breast
cancer.

A) Heat map showing relative levels of Tcf711 mRNA and tumor subtype status for all
individual tumors in a compendium of 1211 mammary tumors. Subtypes are displayed
according to previously designation 201,

B) Heat map showing relative levels of Tcf7I1 protein nuclear immunoreactivity (intensity
x area) for all individual invasive tumors in an array of samples from 71 individual
patients 298, Subtypes are displayed as they were determined previously 2°8.

C) Graphs show distribution of basal subtype with respect to the level of Tcf7I1 mRNA
(Left) or nuclear Tcf711 protein (Right).

D) Distribution of tumors with nuclear Tcf7I1 (n=15; white), diffuse Tcf711 (n=38, black),
or low Tcf7I1 (n=18, gray) classification relative to the immunohistochemistry (IHC)
score for cytoplasmic p-catenin for each individual tumor. Values represent the
percentage of tumors for each Tcf7I1 classification displaying the indicated cytoplasmic
B-catenin IHC score.

E) Western blot analysis Tcf7I1 protein levels relative to total protein (Coomassie) for
the indicated breast cancer cell lines treated with vehicle (DMSO) or CH (3uM) for 12
hours.

F,G) Relative SuperTOPFlash Luciferase reporter activity for breast cancer cell lines
transiently transfected with the indicated 3-catenin-ANTcf fusion plasmid, wild-type
Tcf711 plasmid, or empty vector. Values represent mean +/- standard deviation of
technical duplicates of biological duplicates.
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Figure 3.6 Tcf7l1 protein levels are reduced by Wnt/B-catenin in basal-type breast
cancer.

A) Examples of Tcf7l1 immunohistochemical staining and scoring of patient samples on
the breast cancer tissue microarray. Samples are arranged according to the intensity
scores given for nuclear (left) and cytoplasmic (top) staining. Note: none of the patient
samples had displayed a staining pattern of 0-cytoplasmic intensity score and 3-nuclear
intensity score.

B) Graphs showing distribution of tumor subtypes with respect to the three classes of
Tcf711 staining (nuclear, diffuse, low). Tumors with primarily nuclear Tcf711 were
Luminal A. Tumors displaying diffuse Tcf7I1 were split between Luminal A and Basal
subtypes. Tumors with low levels of Tcf7I1 protein were distributed among subtypes,
with a preference for Luminal A subtype.

C) Each graph shows the distribution of scores for nuclear Tcf711 (0-3), cytoplasmic
Tcf711 (0-3), or total Tcf711(0-6) for invasive tumors classified as Luminal A, Luminal B,
Her2, and Basal subtypes based on marker staining 2.

D) Each graph shows the distribution of scores for nuclear Tcf7I1 (0-3), cytoplasmic
Tcf711 (0-3), or total Tcf711(0-6) among the four classes of patient samples on the
progressive tumor microarray corresponding to: non-tumor tissue (Normal), carcinoma
in situ (DCIS), invasive tumor (Invasive), and lymph node metastases (LN Mets). Note
high levels of nuclear Tcf7I1 (i.e. score of 2 or 3) predominate only in normal tissue.

E) Quantitative RT-PCR analysis of Tcf7I1 mRNA levels after 12 hr. treatment with 3uM
CH.

F) Western blot analysis of MB-468 breast cancer cells treated +/- 6 yM CH and +/- 5
MM MG132 for 12 hrs.

G) Immunofluorescence for Tcf711 (green), total 3-catenin (red), and DAPI (blue) in MB-
468 breast cancer cells treated +/- 6 yM CH and +/- 5 yM MG132 for 12 hrs. Tcf7I1
inset shows higher magnification.

H) gRT-PCR analysis of Tcf/Lef transcription factor mRNA levels in breast cancer cell
lines. Tcf/Lef MRNA copy numbers were normalized to GAPDH mRNA copy numbers.

I) SuperTOPFlash activity was measured after HS-578T breast cancer cells were
transiently transfected with 20-500ng of Tcf711, Tcf711 HMG*, or Tcf7I1AN expression
plasmids. Biological duplicates are shown as two columns.
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because of multiple Tcf711 isoforms expressed in ESC 211, this shift also affected endogenous
Tcf711 in mouse ESC treated with CH or Wnt3a (Figure 3.7A,B, S4). Interestingly, work in other
systems demonstrated mobility shifts caused by B-catenin-dependent phosphorylation of
Tcf711/Tcf3 proteins by homeodomain-interacting protein kinase 2 (Hipk2)8212 and nemo-like
kinase (NLK) 213215 |n particular, HIPK2 has been proposed as a primary mediator of Tcf7I1
regulation by reducing chromatin binding after phosphorylation at conserved residues 8212, We
previously showed that Tcf7l1 chromatin occupancy is reduced in ESC by Wnt3a, and the
reduction required the Tcf711-p-catenin interaction *°. Therefore, we tested whether
phosphorylation of Tcf7I1 at conserved residues was needed for inactivation by using the
Tcf711-P2/3/4 mutant, which harbors mutations at the residues phosphorylated by HipK2 and
NLK . Surprisingly, the Tcf711-P2/3/4 mutation did not affect CH-induced degradation of Tcf711
or Tcf7I1-repression of target gene expression in ESC (Figure 3.7C,D). Thus, it is unlikely that
Wnt/B-catenin inactivation of Tcf7I1 in ESC requires phosphorylation by HipK2 or NLK. In
addition, while Tcf711 was indeed phosphorylated, we detected no change in phosphorylation in
the absence or presence of CH stimulation. The CH-induced mobility shift of Tcf7l1 was not
phosphatase-sensitive, suggesting it was not mediated by increased phosphorylation (Figure
3.7B). The nature of this posttranslational modification is not known; however, it was blocked by

MG-132 (Figure 3.7E), indicating that the modification required an active proteasome.

Reduction of chromatin occupancy provides the critical upstream point of Tcf711
regulation

To elucidate how the reduction of chromatin occupancy is causally linked to protein degradation,
guantitative chromatin immunoprecipitation (ChIP) experiments measured Tcf711 chromatin
occupancy following the combination of CH + MG-132 treatment. As expected from the changes
to Tcf711 protein levels (Figure 3.1B), CH reduced Tcf7I1 occupancy on target genes (Axin2,

Cdx1, Mycn), and MG-132 increased occupancy (Figure 3.7F). Importantly, CH treatment
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reduced chromatin occupancy even when destabilization of Tcf711 was blocked by MG-132
(Figure 3.7F), indicating the reduction in DNA binding was upstream of degradation.
Interestingly, since MG-132 prevented the mobility shift of Tcf711 (Figure 3.7E), this result also
indicates that the reduction of chromatin binding does not require the posttranslational
modification. Combined with the increased cytoplasmic Tcf711 staining after CH + MG-132
treatment (Figure 3.6G), these data indicate that Tcf7I1 is likely degraded after export from the

nucleus.

To examine the role of chromatin occupancy in regulating Tcf711 stability, we used the
Tcf711 HMG* mutation, which affects the DNA-binding HMG domain and disrupts DNA binding
198 The HMG* mutation was sufficient to reduce Tcf711 protein stability in the absence of CH
(Figure 3.7G). Moreover, stability of the mutant Tcf711 HMG* protein was not substantially
decreased by CH (Figure 3.7H), indicating that destabilization of Tcf711 requires a change in
chromatin occupancy. In support of the model focused on reduction of chromatin occupancy,
co-immunoprecipitation experiments showed that Tcf7I1-B-catenin interaction was stimulated by
CH + MG-132 (Figure 3.71) and B-catenin chromatin occupancy increased (Figure 3.7J) while
Tcf711 occupancy decreased (Figure 3.7F). Together these data are most consistent with the
Tcf711-B-catenin interaction inhibiting chromatin occupancy as the primary effect. The secondary
effect of Tcf711 degradation provides an additional mechanism by lowering Tcf7I1 levels, which
further reduces the amount of Tcf711 available to bind to chromatin. Thus, the combination of
reduced DNA binding and Tcf711 degradation combine for an additive reduction of Tcf711

repression in response to Wnt/p-catenin activity.
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Figure 3.7 Inhibition of chromatin occupancy is upstream of Tcf711 protein
degradation.

A) Western blot analysis of Tcf7I1 protein from wild-type ESC treated with 15uM CH for
0-2 hours.

B) Western blot analysis of Tcf7I1 protein. Cells were treated +/- 3uM CH for 12 hours.
Lysates were treated +/- 15 U/uL lambda phosphatase for 30 minutes.

C) Western blot analysis from lysates of Tcf711-/- ESC stably expressing either Tcf711-
WT or Tcf711-2/3/4. Cells treated +/- 6uM CH for 18 hours.

D) SuperTOPFlash Luciferase reporter activity of Tcf7I1-/- ESC transiently transfected
with either Tcf7I1-WT or Tcf711-2/3/4. Approximately 200,000 cells were transfected with
0.5ug, 0.1ug, or 0.02ug vector. Cells were additionally treated +/- 3uM CH for 12 hours.
Values represent mean +/- standard deviation of technical duplicates of biological
duplicates.

E) Western blot analysis of Tcf7I1 protein from lysates of Tcf711-/- ESC stably
expressing wild-type Tcf711. Cells were treated +/- 3uM CH and +/- 5uM MG-132 for 12
hours. Lysates treated +/- 15 U/pL lambda phosphatase for 30 minutes.

F) Quantitative chromatin immunoprecipitation using anti-Tcf711 antibody. Chromatin
was isolated from ESC treated for 12 hours with 3uM CH and/or 5uM MG-132. gPCR
measurement of Tcf711 bound DNA is shown for regions near AXIN2, CDX1, and MYCN
genes. Values represent the mean plus standard deviation of percent of precipitated
DNA relative to input for duplicate technical measurements of five biological
replicates.**p<0.01; ***p<0.001; NS p>0.05.

G) (top) Western blot analysis of Tcf7I1 protein from lysates of Tcf7I1-/- ESC stably
expressing either wild-type Tcf7I1 (WT) or the mutant Tcf711 HMG * (HMG*) protein.
Cells were treated with 30ug/ml cyclohexamide to block new translation, and the
stability of the two proteins was compared, relative to tubulin internal control, over a 12
hour periods. (bottom) Quantitation of Western blot and normalization of Tcf7I1 protein
levels was calculated for WT (blue) and HMG* (red) proteins. Each data point
represents the mean of biological triplicates.

H) Western blot analysis comparing the CH-mediated reduction WT and HMG* Tcf711
proteins using same ESC as (G).

) Co-IP experiments using anti-Tcf711 (top) or anti-B-catenin (middle). Protein was
immunoprecipitated from lysates of cells treated +/- 3 uM CHIR99021 and +/- 5 uM MG-
132 (bottom).

J) Quantitative chromatin immunoprecipitation using anti-B-catenin antibody. Chromatin
was isolated from ESC treated for 12 hours with 3uM CH and/or 5uM MG-132. gPCR
measurement of B-catenin bound DNA is shown for regions near AXIN2 and CDX1
genes. Values represent the mean plus standard deviation of percent of precipitated
DNA relative to input for duplicate technical measurements of 3 biological replicates.
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Figure 3.8 Post-translational modification of Tcf711 in response to Wnt/B-catenin
and DNA binding.

A) Western blot analysis of endogenous Tcf711 from wild-type ESC treated +/- Wnt3a for
12 hours. Lysates were treated +/- 15 U/uL lambda phosphatase for 30 minutes.
Endogenous Tcf711 is phosphorylated both in the presence and absence of Wnt3a and
undergoes an upward mobility shift in response to Wnt3a.

B) Western blot analysis of endogenous Tcf7I1 from wild-type ESC treated +/- Wnt3a or
CH for 12 hours. Cells were grown +/- Serum and +/- LIF for 24 hours. Tcf711 mobility
on SDS-PAGE is shifted by Wnt3a and CH independently of serum or LIF.

C) Western blot analysis of Tcf7I1 protein from lysates of Tcf711-/- ESC stably
expressing either wild-type Tcf7I1 (WT) or the mutant Tcf711 HMG * (HMG*) protein.
Cells were treated +/- CH for 12 hours. Lysates were treated +/- 15 U/uL lambda
phosphatase for 30 minutes. Tcf7I1 phosphorylation and CH induced mobility shift both
require DNA binding.
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Discussion:

The molecular effects of Wnt/B-catenin and Gsk3-inhibition on Tcf7I1 described here indicate
that Tcf7I1 primarily functions outside of the classic model of canonical Wnt/p-catenin signaling.
In ESC, inactivation of Tcf7I1 did not require phosphorylation of Tcf7I1 at conserved sites, and
B-catenin was sufficient to reduce Tcf711 levels without exogenous pathway stimulation. These
results were consistent with a novel mechanism of inactivation wherein -catenin binding inhibits
Tcf711-repression by reducing chromatin occupancy, consequently stimulating its degradation.
This mechanism provides a simple explanation for the controversial pro-self renewal effects of
the B-cateninAC mutant in ESC 1397184 the critical effect of inactivating Tcf7I1 is stimulated by
the p-cateninAC form, thus making p-catenin’s C-terminal transactivation domain dispensable in

ESC.

Experiments using human breast cancer tumors, breast cancer cell lines, and mouse
genetics combine to indicate that inactivation of Tcf711 is the predominant mechanism whereby
Wnt/B-catenin signaling interacts with this mammalian Tcf/Lef protein. The viability of Tcf711-/AN
mice genetically demonstrates that inactivation of Tcf7I1 is the only effect of Tcf711-p-catenin
binding required for normal mouse development and life. That said, additional activities
downstream of Tcf7I1-B-catenin interaction likely exist. Indeed, reporter gene assays support
rare Tcf711-B-catenin transactivator activity in some cell types, 293T, COS7 and human
keratinocytes 198199.207: however, a biological significance for this effect remains to be

determined.

Human breast cancer provides one important context where Tcf7l1-based activation has
been suggested (Slyper et al., 2012). Basal subtype tumors are particularly relevant because
they have been noted to share a gene expression signature with ESC 2°! and fetal mammary
stem cells 2%, These tumors, which express high levels of Tcf7I1 mRNA, have been suggested

to arise following reprogramming to an earlier embryonic stage ?'’, making it important to
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understand how Wnt/p-catenin and Tcf7I1 function. Previous direct experiments showed that
ectopic Tcf711 expression and Wnt3a both stimulate xenograft tumor formation, mammosphere
formation and colony formation in Matrigel from breast cancer cell lines 27, Although it is
formally possible that Tcf7I1-B-catenin complexes may act as transactivators for a set of target
genes critical for breast cancer cells, data presented here do not support this possibility. Tcf711
displayed only repressor activity in reporter assay experiments, and Tcf711 was degraded
following CH treatments. We propose two non-mutually exclusive possibilities of either, 1. Tcf711
and Wnt/B-catenin signaling mediate parallel effects, each stimulating tumor cells, or 2. Tcf711-B-
catenin complexes have a novel biochemical activity distinct from the classic transactivator
activity. The former is supported by recent demonstration of a Wnt/Gsk3/Slug/Snail signaling

axis affecting triple negative breast cancers 2%,

The B-catenin effects on Tcf7I1 are most parsimoniously explained by a mechanism of -
catenin directly inhibiting Tcf7I1 binding to chromatin. Experiments examining effects of -
catenin on Tcf/Lef interaction with naked DNA have shown there to be little or no effect on
binding in vitro. By contrast, B-catenin interaction significantly affects binding to chromatin of the
Lefl protein 2%°. Interestingly, mutational analysis of Lefl indicated that a region in the Lefl
amino terminus provides an intramolecular inhibition of chromatin binding. p-catenin binding
blocks the intramolecular inhibition, thus stimulating Lef1 binding to chromatin 2°. Although the
effect of B-catenin on Lefl is different than predicted for Tcf711, these previous findings
demonstrate both positive and negative regulation of chromatin binding via the p-catenin
interaction region of Tcf/Lef proteins. Further research is necessary to elucidate the biophysical

and biochemical nature of B-catenin effects on the chromatin binding properties of Tcf7I1.
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Experimental Procedures:

Immunohistochemistry Staining and Scoring of Mammary Tumor Microarray

Quantitative analysis (i.e. scoring) of IHC was performed without knowledge of specimen
identification. Scoring was based on the combination of intensity of stained cells and percentage
of tissue. Separate values for nuclear and cytoplasmic Tcf7I1 immunoreactivity were determined
for each sample. Total Tcf7I1 IHC scores were calculated using a modified Reiner scoring
system 22° by multiplying the intensity of staining (0-3 value) by the percentage of positive cells.
Ranking and scores for p-catenin levels and localization were previously described in

Khramstov et al 28,

Statistical Analyses of Tumor RNA and Protein Expression Data

The Kruskal-Wallis test was used to compare overall effect of stage on nuclear, cytoplasmic,
and total Tcf711. The Wilcoxon Rank-Sum test with bonferroni correction was used to conduct
pairwise comparisons among four stages. Two sample t-test was used to compare Tcf711
MRNA between basal and non-basal groups. The Wilcoxon Rank-Sum test was used to
compare Tc711 nuclear, cytoplasmic, and total IHC-score between basal and non-basal groups
and between luminal A and non-luminal A groups. Spearman correlations determined the
relationships between nuclear Tcf711 and cytoplasmic 3-catenin. P-values <0.05 were

considered statistically significant.
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Chapter 4: Co-incident insertion enables high efficiency genome engineering in
mouse embryonic stem cells.

*With the exception of several formatting changes, the content of chapter has been published in
the following manuscript:

Shy, B.R., MacDougall M.S., Clarke R., and Merrill, B.J. “Co-incident insertion enables high
efficiency genome engineering in mouse embryonic stem cells”. Nucleic Acids Res., September
2016.
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Abstract:

CRISPR/Cas9 nucleases have enabled powerful, new genome editing capabilities; however, the
preponderance of non-homologous end joining (NHEJ) mediated repair events over homology
directed repair (HDR) limits the ability to engineer precise changes in mammalian genomes.
Here, we increase efficiency of generating precise HDR-mediated events in embryonic stem
cells (ES) by more than 20-fold through the use of co-incidental insertion (COIN) of independent
donor DNA sequences. COIN uses the insertion of a selectable marker at one control site to
greatly enrich for cells with the desired precise HDR-mediated event at a second, independent
site. In addition to providing a simple approach for efficiently engineering stem cell genomes,
the COIN effect exemplifies a co-occurrence of independent events, which can be rationally

applied to other aspects of genome engineering.



93

Introduction:

The recent adaptation of RNA-guided nucleases, such as S. pyogenes Cas9, for use in
mammalian cells has yielded substantial benefits for stem cell and regenerative medicine
research. The Cas9 protein uses structural RNAs from a clustered regularly interspaced short
palindromic repeat (CRISPR) locus to target its nuclease activity to a DNA sequence 21, The
first 20bp of the sgRNA directs Cas9 nuclease activity to a DNA target by Watson-Crick base
pairing, generating a double strand break (DSB) at that site 67182, This, in turn, stimulates
endogenous DNA repair pathways, which can be harnessed for local genome editing. In
mammalian cells, an engineered single guide RNA (sgRNA) is used in place of the processed
CRISPR RNA 11168 Thijs process has been used in stem cells to generate new cell models of
genetic disease and to repair pathologic mutations in patients’ stem cells for diverse human
diseases including cancers, muscular dystrophy, HIV, and beta-thalassemia 22227, The
profound therapeutic potential of this system depends on its ability to efficiently and safely

engineer changes to genomes of patients’ stem cells.

Precise genomic changes are made by using homology directed repair (HDR) to
incorporate a donor DNA sequence at the DSB. In mammalian cells, this occurs at very low
rates because Cas9-generated DSBs are far more frequently repaired by non-homologous end
joining (NHEJ) than HDR 11228 To overcome the high frequency of NHEJ events when seeking
HDR events, either a large number of clones need to be screened or the HDR-dependent
events need to be enriched in a population of cells. A positive selection marker gene is
commonly added to the donor DNA sequence to enrich for cells altered by HDR. Unfortunately,
this leaves a heterologous DNA sequence inserted at or near the site of interest, which is
incompatible with many applications of genome editing. In the absence of a positive selection

marker gene, the process of screening, isolating, and expanding desired HDR events away from
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the undesired NHEJ-mediated events constitutes a substantial barrier to successful genome

engineering approaches.

Recent studies have identified some enhancements for stimulating HDR repair of Cas9-
generated DSB in pluripotent stem cells. The greatest advances thus far involve using small
single stranded oligos (ssODN) as donor DNAs. A screen for small molecules identified two
compounds (Brefeldin A and L755507) that stimulated a 9-fold increase for insertion of a point
mutation by ssODN, as well as a 2- and 3-fold increase in the frequency of insertion of GFP into
the Nanog locus using a donor DNA with large arms of homology 22°. It remains unclear how this
effect is caused by Brefeldin A, an inhibitor of ER to Golgi transport, or L755507, a 33-
adrenergic receptor agonist. Delivering active Cas9 ribonucleoproteins (RNPs) directly into cells
synchronized in the G2/M phase of the cell cycle also increased HDR events over 6-fold with a
sSODN as the donor DNA. Use of a small linear dsDNA yielded a more modest 2-fold
enrichment from timed RNP delivery 1. These advances increase the utility of some HDR-
mediated genome edits, but they are restricted by the limited capacity of sSODN to about 50bp

insertions.

To develop technologies and methods for making HDR-mediated genome engineering
more efficient in stem cells, we focused on optimizing the use of relatively easily generated
dsDNA fragments as donor DNA. Initial experiments elucidating effects of homology arm length
and donor concentration on the frequency of HDR-mediated insertion revealed an unexpectedly
high frequency of cells with insertions at both alleles when a single gene was targeted.
Importantly, similar to the abundant biallelic events at a single genomic site, a coincidental
insertion (COIN) effect also occurred when unlinked genes were simultaneously targeted by
distinct sgRNA/donor DNA combinations. Thus, use of positive selection for an HDR event at a
safe harbor, such as Rosa26, provides substantial enrichment of HDR events at other genomic

sites without the need for additional selectable markers. Using standard liposome-mediated



transfection of common plasmids and simple linear donor DNAs, we observed up to 20-fold
increase in efficiency. In summary, the COIN effect makes it possible to expect 10-20% of

transfected ES cells to contain the precisely altered locus.
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Results:

To test the effect of donor DNA characteristics on insertion efficiency, we focused initial
experiments on one genomic site in the Lefl gene using a sgRNA sequence that we previously
validated to function for NHEJ-based indel mutagenesis (Fig 4.1A). The frequency of HDR
insertion of a PGK-Neo selection cassette at this Lefl site was determined with a quantitative
real time PCR (qPCR) assay, which accurately measures the number of Cas9-dependent
insertion events at a frequency as low as one insertion per 1000 genomes (Fig 4.1B). The
benefit of Cas9 and sgRNA was measured using the gPCR assay and exemplified by the 140-

fold increased recovery of Lefl::PGK-Neo alleles (Fig 4.1C).

For initial experiments, the homology arm length was set near 200bp for two reasons.
First, the qPCR assay is specific for on-target insertion of donor DNAs with a left arm of
homology 168bp or less (Fig 4.1A). Second, a 200bp homology arm length has significant
practical relevance, because it allows for attachment of homology arms by PCR ampilification
with primers possessing long 5’ overhangs (Experimental Procedures). Therefore, we reasoned
that methods enabling efficient insertion of donor DNAs with homology arms of about 200bp
would provide significant benefits in their ease of use, simplicity of generation, and potential

application to high-throughput experiments.

The effect of donor DNA concentration was assessed for on-target insertion at Lefl and
off-target insertions at unknown sites. Genomic DNA was isolated from cells transfected with the
Cas9/sgRNA expression plasmid plus a Lef1-Neo donor DNA (Fig 4.1A,B). On-target insertions
were directly measured by qPCR, and off-target insertions were indirectly determined by
subtracting the percentage of on-target insertions from the total G418-resistant genome
equivalents. Using 168/181bp arms of homology, the number of on-target insertions was
proportional to the amount of donor DNA transfected into cells (Fig 4.1C). The highest level of

insertion (2.5% of transfected cells at 1pmol donor DNA) did not appear to have reached
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Figure 4.1 Quantitative PCR (QPCR) assay for optimization of HDR-mediated
insertions

(A) Schematic of mouse Lefl gene showing sgRNA target sequence (green), PAM site
(red), and beginning of arms of homology (bold). Locations of exons 7 and 8 are
denoted with boxes. The size (bp) of homology arms and the Lefl1-Neo DNA donor with
a PGK-Neo selection cassette (blue) are indicated below each feature. Locations of
primers used for quantitative PCR assay are noted.

(B) gPCR detection of varying ratios of genomic DNA from WT cells mixed with a
heterozygous Lefl::PGK-Neo clone. Clones used for ladder generation are shown in
Figure 4.2A.

(C) Percentage of on-target insertions following transfection of Cas9, donor DNA, and
sgRNA from Figure 4.1A were determined using qPCR assay from Figure 4.1B after
positive selection with G418 media. Bars represent mean +/- SD for biological and
technical duplicates.

(D,E) gPCR analysis of increasing donor DNA concentration on on-target insertions
among all transfected cells (D) or only those cells surviving G418 selection (E). Bars
represent mean +/- SD for biological and technical duplicates.
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Figure 4.2 PCR genotyping for wild-type and heterozygous Lefl::PGK-Neo clone

(A) PCR genotyping for wild-type and heterozygous Lefl::PGK-Neo clone used in the
generation of the quantitative PCR ladder illustrated in figure 4.1B.
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saturation, but was limited by the amount of DNA that could be used without causing toxicity. By
contrast, the ratio of on-target to off-target insertions did not increase as substantially when
more donor DNA was added (Fig 4.1D). Thus, increase in donor DNA enabled a greater number
of transfected cells to insert the donor DNA into their genome, but had only a minor effect on

where the insertion occurred.

Homology Arm Length and Insert Size Contribute Opposing Effects on Usage of Donor

DNA for HDR-mediated Insertion at Cas9-generated DSB

Although decades of gene targeting experiments without RNA guided nucleases has led to the
general consensus that longer arms of homology and smaller sized inserts between those arms
are beneficial for gene targeting, the relative benefits of each of these donor DNA
characteristics has not been clearly defined using Cas9 in ES cells. To determine their effects
on on HDR-mediated insertion, we focused on events at one Cas9 site and tested a wide range
of donor DNAs. For donors with left homology arms of 168bp or smaller, gPCR was used to

determine insertion frequencies (Fig 4.1A,B).

Keeping homology arms constant at 168/181bp, the distance between homology arms
was varied from 1794bp to 21bp (Fig 4.4A,B). Insertion frequency did not significantly change
as insert size was reduced from 1794bp to 500bp, but the frequency logarithmically increased
as insert size decreased below 500bp (Fig 4.3B). Combined with Cas9 and sgRNA expression,
it was possible to obtain insertions of 1794bp with as little as 25bp homology arms (Fig 4.3C,D).
Increasing the length of homology arms led to substantial increases in targeting efficiency, with
a notable jump at arm lengths greater than 100bp (Fig 4.3C). Unlike experiments with varying
donor DNA concentration (Fig 4.1D,E), increasing homology arm length did not lead to higher

off-target integration frequency, resulting in an overall rise in ratio of on:off-target insertions in
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transfected cells (Fig 4.3D). Presumably, total number of off-target integrations is affected by

the amount of donor DNA and not homology arm length.

The HDR-mediated insertion of donors with large homology arms was incompatible with
gPCR analysis. For experiments assessing longer arms of homology, PCR analysis of isolated
clones transfected with donor DNA harboring a PGK-Neo cassette was used to determine ratio
of on:off-target insertions (Fig 4.1A, 4.3E,F). Experiments also used flow cytometry of
populations of cells transfected with a donor DNA harboring a GFP expression cassette to
determine frequencies of overall insertion events (Fig 4.3G,H). The on:off-target ratio (Fig 4.3F)
for each homology arm length was applied to its overall insertion frequency (Fig 4.3H) to
generate separate on-, off-, and mis-targeted insertion frequencies (Fig 4.31). Similar to the
trend exhibited by shorter arms, increasing the arm length up to 1443/1471bp led to more
frequent on-target insertions with no change in off-target insertions (Fig 4.3l). This is consistent

with off-target insertions occurring primarily through homology-independent repair.

Frequent Co-occurrence of Independent HDR-mediated Insertions at Cas9-generated

DSB

Analysis of individual clones revealed an unexpected relationship between the frequencies of
monoallelic and biallelic Lefl::Neo insertions (Fig 4.3E). A priori, one would expect the two
alleles to be targeted independently, and thus, biallelic insertions would be expected to occur
with a frequency equal to the product of two monoallelic insertions. In contrast, biallelic
insertions were recovered at 7- to 14-fold higher than their predicted frequency (Fig 4.3J).
Interestingly, other groups have noted exceptionally high frequencies of biallelic events relative
to monoallelic events. Byrne et al reported a high frequency of biallelic insertions at Cas9-

generated DSB using donor DNAs with large arms of homology (>2kb) in human induced
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Figure 4.3 Effect of homology arm Iength on frequency of HDR-mediated donor
DNA insertion

(A) Schematic of the parental Lefl locus surrounding exon 7/8 (left) and Lefl::Neo allele
after on-target insertion of Lef1-Neo DNA donor (right). PCR primer locations and
corresponding PCR products are illustrated. Blue color denotes specificity for the
Lefl::Neo allele.

(B) Effect of insert size was determined by gPCR for inserts from 21bp up to 1794bp
with a constant homology arm length (168/181bp). DNA donors are shown in Figures
4.4A,B.

(C,D) Effect of homology arm length on targeting efficiency for nearly symmetrical arms
from 25bp to 202bp was determined by qPCR for all transfected cells (C) or only those
surviving G418 selection (D). Bars represent mean +/- SD for biological and technical
duplicates. DNA donors are illustrated in Figure 4.4C and PCR products are shown in
Figure 4.4D.

(E) PCR genotyping for 48 G418-resistant clones obtained using donor DNA with
indicated homology arm lengths. A clone was identified as having a monoallelic on-
target insertion if F1/R1 and F2/R2 primer pairs generated 1.0kb and 1.7kb bands,
respectively. Biallelic clones were identified by F1/R1 primers producing a 2.8kb band
only and F2/R2 generating a 1.7kb band. Clones with a single band from F2/R2 primers
size were counted as a mis-target when the band was not 1.7kb (#2,31). DNA donors
are shown in Figure 4.4C,D.

(F) Off-target insertion was calculated as the percentage of clones lacking either on- or
mis-target bands from panel (E).

(G,H) Insertion of Lef1-GFP donor DNA with the indicated homology arm lengths was
measured by flow cytometry (bottom). Control lacking donor DNA is shown in Figure
4.4E (0.04%). Representative images of cells in culture are shown by DIC (top row) and
green fluorescence (middle row). Lef1-GFP insertion frequency relative to all
transfected cells is shown in (H) as the mean +/- SD of 6 separate measurements for
each homology arm length (biological duplicates from 3 independent experiments).
Experiments are shown individually in Figure 4.4F.

(I) Calculated on-, mis-, and off-target rates for donor homology arm lengths of 208/202,
459/525, 1001/1035, and 1443/1471 bp. The total GFP+ cells from panel (H) were
divided into subsections based on the ratios shown in panel (F).

(J) Discrepancy between predicted and observed frequencies of biallelic insertions. The
expected frequency of biallelic is the observed frequency of on-target insertions in cells
not subjected to selection from panel (). Fold increase is calculated by dividing
observed frequency by predicted frequency of the second Lefl::Neo allele.
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Figure 4.4 Generation of linear dsDNA donors for HDR

(A and B) DNA donor templates used in figure 4.3B. Homology arm length was held
constant at 168 bp on the left and 202 bp on the right. Insert length was varied from 21
bp up to 1794 bp. Schematic (A) and PCR products (B) are shown.

(C and D) DNA donor templates used in figure 4.3C-E. Homology arm length was varied
while holding insert length constant. Arm lengths are illustrated in the schematic (C) and
PCR products are shown (D).

(E) Flow cytometry of no donor control for figure 4.3G. Shows background level of
GFP+ cells (0.04%).

(F) Flow cytometry measurements for 3 independent experiments varying Lef1-CMV-
GFP donor homology arms. Converted to mean in figure 4.3H. Pairs represent
biological duplicates.

(G) DNA donor templates used in figure 4.3F-H. Sixteen combinations of homology
arms targeting the Lefl locus were generated flanking a CMV-GFP insert.
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pluripotent stem cells 2%°. Canver et al reported frequent biallelic deletions between two Cas9-
generated DSB in murine erythroleukemia (MEL) cells 23, Given the occurrence of biallelic
events in diverse experimental systems, we reasoned that the phenomena could be caused by
a common mechanism, and that elucidating the mechanism could lead to a significant advance

in genome engineering.

Expectations for biallelic frequencies are based on the two events occurring
independently; however, it is possible that an event at one allele provides a substrate for gene
conversion to generate the second allele. To test this possibility, we transfected cells with two
different donor DNA; one expressing GFP used for detection of HDR-mediated insertion
(detection donor), and one expressing G418 resistance used for positive selection of cells
(selection donor). Each donor DNA had the 208/202bp arms of homology for the Lef1 site
characterized in Fig 4.3. By performing G418 selection for insertion of one of the donor DNA,
insertion of the second GFP donor was increased from 0.49% to 15.44%, which represents a
32-fold enrichment (Fig 4.5A). Since the high frequency of insertions at both alleles occurred
even when two different sequences were inserted, we conclude that the high frequency was not

caused by gene conversion.

We posited that the high biallelic frequencies were caused by independent but
coincidental insertion (COIN) of each donor DNA after Cas9-mediated DSB. To test whether the
COIN effect occurred through independent events, we determined if it would work for
combinations of genes on different chromosomes and using different sgRNA for the Cas9-
mediated DSB. Combinations of insertions targeting Lefl and Tcfl genes were detected by
insertion of GFP. These detection insertions were performed either with or without selection for
G418-resitance by insertion at Lefl and Rosa26 genes (Fig 4.5B-E). Each combination of
selection and detection donors generated a substantial COIN effect, ranging from 10-fold for

Rosa26-Neo/Tcfl-GFP to 22-fold for Lef1-Neo/Tcf1-GFP combination (Fig 4.5C,E). These
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results demonstrate that COIN is effective even when distinct, distant genomic sites are

combined together in selection/detection combinations.

Effect of Homology Arm Length on COIN Outcomes

We interpret COIN working for both distinct, unlinked genomic sites and for different alleles at a
single genomic site to suggest that COIN functions through the co-occurrence of independent
events in cells. This co-occurrence allows for the positive selection of one event (e.g
Rosa26::Neo) to enrich for cells more likely to have completed the second, independent event
(e.g. Tcfl::GFP). In order for co-occurrence to provide enrichment for these similar but
independent events, the cells must be heterogeneous in their ability to undergo HDR. This
hypothesis predicts that selection donor DNAs that are highly effective at HDR insertion will
produce the weakest COIN effect, because they provide the least stringent selection for HDR-
proficiency. Conversely, relatively poorly integrated selection DNA donors should produce the
greatest COIN effect. We tested this possibility by comparing the COIN effect on Lefl::GFP
insertion with positive selection provided by Rosa26-Neo donor DNAs with various homology
arm lengths (Fig 4.7A). The weakest COIN effect came from the selection donor with the
longest homology arms (1087/4039bp), as it provided only 5-fold enrichment of Lefl::GFP
insertions (Fig 4.5A). Selection donors with the shortest homology arms (219/235bp) provided
the greatest COIN effect with a 16-fold enrichment of Lefl::GFP insertions (Fig 4.5A). Thus, the
COIN enrichment effect is indirectly proportional to the effectiveness of the selection donor
DNA. These results suggest that COIN effects exist because transfected cells exhibit a range of
HDR-proficiency, and higher stringency of selection effectively enriches for the most HDR-

proficient cells.
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To determine if the COIN effect can enrich for both relatively frequent and infrequent
HDR events, the homology arm length of the detection donor DNA (Lef1-GFP) was varied. The
homology arm length of the selection donor DNA (Rosa26-Neo) was kept constant at
516/495bp, a length that provided an intermediate COIN enrichment effect (Fig 4.7A). As
expected, the addition of longer arms of homology increased baseline insertion frequency
without COIN, from 0.78% for 208/202bp arms to 1.91% for 1443/1471 arms (Fig 4.7B). COIN
increased insertion frequencies for all Lef1-GFP donors (from 3.3% to 21.47%), with the COIN
effects rising with increasing baseline detection insertion rates. These results are consistent with
COIN effectively enriching for HDR-proficient cells over a broad range of baseline efficiencies,

indicating a potential to provide benefits to diverse genome engineering applications.
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Figure 4.5 High frequency of coincidental insertion of distinct donor DNA
targeting the same gene and independent genes

(A) Experimental approach showing transfection of donor DNA for selection (Lef1-Neo)
and detection (Lef1-GFP), splitting cells into G418-containing media or non-selective
media, and detection of Lefl::GFP frequency by microscopy and flow cytometry to
determine percentage of GFP-positive cells. Each donor DNA had 208/202bp homology
arms. Fold increase is calculated as percentage of GFP+ cells after selection divided by
GFP+ percentage for all transfected cells. Insertion % is measured by flow cytometry
(shown in Figure 4.6A).

(B-E) Similar to (A); however sgRNA and donor DNA target insertion at distinct genes
(Lefl, Tcfl, Rosa26) (C-E). The combination of selection and detection donor DNA are
noted at the top of each column. Insertion % is measured by flow cytometry (shown in
Figure 4.6C-D).
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Figure 4.6 Flow cytometry data for COIN
(A) Flow cytometry measurements for figure 4.3A.

(B) PCR genotyping analysis of 12 clones exhibiting both Neomycin resistance and
GFP expression. Length of left and right donor homology arms were 208bp and 202bp,
respectively. Primers are specific for CMV-GFP insertion into the Lefl locus. Results
show 10/12 clones with CMV-GFP insertion at the correct location. Compare to 6/12
when only one is allele selected as in figure 4.3E.

(C) Flow cytometry measurements for figure 4.5B-C.

(D) Flow cytometry measurements for figure 4.5D-E.



FL2 (Red)

No Donor
0.10 %

FL2 (Red)

! FL1 (Gréan)

FL1 féreen) -

i

No Donor
0.08 %

No Donor
0.05 %

&
T
o)
o
Sl
|
o
Without G418
0.58%

" FL1 (Green)

v ]
w sy
]
|
Sw Sl
£ ¢ |
) i ! 9 4
Lo 4 Selection: Lef1 [}
Detection: Lef1 :

Without G418

4 0.40 %
e " 03 i a he
FL1 (Green)

o
g 3
< 2
3 p 3
& Selection: Rosa26 i

Detection: Lef1
Without G418

T .
FL1(Green)

i

G418 Selection
15.54%

FL1 (Green)

<€ mLef1:CMV-GFP (2141 bp)

FL2 (Red)

Selection: Left
Detection: Teft

Selection: Lef1 !
Detection: Lef1

G418 Selection Without G418
> 1354 % 9
- - - & 3 . £
FL1 (Green) FL1 (Green)
w
g S
g ¢
B 8
Selection: Rosa26 L .7 Selection: Rosa26

Detection: Lef1 Detection: Tef1
G418 Selection Without G418
D0 %

T%

FL1 (Green) "FL1 (Green)

114

Selection: Left

Detection: Tcf1

G418 Selection
16.57 %

FL2 {Red)

election: Rosa26
Detection: Tef1
G418 Selection

80 %



115

Figure 4.7 Homology arm length alters the frequency of co-incident insertion.

(A) Flow cytometry analysis and representative DIC and fluorescent microscopy images
of using Lef1-GFP as the donor DNA for detection and Rosa26-Neo as the donor DNA
for selection. Percentage of GFP+ cells was determined for all transfected cells (top)
and for cells following G418 selection (bottom). As indicated at the top of each column,
homology arm length was varied for the Rosa26-Neo donor DNA and kept constant at
208/202bp for Lefl-GFP. Insertion % is measured by flow cytometry (shown in Figure
4.8A).

(B) Similar to (A), except homology arm length was varied for Lef1-GFP and kept
constant for Rosa26-Neo at 516/495bp. Insertion % is measured by flow cytometry
(shown in Figure 4.8B).
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Figure 4.8 Flow cytometry data for COIN
(A) Flow cytometry measurements for figure 4.7A.

(B) Flow cytometry measurements for figure 4.7B.
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Discussion:

The adaptation of the CRISPR/Cas9 system for use in mammalian cells provided a simple and
powerful method to edit stem cell genomes 111167.188 Cyrrently, the high frequency of mutagenic
NHEJ-driven repair relative to sparse HDR processing of Cas9-mediated DSB constitutes a
barrier to engineering large and precise changes 1228, To optimize frequency of precise
insertions into the ES cell genome, we first focused on the donor DNA used as a substrate for
HDR. Characterization of homology arm length demonstrated the ability of 200bp arms to
stimulate consistent on-target insertions. Interestingly, longer homology arms increased
frequency of on-target insertions but did not affect that of off-target insertions, consistent with
the notion that on- and off-target insertions are mediated by distinct mechanisms. Recent
rational approaches to the off-target insertion problem aim to either enhance on-target rates by
stimulating HDR activity, or to reduce off-target integration by inhibiting NHEJ or designing
donor DNA to be a poor substrate for end-ligation reactions 23223, To date, attempts at
manipulating repair activity have yielded only minor improvements relative to the dramatic

benefits of localizing repair activity to a genomic site by a Cas9-mediated DSB.

The COIN effect substantially boosts efficiency of current genome engineering practices.
Recent advances from a small molecule screen identified two compounds that increased
insertion of a Nanog-GFP donor DNA by 2- to 3-fold 2%°. In addition, electroporation of active
Cas9 RNPs into G2/M synchronized cells similarly increased frequency of a 12bp insertion from
a 250bp dsDNA donor %°, By contrast, COIN increased the frequency of HDR-mediated
insertion by up to 42-fold when selection and detection dsDNA donors targeted a single site,
and up to 22-fold when the two donors were targeted to distinct sites. Relative to HDR without a
second selection donor to enrich for HDR events, COIN reduces the number of clones one must
screen by 90-95%. This increased efficiency facilitates ease in design of effective donor DNAs

by reducing the length of homology arms needed and removing the need for a selection marker
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cassette within the donor DNA. Finally, by using dsDNA as donors, COIN allows large changes
greater than 1kb to be inserted at a frequency similar to that of smaller changes generated

using ssODN with current methods.

Potential limitations of COIN can be largely mitigated by some simple enhancements.
The primary concern with using COIN is that the second sgRNA necessary for the effect could
contribute to the number of Cas9-mediated DSB at off-target sites. For new stem cell lines
where off-target effects are a concern, it will be necessary to use an sgRNA that has been
carefully assessed for off-target cutting using an empirical method, such as GUIDE-Seq 4.
Donor DNA used for selection should also be optimized for a high ratio of on:off-target insertion
events. Here we use a splice acceptor Neomycin resistance cassette (SA-B-Geo) to target the
Rosa26 locus. However, a fusion protein requiring a precise in-frame insertion or the use of

negative selection outside of homology arms could provide substantially higher specificity 14’.

Finally, while we use COIN specifically for the promotion of HDR in mouse ES cells, we
expect the principles to be broadly applicable. High levels of co-occurrence in terms of bialleleic
events have been reported for genome editing procedures in a variety of mammalian systems
228,230.231.235 A recent study extends the co-occurrence of HDR events to S. cerivisiae 2. We
suggest that COIN is an example of an important and broadly applicable principle to consider
when performing genome engineering experiments. The principle is based on the co-occurrence
of independent events wherein epigenetic heterogeneity exists among genetically homogenous
cells. The rare cells that are proficient at completing one genomic manipulation have an
increased probability of completing a second, independent genomic manipulation, provided the
two are sufficiently similar. Using positive selection to enrich for one manipulation also enriches
for the second. In this way, manipulations incompatible with direct selection or screening can

still be enriched.
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Experimental Procedures:

ES Cell Culture.

2 x 10° — 2 x 10° C57BL/6 mouse embryonic stem cells (ESC) were plated on 0.1% gelatin
(Millipore #ES-006-B) on 6 well plates (Falcon #353046). Cells were grown in Knockout DMEM
(GIBCO #10829-018) supplemented with the following: 15% Fetal Bovine Serum (GIBCO
#10437-028), 2 mM L-Glutamine (GIBCO #25030-081), 1000 U/mL Pen Strep (GIBCO #15140),
1 mM HEPES (Thermo Scientific #SH30237.01), 1X MEM NEAA (GIBCO #11140), 55 uM 2-
Mercaptoethanol (GIBCO #21985-023), 100 U/mL LIF (Millipore #£SG1106), and 3uM
CHIR99021 (Sigma #SML1046). Cells were split 1:10 with 0.25% Trypsin-EDTA (GIBCO
#25200-072) every 2-3 days.

Quantitative PCR (gPCR) Assay.

A set of concentration standards for gPCR genotyping the Lefl::Neo insertion was generated by
mixing genomic DNA (gDNA) obtained from a heterozygous Lefl::Neo line with WT gDNA.
Original clones are shown in Fig S1A. gDNA was mixed to generate the following percentages
of Lefl::Neo: 50%, 25%, 10%, 2%, 0.5%, and 0.1%. Sample DNA was isolated from ~2 x 10°
cells by lysis with 0.5% SDS followed by ethanol precipitation. 50ng of gDNA from each sample
was combined with Perfecta SYBR Green Supermix (Quanta #95053) and primers specific for
either the Lefl::Neo insert (Fig 1A) or a WT Lefl (exonl12) control ~30kb downstream. Primers
used are: Lefl::Neo (F Primer): CTGCCCCTTTCCCTAACTG, Lefl::Neo (R Primer):
CCGGATCCACTTTCATCATC, Lefl(exon12) Forward: CTGCCCTGTGAAGTGTCTGA,
Lefl(exonl12) Reverse: AATGAACTGCAAACGGGTTC. gPCR was performed on a C1000
thermal cycler and CFX96 Real Time System (Bio-Rad) with the following parameters: 95° for
2m, then 40 cycles of 95° for 30s and 60° for 30s. Quantities were normalized to the Lefl exon
12 control and cycle number was compared against the ladder for Lefl::Neo to quantify insert

percentage.
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Chapter 5: Concluding Remarks



124

Part I: TCF/LEFs, WNT signaling, and the differentiation of mouse embryonic stem cells

Mechanism of TCF3 requirement for EpiLC differentiation

TCF3 is required both in vivo to prepare cells for gastrulation®%7 and in vitro for EpiLC
differentiation. As described in Chapter 2, cells without TCF3 are unable to turn off ESC genes,
were deficient in activating EpiLC genes, and failed functional tests of differentiation.
Conversely, cells with only TCF3 and none of the other TCF/LEFs differentiated appropriately to
EpiLC. This identifies TCF3 as unique among the TCF/LEFs in its ability to drive differentiation

but does not describe the mechanism.

One clue may be in the disappearance of TCF3 bound DNAse hypersensitivity sites
(DHS). DNAse | preferentially digests regions of genomic DNA that lack nucleosomes and thus
DHS represent regions of open chromatin. Although there is a group unique transcription factors
which can bind to condensed chromatin, so-called “pioneer” factors?®, the majority of
transcription factors can only bind efficiently to nucleosome-free DNA within these DHS. DHS
are thus central points of regulation for both gene expression and nuclear architecture. The
pattern of DHS throughout the genome is the epigenetic modification that best correlates with
the differentiation status of a cell and may be a major determinant of a cell’s properties through

activating and inactivating regions of genomic DNA#7-49:239.240,

A patrticular cell fate is frequently maintained by a core set of transcription factors
specific for that fate. These core factors regulate the expression of one another through
cooperative binding at large clusters of open chromatin called “super” or “stretch” enhancers
(SE)*"4%290, These SE provide an epigenetic signature of a particular cell fate and a
convergence point for transcriptional regulation by many different signaling pathways*7-49:240,
They are preferentially lost during differentiation as circuits responsible for one cell fate are shut

down and new circuits are activated*’-4%178240,
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Like other cell types, ESC contain a core set of transcription factors including OCT4,
SOX2, NANOG, ESRRB, TFCP2L1, KLF2, and KLF4213-42, These form a feed forward circuit
and contain SE with a high frequency of cooperative binding**464%, TCF3 appears to act in
opposition to these factors. It binds to the majority of the same enhancers and SE**444¢ put
rather than promoting ESC self-renewal, TCF3 inhibits self-renewal and stimulates EpiLC
differentiation. Thus, TCF3 is perfectly positioned in regions of open chromatin that are
important for maintenance of the ESC state and closed during differentiation. TCF3 is also
functionally required for this transition. This suggests TCF3 may be required for shutting down
these important regulatory regions. This hypothesis could be tested by analyzing whether these

sites are lost in TCF3 -/- cell lines.

If ESC specific DHS sites are inappropriately maintained in the absence of TCF3, the
next question would be whether this is a direct effect of TCF3 at the local level, or a more
general effect of TCF3 based repression. TCF3 could possess a unigue biochemical activity or
more likely recruit other proteins to stimulate chromatin condensation. An example would be
recruitment of chromatin remodeling complexes such as the SWI/SNF or nucleosome
remodeling and deacetlyase (NURD) complexes?*. Intriguingly, numerous members of these
complexes were identified in a mass spectrometry analysis of proteins which co-purified with
TCF3 (Laura Pereira, unpublished data). To test the possibility of a local requirement for TCF3,
TCF3 binding sites could be removed from specific enhancers which close during differentiation
but are not required for either the ESC or EpiLC state. This could be accomplished using
CRISPR/Cas9 based tools to delete or replace small stretches of genomic DNA within
enhancers. Enhancers for Zinc finger protein 42 (Zfp42, also called Rex1) would be a good
choice because its expression is highly correlated with the naive ESC state®, it contains

enhancers which are lost during differentiation, these enhancers are bound by TCF3 and other
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core transcription factors, and its expression is not required for maintenance of the ESC state or

differentiation to EpiLC.

Alternatively, TCF3 may function indirectly through repression of factors which prevent
enhancer decommissioning. For example, it has been proposed that the cooperative binding of
transcription factors may hold back a constitutive drive towards chromatin condensation. During
EpiLC differentiation, loss of SEs might therefore be mediated just by a reduction in the binding
of core transcription factors. TCF3 represses Nanog, Esrrb, and Tfcp2l1 directly and may
directly or indirectly reduce expression of other core factors®>?'3’, By reducing their expression
and thus lowering their presence on chromatin, TCF3 may indirectly cause the closure of these
sites. To test this alternative, one could knock down Nanog, Esrrb, and Tcfcp2l1, individually or
in combination, in a Tcf3 -/- background. If the role of TCF3 is simply to reduce expression of

these genes, then reducing their levels should allow closure of sites in the absence of TCF3.

Mechanism of TCF3 Inactivation

Dysregulation of the WNT pathway is present in a diverse array of cancer types. Mutations
which stabilize 3-Catenin and epigenetic effects that stimulate WNT signhaling cause cancer of
the colon, liver, brain, and breast?2246, Several studies have shown a correlation between -
Catenin activity and poor differentiation status of the tumor?*. “Triple-negative” or “basal” breast
cancers are an example of poorly differentiated tumors with frequent activation of WNT, and are
notable for their aggressive nature, lack of effective treatments, and poor clinical
outcomes?01:29%8.209 They have additionally been associated with an ESC-like gene expression

signature, and like ESCs, they express high levels of Tcf3 mMRNA20L,

Blocking the WNT pathway in triple negative breast cancer cell lines has shown

promising results: reduced cell proliferation, invasiveness, and colony formation in vitro, and
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fully arrested tumor growth in xenografts?’. Considerable effort has been expended to develop
drugs which can similarly inhibit WNT activation; however, they have met little success. One
barrier is the lack of druggable target proteins necessary for WNT signaling specifically in
cancer cells. Our results in vitro indicate that Wnt stimulates TCF3 inactivation in breast cancer
cell lines similarly to ESC. CHIR reduces TCF3 protein levels, stimulates nuclear export, and
TCF3 overexpression blocks target gene activation. While high Tcf3 mRNA is correlated with
basal type breast cancers, analysis of tumor samples indicate low and cytoplasmic TCF3
protein. This suggests that Tcf3 mMRNA is being expressed but subsequently inactivated at the
protein level. If inactivation of TCF3 is required to prevent differentiation in breast cancers, as it
is in ESC, then targeting the enzymes responsible could provide a new therapeutic approach to

attack currently intractable cancers.

We have demonstrated that in response to 3-Catenin binding, TCF3 is removed from
chromatin, exported from the nucleus, and subsequently degraded. However, the biochemical
mechanism that mediates this response is still unclear. One clue to the underlying mechanism
of TCF3 inactivation may be the post-translational modifications (PTM) of TCF3. TCF3 is
phosphorylated both in the presence and absence of WNT stimulation at unknown sites. WNTs
have been shown to induce phosphorylation of the TCF/LEF transcription factors in a number of
contexts (see Table 5.1) with the most well established roles through Homeodomain-interacting

Protein Kinase 2 (HIPK2) and Nemo-like Kinase (NLK).

HIPK2 was identified in a yeast 2-hybrid screen for TCF3 interacting proteins®. In
Xenopus laevis, it was shown to stimulate phosphorylation of TCF3 in a B-Catenin dependent
matter, leading to decreased chromatin occupancy at a WNT responsive promoter®212, Hipk2
and Tcf3 morpholinos showed opposing phenotypes in the development of the antero-posterior
axis with phenotype reversal by co-injection®. HIPK2 phosphorylation of TCF3 was also

observed in 293 cells following treatment with WNT3a, suggesting conservation in mammalian
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Table 5.1 TCF/LEF phosphorylation sites and associated kinases

promotes beta-catenin interaction

LEF1

Wnt pathway
Kinase Effect Substrate(s) regulation Reference
LIT-1 (NLK) |phosphorylation POP1 positive Rocheleau 1999
NLK phosphorylation LEF1 TCF3 TCF4 negative Ishitani 1999, 2003
reduced DNA binding TCF4 negative Ishitani 1999, 2003
synergizes with Tcf3 MO TCF3 positive Thorpe 2004
ubiquitylation LEF1 TCF4 negative Yamada 2006, Li 2010
degradation LEF1 TCF4 negative Yamada 2006
HIPK2 phosphorylation LEF1 TCF3 TCF4 (notTCF1) |positive Hikasa 2010, 2011
reduced chromatin occupancy LEF1 TCF3 TCF4 positive Hikasa 2010, 2011
increased chromatin occupancy TCF1 positive Hikasa 2010, 2011
GSK3 phosphorylation TCF3 Lee 2001
CK1 phosphorylation TCF3 Lee 2001
phosphorylation LEF1 negative Hammerlein 2005, Wang 2006
disrupts beta-catenin interaction LEF1 negative Hammerlein 2005, Wang 2006
CK2 phosphorylation LEF1 TCF4 positive Hammerlein 2005, Gao 2006,

positive

Miravet 2002, Wang 2006
Wang 2006
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cells®®212. The TCF3 phosphorylation sites identified in Xenopus are conserved in mouse and
human, making HIPK2 a prime candidate for the regulation of TCF3. Unfortunately, mutation of
these sites in mouse ESC failed to inhibit either WNTSs inactivation of TCF3, or TCF3
phosphorylation. This indicates that either HIPK2 does not mediate TCF3 inactivation in
mammals, or it is through a unique set of amino acids. A knockdown or knockout of HIPK2 may
be able to address this question, however it is complicated by potential redundancies with
HIPK1 and HIPK3. A triple knockout in mESC could be generated with CRISPR/Cas9 based

tools to definitively address this question.

The activity of NLK on TCF/LEFs is better studied, yet its function is less clear. It was
originally suggested from work in C. elegans, which identified the stimulation of its homolog,
LIT-1, in response to WNT. This led to the phosphorylation and inactivation of the TCF homolog,
POP-1, in a WRM-1 (B-Catenin homolog) dependent manner?*, Like TCF3, POP-1 acts as a
constitutive repressor, and this mechanism suggested NLK was a positive regulator of WNT
activation?*8, This was supported by work in Xenopus embryos, which identified NLK as a
positive regulator of WNT activity which counteracts the role of TCF3 in neurectoderm
patterning?!®. Subsequent work confirmed that NLK phosphorylated mammalian LEF1, TCF3,
and TCF4, and it was further shown that phosphorylation of LEF1 and TCF4 led to reduced
DNA binding, ubiquitination, and degradation (effects on TCF3 were not reported). However,
this work also suggested that NLK acts as a negative regulator of the WNT pathway because
target gene expression was reduced by NLK?13214249.250 Thys, it is known that mammalian
TCF3 is phosphorylated by NLK but the position and effect of this phosphorylation is unclear. A

knockdown or knockout of NLK in mESC could address its requirement.

Other reports indicate that CK1, CK2, and GSK3 can also phosphorylate TCF/LEF
transcription factors to effect WNT activation?®'-%>3, These kinases may also be knocked out to

identify their requirement but may be more difficult to analyze because of their additional roles in
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the B-Catenin destruction complex. Inhibition of GSK3 with CHIR, for example, is the method we
typically use to stimulate TCF3 inactivation. In this case, it may be simpler to generate point
mutations in TCF3 at potential target sites. Many of these sites have been identified for other

TCF/LEFs and are variably conserved in TCF3.

In addition to phosphorylation, TCF3 undergoes a second PTM in response to WNT
stimulation that is not removed by incubation with phosphatase. The identity of this PTM is
unknown, but its small size (<5 kDa) makes it unlikely to be mono or poly-ubiquitin, as might be
expected from the subsequent degradation of TCF3. Although SUMOylation has been
implicated for other TCF/LEFs?*2%, the large size of the SUMO proteins (~12.5 kDa) also rules
these out. Acetylation of lysine residues is one possibility that remains and intriguingly,
acetylation of POP-1 regulates its nuclear localization in C. elegans®®. Acetylation of TCF4
regulates DNA binding in human cells and requires B-Catenin interaction. The reaction is
mediated by CREB-binding protein (CBP) and the closely related p300%°’. A knockdown or

knockout in ESC could be informative.

Due to the long list of potential enzymes involved, a more top-down approach beginning
with the identification of the PTM may be more appropriate. One option would be to analyze
TCF3 by mass spectrometry before and after WNT stimulation. Both phosphorylation and
acetylation sites can be identified by mass spectrometry although sensitivity can be low,
particularly if it is a low abundance modification?>®. However, this unsupervised analysis has the

potential to identify unpredicted static and WNT induced PTM.

Alternatively, a number of phosphorylation sites and one ubiquitination site have been
identified in high-throughput screens using modification specific antibodies. The position and
number of hits for each modification have been aggregated in an online database at

www.phosphosite.org??®. Three hits that show numerous identifications are phosphorylation at
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Y392, phosphorylation at S428, and ubiquitination at K390. These sites are all within or just

downstream of the HMG binding domain.

Finally, a series of truncations could be generated to narrow down regions of PTM and
modification specific antibodies can be used to identify specific PTMs. Once identified, a series
of point mutations could be made to determine their importance, and potential enzymes may be

inferred from known recognition motifs.

Part Il: Tools for genome editing

Optimization of COIN

Cas9 induced DSBs greatly enhance the frequency of HDR and yet, in many circumstances, it
is still an infrequent event. Certain regions of the genome and many cell types are refractory to
HDR?80-263  For example, human and other primate cell lines are up to 100-fold less likely to
integrate exogenous DNA than rodent cell lines?%°-2%3, In addition, higher efficiencies typically
require the use of large homology arms totaling 2-14kb. De novo DNA synthesis rates have
plummeted in recent years but are limited in size?®*. Inexpensive ssDNA synthesis, which can
be used to quickly generate donor arms by PCR, is currently limited to 200bp. Inexpensive
dsDNA can be generated up to 2kb, but there is a long list of exclusion criteria that make it
nearly impossible to generate the specific sequences required for homology arms. Larger
sequences also exhibit a higher error rate that may introduce undesired mutations into the
genome. This means that expensive and time consuming multi-step cloning procedures must

still be utilized to generate donor constructs.

To improve the efficiency of genome editing, we have developed a method of co-
insertion (COIN) which increases the recovery of desired mutations by as much as 30-fold. In

practice, this means that instead of screening hundreds of clones, a user may screen less than
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ten. For genome editing experiments, this allows better coverage of the genome, the generation
of larger changes, and the use of smaller homology arms. Using COIN, we have inserted
changes greater than 2kb using less than 200bp arms at frequencies of higher than 16% of
cells. This is well within the range of inexpensive de novo synthesis options, allowing quick and

easy generation of donor constructs.

COIN was developed from the observation that a cell which underwent one HDR event
was more likely to undergo a second. This phenomenon is true for two events at a single locus
as well as two separate locations in the genome. This allowed us to develop a set of reagents
which target an HDR event to a defined “safe-harbor” in the genome. For mouse cells, we use
the Rosa26 locus and for human cells we chose the Aavsl locus. Inserting a selectable marker
at this location, such as Neomycin resistance or GFP expression, allows for the isolation of cells
which undergo one HDR event. Selecting for this first event greatly improves the likelihood of

obtaining a second desired mutation.

Targeting a single site for each organism allows for a high level of optimization in
reagents. Once optimized, these reagents can be universally applied for all genome editing
experiments in that organism. For example, a single plasmid could be generated that contains
Cas9, a gRNA targeting Rosa26, and a selection donor targeting the Rosa26 locus. A small
amount of this plasmid could then be included in a standard transfection or electroporation to
increase the frequency of any second mutation in mouse cells. Optimizing the system for each
species comes down to identifying a good safe-harbor site to introduce the selectable marker,
choosing a gRNA with a low rate of off-target cutting, and choosing a donor design that

facilitates easy selection and removal.

Safe-harbor sites are well established in most organisms. The first requirement is that
these locations are not important for any activity of the cell. Making a mutation at the site should

not alter the growth or characteristics of the cell in any way. Second, it is useful if the site
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contains an endogenous promoter that is constitutively expressed at a reasonable level in all
cell types. This allows the use of the endogenous promoter to drive expression of the selectable
marker. An exogenous promoter can be introduced in the donor construct, but it will be
expressed regardless of where it is inserted in the genome. This substantially increases the
recovery of off-target integrations during selection. In contrast, if the endogenous promoter is
used, the selectable marker is only expressed at the correct location, particularly if an in-frame

fusion is required.

gRNAs exhibit a range of off-target digestion that can be as high as the on-target site!’*.
This leads to the generation of unwanted DSB and indels throughout the genome. Some
observations have been made that help reduce the frequency of these events. First, the off-
target sites are more frequently found in degenerate sequences throughout the genome. A
standard gRNA targets a 20bp sequence, and if other locations in the genome are different by
only 1-2bp, they are also likely to be cut!®8182 |t appears that a divergence of 3bp or more
greatly reduces the likelihood that a site will be cut. In addition, the sequence closest to the 3’
end of the gRNA is more important because it initiates the binding. Thus, differences near the 3’
end are more likely to reduce the frequency of digestion. A number of algorithms have been
generated which incorporate these rules and allow the quick identification of good target

Sites68.182,

In addition, a number of gRNA modifications have been developed that reduce the
frequency of off-target cutting. One of the simplest methods is a reduction in the size of the
gRNA. It appears that there is redundancy built in to the 20bp recognition sequence of gRNAs.
Reducing the length to 18bp does not reduce the frequency of on-target digestion for all
examined gRNAs!’. This may be an optimization that is useful for bacteria, in vivo, to
accommodate the rapid mutation of viral genomes. For gRNA design, the first two bases on the

5" end of the gRNA can be removed without reducing the on-target cutting efficiency. However,
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the frequency of off-target digestion and indel formation is substantially reduced!’®"*, Off-target
locations already have one or more mismatched bases and therefore more sensitive to

additional perturbations.

Finally, a series of well-designed gRNAs can be tested empirically using a method called
GUIDE-seq!™. This relies on the observation that small pieces of exogenous DNA are
frequently incorporated at a DSB, even in the absence of explicit homology arms. Thus, a
dsDNA can be added along with Cas9/gRNA, and will be incorporated at an increased
frequency at sites where a DSB is generated. If a specific primer sequence is included in the
integrated dsDNA, populations of cells can be analyzed by deep sequencing to identify the
location and frequency of breaks. These can then be compared between potential gRNAs to

identify those with the fewest off-target DSB.

Optimization of COIN donors and Self-Destruct Sequences (SDS)

One potential downside of COIN is that a selection cassette is left behind in the genome. This
occurs at a safe-harbor site and does not necessarily need to be removed. However, it may be
desirable to do so for more rigorous applications, if the selectable marker may interfere with
later experiments, or if a second round of COIN is to be used to generate additional mutations.
To provide a convenient method to remove the selection cassette, we have generated a set of

specialized donors referred to as self-destruct sequences (SDS) (See Appendix 6.10).

SDS contain selectable markers for use with COIN as well as all of the components
required to stimulate their own removal. In current constructs, the entire selection cassette is
flanked by inverted terminal repeats (ITR) recognized by the PiggyBac transposase (PBase).
When PBase is expressed, any sequence in between the ITR undergoes a scarless excision.

No residual sequence is left in the genome and it is restored to WT genomic DNA. Rather than
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requiring a separate transfection of PBase expression vectors after the isolation of clones, we
have included a PBase expression cassette within the SDS. To prevent the expressed PBase
from being constitutively active, it is fused to a modified estrogen receptor (ERT2) that is
preferentially stimulated by 4-Hydroxy Tamoxifen (4-OHT)?%®, In the absence of 4-OHT, PBase-
ERT2 is sequestered away from the nucleus. After COIN selection, when the user wishes to

excise the SDS, 4-OHT is added to the media to activate PBase and stimulate removal.

Finally, because PBase is fairly inefficient at excision, a marker is needed to identify
those cells which have successfully removed the construct. If a visible marker like GFP is used
for selection, then removal can be detected simply by loss of GFP. However, for constructs
which use antibiotic resistance for the initial selection, we have included a negative selection
construct that can be used to isolate those cells which have the sequence removed. We have
chosen to use a variant of the Thymidine Kinase enzyme from Herpes Simplex virus (ATK)?%,
ATK can convert normally inert nucleoside analogues, including Fialuridine (FIAU), into toxic
metabolites. Thus when FIAU is added to cell media, it will preferentially kill cells still expressing
ATK (those with the selection cassette) and enrich for cells that no longer have ATK (those with

the selection cassette removed).

For our first generation, we generated a pair of SDS donors that targeted the Rosa26
locus in mice and contained either GFP as a selectable marker or a Puro-ATK fusion protein
that provides the ability for both positive (puromycin resistant) and negative (FIAU sensitive)
selection. As with other COIN donors, these successfully enrich for secondary mutations. After
selection, clones were isolated and then incubated with 4-OHT for 3 days. For clones using a
GFP SDS, GFP was lost from approximately 1-2% of cells. Likewise for Puro-ATK, 1-3% of
clones were resistant to FIAU selection versus around .05% in the absence of 4-OHT. Thus,
SDS can be used with COIN and provide a convenient method for subsequent removal that

does not require any additional transfections or clonal isolation.
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Although the current generation of SDS are functional, a number of improvements can
be made to further increase their usefulness. The first relates to the efficiency of excision. The
natural PBase enzyme stimulates excision at a fairly low frequency, however, a number of
amino acid subsitutions have been identified which greatly increase its activity. By combining
these mutations, a hyperactive PBase has been developed which improves excision frequency
by up to 17-fold?’. Although the current SDS excision rates of 1-3% easily accommodate
FACS-based isolation, it is tedious when screening for GFP- colonies by eye. In addition, for
PuroTK variants an improved excision rate would reduce the probability of picking a
spontaneous FIAU resistant clone, which occurs in about .05% of cells. Thus, one simple
improvement would be to convert to a hyperactive PBase variant. If even higher excision rates
are desired, the system could be converted to use Cre Recombinase and LoxP sites. For a
sequence of this length, the excision frequency using Cre-Lox would be near 100%2%¢. The
downside is that the Cre-Lox system leaves a single LoxP site of 27bp behind in the genome,
which may not be desirable for rigorous applications or when Cre is to be used in later
experiments. However, the remaining LoxP site would not prevent the sequential use of COIN.
SDS donors would already include LoxP sites in both homology arms and would therefore be

compatible with the modified sequence.

In addition to stimulating excision, PBase is also stimulates re-integration at compatible
sequences throughout the genome, albeit at a lower frequency. This could obviously inhibit the
successful removal of SDS from the genome and could alter the expression or regulation of
genes in unpredictable ways. Cells may be analyzed by PCR after isolation to confirm that no
re-integration has occurred but this adds an additional step to the process. It is preferable to
reduce the probability of re-integration directly. This may be accomplished in two ways. First,
like the hyperactive PBase mutations, a series of amino acid changes have been identified

which reduce the integration efficiency, and these can be combined to produce an integration
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deficient variant of PBase?®. Additionally, combining the integration deficient mutations with the
hyperactive excision mutations does not ameliorate either effect. It would be beneficial to
generate an ERT2-fused, excision-hyperactive, integration-deficient PBase variant for use with

the SDS.

To reduce the probability of re-integration further, the negative selection cassette should
be removed from the endogenous promoter, as with the current Puro-ATK variant, and placed
under an exogenous promoter instead. Placement under an exogenous promoter allows its
expression regardless of position in the genome, allowing for negative selection of re-integration
products. A simple way to accomplish this would be to combine it with the PBase-ERT2 fusion,
which is already driven by an exogenous promoter, using a 2A peptide. 2A peptides undergo
self-cleavage following translation, leaving two independent proteins from a single initial
peptide?’®. The final construct would then be PBase-ERT2-2A-ATK for FIAU selection. If
fluorescence was desired for selection, as with the GFP-SDS variant, then a second red
fluorescent protein could be used to mark re-integration. This could be accomplished with a

PBase-ERT2-2A-RFP fusion.

Finally, it is possible that the benefits of COIN could be realized without integrating a
selection cassette into the target genome. Evidence indicates that the homologous
recombination machinery can also modify extra-chromosomal DNA. Pairs of incomplete
plasmids can be digested and recombined outside of the genome with high efficiency?’*?72 and
these extra-chromosomal recombination events are linked to intra-chromosomal integrations?"3.
Rather than inserting a fragment of DNA into the genome, one could instead select for extra-
chromosomal recombination. The simplest method would be to split a selectable marker
between two ends of a linear DNA and include some amount of overlapping homologous
sequence. For expression of the selectable marker, the linear DNA would need to be

circularized by HDR. Cells which performed this HDR mediated circularization could be isolated
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by standard methods of selection. This would substantially simplify the process of developing
COIN reagents and because no gRNA is required, would prevent any complications of off-target
digestion. A mechanism for selecting against off-target integrations of the linear dsDNA would
need to be developed but could be as simple as including a negative selection cassette in the

middle of the linear DNA.

Reduction of off-target integrations

Much of current work in genome editing has focused on methods of inhibiting off-target DSBs, a
source of potential mutagenesis throughout the genome. In contrast, relatively little attention has
been given to the reduction of off-target integrations. Like DSB, off-target insertions can be
highly mutagenic. Almost half occur within genes and most frequently within exons, thus, there
is significant potential for loss-of-function mutations. In addition, donor DNAs often carry
exogenous promoters which may inappropriately drive a gene’s expression. Off-target
integrations are also relatively common. The frequency has been estimated at 1 in 10>-10*
cells®147149 and as high as 2% of cells obtain an off-target integration in our experiments. The
reduction of off-target integrations will therefore be essential for the safety of genome editing
techniques which utilize HDR. Understanding the mechanism of off-target integration will help
identify interventions that selectively reduce its frequency without disrupting on-target

integration.

It is commonly proposed that off-target integrations are mediated by NHEJ. Classic
experiments for gene targeting indicate that linear DNAs are more frequently incorporated into
the genome and the authors suggest that off-target integrations usually include the free ends of
these linear molecules'**14’, In agreement, the ratio of on:off-target integrations can be

improved by including a negative selection cassette on the ends of linear molecules outside of
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the homology arms!#’. This can be used to preferentially kill cells with off-target integrations,
while preserving on-target integrations, which don’t include regions outside of the homology
arms. This method can improve the ratio of on:off-target integrations by as much as 10-fold in

mouse ES cells!’?, although it does not appear to work as well in other cell types?®3,

After a DSB, the classic NHEJ pathway (cNHEJ) is initiated by the protection of DNA
ends with heterodimers of KU70 and KU80!5117:274 |n addition, the KU proteins act as a
scaffold to recruit other required components such as DNA-PK, which may help bridge the gap
between broken ends, and LIG4, which seals the break!®129128 None of these proteins are
required for HDR and therefore a selective reduction in off-target integrations could, in theory,
be obtained by their inhibition. Several groups have additionally reported that a selective
inhibitor of LIG4, called SCR7, increases HDR efficiencies in a variety of mammalian cell lines,
and even in injected mouse embryos?’>27¢, Presumably, inhibiting NHEJ stimulates the cell to
use alternative pathways such as HDR. HDR was stimulated by up to 19-fold in a melanoma

cell line?”® and up to 5-fold in HEK293 cells?".

However, in mouse ESC, the cNHEJ pathway does not seem to be required for off-target
integrations (See Appendix 6.7-6.9). We performed a knockdown of the KU70 protein, chemical
inhibition of DNA-PK with NU7026, and chemically inhibition of DNA Ligase IV with SCR7. In
addition, we attempted to alter the ends of donor DNAs to prevent their ligation. 5’ hydroxyl
groups were removed with shrimp alkaline phosphatase (SAP), dideoxynucleotides were added
to the 3’ ends with Terminal Deoxynucleotidyl Transferase (TdT), and the linkage of the last 3
nucleotides on each end were protected from nuclease digestion and subsequent removal by
the use of phosphorothioate (PS) bonds. None of these provided any improvement in the ratio

of on:off-target integrations or directly increased the frequency of on-target integration.

Altogether this suggests that in at least in mouse ESC, off-target integrations are not

mediated by cNHEJ. A number of poorly understood end joining pathways have been
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discovered in NHEJ deficient cells and are commonly referred to as alternative end joining (A-
EJ). There is likely to be more than one alternative pathway, but as a group they are defined by
not requiring the core proteins involved in cNHEJ, including KU70/80, DNA-PK, and LIG4128277-
279 One mechanism or set of mechanisms is loosely called micro-homology mediated end
joining (MMEJ) because post-repair junctions typically exhibit small regions of homology from 1-
30 bp. The details of this mechanism are still unclear but it has been shown in a number of

organisms, including mouse and human, to require DNA Ligase I (LIG3)?0-284,

Micro-homologies may also be present in the cNHEJ. During processing, ends are
frequently trimmed back or extended to produce small regions of complementary sequence that
can stabilize ligation by LIG4!14126, cNHEJ has been described with 1-6bp micro-homologies in
mammals, though these studies fail to account for potential contributions of MMEJ?5287  |n

yeast, cNHEJ rarely makes use of homologies greater than 4bp!t3114,

Off-target integrations appear to be evenly distributed at the chromosomal level?®® but
within chromosomes may be pre-disposed to occur at certain hotspots?®2%°, Analysis of the
mechanism of insertion is surprisingly limited, with just a few studies that analyze the sequence
of DNA at the junction of the donor and host genome. Each of these reports only examines a
handful of off-target integrations but, nonetheless, provide some interesting results. A study in
Chinese Hamster Ovary (CHO) cell lines evaluated junctions for 23 sites after electroporation of
a 1.3kb linear DNA?%, The resulting integrations had an even distribution of 0-600bp removed
from the ends indicating that loss of sequence from the donor ends is common. Note that this
probably underestimates the extent of resection because the remaining 700bp was required for
detection. Only 1/23 junctions between the donor DNA and host genome exhibited end joining
without any detectable homology. 11/23 junctions were mediated by micro-homologies between
1-5bp, and the rest contained a range of insertions of up to 581bp. These were determined to

derive from other regions of the host genome that also contained micro-homologies at the
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junction. A more recent study analyzed the junctions at off-target integration sites in transgenic
mice generated by injection of linear DNAs into single cell embryos?®2, They examined 38
junctions and also noted micro-homologies in 29/38 junctions. Interestingly, the length of micro-
homology was longer in mice than in the CHO lines, ranging from 1-19bp with an average of
5.5bp. The remaining 9/38 sites contained a mixture of small deletions and insertions at the

junction which are difficult to interpret.

The range of homology seen in CHO cells is thus consistent with either cNHEJ or MMEJ
pathways, however the larger homologies seen in mice indicate MMEJ is likely to play a
substantial role. The combined repertoire of off-target integrations may involve a combination of
mechanisms but our results indicate that inhibition of cNHEJ alone is not sufficient to reduce off-
target effects. A more thorough analysis of A-EJ requirements could prove extremely valuable.
The rate of off-target integration can be easily quantified by introduction of a donor DNA with no
homologous sequence to the host genome. This insert can drive expression of a fluorescent
protein like GFP and the total number GFP+ cells can be quantified by flow cytometry. Similar
experiments we have conducted produce off-target integrations in approximately 1% of cells.
Within this background it would be relatively simple to inhibit or knockdown required
components of MMEJ, cNHEJ, HDR and other A-EJ pathways individually or in combination,
then look for decreases in the frequency of these off-target insertions. An excellent initial target

would be LIG3, a factor required for MMEJ but not cNHEJ or HDR.
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Chapter 6: Appendices
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Appendix 6.1 TCF/LEF activity in developing forebrain

Defects in Wnt pathway regulation are implicated in a number of neurological disorders. Wnt
dysregulation occurs in embryonal brain tumors such as medulloblastomas (estimated 15%>2%)
and primitive neuroectodermal tumors (estimated 36%2%*). The Wnt pathway is also linked to
Schizophrenia and related diseases through the Disrupted in Schizophrenia 1 (DISC1) gene.
DISC1 mutations are risk factors for Schizophrenia, Autism spectrum disorders, major
depression, and bipolar disorder?®2% and mice with mutations in DISC1 display many
schizophrenia-like behaviours®’. DISC1 protein inhibits GSK3 activity, promotes B-catenin
stability and stimulates Wnt target gene activation®%,

GSK3 and B-catenin both have a central role in normal brain development through control of
neural progenitor cell (NPC) self-renewal and differentiation. Using Nestin driven Cre to target the
NPC pool, both knocking out GSK32°93% and expression of stabilized B-catenin® led to a massive
expansion of the neural progenitor pool and horizontal expansion of the cerebral cortex.
Conversely, knocking out B-catenin decreased progenitor proliferation and increased neuronal
differentiation3°?,

Defects in the developing forebrain (telencephalon), specifically the cerebral cortex and
hippocampus, have also been implicated in Autism spectrum disorders3?®3%* and models of
Schizophrenia?®8-3%, |n the telencephelon, the nuclei of proliferating neural stem cells (radial glia)
are confined to a band surrounding the ventricles known as the ventricular zone (VZ)3®. The
proliferation and specification of these cells are directed to a large extent by extracellular
morphogen gradients, including Wnts released from the dorso-medial signaling center known as
the cortical hem (CH)3%’. Wnt3a released from the caudal region of the CH is essential for the
proliferation of LEF1-expressing VZ cells near the CH and for formation of the hippocampus3®.
Phenotypes of LEF1 -/- mice show LEF1 is necessary for formation of the dentate gyrus region
of the hippocampus3®°.

In addition to LEF1, TCF3 is also expressed in the developing telencephelon, whereas TCF1 and
TCF4 are not expressed at high levels®®® (Fig. 6.1A). The role of TCF3 in the developing brain
has not yet been examined; however, there is some genetic evidence of a LEF1-independent role
for B-catenin®®®, We examined the expression of TCF3 and LEF1 in the telencephelon at e14.5, a
period of hippocampal morphogenesis®®. LEF1 was highly expressed in the VZ in a gradient with
highest levels near the CH (Fig. 6.1A). TCF3 was also expressed at high levels in the VZ;
however, it was found in an opposite gradient with low expression near the CH (Fig. 6.1A). The
BAT-Gal transgenic mouse is an effective sensor of endogenous TCF/LEF-B-catenin
transactivator activity in vivo®l?; BAT-Gal activity was high in cells near the CH and absent from
cells far from the CH (Fig. 6.1B +/+). Thus, Wnt activity correlates with high LEF1 and low TCF3
expression in the telencephelon VZ. Our experiments using ESC provide a molecular framework
for this observation. Wnt pathway stimulation increases LEF1 expression and inactivates TCF3,
leading to its degradation.

We have generated a TCF3 knockin mutation (named TCF3AN) to disrupt TCF3-p-catenin
interaction®!, In ESC, Wnt pathway stimulation is unable to inactivate TCF3AN and stimulate Wnt
target genes such as Axin2 and Cdx1%¥. Likewise, we found that the activation of BAT-Gal
transgene in the brains of TCF3AN/AN mice was substantially diminished compared to TCF3+/+
littermates. In particular, BAT-Gal activation was markedly reduced in the telencephelon VZ of
TCF3AN/AN embryos at e14.5 (Fig. 6.1B AN/AN). Since BAT-Gal was in the LEF1+ cells in WT
mice, this result is consistent with the TCF3-LEF1 circuit being broken in TCF3AN/AN brains.
Moreover, it highlights the potential importance of TCF3 in regulating Wnt/p-catenin responses in
neural progenitor cells.
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Appendix 6.2 On- and off-target integration with varied homology arm lengths

To evaluate on- and off-target insertion frequency, linear dsDNA donors where generated
containing a GFP expression cassette flanked by different length homology arms targeting the
Lefl gene. These were transfected into mouse ESC cells with or without Cas9 plus gRNA
targeting Lefl. After 18 days, the percentage of GFP+ cells was quantified by flow cytometry to
measure the number of stable integrations (Fig 6.2A). Biological duplicates were analyzed for
each combination.

We first evaluated the percentage of GFP+ cells in the absence of homology arms. Because
there is no homology this quantifies only the homology independent, or off-target, integrations.
In the absence of Cas9/gRNA this was around 1% of cells (Fig 6.2A Column 2). The addition of
Cas9 plus gRNA gave a slight but not significant increase, indicating that the vast majority of off-
target integrations are not mediated by a Cas9 induced DSB (Fig 6.2A Column 3). In the
presence of Cas9, adding homology arms of around 200bp to both the left and right side of the
donor construct leads to an increase of around 0.81% (Fig 6.2A Column 5, Fig 6.2B Column 1).
Increasing the length of the homology arms further progressively increases the rate of on-target
insertion to nearly 5% of cells with 1443bp and 1471bp arms on the leftt and right, respectively
(Fig 6.2A Columns 5-11, Fig 6.2B Columns 1-4).

From this data, the percent of on-target HDR was calculated for each homology arm length (Fig
6.2B) as well as the ratio of on-target (Fig 6.2C Blue columns) to off-target (Fig 6.2C Red
columns) integrations. The latter was calculated by subtracting the percent integration of donor
with no homology arms (Fig 6.2A Column 3 and dotted line). The predictions from this analysis
match actual on- and off-target rates as quantified by PCR genotyping of 12 clones for each
homology arm length (Fig 6.2D, data from Fig 4.2).
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Appendix 6.3 Semi-quantitative PCR analysis of COIN for Lefl and Tcfl locus

To evaluate the effects of COIN, donors were generated containing a CMV promoter driving
expression of GFP with homology arms targeting either the Lefl or Tcfl gene (Figure 4.3, 4.4).
These were transfected into mouse ESC cells along with Cas9 and gRNA targeting the
appropriate gene. After 18 days, the percentage of GFP+ cells was quantified by flow cytometry
to measure the number of stable integrations. This method shows a substantial enrichment of
GFP+ cells when the COIN method is used, but does not eliminate the possibility that these
effects could be caused by an increase in off-target, rather than on-target integrations.

Here we perform a semi-quantitative PCR to confirm a benefit specific to on-target integrations.
Each PCR product is generated with one external primer that recognizes either the Lef1(A) or
Tcf1(B) gene outside of the donor homology arms, and one internal primer that is specific for the
insert. Densitometry of the PCR products is used to compare the relative frequency of
integration in a population of cells with and without COIN. Each PCR product is specific for the
on-target integration and confirms that COIN leads to substantial enrichment of on-target
integrations at each site.
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Appendix 6.4 Comparison of small dsDNA and ssDNA HDR donors

De novo synthesis of long DNAs is becoming increasingly inexpensive. This is particularly true
for linear dsDNAs which can be routinely generated in lengths up to 2kb for a few hundred
dollars. ssDNA synthesis is currently limited to lengths of 200bp, is more expensive for a typical
genome editing project, and exhibits a lower frequency of full length product in the absence of
purification. To evaluate whether ssSDNA outperforms dsDNA, we first generated a dsDNA with
a 50bp insert and 50bp homology arms on each side. We then ordered ssDNA oligomers
corresponding to the sense or anti-sense strand of this dsDNA (Fig 6.4A).

Donors were targeted to the Lefl locus in mouse ESC and were co-transfected with Cas9 plus
gRNA. Our results indicate that a strand bias exists for this site and that the sense strand (S)
ssDNA significantly outperforms equimolar amounts of dsDNA (Fig 6.4B). Conversely, the anti-
sense ssDNA (AS) exhibits a lower targeting efficiency than the dsDNA. Increasing the
concentration of both sense and anti-sense ssDNAs increases targeting efficiency with the 10X
ssDNA mutating more than 4% of transfected cells.
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Appendix 6.5 Generation of long ssDNA from biotinylated PCR products

Based on results indicating that short ssDNA are better HDR substrates than dsDNA (Appendix
6.4), long ssDNA may also be preferable. Current de novo synthesis of ssDNA is limited to
200bp. To generate long ssDNA products we have adapted a method used for the large scale
production of ssDNA for oligonucleotide arrays®'?. Biotinylated primers are used to generate a
PCR product with biotinylation on one strand only. The dsDNA is then denatured using a highly
basic solution and the biotynlated strand is removed by strepatavidin-coupled magnetic beads.
The remaining DNA can then be column purified out of solution. This process enriches for
ssDNA from the non-biotinylated strand which can be identified by Exonuclease | digestion (Fig
6.5A)313. Substantial improvement in the ratio of ssDNA to residual dsDNA was obtained by
converting to non-stick micro-centrifuge tubes (Fig 6.5B, Ambion #AM12450). The maximum
capacity of MyOne Streptavidin beads (50uL) was examined and appears to be greater than
20ug for a 2.7kb dsDNA. There was no significant reduction in the ratio of ssDNA to residual
dsDNA (Fig 6.5B).

The final protocol can generate highly enriched pools of ssDNA from either strand of the three
different PCR products we tested (Fig 6.5C). These range in size from 2.3kb up to 6kb,
indicating the protocol works even for very large constructs. In Figure 6.5C, 25ng of the input
dsDNA is being compared to 250ng of purified sense (S) or anti-sense (AS) ssDNA. The first
lane therefore represents 10% of the total amount of DNA in the second and third columns.
Comparing the residual dsDNA for each reaction to this control, less than 10% of the dsDNA
product remains, often substantially so. This represents a universal and inexpensive method for
generating long ssDNA from PCR products.
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Appendix 6.6 COIN in human ESC

Tools for genome editing have the potential to revolutionize human medicine. Cells from
patients can be obtained with relative ease, converted into induced pluripotent stem cells
(iPSC), genetically modified in vitro, and then differentiated to relevant cell types. These cells
may either be re-introduced into patients or used to study human disease in culture. However,
human and other primate cell lines are up to 100-fold less likely to integrate exogenous DNA as
compared to rodent cell lines?6%-263, Even generating very small insertions of less than 20bp,
HDR efficiencies following a Cas9 induced DSB were 2-4% for human iPSC*!! and 1-2% for
human embryonic stem cells (hESC)!°. Thus, improvements of HDR efficiencies in human
pluripotent cell lines would be a useful application of COIN.

Here we analyzed the effects of COIN for targeting a 100bp insert to the Cxcr4 locus in H9
hESC. Linear dsDNA donors along with plasmids encoding Cas9 plus gRNAs were transfected
into cells using Lipofectamine 3000. The COIN selection gRNA and donor DNA were targeted to
the AAVS1 locus. After integration, puromycin resistance is driven by the endogenous AAVS1
promoter.

Pools of cells were analyzed by semi-quantitative PCRs showing the relative frequency of
integration. Primers external to the insert (Fig 6.6A Ext-F and Ext-R) and internal (Fig 6.6A Int-F
and Int-R) were used to identify different products. PCR products produced from one external
and one internal primer are specific for the on-target integration (Fig 6.6B Left side), thus no
product is generated in WT cells. In the absence of COIN, there is a barely detectable band for
one primer set and no detected band for the other, indicating very low levels of integration in the
population. In contrast, when COIN selection is used, there is a substantial increase in the
frequency of integration. Densitometry indicates a 26.9 fold increase for one primer set. The
other primer set was not calculated (N.C.) because there was no detectable band in the
absence of COIN. PCR products obtained from using both external primers show the WT
product at 816 bp (Fig 6.6B Right side). Consistent with the increase in integration frequency,
the 909 bp integration product is only visible in the COIN selected samples. Densitometry
indicates the insert band is ~12.5% the density of the WT band in these samples, suggesting
that 25% of cells contain a mutant allele. A PCR product generated from the human beta
hemoglobin gene (hHBB) is used as a loading control.
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Appendix 6.7 Effects of Ku70 knockdown on HDR in mouse ESC

It is commonly proposed that off-target integrations are mediated by NHEJ***47, In agreement
with this, the ratio of on:off-target integrations can be improved by inclusion of a negative
selection cassette outside of donor homology arms!4’. This preferentially kills cells which
integrate the entire molecule rather than just the region within the homology arms. This method
can improve the ratio of on:off-target integrations by as much as 10-fold in mouse ES cells’?,
although it does not appear to work as well in other cell types!®3,

The classic NHEJ pathway (cNHEJ) is initiated by heterodimers of Ku70 and Ku80 which
encircle the free ends of DNA surrounding a DSB and protect them from resection. In addition,
they act as a scaffold to recruit a complex of proteins which mediate repairt5117.:274,

Several groups have recently reported that inhibition of NHEJ can stimulate increased HDR
frequencies in mammalian cell lines?”>27%, One of these examined the effects of transient
knockdown of either Ku70 or Ku80 in HEK293 cells. This was initiated at the time of transfection
by including shRNAs on the Cas9 plasmid?’®, Results indicated a 2-3 fold increase in HDR
efficiencies coupled with a separate 2-fold reduction in NHEJ. The combined effect should lead
to a substantial improvement in the on:off-target ratio.

We performed a similar experiment in mouse ESC. Ku70 was knocked down at the time of
transfection with two different siRNAs (Fig 6.7A). Each siRNA led to a reduction of greater than
95%. The frequency of on-target HDR (Fig 6.7B) and ratio of on:off-target insertions (Fig 6.7C)
was measured by quantitative PCR as described in chapter 4. In contrast to results from
HEK?293 cells, knockdown of Ku70 had no effect on either parameter in mouse ESC?’,
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Appendix 6.8 Effects of DNA Ligase IV and DNA-PK inhibition on HDR in mouse ESC

Following protection of free ends by the Ku proteins, a number of additional proteins are
recruited to process the repair. This includes DNA-dependent protein kinase (DNA-PK) which is
proposed to act as a scaffold, and DNA Ligase IV (LIG4) which seals the break. Both LIG4 and
the kinase activity of DNA-PK are required for cNHEJ!18:120.128

Two groups have recently reported that chemical inhibition of LIG4 with SCR7 can stimulate
increased HDR frequencies of up to 3-fold in a human epithelial cell line, 19-fold in a melanoma
cell line?”™, and up to 5-fold in HEK293 cells?’®. The optimum SCR7 concentration was
determined to be 0.01 uM, 1 uM, and 10 uM, respectively, although the effect of going 10-fold
higher or lower was not substantial?®2,

We tested SCR7 in mouse ESC at concentrations between 0.01 uM — 10 uM. The frequency of
on-target HDR (Fig 6.8A) and ratio of on:off-target insertions (Fig 6.7B) was measured by
guantitative PCR, as described in chapter 4, using a donor DNA with 200bp homology arms to
the Lefl locus. The frequency of insertion of a GFP expression cassette using 1500bp
homology arms was also tested and quantified by flow cytometry (Fig 6.7C). For all
experiments, no improvement in either the on-target frequency or the on:off-target ratio was
seen at any SCR7 concentration.

Previous work with SCR7 demonstrates a wide range of effective concentrations in various
cancer cell lines®'. It is therefore possible that mouse ESC might be less sensitive to SCR7 and
require a higher concentration. We performed a kill curve to determine the maximum dose of
SCRY7 that was tolerated by ESC (data not shown). Approximately 50% of cells survived after 72
hours with 200uM SCRY7, less than 30% survive with 300uM, and no cells survived at higher
concentrations. We evaluated the on:off target ratio by quantitative PCR at these elevated
concentrations and again observed no benefit (Fig 6.7D). If anything, the ratio of on:off target
insertions was slightly lower.

We also examined the effect of NU7026, an inhibitor of DNA-PK that has been shown to
effectively inhibit cNHEJ (Fig 6.7E)3°. A range of concentrations from 0-100uM again provided
no benefit to the on:off target ratio.
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Appendix 6.9 Modification of DNA ends to prevent end joining

cNHEJ involves the direct ligation of free ends produced by a DSB. Although not always
necessary, the last few bases are frequently processed prior to ligation. This involves either
small extensions of 1-4bp on the 3’ ends by polymerases, or removal of 1-4bp from the ends by
nucleases?’. If off-target integrations are mediated by direct ligation of ends, then modifying the
ends to prevent ligation could reduce the frequency of off-target insertion.

We have altered the donor DNA ends in order to interfere with cNHEJ. First, the phosphodiester
linkage for the last 3 bases were modified with phosphorothioate bonds (PS)3!’. This replaces
an oxygen atom with sulfur in the phosphate group and renders the bond resistant to endo- and
exo-nuclease digestion in mammalian cells. It is commonly used to increase the lifespan of
antisense oligonucleotides®!’. These modifications are extremely inexpensive and can be added
to the ends of short primers during de novo synthesis. These modified primers can then be used
to amplify a dsDNA by PCR. The PS bond has a slightly different rotation that can interfere with
base-pairing and alter the Tm. The addition of a 2’-O-methyl group on the pentose ring (PS 2°O-
Me) of the base corrects for this without compromising the resistance to digestion®!’. This can
lead to better performance in PCR reactions or potentially in HDR reactions if base pairing is
required.

We generated a set of dsDNA HDR donors by PCR using primers modified with either PS or PS
2'0-Me bonds for the last 3 bases on either side (Fig 6.9A). These PCR products were then
further modified by two additional methods. First, the 5’ ends were protected from ligation by
removal of 5’ phosphate groups with shrimp alkaline phosphatase (SAP). Second, the 3’ ends
were protected from ligation by addition of a single dideoxynucleotide (ddATP) to the 3’ end
using Terminal deoxy Transferase (TdT). Donors were transfected with Cas9 and a gRNA
targeting the Lefl locus, then analyzed for on-target HDR and on:off-target ratio using the
guantitative PCR assay described in Chapter 4.

Neither of the phosphorothioate bonds provided a significant benefit to either the on-target HDR
frequency or the on:off target ratio, however, the average on:off target ratio was slightly higher
for the PS bond (Fig 6.9B). Similarly, neither method of end protection gave a significant
increase to either the on-target HDR frequency or the on:off target ratio (Fig 6.9C). The average
on:off target ratio was slightly higher with TdT treatment and slightly lower with SAP, although
neither trend was significant.

Since TdT treatment and the PS bond exhibited a positive trend for the on:off target ratio, these
were evaluated again both alone and in combination. In this second experiment, neither
modification showed any benefit either alone or in combination (Fig 6.9D).
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Appendix 6.10 Self Destruct Sequence

COIN provides substantial increases in targeting efficiency, but leaves a selection cassette
behind in the genome. To provide a convenient method to remove the selection cassette, we
have generated a set of specialized donors referred to as self-destruct sequences (SDS). SDS
contain selectable markers for use with COIN as well as all of the components required to
stimulate their own removal (Fig 6.10A,C).

The SDS contains two major components. First, it contains a selectable marker. We have
generated constructs that express either GFP (Fig 6.10A) or the Puro-ATK fusion protein (Fig
6.10B). The first half of Puro-ATK provides positive selection for Puromycin resistance. The
second half is a variant of the Thymidine Kinase enzyme from Herpes Simplex virus (ATK)?%®.
ATK can convert normally inert nucleoside analogues including Fialuridine (FIAU) into toxic
metabolites. Thus when FIAU is added to cell media, it will preferentially kill cells still expressing
the SDS.

The second component of the SDS is the machinery required for removal. The entire SDS
sequence is flanked by inverted terminal repeats (ITR) which are recognized by the PiggyBac
transposase (PBase). Upon expression of PBase, the sequence in between the ITR undergoes
a scarless excision, meaning no residual sequence is left in the genome and it is restored to the
WT genomic DNA. A promoter driving expression of PBase is included between the ITR and will
stimulate its own excision from the genome. To prevent immediate removal, PBase is fused to a
modified estrogen receptor (ERT?2) that is preferentially stimulated by 4-Hydroxy Tamoxifen
(40HT)?5, In the absence of 40HT, PBase-ERT2 is sequestered away from the nucleus (Fig
6.10A Top). When excision is desired, 40HT is added to the media to stimulate nuclear
translocation of PBase (Fig 6.10A Bottom).

GFP-SDS donor constructs were generated to target the Rosa26 locus in mouse ESC. Cells
were transfected and GFP+ integrants were clonally isolated after 18 days. In the absence of 4-
OHT, all colonies maintained GFP expression. When treated with 1uM 40HT for three days, 1-
2% of colonies lost GFP expression (Fig 6.10B), suggesting efficient excision of the SDS.

PuroATK-SDS constructs were similarly targeted to the Rosa26 locus. Cells with integration of
PuroATK are resistant to Puromycin and sensitive to FIAU. Puro resistant colonies were clonally
isolated and expanded. Three independent clones were then treated +/- 1JuM 40HT for three
days and then subjected to FIAU selection (Fig 6.10D). 1-3% of colonies for each clone were
FIAU resistant following 40HT treatment, suggesting efficient excision, while less than 0.05% of
colonies were resistant in the absence of 40HT.

These results indicate that SDS can be efficiently removed by the addition of 40HT to media.
We also tested whether SDS could be used to stimulate an increase in targeting efficiency by
COIN. PuroATK-SDS constructs were targeted to the Rosa26 locus by the inclusion of 500bp
homology arms and used to stimulate integration of a GFP expression cassette at the Lefl
locus. The percent of GFP+ cells was measured by flow cytometry after 18 days (Fig 6.10E). As
with other Rosa26 selection donors, the SDS increased targeting efficiency by more than 10-
fold, bringing the number of GFP+ cells to nearly 20%.

*Data for figure 6.10D was generated in collaboration with Matthew MacDougall
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Appendix 6.11 CHIR stimulates increased integration

Donors were generated containing a GFP expression cassette flanked by 200bp homology
arms targeting either the Lefl(A) or Tcf1(B) gene. These were transfected into mouse ESC with
and without Cas9 plus a gRNA targeting the appropriate location. Cells were grown in 15% FBS
supplemented with LIF and 0-9 uM CHIR during transfections. Differences in CHIR were
maintained for 3 days after transfection, after which all cells were converted to 3uM CHIR and
maintained for an additional 14 days in culture.

Stable integration of the GFP cassette was quantified by flow cytometry. For both Lef1(A) or
Tcfl(B) target sites, increasing the concentration of CHIR significantly increases the rate of
integration. This could be caused by transcriptional effects, as both Lefl and Tcfl are Wnt
target genes. Alternatively, it could be a global effect of CHIR not directly related to
transcription. For example, CHIR promotes the naive ESC state in these culture conditions and
ESC may be more prone to undergo HDR. This can be tested in two ways. First, integration at
genes that are not transcriptionally regulated by Wnt stimulation can be examined. Second,
transcription of genes can be stimulated directly to evaluate effects on targeting efficiency. This
can be accomplished using a nuclease-dead variant of Cas9 that has been fused to one or
more VP64 activation domains. These engineered proteins can efficiently stimulate transcription
throughout the genome when targeted shortly upstream of the transcription start site328,
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Appendix 6.12 Permission for reuse for Nucleic Acids Research

Obtained from https://academic.oup.com/nar/pages/Policies on February 28th, 2017:

“As part of the license agreement, authors may use their own material in other publications
provided that the Journal is acknowledged as the original place of publication and Oxford
University Press as the Publisher.”
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Appendix 6.13 Permission for reuse for Cell Reports

Obtained from http://www.cell.com/cell-reports/fag on February 28th, 2017:

13

Authors can choose to publish their work under one of two Creative Commons licenses:

One is the Creative Commons Attribution License 4.0 International License (CC BY 4.0). This
license allows users to alter and build upon the article and then distribute the resulting work,
even commercially, and thus encourages maximum use and redistribution.

The other is the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License (CC BY-NC-ND 4.0). This license allows users to copy and distribute the article, in
whole or in part, provided the work is attributed back to the original author and publisher, but
does not allow for the distribution of derivative versions or for the article to be used
commercially. Permission of the journal is required for the distribution of derivative versions or
for commercial uses.

Under either license, all users must credit the authors and journal for the original creation of the
work.” ”
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