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ABSTRACT OF THE DISSERTATION
Modulation of LEF/TCFs and Wnt Signaling in Colon Cancer
By
Stephanie Sprowl Tanio
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2016

Professor Marian L. Waterman, Chair

Oncogenic Whnt signaling is implicated as the major driving force in colon cancer.
Actions of misregulated Wnt signaling rely on the upregulation of Lymphoid Enhancer Factor/
T-cell Factor (LEF/TCF) transcription factor-dependent Wnt target genes. In colon cancer, Wnt-
activating, full-length LEF/TCFs are expressed, while their dominant negative, Wnt-suppressing
counterparts (dNLEF/TCFs) are not. Therefore, full-length isoforms act unopposed, leading to
overactive, inappropriate expression of target genes. We use re-expression of dnLEF/TCFs as a
tool to modulate Wnt signaling in colon cancer and discover what cancer phenotypes and gene
programs are contributing to the oncogenic drive to cell transformation. Using expression of
dnLEF-1 and dnTCF-1, this thesis illustrates how Wnt/p-catenin signaling directs Warburg
metabolism. We identify Pyruvate dehydrogenase kinase 1 (PDK1) - a kinase that directs the
conversion of pyruvate to lactate, and SLC16A1/MCT-1 - a transporter of small metabolites such
as lactate, as important direct targets within a larger gene program for metabolism. Given recent
preclinical development of small molecules that target Whnt signaling and metabolism, and given
interest in developing new combination therapies for cancer treatment, we tested how Wnt

inhibition affects the ability of 3-bromopyruvate to kill cancer cells in vitro. We report that this

Xiv



toxic molecule kills colon cancer cells, but that Wnt signaling inhibition lowers its efficacy. We
conclude that both PDK1 and MCT-1 are part of a core Wnt gene program for glycolysis in
colon cancer and that modulation of this program could play an important role in shaping
sensitivity to drugs that target cancer metabolism.

Whnt ligands are secreted morphogens that control multiple developmental processes
during embryogenesis and adult homeostasis. A diverse set of receptors and signals have been
linked to individual Whnts, but the lack of tools for comparative analysis has limited the ability to
determine which of these signals are general for the entire Wnt family, and which define subsets
of differently acting ligands. We have created a versatile Gateway expression library of clones
for all 19 human Whnts. An analysis comparing epitope-tagged and untagged versions of each
ligand shows that despite their similar expression at the mRNA level, Wnts exhibit considerable
variation in stability, processing and secretion. This comprehensive toolkit provides critical tools

and new insights into human Wnt gene expression and function.
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CHAPTER ONE

Introduction

Wnt Signaling

Whnt signaling is necessary for many normal cellular processes, including tissue
development and homeostasis, as well as cell fate, proliferation and survival activities. While
there is one Wnt signaling cascade that directs -catenin to the nucleus for transcriptional
activation of Wnt-driven gene programs, Wnt signaling is more complex in that additional
pathways modulate cell phenotypes without B-catenin. In general, these two types of signals are
commonly defined as canonical, or B-catenin-dependent signaling and non-canonical, or 3-
catenin-independent signaling. Both types of signaling are present in normal developmental and
cellular processes. There are, however, several instances where both canonical and non-canonical
components are used together in ways that defy traditional signal categorization* How these
signals are propagated and what Whnt receptor complex triggers them are basic unknowns in the
field. Chapters 2 and 3 focus largely on the “traditional” way we currently understand the
canonical Wnt signaling pathway, specifically in the disease context of colon carcinogenesis.
These chapters describe the discovery that canonical Wnt signaling drives Warburg metabolism.
Chapter 4 highlights the development of a Wnt ligand expression plasmid library and its use as a
tool to study both canonical and non-canonical Wnt signaling pathways. The inspiration for
development of the library was to make discovery and study of unconventional Wnt signaling
more feasible. Finally, implications and speculation about Whnt signaling in the context of colon

cancer as a whole will be discussed in Chapter 5.



In normal tissue, canonical/p-catenin-dependent Wnt signaling regulates the fate and
activities of cells through the actions of B-catenin, a nuclear-localizing mediator that can activate
the transcription of Wnt target genes important in cell growth and proliferation. f-catenin
activates target gene expression via direct binding to Lymphoid Enhancer Factor/ T-cell Factor
(LEF/TCF) transcription factors, a family of four DNA binding proteins that upregulate specific
target genes (and collectively, gene programs) that contribute to the phenotypes and functions of
cells (see LEF/TCF Structure for additional details about these transcription factors). B-catenin
levels are controlled by upstream steps in the pathway beginning with Whnt ligands interacting
with a Lrp5/6:Frizzled co-receptor complex at the cell surface. Canonical/p-catenin-dependent
Whnt signaling requires the binding of a Wnt ligand to the LRP5/6 co-receptor component to
promote B-catenin accumulation and downstream interaction with LEF/TCF transcription factors
to promote gene activation. When Wnt ligands are absent and the co-receptor complex is
unoccupied (Fig. 1.1, “OFF”), a destruction complex, comprised of the scaffold protein Axin and
Adenomatous Polyposis Coli (APC), Casein Kinase 1a (CK1a), Glycogen Synthase Kinase 33
(GSK3p) and other proteins, act to phosphorylate B-catenin, promoting its ubiquitination and
subsequent degradation by the proteasome®®. When a Wnt ligand binds to the Lrp5/6:Frizzled
co-receptor complex (Fig. 1.1, “ON”), a series of signal transduction steps are triggered and the
destruction complex is disrupted in its function. A disrupted destruction complex allows -
catenin to avoid complex-associated ubiquitination and degradation which therefore enables it to
accumulate and translocate to the nucleus to activate the transcription of Wnt target genes®®.

Studies in the field of Wnt signaling have been largely focused on the canonical/B-
catenin-dependent Wnt signaling pathway because it plays an important role not only in

development and degenerative diseases, but also in the transformation of the normal colon
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Figure 1.1. Schematic representation of the g-catenin dependent Wnt signaling pathway.
In the absence of Wnt, the destruction complex, composed of several proteins including
Adenomatous Polyposis Coli (APC), Glycogen Synthase Kinase 3 (GSK3 ), Wilms tumor
gene on the X chromosome (WTX), Casein Kinase lalpha (CK1), and Axin, phosphorylate -
catenin, targeting it for degradation via the ubiquitin-proteasome pathway. In this state,
LEF/TCF transcription factors are bound to Wnt target genes, but recruit transcription co-
repressors, such as Groucho which keep Wnt target gene transcription in an off-mode. Upon the
binding of Wnt to the Frizzled/LRP receptor, Wnt signaling is activated, resulting in the release
of B-catenin from the destruction complex. This results in the accumulation of -catenin, which
translocates into the nucleus and interacts with the LEF/TCFs, displacing Groucho/repression
complexes to activate Wnt target genes. (Figure modified from Najdi, et al., 2009)



epithelium to cancer (See section Wnt Signaling in Colon Cancer). However, the less studied
non-canonical/ B-catenin-independent Wnt signaling pathways also play an important role in cell
motility, adhesion, and they have been associated with cancer cell migration and metastasis.
Alternative to p-catenin-driven upregulation of Whnt target genes, non-canonical Whnt signaling
regulates cell activities through activation of calcium signals and kinase cascades. These
alternative pathways have previously been defined by the receptor context with which Wnt
ligands bind® (Figure 1.2). For example, the Planar Cell Polarity Pathway (PCP) is mediated by
Frizzled (Fz) receptor and Disheveled (Dvl); Lrp 5/6 co-receptors, p-catenin, and LEF/TCFs are
not involved. These types of Wnt-Frizzled interactions activate c-Jun-N-terminal kinase (JNK)
and Rho-associated kinase (Rho-kinase) to govern cell polarity (hence its namesake). That Wnt
ligands are involved in directing these activities is due in part to genetic experiments that
specifically inactivate Wnts. For example, expression of the Wnt inhibitors secreted Frizzled-
related proteins 1 and 3 (SFRP1 and sFRP3) and Wnt inhibitory factor 1 (WIF1) disrupt PCP in
the neurosensory epithelium of mice®>**. Which of the 19 Wnt ligands are capable of triggering
PCP is not completely known, but several ligands have been linked to this pathway. For
example, knockout of Wnt5A and Wntl11 in zebrafish lead specifically to defects in convergent
extension*? ™. Despite these kinds of evidence implicating some Wnt ligands in PCP and other
[-catenin-independent activities, many experimental approaches have not used a Wnt ligand to
authentically stimulate signaling from the co-receptor complex on the cell surface — meaning that
we have a limited understanding of the effect of many of the individual 19 Wnt ligands. The Wnt
Open Source project and expression plasmid library (discussed in Chapter 4) can be used to

address these experimental unknowns.
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Figure 1.2. B-catenin-dependent and B-catenin-independent Wnt signaling pathways.

Whnt signaling pathway activation is determined by the receptors available on the cell surface.
The B-catenin-dependent pathway is activated by Wnt ligands binding to Frizzled (Fz)/
Lipoprotein Receptor-related protein (LRP) co-receptors. Signaling through Frizzled alone
results in the activation of the calcium or the Planar Cell Polarity (PCP) pathway. Signaling
through receptor tyrosine kinases such as Receptor tyrosine-like kinase (RYK) and Receptor
tyrosine-like Orphan Receptor 2 (Ror2) activate Sarcoma (Src) and c-Jun Terminal Kinase (JNK)
signaling, respectively. (Figure adapted from van Amerongen, et al., 2008°%)



Whnts can also bind to Frizzled to activate the Wnt/Calcium pathway, which can stimulate
an increase in intracellular calcium levels which in turn activate G proteins and transcription
factors like nuclear factor associated with T cells (NFAT). Alternative to the Frizzled receptor,
Whnts can bind receptor tyrosine kinases such as Ryk to induce Src signaling, or bind to Ror2 to
promote JNK signaling™®*®. Wnt5A-Ryk signaling in Drosophila has been shown to control
axon guidance and salivary gland migration (likely through Src), while Wnt-Ror2 receptor
interactions result in convergence and extension movements in Xenopus and mouse cell lines,
likely through JNK®*°. Even though we know that Wnt plays a key role in these pathways, there
is much to be learned about these B-catenin independent Wnt signaling actions in other

translational model systems and contexts.

LEF/TCF Structure

Downstream of Wnt-ligand interaction and the destruction complex, LEF/TCF
transcription factors control the transcriptional output of canonical Wnt signaling in the nucleus.
The LEF/TCF family is comprised of four members: LEF-1 (LEF1), TCF-1 (TCF7), TCF-3
(TCF7L1) and TCF-4 (TCF7L2)*% (protein domain schematic, Figure 1.3). All four proteins
share two highly conserved regions: a C-terminal High Mobility Group (HMG) DNA binding
domain, and an N-terminal B-catenin binding domain. The HMG DNA binding domain contains
a Nuclear Localization Signal (NLS) and together these two domains recognize Wnt Response
Elements (WREs- characterized by the sequence YCTTTGWW??%) on Wht target genes with
relatively high affinity (Kd ~ 1x10°M). The p-catenin binding domain on the N-terminus of
LEF/TCF proteins allows for recruitment of -catenin by WRE-bound LEF/TCFs to form

complexes that can activate target genes*?*. Less conserved protein domains in the LEF/TCF
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Figure 1.3. Schematic representation of LEF/TCF family of transcription factors.

All four full-length proteins share the highly conserved N-terminal B-catenin binding domain
(blue), as well as the high-mobility group (HMG) DNA binding domain (red). Alternative
splicing produces alternative exons within the context-dependent regulatory domain (CRD)
(yellow), as well in the C-terminal tail (green). Dominant negative isoforms dnTCF-1, dnTCF-4
and dnLEF-1 are produced from alternative promoter usage and the protein products lack the p-
catenin binding domain. The table on the right summarizes the expression pattern of LEF/TCF
proteins, showing if the isoforms are absent (-) or present (+) in normal colon and colon cancer?’.
(Figure adapted from Dr. Kira Pate)



family dictate differences in the overall function among its members. One example of this is the
Context-dependent Regulatory Domain (CRD) which is poorly conserved among LEF/TCFs, and
can serve as a scaffold for transcription co-repressors such as Groucho®?®. Another example of
diversity in the family is the various C-terminal tails that result from alternative splicing; the
Waterman lab has shown that one of these tails contains an additional DNA binding domain that
influences recognition of weaker Wnt Response Elements. Specifically, alternative splicing
produces TCF-1, and TCF-4 protein products with a C-terminal tail that contains a cysteine-rich
region called the “C-clamp”. The Waterman lab has previously shown that the C-clamp enables
TCF-1 and TCF-4 to occupy specific target genes that regulate cell proliferation through the cell
cycle®?,

Alternative to DNA binding characteristics, differences in $-catenin binding capabilities
arise from the activity of different promoters for transcription. LEF1, TCF7, and TCF7L2 gene
loci produce truncated isoforms that lack the p-catenin binding domain®*>2. Since they still retain
DNA-binding activity and the CRD with capabilities to recruit corepressors, they are considered
dominant negative (dn) versions of the proteins (named dnLEF-1, dnTCF-1 and dnTCF-4).
Dominant negative LEF/TCFs, when expressed, compete with their full-length, B-catenin
binding-counterparts to bind and silence transcription of target genes®***. We exploit this
dominant negative action by using dnLEF-1 and dnTCF-1 protein expression as a tool to
modulate Wnt signaling in colon cancer. The main discovery from these studies is the

identification of a novel Wnt-driven gene program, which is outlined in Chapters 2 and 3.



LEF/TCFs and Wnt in the Intestine

Expression of the LEF/TCF isoforms has been studied in the intestine. The isoforms
present in normal intestinal tissue include TCF-1 and TCF-4, while LEF-1 and TCF-3 are absent
(Figure 1.4). More specifically, the Waterman Lab discovered that the predominant forms in the
normal intestine are full-length TCF-4, and a dominant negative isoform of TCF-1 (dnTCF-1)
(Figure 1.3) — both of which carry the C-clamp DNA binding domain®. Differences in protein
structure were determined only after the observation that while TCF-1 and TCF-4 have
overlapping expression patterns in the small intestine of mice, they have opposing knockout
phenotypes. Knockout of TCF-4 leads to a loss of the stem cell compartment and breakdown of
intestinal tissue®*. On the contrary, the TCF-1 knockout caused an increase in growth and
adenomatous polyp formation in adult mice®’. This finding suggests that the isoforms serve
different functions based on their 3-catenin binding capacity; while TCF-4 is growth-promoting,
TCF-1 (now known to be dnTCF-1) is growth-suppressing in the normal mouse intestine. While
knockout of full-length TCF-4 opposes activation of Wnt target genes, knockout of dnTCF-1
relieves repression of Wnt target genes. Clearly, TCF isoforms are expressed to maintain proper
levels of Wnt signaling such that the stem cell population at the base of the crypt is maintained
and normal intestinal organization is homeostatic andover- or under-growth does not occur.
Colon cancer cells exhibit differential expression patterns of the LEF/TCFs such that activating
forms are more dominant, therefore it would seem that LEF/TCF activities and expression play a
key role in colon cell transformation (see Wnt signaling and Colon Cancer)®*.

As mentioned above, Wnt ligand expression is crucial for maintenance of the stem cell
compartment in the colon crypt. For example in the stem cell niche, stem cell-neighboring

Paneth cells and supporting myofibroblasts express Wnt3 and Wnt11, and in organoid cultures
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Figure 1.4. TCF-1 localization in normal colon and colon cancer.

Immunofluorescent detection of TCF-1 and TCF-4 in paraffin-embedded sections of tumor and
normal matched human colon tissue. Antibody staining of TCF or p-catenin is green. Nuclei are
stained with DAPI (false colored here as red to allow visualization). In the merged images, co-
localization of antibody and DAPI is yellow. Scale bar is 20 um. Control experiments show that
in normal colon tissues B-catenin is cytoplasmic. In colon cancer, B-catenin is nuclear and
cytoplasmic thus validating the tissue integrity for these studies and confirming elevated Wnt
signaling in the tumor. TCF-4 is predominantly nuclear in both normal and colon cancer tissues.
TCF-1 is both nuclear and cytoplasmic in normal colon tissues, but TCF-1 is cytoplasmic and
absent from nuclei in colon cancer. (Figure from Najdi et al, 2009%)
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the absence of these two cell types can be overcome by supplementing with Wnt3A*,
Expression of Wnt3A in mouse embryonic stem cells (ESCs) promotes self-renewal, while Wnt
inhibition with Wnt secretion inhibitor IWP2 leads to differentation***?. There are 19 human
Whnt ligands, all with differences in signaling capabilities depending on the ligand and receptor
context (See Wnt Signaling), so defining the expression patterns of the Wnts in the normal
intestine may provide insight into pathway modulation in disease and cancer. Early studies using
antisense RNA in situ hybridization in human tissues by the Waterman lab and others examined
expression patterns for a subset of Wnt ligands. Wnt 1, 4, 5A, 5B, 6, 7B, 10B were found to be
expressed in normal colon mucosa samples, whereas Wnt 2 and 7A were absent*. Questions
remain as to the levels of expression for the entire 19 human Wnt family, however, and
importantly, a lack of understanding of the spectrum of Wnt signaling properties that are possible
with each Wnt ligand has emphasized the requirement for a full standardized set of Wnt
expression plasmids in the same backbone, which would allow a direct side-by-side comparison
of Wnt processing, secretion and signaling. For this reason, we started the “Open Source Wnt”
plasmid depository and cloned open reading frame sequences for all 19 human Wnts as cassettes
into the same plasmid backbone for mammalian expression. This effort and initial findings using

the plasmid expression library are discussed in Chapter 4.

Wnt signaling in Colon Cancer

While Wnt signaling is necessary for development and maintenance of normal tissue,
aberrant activation of the pathway has been associated with several cancers, including colon,
breast, prostate, thyroid, ovarian, melanoma and hepatocellular carcinoma***’. Mutations of the

Whnt signaling pathway cooperate with mutations in SMAD4, KRAS and p53(TP53) to promote
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transformation of normal colon epithelium to carcinoma®®*°. The most common mutations of the
Whnt signaling pathway are loss-of-function mutations in destruction complex-associated APC,
and gain-of-function, stabilizing mutations in -catenin. The large majority (over 80%) of colon
cancers arise from tumor suppressor APC loss-of-heterozygosity which damages the ability of
the Destruction Complex to degrade B-catenin®. Alternatively, mutation of B-catenin contributes
to a subset of colon cancers, wherein loss of a specific serine residue necessary for GSK3p-
mediated phosphorylation thwarts -catenin degradation via the ubiquitin-proteasome-mediated
pathway?. Mutations in these two components have differential effects on the ability to make
Whnt signaling activity strongly constitutive in cancer cells (see Figure 1.5 for schematic of
common Whnt signaling mutations in colon cancer and associated cell lines). Recent mouse
modeling studies restoring APC show tumor regression and subsequent restoration of normal gut
homeostasis, highlighting the importance of aberrant Wnt signaling in the progression and
maintenance of colorectal cancer, as well as validation of the Wnt signaling pathway as a target
for therapy®*.

Both APC and B-catenin mutations result in aberrant accumulation of f-catenin which in
turn results in an unregulated increase in the functional output of the pathway. Increased Wnt
signaling is now widely recognized as the main driver activity that results in unregulated growth
and colon carcinogenesis. This unregulated growth is due to the constitutive upregulation of
target genes such as c-Myc (MYC), CCND1 (cyclin D1), SP5 and VEGF, resulting in expression
of proteins that contribute to Wnt-driven gene programs such as cell cycle, angiogenesis and cell
growth®*®2 Wnt ligands and extracellular growth factors can crosstalk to unregulated Wnt
signaling downstream of APC and B-catenin to modulate target gene transcription. For example,

the Hepatocyte Growth Factor (HGF)-Met signaling pathway is known to crosstalk to oncogenic
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Figure 1.5. Common mutations of the Wnt signaling pathway in colon cancer.

The most common mutations of the Wnt signaling pathway are loss-of-function mutations in
destruction complex-associated APC, present in over 80% of colon cancer (above, right), and
gain-of-function, stabilizing mutations in B-catenin (below, right). Specifically, mutations in
tumor suppressor APC result in loss-of-heterozygosity®*. Alternatively, p-catenin mutations
prevent B-catenin degradation through loss of serine residues necessary for GSK3p-mediated
phosphorylation — such mutations generally result in lower levels of accumulated B-catenin in
colon cancer cells. Several colon cancer cell culture lines (listed, far right) are available through
ATCC (wwwe.atcc.org) for studying cancer phenotypes that arise from these different mutational
backgrounds. (Figure modified from Najdi, et al., 2009)
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Whnt signaling to activate transcription of Whnt target genes which promote a cancer stem cell
phenotype. Specifically, HGF, which derives from HGF-secreting stromal cells, stabilizes and
increases levels of nuclear localized p-catenin in the transformed colon epithelia. This crosstalk
appears to upregulate a group of genes associated with stemness. That HGF comes from the
tumor microenvironment, means that HGF crosstalk occurs most strongly at the tumor/stroma
interface — which therefore promotes tumor cell heterogeneity. Immunohistochemical staining of
human colon tumor tissue reveals upregulated levels of nuclear B-catenin on the edges of
transformed epithelial tissue neighboring HGF-secreting cancer-associated fibroblasts®. In
addition, HGF-Met signaling directly activates LEF1 transcription through Phosphatidylinositol-
4,5-bisphosphate 3-kinase (P13K)/Akt and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF«B) signaling®. Wnt ligands are also capable of circumventing the destruction
complex and modulating the pathway at the level of LEF/TCFs and B-catenin. For example,
WNTD5A inhibits B-catenin dependent Wnt signaling through Ror2 receptor binding and
subsequent pathway activation. On the other hand, WNTS5A activates B-catenin-dependent
signaling signals through interaction with co-receptors Fz4 and LRP5°. Separately, our group
recently showed that a kinase signaling cascade triggered by Wnt ligand activation regulates
TCF-1 export in colon cancer cells®. We will further discuss what ligands trigger this export
response, how other ligands other than Wnt5A work in this pathway, and their inhibitory
activities in Chapters 4 and 5.

Downstream of the destruction complex, LEF/TCFs govern -catenin interaction with
target genes - meaning that the types of isoforms (activating vs inhibiting) and their relative
concentrations determine how much access B-catenin has for target gene activation. The

evidence is overwhelmingly in favor of granting -catenin access. For example, while LEF-1 is
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not expressed in normal colon tissue, its expression is activated in colon cancer®3. Even more,
while the full-length form of LEF-1 is expressed, the dominant negative form, with potential to
provide functional balance, is not expressed in colon cancer®®!. Previous studies by the
Waterman lab show that expression of full-length LEF-1 isoforms is due, in part, to aberrant
transcriptional activation of LEF1 promoter 1 which contains Wnt response elements near the
transcription start site; LEFL1 is therefore positively regulated by the pathway because it is a Wnt
target gene. In addition, the Waterman lab determined that promoter 2, which produces
inhibitory dnLEF-1 isoforms, is actively repressed at the transcription level by repressive
elements that include YY1, a transcriptional repressor protein®. As for TCF-1, only the silencing
dominant negative isoform is expressed in the normal colon, but a switch to the full length TCF-
1 isoform occurs in colon cancer, the mechanisms have not been defined. Full length TCF-4 is
expressed in both normal and colon cancer, and TCF-3 is not expressed in either setting®3"%>2¢:¢7
(See Figure 1.4). Taken together, full length LEF-1, TCF-1 and TCF-4 are turned on or remain
expressed in colon cancer, while their dominant negative counterparts are turned off or remain
off, contributing to overactive Wnt target gene transcription in colon carcinogenesis, a pattern
that is very likely to enhance the escape from normal cell cycle regulation.

The presence of full length isoforms in colon cancer cells, and an absence of their
dominant negative counterparts, provides a window of opportunity for understanding the
functional outputs and gene programs that are misregulated by Wnt signaling. Clearly, full-
length LEF/TCFS facilitate transformation of colon epithelial cells because they can recruit -
catenin to target genes. The opportunity we exploited was to challenge the action of full-length
LEF/TCFs by expressing dnLEF/TCFs in these cancer cells. Controlled, overexpression of

individual dnLEF/TCFs revealed distinct capabilities and targeting specificities for each of the
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isoforms. For example, overexpression of isoforms of dnTCF-1 or dnTCF-4 that contained an E-
tail compared to isoforms without an E-tail, revealed the role of C-clamp in regulation of the cell
cycle and proliferation (see Wnt signaling). Expression of dnTCF-1E or dnTCF-4E led to a stall
in the G1 phase of the cell cycle causing a halt in cell proliferation. Isoforms that were missing
the C-clamp, or mutants that had an inactivated C-clamp had no effect on cell cycle progression.
Global gene expression studies in colon cancer cells expressing these various isoforms showed
that regulation of the cell cycle occurs through transcriptional repression of p21 by Whnt target
genes, the most important of which is the SP5 transcription repressor. In contrast, other groups
showed that expression of dnTCF-4 with an N-tail in colon cancer cells (an alternatively spliced
version different from the E tail) did not have an effect on cell cycling, but instead restored
epithelial cell polarity®. In summary of our current understanding in the field, oncogenic Wnt
signaling promotes cell cycle misregulation and disruption of normal epithelial polarity. Other
isoforms such as TCF-1B and LEF-1N, which lack the C-terminal E-tail in colon cancer®:**,
have largely uncharacterized roles in colon cancer and it is unknown how they contribute to the
cancer phenotype, even though we know they are expressed. Through expression of dnLEF-1N
and dnTCF-1 isoforms that are missing a bona fide C-clamp, we discovered the role of Wnt
signaling in regulation of colon cancer cell metabolism. Chapter 2 will discuss the initial
discovery of metabolism as a Wnt-driven gene program and the role of Whnt target gene Pyruvate
Dehydrogenase Kinase 1 (PDK1) in glycolysis. | solidify the connection between Wnt signaling
and glycolytic metabolism in Chapter 3 by showing that the lactate transporter MCT-1 is also a
direct Wnt target gene. Since MCT-1 lies downstream of PDK1 action (exports the metabolic

waste product lactate that PDK1 activity promotes), the discovery emphasizes how important
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this pathway is Wnt-directed actions in cancer, and this finding suggests that Wnt normally

promotes this form of metabolism in normal colon crypts.

Cancer and Metabolism

Otto Warburg paved the way for scientific inquiry into cancer cell metabolism with his
observation in the 1930’s that cancer cells preferentially perform glycolysis, even in normoxia
(termed Warburg metabolism, or aerobic glycolysis)®®™. Since then, many researchers have
sought to understand the mechanisms by which cancer manipulates the normal metabolic
program in cells, with ever-increasing interest in its therapeutic relevance and potential. With no
oxygen limitation, why do cancer cells prefer to utilize glucose for glycolysis and fermentation
to lactate over oxidative phosphorylation? One well-established explanation is the need to
produce large quantities of biointermediates for rapid cell proliferation’. In order to acquire
biomass, cancer cells must increase their glucose consumption and perform several adaptations
to facilitate and support alternative metabolic pathways. For example, an increased reliance on
glucose requires upregulation of glucose transporters and glycolytic enzymes; oncogenes such as
c-Myc and the protein kinase B (Akt) pathway promote these coordinated efforts. Importantly,
an increase in lactate secretion as a result of fermentation requires an upregulation of
lactate/monocarboxylate transporters to maintain intracellular pH levels, otherwise, cells will die.
Furthermore, cancer cells increase their dependency on the pentose phosphate pathway and
NADPH for nucleotide synthesis and lipid synthesis, respectively’?. Cancer cells also adapt an
increased use of glutaminolysis, which facilitates lipid synthesis, amino acid, and nucleotide
synthesis through glutamine catabolism to a-ketogluterate flux”. Cancer cells may also prefer

aerobic glycolysis as a method of glucose utilization because they wish to limit reactive oxygen
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species (ROS) produced by oxidation phosphorylation™. By limiting ROS production, cancer
cells can protect themselves from DNA damage and modification that may lead to apoptosis.
Oncogenic signaling pathways themselves can be major regulators of Warburg
metabolism. As alluded to above, the Akt pathway has been implicated in supporting the
metabolic program of cancer. Specifically, the PI3K/Akt pathway can both drive tumor
proliferation and the metabolism needed to support it’”*"®. While AMP activated protein kinase
(AMPK) signaling generally functions as a metabolic checkpoint in cells by inhibiting mTOR,
oncogenic mutations in cancer can suppress it'"’®. Although Wnt plays a well-known role in
homeostatic liver metabolism™ and can crosstalk with metabolic pathways in normal cells such

as differentiating osteoblasts®*®*

, there is little data implicating Wnt directly in the metabolic
reprogramming of cancer. The overall impact of our work therefore, as discussed in Chapters 2
and 3, presents evidence of a novel, direct connection between oncogenic Wnt signaling and
colon cancer cell metabolism. The implication is that cellular metabolism is a normal program

influenced by Whnt signaling, and the challenge for colon cancer therapy lies in exploiting this

connection.
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Chapter Guide

The remainder of this thesis will address the modulation of Wnt signaling by LEF/TCFs
and Wnt ligands, and the resulting insights into Wnt signaling regulation and output. Chapter 2
reveals a novel role of Wnt signaling in regulating colon cancer cell metabolism and identifies a
new key target gene that mediates this function, PDK1 (pyruvate dehydrogenase kinase 1).
Chapter 3 expands on the knowledge of Whnt signaling regulation of colon cancer cell
metabolism to identify a second Whnt target gene that supports this oncogenic phenotype, lactate
transporter MCT-1 (monocarboxylate transporter 1). Chapters 4 describes the Open Source Wnt
expression library, a necessary tool for the Wnt signaling community, and preliminary findings

using this new tool to probe unknowns of the Wnt signaling pathway.
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CHAPTER TWO

Wnt Signaling Directs a Metabolic Program of Glycolysis and Angiogenesis in
Colon Cancer

Introduction

Cancer metabolism is quickly regaining a forefront position in research as its role in
epigenetics, proliferation, and survival are understood to be fundamentally connected. Otto
Warburg first recognized that cancer cells ferment much of their glucose supply into lactate
regardless of the presence of oxygen, a phenomenon termed the Warburg effect, or aerobic
glycolysis™. It is now appreciated that cancer cells have different metabolic demands than
normal cells and they therefore modify their use of metabolites to meet those demands. Instead
of a dominant program for efficient production of ATP, proliferating tumor cells rely on a
metabolic program of glycolysis to support anabolic production of biomass’>"%. An emphasis on
glycolysis is thought to be driven not only from exposure to hypoxic conditions (mostly through
stabilized HIF10®?) but also by oncogenic signaling pathways, such as PIBK/AKT"*". Although
Wht plays a well known role in homeostatic liver metabolism’ and can crosstalk with metabolic

8081 there is little data implicating

pathways in normal cells such as differentiating osteoblasts
Whnt directly in the metabolic reprogramming of cancer.

In this chapter we probe the contribution of LEF/TCF/B-catenin activity to the metabolic
programming of cancer cells. We block the downstream activity of Wnt through disruption of 3-
catenin/LEF/TCF complexes by overexpressing dominant negative (dn)LEF/TCF isoforms that
lack the B-catenin binding domain. We utilize both standard metabolomics analyses and a state-

of-the-art microscopy technique for monitoring changes in the metabolism of living cells and

tissues. The microscopy technique, called the phasor approach to fluorescence lifetime imaging
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microscopy (FLIM), utilizes two-photon microscopy for label free detection of intrinsically
autofluorescent molecules®™®. In this study, we used FLIM to monitor the metabolic coenzyme
nicotinamide adenine dinucleotide (NADH), the principle electron acceptor in glycolysis and
electron donor in oxidative phosphorylation. NADH FLIM is especially powerful as it provides a
non-invasive, rapid and sensitive readout of the metabolic status of single cells within their
native microenvironment. FLIM analysis was used to discover that stem cells at the base of
intestinal crypts are highly glycolytic, and that a metabolic trajectory of glycolysis-to-oxidative
phosphorylation tracks with a gradient of strong-to-weak Wnt signaling in intestinal crypts®>.
FLIM detection of free and bound NADH in vitro in living cancer cells and in vivo in living
perfused tumors shows that blocking Wnt alters the metabolic program of cancer cells and leads
to reduced use of aerobic glycolysis. We identify pyruvate dehydrogenase kinase (PDK1) as a
novel Wnt target gene that promotes this effect, and we note that a cell-extrinsic effect of PDK1-

driven glycolysis is enhanced tumor angiogenesis.

Results
Blocking Wnt alters the expression of metabolism-linked genes

Although multiple roles of Wnt signaling in colon cancer have been well studied, such as
proliferation via regulation of the G1 phase of the cell cycle®, there are other functions that have
yet to be identified. To reveal new roles of Wnt in colon cancer, we performed Gene Ontology
analysis of our recently published microarray data set®®. This dataset reflected the change in
global gene expression when three different dominant negative (dn) LEF/TCF isoforms were
individually and rapidly induced with doxycycline in DLD-1 colon cancer cells (Fig. 2.1A).
Induction of dnLEF/TCFs reduces Wnt signaling through interference with endogenous -

catenin/TCF and B-catenin/LEF complexes, and we therefore focused our analysis on genes that
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Figure 2.1. Blocking Wnt alters the expression of metabolism-linked genes.

Panther Gene Ontology analysis of microarray data from DLD-1 cells overexpressing either
dnLEF-1 (23h), dnTCF-1Emut (8h), or dnTCF-1EWT (8h). (A) Schematic of dnLEF/TCF
isoforms expressed (Beige box = context-dependent regulatory domain; Red box = HMG DNA
binding domain; Yellow box = nuclear localization signal; Green box = alternatively spliced C-
terminal tails; Yellow star = mutation in E-tail). (B) Ontology analysis of dnLEF/TCF
downregulated genes reveals a large category of genes linked to metabolism. PANTHER
binomial statistical analysis determined statistically-significant overrepresentation of regulated
genes within each category compared to representation in the human genome (*p-value <0.01)
(C) List of metabolism-linked genes downregulated by all three dnLEF/TCF isoforms. List of
transporter genes regulated by at least 2 dnLEF/TCF isoforms. For all genes on the list changes
are p< 0.05, and range of fold changes is -1.3 to -6.0. (Figure adapted from Figure 1 of Pate,
Stringari, Sprowl-Tanio et al., 2014).
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were down-regulated within 8 and 22 hours after induction. The ontology analysis was carried
out using PANTHER software which classified the down-regulated genes into different
categories of biological processes® ®®. A consistently large subset of regulated genes fell under
the category of metabolism (Fig. 2.1B,C). In fact, Panther binomial statistical analysis revealed
that Wnt target genes connected to metabolism were the most highly overrepresented category
compared to baseline representation of these genes in the human genome. These data, along with
the notable downregulation of two key genes critical to cancer metabolism, pyruvate
dehydrogenase kinase (PDK1) and the lactate transporter, MCT-1 (SLC16A1), led us to
hypothesize that Wnt specifically and directly regulates a program of cellular metabolism in

colon cancer cells.

dnLEF-1 and dnTCF-1Emut do not alter the cell cycle or proliferation in vitro

To test this hypothesis we used dnLEF/TCF overexpression to block Wnt target gene
regulation in colon cancer cell lines and examined resultant changes in metabolism. Knowing
that overexpression of the potent dnTCF-1E or dnTCF-4E isoforms halts cell cycle progression
and cell proliferation®®, while isoforms lacking the alternatively spliced C-terminal E-tail avoid
this stall?®®, we induced the expression of dnLEF-1N which naturally lacks E-tail sequences. In
parallel, we also induced the expression of dnTCF-1Emut, a mutated form of dnTCF-1E with a
five amino acid substitution in the auxiliary C-clamp DNA binding domain in the E-tail that
eliminates control of proliferation?®. Use of these less potent dominant negative isoforms enabled
an uncoupling of our test for effects on cell metabolism from effects on cycle progression. We
utilized two different expression systems in two different colon cancer cell lines. In two

independent clonal lines of DLD-1 colon cancer cells, we used a stably integrated doxycycline
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inducible system to express Flag-tagged dnLEF-1(dnLEF-1(1) and dnLEF-1(2)). In a second cell
line (SW480), we used a lentiviral system to express physiological levels of Flag-dnLEF-1 or
Flag-dnTCF-1Emut. In all cases, transgene expression was assessed by Western Blot (Fig.
2.2AE), and functional disruption of Wnt activity confirmed by repression of the luciferase
reporter Super TOPFlash (STOP) (Fig. 2.2B,F). We also confirmed that dnLEF-1 and dnTCF-
1Emut had no impact on cell proliferation (Fig. 2.2C,G) or any parameter of the cell cycle profile
(Fig. 2.2D,H). Cell cycle analysis performed at even longer timepoints of dnLEF/TCF expression
also showed no change in the profile (data not shown). Overall these data show that dnLEF-1N
and dnTCF-1Emut expression have no effect on the cell cycle or the intrinsic ability of the cells
to proliferate and can therefore reveal phenotypes of blocking Wnt that are uncoupled from these

functions.

Blocking Wnt alters the metabolic program of colon cancer cells

One of the most recognized hallmarks of cancer is Warburg metabolism, or, a tendency
for cancer cells to utilize glycolysis rather than oxidative phosphorylation regardless of the
availability of oxygen’. We tested whether blocking Wnt alters carbohydrate metabolism by
testing for changes in lactate (a byproduct of glycolysis) and ATP production (most efficiently
produced via oxidative phosphorylation). A measure of lactate levels in the media of mock-
infected SW480 cells compared to cells infected with lentivirus expressing dnLEF-1 or dnTCF-
1Emut, revealed a significant decrease in lactate production (Fig. 2.3A,B). This was true for both
2D conventional cultures and 3D suspension cultures in soft agar which were accompanied by a
visual color change of the media (due to secretion of excess lactic acid; Fig. 2.3B). The drop in

lactate production occurred independently of cell number, which was not significantly altered
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Figure 2.2. dnLEF-1 and dnTCF-1Emut do not alter the cell cycle or proliferation in vitro.
(A-D) Analysis of two clonal DLD-1 cell lines (dnLEF-1(1) and dnLEF-1(2)) with stably
integrated doxycycline-inducible expression of flag-tagged dnLEF-1. (E-H) Analysis of SW480
cells infected with lentivirus carrying flag-tagged dnLEF-1 or dnTCF-1Emut. (A,E) Western blot
analysis of flag-tagged transgenes after five days of doxycycline treatment (A) or six days post
transduction (E). (B,F) Luciferase reporter assays show that dnLEF/TCF expression (B: 24h
doxycycline; F: six days post transduction) reduces activity of the Wnt reporter, SuperTOPFlash.
Graphs shown are representative of three replicates. Error bars represent the spread between
duplicates. (C,G) A colorimetric-based growth curve assay shows little to no difference in
proliferation rate over ten days of dnLEF/TCF expression. Graphs shown are representative of at
least three replicates. Error bars depict the standard deviation of eight internal replicates. (D,H)
FACS scatter profiles (left) and quantitation (right) show no change in cell cycle after 24h of
doxycycline treatment (D) or three days after lentiviral infection (H). (Figure adapted from
Figure S1 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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because of the lack of any effect of dnLEF/TCF expression on proliferation (Fig. 2.3A). Similar
analyses were performed in four different colon cancer cell lines (Fig. 2.4). We also interfered
with Wnt by application of the drug XAV939. This small molecule inhibitor targets poly-ADP-
ribosyltransferases Tankyrasel, 2 to destabilize B-catenin, an action that works even in colon
cancer cells where its destruction complex components are defective®. We observed similar
decreases in lactate production upon XAV939 application, a change consistent with a decrease in
Warburg-type metabolism (Fig. 2.3C). Another hallmark of Warburg is less efficient production
of ATP (since oxidative phosphorylation produces more ATP per molecule of glucose than
glycolysis). We therefore measured changes in ATP levels in SW480 cells infected with
dnLEF/TCF-expressing lentivirus. We observed that any interference with Wnt signaling
triggered increases in ATP production suggesting an increased utilization of oxidative
phosphorylation vs. glycolysis (Fig. 2.3D). We also tested for rates of glucose consumption, and
as expected, rates were lower when either dnLEF/TCFs or XAV939 were used to disrupt Wnt
signaling (Fig. 2.3E-G). For more precise measurements we used Seahorse technologies to
measure the glycolytic flux (Extracellular Acidification Rate or ECAR) and mitochondrial
respiration (Oxygen Consumption Rate or OCR) of colon cancer cells subjected to our
conditions. We observed that expression of dnLEF/dnTCF in SW480 cells lowered the rate of
glycolysis but did not significantly affect the rates of respiration (Fig. 2.3H, I). XAV939
treatment induced a similar effect, which we report as a 30%-40% increase in the rates of
oxidative phosphorylation relative to glycolysis (OCR:ECAR ratio; Fig. 2.3J).

While the above technologies are quantitative, they are single end-point measurements of
an entire population of cells. Recognizing that cancer metabolism can be heterogeneous and is

best evaluated in living cells, we utilized the phasor approach to fluorescence lifetime imaging
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Figure 2.3. Blocking Wnt alters the metabolic program of colon cancer cells.
(A) Lactate levels are reduced with lentiviral transduction of dnLEF-1 or dnTCF-1Emut in
SW480 cells growing under standard culture conditions for 10 days. Representative graph of
three replicates is shown with error bars representing the S.E.M. between three internal replicates
(B) Fold change of lactate levels produced in 3D cultures. Images are of representative wells for
each condition. Measurements performed on media collected from SW480 cells grown in soft
agar after 22 days. Representative graph of three replicates is shown with error bars representing
the S.E.M. between three internal replicates. (C) Fold change in lactate levels of SW480 cells
treated with Wnt inhibitor XAV939 (10 pM) for a minimum of four days. Data represent the
average of six independent trials (+/- S.E.M.). (D) ATP levels in SW480 cells collected seven
days post transduction. Data represent the average of three independent trials (+/- S.E.M.). (E)
Fold changes in glucose consumption in SW480 cells expressing dnLEF/TCFs, (F) DLD-1 cells
(dnLEF-1(2)) treated with doxycycline to induce dnLEF-1 expression, and (G) SW480 cells
treated with XAV939 (10uM). Data represent the average of four trials (+/- S.E.M.) (H)
Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) in SW480 cells
transduced with MOCK, dnLEF-1 or dnTCF-1Emut virus. (I) Data from panel H represented as
an OCR/ECAR ratio. (J) OCR/ECAR ratio of SW480 cells treated with XAV939 (10 uM). Data
in H-J represent the average of three independent trials (+/- S.D.). (*p-value<0.05; **p-
value<0.01; ***p-value<0.001) (Figure is adapted from Figure 2 of Pate, Stringari, Sprowl-
Tanio et al., 2014).
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Figure 2.4. Blocking Wnt alters the metabolic program of colon cancer cells.

(A) Western blot analysis of lentiviral transduction and expression of FLAG-tagged dnLEF-1
and dnTCF-1Emut in SW620, LS 174T, HCT116 and HT-29 colon cancer cells. (B) SuperTOP
Whnt reporter assay in colon cancer cell lines with or without co-expression of dnLEF-1 or
dnTCF-1Emut. Normalized luciferase activity from SuperTOP (to a co-transfected CMV-[3-
galactosidase control) shows both the relative levels of Wnt signaling in each cell line and the
magnitude of interference by dnLEF-1/dnTCF-1Emut. Graph shown is representative of three
replicates. Error bars represent the spread between duplicates. (C) SuperTOP luciferase reporter
assay in SW480 cells treated with the XAV939 inhibitor (10 uM). Graph shown represents the
average of five trials (+/- S.D.). (D) Lactate production and glucose consumption assays in four
colon cancer cell lines in the presence/absence of dnLEF-1 or dnTCF-1Emut. Note that cell lines
with low levels of tonic Wnt activity (see panel B) show little or no response in lactate and
glucose when dnLEF-1 or dnTCF-1Emut are expressed. With the exception of the glucose
consumption data in HT-29 cells (which is representative of two replicates), the data shown
represents the average fold values from four independent trials (+/- S.E.M.). (*p-value<0.05;
**p-value<0.01; ***p-value<0.001). (Figure adapted from Figure S2 of Pate, Stringari, Sprowl-
Tanio et al., 2014).
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microscopy (FLIM) to evaluate metabolism. Specifically, we used FLIM to monitor dynamic
shifts in patterns of aerobic glycolysis vs. oxidative phosphorylation by following the signature
of the metabolic and autofluorescent cofactor NADH. NADH autofluorescence can be excited at
a specific wavelength (740 nm), and the pattern of the decay of this fluorescence differs
depending on its bound or unbound state®. Glycolytic cells have a predominance of free,
unbound NADH. Respiring cells have high rates of oxidative phosphorylation and a
predominance of bound NADH (e.g. NADH bound to mitochondrial enzymes)**2. The signature
of fluorescence decay of NADH can be graphically represented on a 2D phasor plot where the
decay rates for the pure free or bound species of NADH occupy very different positions®®5493%,
In a complex cellular environment where combinations of free and bound NADH co-exist,
fluorescence signatures of decay map to experimental points between the extreme phasor plot
positions of the pure free and bound species (Fig. 2.5A). In other words, experimental positions
on the phasor plot indicate the relative ratio of free:zbound NADH and therefore the relative
levels of glycolysis and oxidative phosphorylation. In our analysis, increases in the free:bound
NADH ratio (rightward and downward shift of experimental points in the phasor plot), indicate
more glycolysis and an overall cancer-type of metabolism® %,

To demonstrate the relationship between a phasor shift and a change in metabolism, cells
were treated with potassium cyanide (KCN) for 1 minute to block mitochondrial respiration and
trigger an increase in reduced, free NADH. FLIM analysis (using two photon microscopy at 740
nm to excite bound and free NADH) before and after KCN treatment moved the phasor
distribution closer to the pure free NADH position, indicating a release of NADH from

mitochondria and an increase in the ratio of free:bound NADH (Fig. 2.5A). This result is also

visually confirmed through a false-color mapping of free:bound NADH overlaid pixel-by-pixel
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Figure 2.5. Fluorescence Lifetime Analysis of NADH Reveals Shifts in Glycolysis Upon
Expression of dnLEF/TCF.

(A) Phasor plot of a FLIM analysis showing DLD-1 cells before and after a 1 minute treatment
with 4 mM Potassium Cyanide (KCN). The phasor position of pure free NADH is also shown.
(B) Top panel of images shows the autofluorescent intensity at 740 nm. Bottom panels
correspond to the free:bound NADH coloring of the same field of cells according to the color
map shown on the phasor plot in (A). Changes indicate an increase in free:bound NADH after
KCN treatment. This is also shown in (C), a scatterplot analysis of average phasor positions of
individual cells before and after KCN treatment. (D) Phasor position of DLD-1: dnLEF-1(1)
cells, and a color map to represent the gradient of relative levels of free and bound NADH. (E-
H) The top row of images show two-photon fluorescence intensity images excited at 740nm for
two clones of DLD-1 dnLEF-1 stable cells (dnLEF-1(1) and dnLEF-1(2)), and SW480 cells. The
bottom row shows free:bound NADH color mapping as indicated by the color map in panel D.
The bottom panels show scatter plots where each point represents the average phasor position
from one cell. Induction of dnLEF-1 or dnTCF-1Emut expression, or treatment with the Wnt
inhibitor XAV939 results in a phasor shift toward bound NADH. All images and measurements
were taken five days after seeding under confluent conditions. Representative data from single
trials are shown from among at least three replicate experiments for each cell line. Each
treatment resulted in a population on the scatterplot distinct from mock cells with p<0.0001.
(Figure adapted from Figure 3 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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on the original images taken of the cells, where pink/red and blue/white represents, respectively,
higher and lower concentrations of free NADH relative to bound NADH (Fig. 2.5B). A
scatterplot display of the data enables a comparison of the average position of individual cells for
each set of conditions and therefore reveals the spread of the data between replicates of the same
conditions as well as between different experimental conditions. In this case, the phasor positions
of each pixel within one cell is averaged and plotted as a single point (Fig 2.5C).

To assess the impact of blocking Wnt target gene activation on the ratio of free:bound
NADH, we performed FLIM analysis on normoxic cells expressing dnLEF/TCFs or cells treated
with the XAV939 inhibitor. Doxycycline induction of dnLEF-1N in two different clonal DLD-1
cell lines caused the average phasor position to shift away from free NADH to the upper left of
the scatterplot, toward bound NADH (Fig. 2.5D,E,F). This shift represents a decrease in
free:bound NADH, a change that was also evident in the color mapping of NADH states in the
DLD-1 cells. Parental DLD-1 cells treated with the same concentration of doxycycline showed
no significant change in the phasor positions indicating that doxycycline alone does not alter the
metabolic signature (Fig. 2.6D). To confirm this result in other colon cancer cells we performed
FLIM analysis on SW480 cells infected with empty virus or lentivirus carrying dnLEF-1N or
dnTCF-1Emut expression cassettes (Fig. 2.5G; additional dnTCF isoforms Fig. 2.6A,B,C), as
well as analysis of cells treated overnight with XAV939, the Wnt signaling inhibitor (Fig. 2.5H).
We also tested four other colon cancer cell lines that varied with respect to their endogenous
level of Wnt signaling (Fig. 2.6C). Shifts in metabolism correlated directly with the ability to
reduce Wnt signaling. These data suggest that blocking Wnt signaling in colon cancer cells
results in a decrease in the ratio of free:bound NADH which indicates a decrease in glycolysis.

Taken together, our assessment of lactate production, ATP production, ECAR, OCR, Glucose
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consumption, and FLIM signatures of NADH all indicate that oncogenic Wnt signaling promotes

a glycolytic form of metabolism.

Blocking Wnt reduces PDK1 levels via regulation of transcription

We next asked whether the changes in metabolism induced by blocking Wnt could be
attributed to any of the metabolism-linked target genes identified in the DLD-1 microarray
experiments. One common target gene downregulated by all of the dnLEF/TCF proteins was
pyruvate dehydrogenase kinase (PDK1). This kinase phosphorylates and inhibits the pyruvate
dehydrogenase (PDH) complex in mitochondria®. Inhibition of PDH, in turn, reduces the
conversion of pyruvate to acetyl-CoA for entry into the TCA cycle and oxidative
phosphorylation. Therefore, PDK1 plays an important modulatory role in the promotion of a
glycolytic phenotype, and is therefore, not surprisingly found to be upregulated in a number of
cancers'% 1%,
To validate the microarray data and test whether PDK1 levels are modulated by p-catenin
and LEF/TCFs, Western blot analysis was performed for both DLD-1 and SW480 cells
expressing dnLEF-1 or dnTCF-1Emut. PDK1 protein levels were reduced 50-75% for all cell
lines (Fig. 4a). To confirm that this reduction is evident at the mMRNA level, gRT-PCR analysis
of PDK1 mRNA was performed for doxycycline-treated dnLEF-1 DLD-1 cells after 24 hours or
120 hours of expression. At both time points PDK1 mRNA levels were reduced to 60%, similar
to the reduction observed at the protein level (Fig. 2.7B,C). Since there are four members of the
PDK family (PDK1-4), we asked whether any of the additional PDK family members were also

downregulated after blocking Wnt. RT-qPCR analysis of PDK2-4 levels in DLD-1 cells

expressing dnLEF-1 indicates that neither PDK2 nor PDK3 levels were altered, while PDK4
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Figure 2.6. FLIM analysis of colon cancer cell cultures.
(A) Top panel of images shows the autofluorescent intensity of SW480 cells excited at 740 nm.
Bottom panels correspond to the free:bound NADH color map of the same field of cells
according to the color map depicted in the phasor plot in Figure 3D. (B) Scatter plot summary of
FLIM analysis (for NADH) of SW480 cells transduced with different lentiviral transductions to
express four different dnLEF/dnTCFs. (C) Additional FLIM analyses of four different colon
cancer cell cultures transduced with the indicated lentiviral expression constructs. (D) Scatter
plot analysis shows that DLD-1 parental cells do not respond to 0.01pg/ml doxycycline alone
(compare to shifts in the phasor towards bound NADH when DLD-1 clonal cells are induced to
express dnLEF-1 (Figure 2.5E, 2.5F). (Figure adapted from Figure S3 of Pate, Stringari,

Sprowl-Tanio et al., 2014).
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showed a modest, but significant decrease from its already low basal level (Fig. 2.7B). Overall,
these data suggest that PDK1 and possibly PDK4 are regulated by Wnt/p-catenin signaling in
colon cancer cells.

A possible connection between Wnt and metabolism occurs through the Wnt target gene,
c-Myc, and in fact, previous reports suggest that under certain conditions, c-Myc can potentiate

the upregulation of PDK1 levels'®

. We examined c-Myc levels after expression of dnLEF/TCF.
With the exception of a slight decrease in c-Myc protein after 96 hours of dnLEF-1 expression in
DLD-1 cells (Fig. 2.7A), there is little to no difference in c-Myc mRNA or protein levels even
after 120 hours (Fig. 2.7A,C). This result also matches the previously published microarray,
which showed no change in c-Myc mRNA after expression of dnLEF-1. Therefore, the change in
PDK1 levels observed is independent of Wnt regulation of c-Myc.

To determine the kinetics of PDK1 transcription upon disruption of Wnt signaling, we
used a 4-thiouridine labeling procedure to identify actively transcribed mMRNAs™™. After
induction of dnTCF-1Emut for 2 hours, DLD-1 cells were incubated with a pulse of 4-
thiouridine for 30 minutes to incorporate the nucleotide label into nascently transcribed RNA.
After the pulse, cells were harvested and labeled RNA was purified via a
biotinylation/streptavidin pull-down procedure’®. Semi-quantitative RT-PCR for PDK1 mRNA
demonstrated that transcription of the PDK1 locus was immediately reduced upon induction of
dnTCF1E-mut expression (Fig. 2.7D). The known Whnt target gene AXIN2 served as a positive
control and constitutive, ubiquitous UBA52 served as a negative control. Induction of dnTCF-
1Emut reduced transcription by at least 50% for both PDK1 and AXIN2, demonstrating that

PDK1 is likely to be a direct Wnt target gene. We have also performed a genome-wide ChlP-seq

study of dnTCF-1E binding'®, and discovered in the genome dataset that TCF-1 binds to distal
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Figure 2.7. Blocking Wnt directly reduces PDK1 levels via regulation of transcription.

(A) Whole cell lysates from DLD-1 dnLEF-1(1) cells were collected 48h, 72h, and 96h after
0.01pg/ml doxycycline treatment and were probed with the antibodies shown. SW480 cells were
harvested 48h post transduction. (B, C) RT-qPCR analysis was performed on RNA collected
from DLD-1 dnLEF-1(2) cells harvested 24h (B) or 120h (C) after the addition of doxycycline.
Graphs shown represent the average of three trials (+/- S.E.M.). (D) RT-gPCR analysis was
performed on 4-thiouridine-labelled RNA isolated from a 30 minute pulse in the
presence/absence of dnTCF-1Emut, induced by 2 h doxycycline treatment in DLD-1 cells.
Known Whnt target gene Axin2 and Uba52 were used as positive and negative controls
respectively. A representative graph is shown of two replicates, with error bars representing the
S.D. among three internal replicates. (E) RT-gPCR analysis of chromatin immunoprecipitated
from DLD-1 cells with or without induction of FLAG-dnTCF-1Emut, using anti-FLAG
antibody. PCR primers designed to detect the indicated PDK1 genomic regions show that
dnTCF-1Emut associates with distal regions that flank the PDK1 locus. A representative graph is
shown of two replicates, with error bars representing the S.D. among three internal replicates. (F)
Luciferase reporter activity in SW480 cells shows that Peak1 and Peak?2 regions confer elevated
transcription activity to the heterologous thymidine kinase (TK) promoter. Expression of
transduced dnLEF-1, or treatment with the Wnt inhibitor XAV939 (10 uM) eliminates the
regulatory activity of these fragments. Graph shown represents the average of three independent
replicates (+/- S.D.). (*p-value<0.05; **p-value<0.01; ***p-value<0.001) (Figure adapted from
Figure 4 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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upstream (“Peak 17’) and downstream (“Peak 2”) sites surrounding the PDK1 locus (Fig. 2.7E).
Each genomic region of TCF-1 occupancy contains three putative Wnt Response Elements (Fig.
2.8). We designed PCR primers specific to these two regions as well as the PDK1 promoter and
an internal site in the locus as a negative control. Using chromatin immunoprecipitation
procedures we determined that TCF-1 directly binds to the distal sites but not the promoter (Fig.
2.7E). To test whether these sites confer transcription regulation in colon cancer cells, we
subcloned each distal region next to the heterologous thymidine kinase promoter and luciferase
open reading frame. Transient transfection assays showed that both fragments increased
promoter activity in SW480 colon cancer cells and induction of either dnLEF-1 or treatment with
XAV939 eliminated this regulation (Fig. 2.7F). We also tested these fragments for their ability to
regulate the PDK1 promoter (Fig. 2.8). While both regions conferred a distinct, modest level of
activation, the PDK1 promoter itself was markedly sensitive to downregulation by dnLEF-1 (Fig.
2.8). These data demonstrate that PDK1 is a direct Wnt target gene and that regulation occurs

through distal regulatory sites upstream and downstream of the locus.

PDKZ1 overexpression rescues the altered metabolic phenotype induced by blocking Wnt
To determine how much of the Wnt-driven metabolic signature depends on PDK1, we
asked whether restored expression could rescue the metabolic shift induced by dnLEF-1. We
used lentiviral infection of DLD-1 cells to restore physiological levels of PDK1. As shown in
Figure 2.9A, dnLEF-1 expression alone led to a decrease in endogenous PDK1 levels and a
decrease in glycolysis (a shift in the FLIM phasor position away from free NADH). In contrast,
lentiviral restoration of normal PDK1 levels rescued the FLIM signature of glycolysis (a return

of the phasor position back to that of cells not expressing dnLEF-1; Fig. 2.9A). This rescue is
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Figure 2.8. PDK1 transcription is directly regulated by LEF/TCFs and Wnt signaling.

Two distal regulatory regions located approximately 30kb upstream and 48kb downstream from
the PDK1 transcription start site (+1) that are occupied by dnTCF-1E contain three putative Wnt
Response Elements (highlighted in red). Each region (schema in top panel) was subcloned 5’ of
the PDK1 promoter (-257, +36) and luciferase open reading frame. Transient transfection
analysis of more than three independent experiments in SW480 cells show that each fragment
increases transcription by two-fold and that co-expression of dnLEF-1 reduces activity of these
promoter constructs to below the baseline activity of the PDK1 promoter. Graph shown
represents the average of three trials (+/- S.D.; *p-value<0.05; ***p-value<0.001). (Figure is
adapted from Figure S4 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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Figure 2.9. PDK1 overexpression rescues the altered metabolic phenotype induced by
blocking Wnt.

(A) Western blot analysis of lysates collected from DLD-1 dnLEF-1(2) cells treated with or
without 0.01pg/ml doxycycline for 24h and with or without PDK1 lentivirus for 72h. FLIM
imaging was performed at confluency (96h doxycycline and 7 days post transduction). Intensity
images are shown on the left. FLIM results, shown through the free:bound NADH color mapping
(right), as well as the scatterplot, show that doxycycline induction of dnLEF-1 shifted the phasor
toward bound NADH, while PDK1 rescue shifted it back to its original position (p<0.0001
comparing —Dox to +Dox and comparing +Dox to +Dox+PDK1). (B) FLIM analysis of SW480
cells treated with 50mM DCA for 48h shows a phasor shift toward bound NADH (p<0.0001
comparing +DCA to mock). (C) OCR/ECAR ratio of DCA (10 mM) treated SW480 cells shows
that blocking PDK1 activity doubles the oxygen consumption rate (mitochondrial activity)
relative to the extracellular acidification rate (glycolysis-produced lactate). Data shown
represents the average of three independent trials (+/- S.D.; *p-value<0.05). (D) Sulforhodamine
B proliferation assay of SW480 cells treated with or without 2.5 uM Irinotecan, 20 mM DCA,
and dnLEF-1 lentivirus shows an increased sensitivity to Irinotecan when treated with DCA or
dnLEF-1. A representative graph of two trials is shown. Error bars represent the standard
deviation between eight internal replicates. (Figure adapted from Figure 5 of Pate, Stringari,
Sprowl-Tanio et al., 2014).
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also evident in the free:bound NADH color mapping of the cells, showing similar levels of
free:bound NADH in cells without doxycycline compared to cells with doxycycline and PDK1.
When repeated in the second DLD-1 clonal line expressing dnLEF-1, a rescue of the FLIM
signature was similar, indicating at least a partial rescue in the metabolic shift (Fig. 2.10). Taken
together these results suggest that reduction of PDK1 could be a major reason for the metabolic
shift triggered by dnLEF/TCF interference with Wnt/B3-catenin signaling.

Given that we propose PDK1 expression as a major Wnt target for glycolysis, we
compared the effects of dnLEF/TCF to dichloroacetate (DCA), a well-known small molecule
inhibitor of PDK1'®. A 48 hour treatment of DCA led to the same characteristic shift in the
phasor plot toward bound NADH that was seen with expression of dnLEF/TCF, again indicating
a decrease in a glycolytic phenotype (Fig. 2.9B). The FLIM shift corresponded to an increase in
the ratio of oxygen consumption (oxidative phosphorylation) relative to the extracellular
acidification rate (OCR/ECAR, Fig. 2.9C). These changes in metabolic metrics match previous

108 similar to

reports that DCA treatment decreases lactate excretion'®” and increases ATP levels
our measurements with dnLEF/TCF expression. Another reported phenotype of DCA treatment
in cancer cells is an increase in sensitivity to chemotherapy treatment > ***, Therefore, we
examined whether dnLEF-1 forced similar increases in sensitivity to the chemotherapeutic agent
Irinotecan. We treated SW480 cells with DCA alone, dnLEF-1 alone, DCA with Irinotecan or
dnLEF-1 with Irinotecan. Neither 2.5 uM Irinotecan nor dnLEF-1 alone had much effect on cell
proliferation and 20 mM DCA had only a very slight impact. In contrast, both DCA and dnLEF-
1 greatly enhanced the sensitivity of the cells to Irinotecan, showing a synergistic decrease in the

proliferation rate (Fig. 2.9D). These data suggest that dnLEF/TCF inhibition of PDK1 in many

ways mimics the effects of DCA. However, while there was congruence between dnLEF/TCF
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Figure 2.10. PDK1 overexpression rescues the altered metabolic phenotype induced by
dnLEF-1.

(A) Western blot analysis of lysates collected from DLD-1 dnLEF-1(1) cells treated with or
without 0.01pg/ml doxycycline for 24h and with or without PDK1-expressing lentivirus for 72h.
FLIM imaging was performed at confluency (96h doxycycline and 7 days post transduction).
Intensity images are shown on the left column of panels. FLIM results, shown through the
free:bound NADH color mapping on the right-hand column of panels. A scatterplot summarizes
multiple cells in multiples images and shows that doxycycline induction of dnLEF-1 shifted the
phasor toward bound NADH, while PDK1 rescue shifted it back to its original position (p-
value<0.0001 comparing +Dox to —Dox and comparing +Dox+PDK1 to +Dox).

(B) Western blot analysis of lysates collected from DLD-1 cells stably selected for lentiviral
expression of either scramble or PDK1-specific ShRNAs (#1, #2, #3, #4). The indicated
antibodies probe for PDK1 protein and phosphorylation of Pyruvate Dehydrogenase (ser293).
Numbers represent fold over scramble after signal in each lane was normalized to the loading
control (lamin). (C) FLIM analyses of NADH in shRNA-expressing cultures show that
knockdown of PDK1 shifts the average phasor position toward greater bound NADH compared
to scramble shRNA cultures. Error bars represent the standard deviation of each phasor position
in each culture (all cytosol pixels in N=4-6 regions). Thumbnail phasor histograms show the
phasor position for all cytosolic pixels in all regions. The green and red circles are drawn in the
same position on each plot so that changes in the location of the phasor histogram can be easily
discerned. (Figure adapted from Figure S5 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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and the DCA phenotypes, DCA targets all four members of the PDK family, not just PDK1. We
therefore used lentiviral ShRNA knockdown to test for the specific significance of PDK1 (Fig.
2.10B,C). Western blot analysis of multiple knockdown lines revealed reduced PDK1 protein
levels and significant reduction of phosphorylation of its main substrate, mitochondrial Pyruvate
Dehydrogenase (PDHpSer293, Fig.2.10B). FLIM analysis of each knockdown cell line revealed
significant shifts in the free:bound NADH signature that mimic the decrease in glycolysis
observed with dnLEF1 or dnTCF1 expression or DCA treatment (Fig. 2.10C). These results
indicate that PDK1 is an important Wnt target gene and that it contributes major activities to
glycolysis. However, we also observed the knockdown cultures to revert to a glycolysis mode of
metabolism several days later. Western blot analysis of the reverted cultures showed that while
PDKZ1 protein levels remained low, phosphorylation of the target substrate Pyruvate
Dehydrogenase had recovered, a sign of compensatory rescue via other PDK family members or
other kinases (data not shown). Thus, the more stable shift in metabolism observed with DCA
treatment or dnLEF1/dnTCF expression suggests that total cellular PDK activity is targeted by
Whnt signaling beyond single, selective regulation of PDK1. We conclude that PDK1 is a major
Whnt target gene, but that it is coordinately regulated within an entire gene program for

glycolysis.

Blocking Wnt reduces in vivo tumor growth

Since growing cells in vitro (on plastic) does not accurately mimic the metabolic
demands of an in vivo tumor, we tested the impact of dnLEF/TCF expression on cancer cells in a
xenograft tumor model. As shown in Figure 2.11A, expression of dnLEF-1 or dnTCF-1Emut in

SW480 cells injected into immune-deficient-NOG mice drastically decreased tumor growth by
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Fgure 2.11. Blocking Wnt reduces in vivo tumor growth.
(A) Expression of dnLEF-1 or dnTCF-1Emut in SW480 cells results in smaller xenograft tumors.
Images of tumors are shown with quantification of the tumor mass and volume at the time of
harvest. Data includes measurements of eight tumors for each condition. Error bars represent the
S.E.M. among eight replicates (***p-value<0.001). (B) Ki67 staining of paraffin-embedded
sections from xenograft tumors shows fewer Ki67-positive cells with dnLEF-1/dnTCF-Emut
expression. Data shown represent the average of counts from at least eight fields. Error bars
represent the S.E.M. among at least eight replicates (*p-value<0.05). (C) Western blot was
performed on protein lysates prepared from freshly-extracted xenograft tumors. Western blot
analysis of endogenous PDK1 and its target, Pyruvate DeHydrogenase (pSer293-PDH) shows
decreases when dnLEF-1 or dnTCF-1Emut are expressed. cMYC expression shows variable
levels of expression. (D) Phasor plot representation for the color mapping of in vivo tumor FLIM
analysis, fluorescence intensity (top image panels), FLIM color mapping (bottom panels) and
scatter plot analysis are as described in Figure 2.9 except that these analyses were performed on
living, surgically exposed, yet still actively perfused, xenograft tumors. Both the free:bound
NADH color mapping (bottom row) and scatter plot (average phasor position of individual cells
within each tumor) show a shift in the phasor position toward bound NADH with dnLEF-1
expression and a return to free NADH with PDK1 overexpression (p<0.0001 comparing dnLEF-
1 to Mock and comparing dnLEF-1+PDK1 to dnLEF-1). A minimum of three fields of view per
tumor were analyzed. Data shown is from one mouse representative of eight replicates
(additional tumor analysis in Figure 2.13). (Figure adapted from Figure 6 of Pate, Stringari,
Sprowl-Tanio et al., 2014).
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up to 90%. The tumors created from cells expressing dnLEF/TCF had 20%-30% fewer
proliferating cells as measured by Ki67 staining (Fig. 2.11B). To compare the changes in protein
expression in vivo with the previous results in vitro, we used Western Blot analysis to examine
levels of PDK1 and c-Myc. PDK1 protein was reduced in both dnLEF/TCF tumor types. Levels
of c-Myc protein were variable but overall similar between the dnLEF-1 expressing tumors
compared to mock, while c-Myc protein was significantly reduced in the dnTCF-1Emut tumors
(Fig. 2.11C). These results are consistent with the previously described microarray which
showed a decrease in c-MYC RNA levels with dnTCF-1Emut, but not dnLEF-1%°. Western blot
analysis also revealed stable reduction of pyruvate dehydrogenase phosphorylation in both
dnLEF/TCF tumor types (PDHpSer293; Fig. 2.11C). Overall, the tumor analysis suggests that
while tumors expressing dnLEF/TCF show similar reductions in PDK1 as cells in vitro, the
expression of dnLEF/TCF has a much different effect on cell growth: no change in vitro but a
strong, negative effect on growth in vivo.

To test whether the same change in metabolism that we detected in vitro by FLIM
analysis is also detected in vivo, we adapted FLIM analysis for living, actively-perfused
xenograft tumors. For all tumors, tail vein injection of fluorescent dextran (FITC-dextran) was
used to continuously image live blood cell flow through the vasculature of the tumor. Mice were
anesthetized and intact xenograft tumors were exposed (with feeder vessels preserved) followed
by immediate stabilization of the mice over the microscope objective in a temperature-controlled
environment. Non-invasive, confocal FLIM imaging was performed at depths between 50 um to
200 pum around the sub-capsular region of the tumors (schematic of in vivo FLIM Fig. 2.12). A
similar metabolic response to Wnt signaling inhibition was observed with these analyses. That is,

dnLEF/dnTCF1 expressing tumors were less glycolytic (phasor position shifted towards bound
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Figure 2.12. Fluorescence Lifetime Imaging (FLIM) of live xenograft tumors.

Xenograft tumors were grown for 3-4 weeks in NOG mice before imaging. The schematic
shows how tumors are exposed on the day of imaging. A temperature controlled environment
was constructed for the microscope stage and continuous monitoring of blood flow through
FITC-labeled vessels ensured that xenograft tumors were actively perfused throughout the
imaging session. Tumors (four per mouse) were successively exposed via surgery (with feeder
vessels to the tumor preserved for adequate perfusion) immediately prior to imaging. Multiple
image fields were captured at depths that ranged from 50um to 200pum over a 30 minute to 1hour
period. (Figure adapted from Figure S6 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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NADH,; Fig. 2.11D). A notable difference compared to cells grown in monoculture in vitro was
that xenograft tumors had a greater degree of variability in FLIM profile, reflecting the existence
of a more complex tumor microenvironment (additional replicates shown in Fig. 2.13). To test
whether PDK1 expression could rescue this effect, we imaged xenograft tumors of dnLEF-1 cells
that had been lentivirally transduced with a PDK1 expression vector prior to injection into the
mice. PDK1 expression rescued the metabolic signature, shifting the phasor plot back toward the

free NADH position (Fig. 2.11D, 2.13).

Blocking Wnt reduces tumor vessel density, while reintroduction of PDK1 restores it
Much of the cost and benefit analysis of glycolytic metabolism has focused on
intracellular changes in metabolites and biosynthetic intermediates. However, imaging live
tumors highlighted a striking extrinsic benefit of glycolytic metabolism on the tumor
microenvironment. FITC dextran labeling of the vasculature revealed that the density of blood
vessels was greatly diminished in dnLEF/TCF expressing tumors (Fig. 2.14A). Thus, one
important reason these dnLEF/dnTCF-expressing tumors were reduced in size was because of
poor nutrient delivery. Interestingly, re-expression of PDK1 strictly in the injected tumor cells
appeared to restore vessel density to levels equivalent to that of the mock tumors (Fig. 2.14A).
To quantitate these changes, we stained tumor sections for the endothelial marker CD31 and
counted vessel density in the same sub-capsular region where the FLIM analysis was performed.
Vessel density was greatly diminished in the tumors expressing dnLEF-1 or dnTCF-1Emut, but,
rescue-expression of PDK1 returned vessel density back to the original level observed in the
mock tumors (Fig. 2.14B). A few studies have shown that enhanced glycolysis can promote

angiogenesis through stabilization of HIF1a*****, We therefore evaluated HIF 1o protein levels
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Figure 2.13. Blocking Wnt alters the metabolic program of colon cancer cells in vivo.
FLIM analysis was performed on actively-perfused xenograft tumors within live mice. Both the
free:bound NADH color mapping (images on right) and scatter plot (which show the average
phasor position of cells within each tumor) show a shift in the phasor position toward bound
NADH with dnLEF-1 expression and back toward free NADH with PDK1 overexpression. At
least three fields of view per tumor were analyzed for the scatterplot analysis. Each column of
data was generated from a different mouse, representative of a total of eight mice analyzed.
(Figure adapted from Figure S7 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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Figure 2.14. Blocking Wnt reduces tumor vessel density, while reintroduction of PDK1
restores it.

(A) Tumor vessel density within the sub-capsular region is greatly diminished with dnLEF/TCF
but is restored with PDK1 expression. Images show FITC dextran labeled vasculature in the
xenograft tumors (~50-200 um deep). (B) Quantification of vessel density derived from the
CD31 staining of paraffin-embedded sections of each tumor. For quantification, the number of
vessels per field of view (40x objective) were averaged from every cross section (at least 20 for
each condition) within the subcapsular region for each tumor. Error bars represent the S.E.M.
among at least 20 replicate fields. (C) Western blot analysis was performed on protein lysates
prepared from freshly-extracted xenograft tumors. (D) RT-qPCR analysis of HIF-1a and (E)
VEGF expression in xenograft tumor RNA. HIF1-a mRNA levels do not change among the
various tumors (normalized to GAPDH), but VEGF expression levels are down in the dnLEF-1
and dnTCF-1Emut tumors. However, PDK1 rescue expression does not change the levels of
either HIF-/a or VEGF mRNA. RT-gPCR data shown are representative of four replicate tumor
sets. Error bars represent the standard error between three internal replicates. (F) Lactate levels
in dnLEF/TCF expression tumors are reduced compared to MOCK levels and are partially
restored with PDK1 rescue expression. Data shows the average fold lactate levels (compared to
mock) in five tumors for each condition, with error bars representing the S.E.M. (*p-value<0.05;
***p-value<0.001). (Figure adapted from Figure 7 of Pate, Stringari, Sprowl-Tanio et al.,
2014).
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in the xenograft tumors. Interestingly, HIF1a protein levels were reduced upon dnLEF/TCF
expression, and levels were at least partially restored with reintroduction of PDK1 (Fig. 2.14C).
HIF1o mRNA levels were unaffected and stable in all conditions (Fig. 2.14D), suggesting that
regulation occurs at a post-transcriptional step. We also note that while the well known
angiogenic factor VEGF was downregulated in the dnLEF/TCF expressing tumors. Addition of
PDKZ1 did not restore these levels (Fig. 2.14E), suggesting that the PDK1 rescue of angiogenesis
is VEGF-independent. Overall, dnLEF/TCF expression in vivo reduced tumor growth, reduced
PDK1 levels, reduced the glycolytic metabolic signature (including tumor lactate levels, Fig.
2.14F), and reduced the density of blood vessels feeding the tumor. Restoration of PDK1
expression rescued both the change in metabolism as well as the reduction in vessel density, a

striking demonstration of cell-autonomous and non-autonomous effects of a metabolic enzyme.

Discussion

We report that Wnt/B-catenin signaling directs a metabolic program of glycolysis in colon
cancer cells, a common cancer phenotype known as the Warburg effect. This metabolic change is
accompanied by non-autonomous affects on the microenvironment in the form of increased
vessel development. A direct Wnt target gene, PDKZ1, is identified to participate in both of these
Whnt-driven, cancer-supporting phenotypes (model in Fig. 5.1A). We also describe for the first
time the use of FLIM imaging to detect metabolic changes in living, actively-perfused xenograft
tumors. We suggest that effects on metabolism are a common, core function of all LEF/TCF
family members and isoforms, even those isoforms previously understudied due to their lack of

regulation of proliferation and the cell cycle.
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A prevailing theme in the field of cancer metabolism is that the same oncogenic pathways
that drive transformation must also favor metabolic pathways that support this process’”. In fact,
given that Wnt signaling plays a critical involvement in embryonic development, tissue
remodeling and cancer biology, and given that the success of these processes depend on tight
coordination with the metabolic pathways that support them, it has been suggested that Wnt is a
prime candidate for directing this coordination®®. Our study supports this paradigm as we
demonstrate that blocking Wnt target gene activation alters cancer cell metabolism by reducing
aerobic glycolysis. Two recent studies also support this conclusion. One study in breast cancer
cells found that activation of Wnt signaling enhanced glycolysis through indirect actions of the
transcriptional repressor Snail on cytochrome c¢ oxidase, a component of the electron transport

chain't®

. A second, more recent study found that Wnt stimulates a fast-acting, short-term Wnt-
Lrp5-Racl-mTORC2-Akt signal to upregulate protein and activity levels of glycolytic enzymes,
including PDK 1%, Regulation occurred within 10-20 minutes of Wnt stimulation and was
independent of B-catenin, LEF/TCFs and transcription. Our findings contrast with this system
because we find that B-catenin and LEF/TCF are required to directly target PDK1 transcription.
Indeed our test for a connection to mMTORC2 was negative as inhibition of -catenin with either
dnLEF/TCF expression or XAV939 treatment for as long as three hours had no effect on
mMTORC2 activity in DLD-1 and SW480 cells, and inhibition of mTORC2 for 24 hours with the
specific mTOR inhibitor PP242 had no effect on PDK1 mRNA levels (Fig. 2.15).

We propose that Wnt signals have short-term and long-term modes of metabolic
regulation. Short-term modes trigger an mTOR kinase cascade that affects protein stability of

glycolytic enzymes. Long-term modes use B-catenin to change gene expression of at least some

of these enzymes as well as other metabolically relevant components (Fig. 2.1C). This latter
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Figure 2.15. pB-catenin-dependent Wnt signaling is not coupled to mTORC2 activity.

(A) Western blot analysis of DLD-1 cells treated with doxycycline for the indicated times, or of
(B) SW480 cells with the Wnt inhibitor XAV939 (10 uM) shows that short-term treatments do
not change the level of phosphorylated AKT on residue serine 473. (C) RT-qPCR analysis was
performed on RNA collected from SW480 cells harvested 3h and 24h after the addition of the
active site mTOR inhibitor PP242 (250nM). Data in the bar graph represents the average of three
independent trials with error bars representing the S.D. among the three biological replicates.
Western blot inset of whole cell lysates from SW480 cells shows relative levels of
phosphorylated AKT on residue serine 473 at matching timepoints. Blocking total cellular
MTOR activity has no effect on PDK1 mRNA levels, a result that distinguishes the actions of
Wnt/B-catenin signaling from short term effects on mTORC?2 (B-catenin-independent Wnt
signaling). (Figure adapted from Figure S9 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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mode is of primary importance in cancers that harbor aberrant, chronic, elevated levels of Wnt
signaling with or without Wnt ligands. Chronic Wnt signaling could transform the metabolic
potential of cancer cells by elevating the overall levels of key components for glycolysis and
thereby set the stage for robust Warburg metabolism in the face of whatever environment the
transformed cells encounter.

PDK1 is a well known, key metabolic regulator of glycolysis. This kinase phosphorylates
the pyruvate dehydrogenase (PDH) complex to inhibit the first step of converting pyruvate to
acetyl-CoA% an important regulatory nexus between glycolysis and respiration. PDK1
phosphorylation of PDH suppresses entry of fuel into mitochondria and instead promotes glucose
fermentation to lactate in the cytoplasm, an important activity for promoting the Warburg effect
in cancer. Indeed, PDK1 is upregulated in numerous cancers, including colon cancer 2%, Here
we propose that cancer relevant levels of Wnt signaling uses LEF/TCFs for direct regulation of
PDK1. PDK1 mRNA was identified through microarray analysis as downregulated after
blocking Wnt in colon cancer cells (Fig. 2.1). Our chromatin immunoprecipitation, 4-Thiouridine
labeling, and transient transfection analyses show that this downregulation is direct (Fig. 2.7D-F,
Fig. 2.8). Genome-wide ChlP-seq studies by others (ENCODE) also show the PDK1 gene locus
is occupied by TCF-4 (TCF7L2) in multiple cancer cell lines (Fig. 2.16). Interestingly, peaks of
occupancy are also present in the promoter regions of the other PDK family members, especially
for PDK2 and PDKA4. It is possible that multiple PDK isoforms have the capacity to respond to
Whnt signaling, a possibility underscored by our observation of compensatory recovery of PDH
phosphorylation when PDK1 was selectively targeted for knockdown by shRNAs.

In this chapter we identify a new link between Wnt signaling and tumor angiogenesis.

Although Wnt has been connected to angiogenesis through direct regulation of VEGF
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Figure 2.16. TCF-4 occupies the PDK and MCT1 promoters.

ChlP-seq data compiled from the UCSC Genome Browser (assembly Feb. 2009, hg19;
http://genome.ucsc.edu *2%), showing TCF-4 occupancy in four different cell lines over the
promoter regions of PDK1, PDK2, PDK3, PDK4, and MCT1. These data were generated and
analyzed by the labs of Michael Snyder at Stanford University; Mark Gerstein and Sherman
Weissman at Yale University; Peggy Farnham at University of Southern California; and Kevin
Struhl at Harvard. RT-gqPCR analysis of MCT-1 and GLUT1 was performed on RNA prepared
from freshly-extracted xenograft tumors. RT-qPCR data shown are representative of two
replicate tumor sets. Error bars represent the standard error between three internal replicates.
(Figure adapted from Figure S8 of Pate, Stringari, Sprowl-Tanio et al., 2014).
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expression™'®, we report for the first time the role of Wnt-directed PDK1 expression in this
process. Indeed, PDK1 and PDK2 have recently been shown to enhance angiogenesis*****". We
suggest that one mechanism for this phenomenon is increased lactate production because levels
of this metabolite were increased in PDK1 rescue tumors (Fig. 2.14F). Lactate has been
associated with increased angiogenesis via reduced ADP ribosylation and stabilization of HIF-1a
protein™*3!*118 Stabilized HIF-1a could enhance angiogenesis at least partly through
upregulation of VEGF'**? and SDF-1 (stromal cell derived factor-1)*2*. While we observe
changes in HIF 1a levels that correlate with tumor vessel density, we did not observe concomitant
changes in VEGF levels, suggesting that other angiogenic factors such as SDF-1 might be
relevant (Fig. 2.14C-E). Even though the exact mechanism linking Wnt and PDK1 to
angiogenesis is not known, our discovery that PDK1 rescues vascularization highlights how the
metabolic status of cancer cells communicates to the tumor microenvironment.

Consistent with our finding that oncogenic Wnt regulates PDK1, blocking Wnt mimics
the effects of small molecule inhibition of the PDK family of kinases through DCA. DCA
treatment reduces glycolysis, increases oxidative phosphorylation, decreases lactate production,
increases cancer cell sensitivity to chemotherapy drugs, and reduces xenograft tumor mass and
vascularity'®'?2. A DCA trial in human glioblastoma patients resulted in promising tumor
regression, as well as enhanced tumor apoptosis, and to note: decreased tumor vascularity™?*.
Collectively, results from multiple studies suggest that the effects of DCA are much more robust
in vivo than in vitro'??, mirroring our lack of growth phenotype when blocking Wnt in culture, as
opposed to the drastic reduction in xenograft tumor size in vivo. This could be attributed to the
excess nutrients available in in vitro culture which can mask dependencies on specific metabolic

pathways. More intriguing is the possibility that DCA and dnLEF-1 expression are more
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effective in vivo because blocking aerobic glycolysis has profound effects on the tumor
microenvironment, such as reduced vascularity. Our study therefore has important implications
for development of cancer therapies targeting the Wnt pathway and for testing Wnt inhibitors in
vivo, as inhibitors that do not block proliferation or cell cycle progression in artificial culture
conditions in vitro, may still be effective at limiting tumor growth in vivo via their effects on the
more sensitive Wnt-metabolism program. In fact, partial interference with oncogenic Wnt
signaling may be an effective treatment strategy as it might normalize metabolic activity in
tumor cells while preserving essential Wnt signaling functions in normal cells such as cell cycle

and cell differentiation programs.
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CHAPTER THREE

Lactate Transporter MCT-1 is a Wnt Target Gene and Confers Sensitivity to
3-bromopyruvate in Colon Cancer

Introduction

Many groups have used overexpression of dominant negative isoforms of LEF/TCF
transcription factors (dnLEF/TCFs) in multiple contexts and model systems to identify Wnt
target genes >'%*. These shorter forms retain the capabilities of full length LEF/TCFs to occupy
Wnt Response Elements (WRESs) throughout the genome, but they lack the ability to recruit -
catenin. Interference by these dominant negative isoforms represses target gene transcription,
and thus, genome-wide expression analysis of downregulated transcription can reveal candidate
target genes and the gene programs with which they are associated. We used this type of analysis
in Chapter 2 to discover that Wnt signaling promotes colon tumor cell preferences for aerobic
glycolysis/ Warburg metabolism, with the Wnt target gene pyruvate dehydrogenase kinase 1
(PDK1) playing a significant role in this metabolic fate. We also observed additional
metabolism-linked genes to be sensitive to dnLEF/TCF expression, suggesting that PDK1 is
coordinately regulated by Wnt signaling within a larger gene program. One of these additional
genes was monocarboxylate transporter 1 (SLC16A1, encoding the protein MCT-1), a known
lactate transporter observed to be upregulated in many cancers'**'*’. gqRT-PCR analysis of
xenograft tumors from a colon cancer cell line showed MCT-1 downregulation in the presence of
dnLEF/TCFs, and Chip-Seq ENCODE data shows TCF-4 occupancy of SLC16A41 in HCT116
colon cancer cells'**. These preliminary findings strongly implicated MCT-1 as a direct Wnt

target gene that might be coordinately regulated with PDK1. In this chapter I show that MCT-1/
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SLC16A1 is a direct target gene of B-catenin-LEF/TCF complexes and I define its transcriptional
regulation by Wnt signaling in colon cancer cells.

MCT-1 is one of the fourteen members of the SLC16 family of transporters'?®. While the
functions of many MCT family members remain uncharacterized, MCT-1 through MCT-4 are
confirmed proton-linked monocarboxylic acid transporters'*°. These four family members have
been shown to transport monocarboxylates including acetoacetate, B-hydroxybutyrate, short
chain fatty acids, pyruvate, and lactate. In a normal setting, MCTs are necessary for lactate efflux
from highly glycolytic/ hypoxic muscle fibers during exercise, and reabsorption or uptake of
monocarboxylates from the gut, liver and kidney for gluconeogenesis or lipogenesis— activities

tightly linked to aerobic and anaerobic glycolysis**®

. MCT-1 has a reasonably strong affinity for
lactate compared to the other MCTs (K, of 2.5-4.5 mM, compared to MCT-2: K, =0.7 mM;
MCT-3: Ky =6 mM; MCT-4: K, = 17-34 mM), and it is ubiquitously expressed, while other
MCT family members are localized to specific regions of the body at varying levels of
expression™?**3%,

While the increased expression of MCT-1 in response to the physiological stresses of
exercise and physical stimulation has been well defined, the precise mechanisms of how it is
molecularly regulated are still poorly understood. At the transcriptional level, the SLC16A1
promoter contains nuclear factor of activated T-cells (NFAT) binding sequences*®, but its
significance is yet unknown. In rat skeletal muscle tissues, PGCa (a transcriptional co-activator
linked to regulation of genes involved in energy metabolism) has been associated with MCT-1
upregulation in response to muscle activity**2. However, no follow-up studies have been

conducted to determine whether the SLC16A41 promoter is subject to its activation. The

ribonucleotide metabolite and AMP-activated protein kinase (AMPK) activator, 5-
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Aminolmidazole-4-CarboxAmide-1-f-p-Ribonucleoside (AICAR), has been shown to
upregulate or downregulate SLC16A1 promoter activity depending on the study and tissue
context’®1*, Likewise, butyrate, another metabolite and energy source for the colon epithelium,
has been identified to enhance transcription and transcript stability of SLC/641 mRNA'’, but
the mechanisms and responsive genomic regions behind these effects are not known. Finally,
hypoxia was shown to upregulate MCT-1 in human adipocytes'*®, but not in other cell types
(including HeLa, COS cells, and cardiac myocyte cell line HL-1*¥". However, MCT-4 is
generally considered to be the main transcriptional responder to hypoxia as multiple, high
affinity HIF response elements (HREs) have been identified in its promoter*®.

The observation that MCT-1 expression is increased in cancer has led to studies focused
on its regulation in a cancer cells. For example, the tumor suppressor p53 directly binds to the
MCT-1 promoter for transcription repression, and therefore loss of p53 in cancer cells promotes
MCT-1 mRNA production™®. c-Myc also directly regulates MCT-1 transcription, especially in
cancer cells where high levels of c-Myc drive glycolysis and other metabolic pathways™*°. A
common theme among cancer cells is the use of elevated MCT-1 expression to support the
glycolytic preference of the cells via its ability to export lactate. This export minimizes the
cellular stresses from acid and maintains proper intracellular pH, an activity crucial to their

survival**°

. Alternatively, a recent study found that MCT-1 primarily exports pyruvate, where
co-expressed MCT-4 plays the dominant role in exporting lactate'*. Inhibition of MCT-1
transporter activity or downregulation of its protein levels leads to increased oxidative
phosphorylation and decreased proliferation'*!. Taken together, no matter the precise actions of

its transporter functions, MCT-1 appears to be a key player in cancer cell metabolism, survival,

and proliferation, making it a potentially important candidate target in glycolytic cancer cells.
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Recent findings highlight how MCT-1 overexpression may be an exploitable feature for
cancer therapy. Birsoy et al have shown that breast cancer cells expressing MCT-1 are sensitive
to 3-bromopyruvate (3-BP), a molecule that can have anti-proliferative effects by targeting
glycolytic enzymes and other metabolic pathways*%. Like its parent molecule pyruvate, 3-BP
must be transported across the plasma membrane. Therefore, Birsoy et al used genome-wide
screening to discover that 3-BP is imported into cells strictly through MCT-1 and no other
transporter or alternative pathway. Whether this makes MCT-1 expression the single most
important biomarker for determining tumor sensitivity to 3-BP is not yet known as its precise
mode of action has not been defined, and only breast cancer cells were used in the study.
Nevertheless, this compound is currently being studied in phase | clinical trials for cancer
treatment, underscoring the importance of understanding how SLC16A1 gene expression is
regulated. Here we show that MCT-1/SLC16A1 is a direct Wnt target gene coordinately
regulated with other genes that promote glycolysis in colon cancer cells. We define a region in
the upstream promoter with at least two WRESs and show that the endogenous gene is sensitive to
dnLEF/TCF inhibition in multiple colon cancer cell lines, and that transcriptional regulation of
MCT-1 by B-catenin/LEF/TCFs is separate and independent from c-Myc action. We demonstrate
that colon cancer cells are sensitive to 3-BP and that the sensitivity tracks partially, but not
completely, with the strength of oncogenic Wnt signaling. Finally we show that Wnt inhibitors
do not synergize with 3-BP to suppress proliferation, but instead interfere with the

antiproliferative effects of 3-BP and provide a resistance mechanism for colon cancer cells.
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Results
MCT-1 is regulated by Wnt signaling

Our recent discovery showing that Whnt signaling directs colon cancer cells to utilize
glycolysis specifically focused on Wnt regulation of target gene pyruvate dehydrogenase kinase
1 (PDK1), a mitochondrial kinase that suppresses pyruvate uptake by mitochondria to favor
conversion to lactate in the cytoplasm. We utilized a microarray analysis of dnLEF/TCF isoform
induction in the colon cancer cell line DLD-1 to reveal novel roles of Wnt signaling in colon
cancer. Ontology analysis of the entire gene expression dataset revealed that additional metabolic
genes might be coordinately regulated with PDK1 and contribute to the effect Wnt signaling has
on tumor cell metabolism. In this study we focus on the lactate transporter SLC16A1/ MCT-1
because it lies downstream of PDK1 and glycolysis to export lactate, and because it is the
importer of 3-BP. We ask if it is directly regulated by -catenin/LEF/TCF complexes and if this
regulation is an important consideration for cancer therapies.

To validate the microarray results in DLD-1 cells and to expand the analysis to additional
colon cancer cell lines, we used qRT-PCR analysis to measure how SLC16A1 mRNA levels
change in response to modulation of B-catenin and LEF/TCFs. SLC16A1 mRNA was purified
from SW480 cells (Fig. 3.1A) and SW620 cells (Fig. 3.1B) stably expressing dnLEF-1. In
parallel cultures we interfered with canonical signaling by lentiviral transduction of dnLEF-1 to
block recruitment of B-catenin to target genes. We found that dnLEF-1 expression reduced
SLC16A1 mRNA to 50% (SW480) and 70% (SW620) of parental levels, suggesting that
endogenous LEF/TCF/B-catenin complexes are contributing to SLC16AL1 transcription. SLC16Al
MRNA levels were also determined for HCT116 cells with dnLEF-1 (Fig. 3.1C) and

doxycycline- induced dnLEF-1 DLD-1 cells for comparison to the microarray analysis (Fig.
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Figure 3.1. Blocking Wnt with dnLEF-1 reduces MCT-1 but not MCT-4 levels.

gRT-PCR analysis was performed on RNA collected from SW480 (A) and SW620 (B) cells
stably expressing dnLEF-1. Analysis was also performed for HCT116 cells (C) 72 hours after
lentiviral transduction of dnLEF-1 and DLD-1 dnLEF-1 cells (D) harvested 72 hours after the
addition of doxycycline. Graphs shown represent the average of three trials (+/- S.E.M.). Whole
cell lysates from each cell line (A-D) were harvested concurrently with RNA and were probed
with the antibodies shown. (*p-value<0.05; **p-value<0.01; ***p-value<0.001) (Figure adapted
from Figure 1 of Sprowl-Tanio et al., Submitted).
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3.1D). In these latter two cases, we observed a reduction of SLC16A1 mRNA to approximately
60% of Mock for each cell line.

Since there are four members in the SLC16 family known to export lactate (MCT1-4), we
asked whether any of the other members were also downregulated after inhibiting Wnt signaling.
We then performed qRT-PCR analysis of these four genes (MCT-1, MCT-2, MCT-3, MCT-4) in
SW480, SW620, HCT116 and DLD-1 cells under the previously mentioned conditions. We
found that both SLC16A7/MCT-2 and SLC16A8/ MCT-3 were undetectable in these four cell
lines. As for SLC16A3/MCT-4, while the mRNA transcripts were detectable there were no
statistically significant fold changes upon inhibition of Wnt signaling, with the exception of
HCT116 cells where SLC16A3 was not detected (Fig. 3.1A-D). We also tested for differences at
the protein level using western blot analysis. MCT-1 levels were reduced to 60-80% for SW480,
SW620 and HCT116 cells, similar to the reduction observed at the mRNA level (Fig. 3.1A-C).
In contrast, DLD-1 cells showed a 2-fold increase in protein level with dnLEF-1 expression,
suggesting that MCT-1 may be regulated differently in this cell line compared to the three others
(Fig. 3.1D).

We next asked whether MCT-1 levels correlated with the level of Wnt signaling in each
cell line. To test this we transfected SW480, SW620, HCT116, and DLD-1 cells with
SuperTopflash, a luciferase reporter plasmid regulated by an array of seven WREs and a minimal
promoter'*®, Each cell line exhibited varying levels of Wnt signaling as reported by the
SuperTopflash activity with SW480 cells showing the highest level of activity by far. SW620
cells had 35 fold less activity in comparison, and HCT116 and DLD-1 cells exhibited the lowest
levels (Fig. 3.2A). We hypothesized that if SLC16Al is a direct target of Wnt signaling, the

relative level of mMRNA in each of the cell lines would correlate with the activity level of the
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Figure 3.2. Wnt signaling levels and expression of MCT-1 in colon cancer cell lines

(A) Luciferase reporter activity in parental SW480, SW620, HCT116 and DLD-1 cells shows
varying levels of Wnt signaling based on SuperTopflash activity. Graph represents the average of
three trials (+/- S.E.M.). (*p-value<0.05; **p-value<0.01; ***p-value<0.001)

(B) gRT-PCR analysis was performed on RNA collected from parental SW480, SW620,
HCT116 and DLD-1 cells. Graph represents the average of three trials with fold change over
SW480 cells (+/- S.D.). (C) Whole cell lysates from each cell line were collected and probed
with the antibodies shown. (Figure adapted from Figure 2 of Sprowl-Tanio et al., Submitted).
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SuperTopflash reporter. To test this, we performed gRT-PCR analysis of SLC16A1 mRNA for
each cell line and normalized the results to SW480 levels (Fig. 3.2B). We observed that SW620
and HCT116 cells had lower SLC16A1 mRNA transcripts compared to the Wnt™ SW480 cells.
We also compared protein levels using western blot analysis, normalizing protein level to
SW480 cells for comparison (Fig. 3.2C). MCT-1 levels were reduced to 50-60% for SW620 and
HCT116 cells, similar to the reduction observed at the mRNA level for each individual cell line.
DLD-1 cells differed from the correlation in that the mRNA and protein levels were similar to
Whnt"" SW480 cells, even though the SuperTopflash activity was some of the lowest. Overall,
these data suggest that MCT-1/SLC16AL1 is regulated by Wnt/B-catenin signaling in colon cancer
cells, and that with one exception (DLD-1), MCT-1/SLC16A1 RNA and protein levels correlate

with the relative levels of canonical Wnt activity.

MCT-1 is a direct target of Wnt signaling
To ask whether the apparent regulation of MCT-1/SLC16A1 expression is direct, we
mined a previously-performed genome-wide ChlIP-seq data set of dnTCF-1 binding in DLD-1

cells®

, and discovered in the genome dataset that TCF-1 binds to a region in the SLC16A1 locus
(Fig. 3.3A). This region (486 nucleotides; “ChIP peak™) of occupancy contains two putative
WREs (sequence, Fig. 3.4). To test whether the SLC16A1 promoter confers transcription
regulation in colon cancer cells, we subcloned a fragment of the genomic locus encompassing
the ChIP peak and the transcription start site next to the luciferase open reading frame in the
plasmid pGL2b. Using “Empty” pGL2b plasmid activity as a negative control and

SuperTopflash activity as a positive control, the transient transfection assays showed that the

promoter fragment increased reporter activity over empty vector in each of the four surveyed
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Figure 3.3. Wnt directly targets the MCT-1/ SLC16A1 promoter for regulation

Schematic (A) representing a region of the endogenous SLC16A1 promoter (-1604, +1045)
subloned 5’ of a luciferase open reading frame. One regulatory region located approximately
624nt upstream from the SLC16A1 transcription start site (+1) is occupied by dnTCF-1 and
contains two putative Wnt Response Elements (highlighted in yellow). Previously identified c-
Myc binding sites are also represented (in purple). Transient transfection analysis of three
independent experiments in SW480 (B) , SW620 (C), HCT116 (D) and DLD1 (E) cells show
that the endogenous promoter fragment increases transcription, and that co-expression of dnLEF-
1 reduces activity of this promoter construct. Graphs shown represent the average of three trials
(+/- S.E.M.; *p-value<0.05; **p-value<0.01; ***p-value<0.001). Luciferase reporter activity in
SW480 (F), SW620 (G), and DLD1 (H) cells shows that treatment with the Wnt inhibitor
XAV939 (10 uM) and increasing concentrations of c-Myc inhibitor 10058-F4 decrease
transcription of the SLC16A1 promoter additively, but not synergistically. A representative
graph is shown of three replicates, with calculation of the ICso and S.E.M. from all three
replicates for each cell line in the legend. (Figure adapted from Figure 3 of Sprowl-Tanio et al.,
Submitted).
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Figure 3.4. SLC16A1 transcription is directly regulated by LEF/TCFs and Wnt signaling
(A) Schematic of one regulatory region located approximately 624nt upstream from the
SLC16A1 transcription start site (+1) is occupied by dnTCF-1E and contains two putative Wnt
Response Elements (WRESs). Genomic location and sequence show putative WRES highlighted
in red. (B) SuperTopflash reporter serves as a positive control for luciferase activity assays in
parental SW480, SW620, HCT116 and DLD-1 cells. The SuperTopflash reporter is significantly
sensitive to repression by dnLEF-1. (Figure adapted from Figure S1 of Sprowl-Tanio et al.,
Submitted).

75



lines (SW480: 44-fold; SW620: 98-fold; HCT116: 83-fold; DLD-1 16-fold), and that it was
specifically sensitive to downregulation when dnLEF-1 was co-expressed (Fig. 3.3B-E, Fig. 3.4).

Two c-Myc binding sites have been previously identified within the promoter region of
the gene (-624 to the transcription start site) and shown to regulate SLC16A1 transcription®®.
Since c-Myc is a well-established Wnt target gene, we asked whether c-Myc and LEF/TCFs
synergize to activate transcription of SLC16A1. To examine this, we transfected the SLC16A1
reporter into SW480, SW620 and DLD-1 cells and then treated the cultures with an increasing
dose of the small molecule c-Myec inhibitor 10058-F4, which prevents c-Myc-Max interaction.
The inhibitor reduced promoter activity in all lines at similar 1Cs, with DLD-1 cultures showing
a modest level of decrease in sensitivity. A parallel set of cultures in which dnLEF1 was
expressed to partially lower Wnt signaling were treated with the same dose response drug
regimen (Fig. 3.3F-H). While the combination clearly had additive effects, there was no
significant difference in the 1Cso for 10058-F4 alone compared to combination with dnLEF-1.
These data demonstrate that SLC16A1 promoter is sensitive to Wnt inhibition in a manner
additive, but not synergistic, with c-Myc.

To confirm that the putative Wnt response elements confer transcription regulation to a
heterologous promoter in colon cancer cells, we subcloned the “ChIP peak” next to the
thymidine kinase (TK) promoter and luciferase open reading frame (Fig. 3.5A). Luciferase
activity assays were performed in the presence of dnLEF-1 or Wnt inhibitor XAV939. XAV939
acts by inhibiting Tankyrase 1/2, poly-ADP-ribosylating enzymes that de-stabilize the
Destruction Complex via PARsylation-directed ubiquitination of Axin, a key scaffolding
subunit®. Transient transfection assays showed that the fragment increased promoter activity in

SW480, SW620, HCT116 and DLD-1 colon cancer cells. Nevertheless, dnLEF-1 induction
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Figure 3.5. Identification of a Wnt responsive region in the SLC16A1 promoter region
Schematic (A) representing the Chip peak region (486nt) occupied by dnTCF-1, subloned 5’ of a
heterologous thymidine kinase (TK) promoter and luciferase open reading frame. Luciferase
reporter activity in SW480 (B), SW620 (C), HCT116 (D) and DLD1 (E) cells shows that the
Chip peak region confers elevated transcription activity to the heterologous TK promoter.
Expression of transfected dnLEF-1, or treatment with the Wnt inhibitor XAV939 (10 uM)
reduces the regulatory activity of these fragments. Graphs shown represent the average of three
independent replicates (+/- S.E.M.). (*p-value<0.05; **p-value<0.01; ***p-value<0.001)
(Figure adapted from Figure 4 of Sprowl-Tanio et al., Submitted).
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reduced luciferase expression to near baseline in all the cell lines. Treatment with Wnt inhibitor
XAV939 also repressed reporter expression, but with more variability (Fig. 3.5B-E). The “ChIP
peak” fragment exhibited more activity in SW480 cells and SW620 cells compared to HCT116
cells and DLD-1 cells, tracking better with the activity profile of the SuperTopflash reporter
(Figure 3.2A). These results demonstrate that SLC16A1/MCT-1 is a direct Wnt target gene and
that regulation occurs through sites within the promoter locus. Therefore MCT-1 is part of a

metabolic/glycolytic gene program directed by Wnt signaling.

Wnt signaling inhibition increases colon cancer cell resistance to 3-bromopyruvate

The importance of MCT-1 to cancer cell survival has been well characterized in other
cancer'*** with a recent study identifying a potential glycolysis inhibitor which targets cells
via import through MCT-1'*. In fact, Birsoy et al used a genome wide siRNA knockdown
screen to discover that MCT-1 and basigin (the transmembrane glycoprotein responsible for

anchoring MCT-1 to the cell surface®’*®

) are uniquely and sufficiently capable of importing the
toxic molecule 3-BP into breast cancer cells. Breast cancer cell lines expressing high levels of
MCT-1 were exquisitely sensitive to treatment with 3-BP, while cell lines that did not express
MCT-1 survived similarly in the presence and absence of the molecule. Furthermore, knockdown
or overexpression of MCT-1 in breast cancer cell lines prohibited or enhanced survival,
respectively. Since that study focused exclusively on breast cancer cell lines, we asked what
effect 3-BP would have in colon cancer. Given that Birsoy et al showed a direct correlation
between MCT-1 levels and sensitivity to 3-BP, we asked whether there is a correlation between

the level of Wnt signaling and 3-BP sensitivity. To assess tumor cell line sensitivity, we followed

cell proliferation for four days in the presence of increasing concentrations of 3-BP. We
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performed the analysis in the presence and absence of Wnt signaling inhibitors, asking whether
reduction of B-catenin levels would enhance any negative effect of 3-BP on cell growth or
whether it would produce complex effects by lowering MCT-1 expression. We subjected the
cells to 96 hours of 3-BP treatment in the presence or absence of Wnt signaling inhibitor
XAV939 (Fig. 3.6A). While XAV939 treatment provided additional inhibitory effects on growth
in the presence of low concentrations of 3-BP, it appeared to be protective at higher doses (Fig.
3.6B-E). Analysis of the ICs concentrations showed that XAV939 caused significant increases
in survival for SW620 (p = 0.02) and DLD1 (p = 8.5e-5), but not for SW480 cells (p = 0.11) or
HCT116 cultures (p = 0.43) compared to 3-BP alone. This data led us to ask whether the partial
protection provided by XAV939 would be evident in the cultures even when the drug was
removed, affecting the survival and recovery of colon cancer cells from toxic, high doses of 3-
BP.

To elucidate the effect on survival of cancer cells in the presence of XAV939, the four
surveyed cell lines were subjected to 200 uM, 250 pM, or 300 UM 3-BP for 96 hours, followed
by a “wash out” and recovery period over the course of five days (Fig. 3.7A). In SW480 cells
treated with 200 uM 3-BP there was no significant difference in the ability of the cells to recover
in the absence or presence of XAV939. However, at 250 uM, the cells survived significantly
better when subjected to treatment with XAV939, and at 300 uM 3-BP, Wnt signaling inhibition
allowed the cells to recover where untreated cultures did not recover at all (Fig. 3.7B). Similarly
in SW620 cultures, XAV939 treatment increased survival and recovery at 250 uM 3-BP. The
300 puM condition had a modest recovery compared to untreated (Fig. 3.7C). Wnt signaling-
inhibited cells survived and recovered better at every experimental concentration of 3-BP in

HCT116 cells (Fig. 3.7D), while DLD-1 cells did not recover at all. DLD-1 lack of recovery was
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Figure 3.6. XAV939 affects colon cancer cell sensitivity to 3-bromopyruvate

(A) Experimental workflow for colorimetric-based kill curve assay. Individual cell lines were
seeded on Day O, treated after 24 hours (Day 1) with increasing concentrations of 3-
bromopyruvate +/- the Wnt inhibitor XAV939 (10 uM) and fixed 96 hours later on Day 5.
SwW480 (B), SW620 (C), HCT116 (D) and DLD1 (E) cells treated with the Wnt inhibitor
XAV939 (10 uM) reduces survival compared to without 3-bromopyruvate treatment, except at
high concentrations. Graphs shown represent the average of three independent replicates with
error bars depicting the standard error of the mean. (*p-value<0.05; **p-value<0.01; ***p-
value<0.001) (Figure adapted from Figure 5 of Sprowl-Tanio et al., Submitted).
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Figure 3.7. XAV939 promotes colon cancer cell recovery from 3-bromopyruvate

(A) Experimental workflow for colorimetric-based survival curve assay. Individual cell lines
were seeded on Day 0 and treated after 24 hours (Day 1) with 200, 250, or 300 uM 3-
bromopyruvate +/- the Wnt inhibitor XAV939 (10 uM) until Day 5. On Day 5 treatments were
“washed out” and replaced with control medium. Cells were fixed Day 5, 6, 7, 8, 9, and 10 days
post seeding to observe recovery over time. SW480 (B), HCT116 (D) cells treated with the Wnt
inhibitor XAV939 (10 uM) survived and recovered compared to without treatment of 3-
bromopyruvate. SW620 (C) cells recovered similarly +/- XAV939 treatment, and DLD1 cells
(E) did not recover. Graphs shown represent the average of three independent replicates (+/-
S.E.M.). (*p-value<0.05; **p-value<0.01; ***p-value<0.001) (Figure adapted from Figure 6 of
Sprowl-Tanio et al., Submitted).
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unsurprising, due to the lower ICs and greater sensitivity of the cell line to 3-BP (Fig. 3.6E, Fig.
3.7E). These data demonstrate that colon cancer cells are sensitive to 3-BP, likely because MCT-
1 transports 3-BP, and that co-treatment with Wnt signaling inhibitor XAV939, which lowers
MCT-1 expression, allows cells to resist the anti-proliferative effects of 3-BP leading to
increased survival and enhanced recovery. These results demonstrate an important drug
interaction combination that should be avoided when trying to treat cancer cells with aberrant

Whnt signaling and glycolytic metabolism.

Discussion
Here we report that SLC16A1/ MCT-1 is a direct Wnt target gene within a program of

glycolysis and angiogenesis we have defined for colon cancer'?®

. We have previously shown that
colon cancer cells with high levels of oncogenic Wnt signaling (Wnt"") have extremely strong
signatures of aerobic glycolysis (Warburg metabolism) in vitro and in vivo'®. MCT-1
upregulation in cells with oncogenic Wnt signaling supports their adoption of a glycolytic
phenotype, likely through lactate efflux to maintain intracellular pH, but possibly also through
export of excess pyruvate which can enhance oxidative phosphorylation and reduce

proliferation***

. We show that colon cancer cells express at least one other monocarboxylate
transporter (MCT-4), but it is MCT-1 that has optimal export kinetics for lactate, and therefore
provides a sensitive and responsive avenue to help maintain pH homeostasis for the intracellular
environment. While previous studies have shown c-Myc can activate SLC16AL1 transcription, we

find that this action is independent of Wnt signaling. Furthermore, MCT-1 expression renders

colon cancer cells sensitive to the uptake of the toxic molecule 3-bromopyruvate. Sensitivity to
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3-BP is reduced by Wnt signaling inhibition, and in fact tumor cells survive and recover better
from the toxic drug if they are simultaneously treated with Wnt signaling inhibitor XAV939.

3-bromopyruvate is a highly toxic small molecule that targets multiple enzymes in
glycolysis, particularly cells exhibiting high rates of Warburg metabolism***°. Therefore,
targeting metabolism is a promising avenue for treatment of colon cancer. High levels of aerobic
glycolysis results in the accumulation of metabolic products that alter the intracellular pH,
generating high levels of H" that unless eliminated, will cause cell death. MCT proteins can rid
cancer cells of H" via proton-coupled export of lactate, the “waste” end product of glycolysis,
providing an important survival function for cancer cells. Thus, cells that have high levels of
glycolytic activity tend to exhibit strong expression of MCT-1 and MCT-4"°, Studies with breast
cancer cell lines show that 3-BP enters cells specifically and only through MCT-1, not MCT-4,
suggesting that signaling pathways that regulate MCT-1 expression are important for
determining sensitivity to this promising anti-cancer agent'*.

Whether the level of Wnt signaling is the single, most important indicator for cell
sensitivity to 3-BP depends on understanding whether alternative modes exist for regulation of
MCT-1 and whether the toxic activities of 3-BP target different processes inside cells. Our
studies show that MCT-1 mRNA and protein levels largely correlated with Wnt signaling but
that DLD-1 cells were an exception. This cell line has low Wnt signaling but relatively high
levels of MCT-1 mRNA and protein, levels that are similar to Wnt™ SW480 cells (Fig. 3.2).
There were also differences in the way the SLC16A1 promoter responded to c-Myc and dnLEF-1
inhibition in DLD-1 cells. The promoter had a slightly lower sensitivity to the c-Myc inhibitor
(I1Csp of 34 uM compared to SW480 cells (18 uM) and SW620 cells (10 uM)). To note, dnLEF-1

expression only made a noticeable difference at the lowest concentration of c-Myc inhibitor (Fig.

86



3.3), suggesting that there are relative differences in the way -catenin/LEF and c-Myc
contribute to promoter activity in DLD-1 cells. In general, c-Myc regulates two different kinetic
steps of transcription at promoters: an early step of polymerase recruitment and initiation
complex assembly, and pause-release at a later, downstream step™®*. Perhaps the kinetics and
contributions of these steps differ among the cells. Whatever the mechanistic differences at the
promoter, MCT-1 expression and by implication, 3-BP import potential, may have more to do
with c-Myc than Wnt signaling in these cells. It is also interesting to note that DLD-1 cells
exhibit enhanced sensitivity to 3-BP, (ICsp of 59 uM compared to SW480 cells (156 uM) and
SW620 cells (168 uM); Fig. 3.6), suggesting that there are additional modes of regulation that
contribute to 3-BP sensitivity.

Finally, our data highlight interesting patterns of colon cancer cell growth when Wnt
signaling inhibitors are combined with 3-BP treatment. Our hypothesis was that, if MCT-1 is a
target of Wnt signaling, and if MCT-1 transport is the mechanism by which 3-BP gains access to
colon cancer cells, then Wnt signaling inhibition should reduce sensitivity to 3-BP. We
confirmed this hypothesis in at least two of the cell lines, as the ICs, for 3-BP inhibition was
significantly shifted to higher concentrations when XAV939 was included in the cultures. This
was even true in the DLD-1 cell line where Wnt signaling appears to make less of a contribution
to MCT-1 expression. Interestingly, using the highest concentration of 3-BP that reduced cell
numbers to below the point of detection (300 uM), we observed that XAV939 treated cultures
recovered better and faster when the drugs were washed out. It is particularly notable, that even
though XAV939 had no significant effect on protection in SW480 and HCT116 cells, its
protective effects were more noticeable after the drug was removed. Meaning, even though there

was no significant difference in the number of cells five days after 3-BP treatment, XAV939
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treated cultures recovered better and faster. We speculate that XAV939 triggers adaptations that
confer faster recovery and cell cycle progression. This possibility points to the caveats that can
arise when two classes of drugs are combined. These data also suggest that the heterogeneous
patterns of Wnt signaling that have been observed in different subtypes of primary human colon
cancer, and within the tumor microenvironment, will directly affect the efficacy of 3-BP and its

derivatives.
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CHAPTER FOUR

A uniform human Wnt expression library reveals a shared secretory pathway
and unique signaling activities

Introduction

The Whnt signaling pathways regulate key networks during both embryonic development
and adult tissue homeostasis. Pivotal to the activation of these networks are Wnt ligands, a
highly conserved family of cysteine-rich secreted morphogens. Wnt proteins are synthesized in
the endoplasmic reticulum (ER) where the membrane bound O-acyltransferase porcupine
(PORCN) catalyzes their palmitoylation*****®, Modified Wnt ligands are chaperoned to the
plasma membrane by binding to the carrier protein Wntless (WLS) and then released from this
complex to allow secretion™***°. In total, there are 19 human Whts that regulate numerous
biological processes via diverse signaling pathways. One important property of many Wnts is
their ability to stabilize p-catenin , an activity referred to as ‘canonical’ signaling®. B-catenin
stabilization occurs when Wnt ligands bind to the Frizzled (Fz) and LRP5/6 (LDL-related
protein) co-receptors, initiating a signaling cascade that releases the transcriptional co-activator
B-catenin from a destruction complex. In the absence of Wnt ligands, this complex, which is
composed of glycogen synthase kinase 3 (GSK3), Casein kinase 1 o (CK1a), Adenomatous
Polyposis Coli (APC) and Axin, among other factors, phosphorylates p-catenin, marking it for
degradation through the proteasome pathway. The stabilization of B-catenin leads to its
cytoplasmic accumulation. Additional events are required for the subsequent translocation of 8-
catenin into the nucleus, where it binds to Lymphoid Enhancer Factor/T-cell Factor (LEF/TCF)
transcription factors and activates diverse, tissue specific Wnt target genes. Importantly, “non-

canonical” Wnt signaling through both Frizzled and additional classes of cell surface receptors
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including receptor tyrosine kinases, forgoes [3-catenin stabilization in favor of the activation of -
catenin-independent pathways, such as the Planar Cell Polarity (PCP) pathway and the
Wht/Calcium pathway’.

Despite the many efforts to elucidate the dynamics of Wnt signaling, several questions
remain unanswered. The classification of Wnts has been largely based on their signaling
properties across different systems rather than direct comparison among Wnts of the same
species in a single cell type. For example, WNT1 and 3A are traditionally considered to be
potent activators of Wnt/B-catenin signaling while other Wnts such as 5A and 11 are known to
activate p-catenin independent pathways. However, recent reports have demonstrated that
WNT5A can activate Wnt/p-catenin signaling depending on the receptors expressed at the
plasma membrane. Furthermore, both WNT5A and 11 have been shown to heterodimerize to
activate the p-catenin dependent pathway***®°. Similarly, WNT3A, a traditionally “canonical”
Whnt has been shown to induce morphogenetic changes by activating Rho-associated kinase or c-
Jun N-terminal kinase, depending on cell type'®"**®, These data hint at a more complex scenario
than that proposed by the traditional classification of Wnts. Moreover, the production,
processing and secretion of Wnts 1, 3A, 5A and 11 have been extensively studied, but other Wnt
ligands have not been characterized beyond expression patterns and general signaling and
phenotype outcomes. Whether the post-translational modification and secretion of all Wnt
ligands are regulated in a similar fashion has not been properly examined. These questions and
the lack of understanding of Wnt signaling properties have emphasized the requirement for a full
standardized set of Wnt expression plasmids. Such a set would allow for a direct side-by-side
comparison of Wnt processing, secretion and signaling. For this reason, we started the “Open

Source Wnt” plasmid depository and cloned open reading frame sequences for all 19 human
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Whnts into the same expression plasmid backbone. Using this plasmid set, we have been able to
analyze and compare the expression levels and the efficiency of secretion of all human Wnts in a
defined set of cell lines, revealing valuable insight on their processing, their signaling potential
and their accumulation in conditioned media. We show that, dependent on cell type, up to 14 out
of the 19 Wnts are capable of signaling through the B-catenin-dependent pathway to activate the
Super8XTOPflash reporter. Notably, Wnt/B-catenin signaling is inhibited by C-terminal tagging
in a different fashion for different Wnt ligands. Wnt/B-catenin signaling is broadly reduced by
the secreted Wnt inhibitors Dkk-1 and the SFRPs (Secreted Frizzled-Related Proteins).
Activation of the Super8XTOPflash reporter, with a few exceptions, is more sensitive than, but
tracks with, LRP6 phosphorylation and the stabilization of f-catenin. Finally, we find that
PORCN and WLS are essential elements of a common Wnt secretion pathway, as all assessable
Whnts require PORCN-dependent palmitoylation to bind to the carrier protein WLS and to signal

through B-catenin-dependent and independent pathways.

Results
Human Wnt Cloning

In order to create a synchronized set of Wnt expression plasmids, cDNAs of all 19 human
Whnt proteins (1, 2, 2B2, 3A, 3, 4,5A, 5B, 6, 7A, 7B, 8A, 8B, 9A, 9B, 10A, 10B, 11 and 16)
were cloned into the same backbone, thus allowing for direct comparisons to be made among the
different Wnts. First, WNT cDNA was amplified using PCR with both WNT-specific “STOP”
and “Non-STOP” reverse primers. “STOP” primers contained the TGA STOP codon, while
“Non-STOP” primers contained the codon TGC rather than TGA. This one basepair difference in

the two reverse primers also introduced an EcoRlI restriction site that is unique to clones
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amplified using the “STOP” primers (TGA ATT CTG), therefore allowing the excision of the
WNT coding sequence using restriction digest techniques. For this reason, internal EcoRlI sites
were destroyed in WNTSs 2, 8A and 9A while maintaining the integrity of the amino acid
sequence. Following PCR amplification, the products were cloned using the TOPO cloning
system into a Gateway entry vector, pPENTR/D-TOPO. Finally, the WNT coding sequence was
transferred, through the use of homologous recombination, into a Gateway destination vector,
pcDNA3.2/V5-DEST, which contains a C-terminal V5 epitope tag. Consequently, clones that
contain the STOP codon are expressed as untagged Whnt ligands, while those that do not are
expressed as V5-tagged at the C-terminus (Figure 4.1). In a parallel cloning effort, all Wnts were
cloned into a p3XFLAG-CMV-8 vector where the native signal peptide is replaced with the
preprotrypsin signal peptide. These N-terminally tagged Wnts were expressed and secreted at 50-
fold higher amounts than the Gateway clones, but also had a >1000-fold decrease in signaling
activity (Fig. 4.2). We speculate that the N-terminal tag and use of the vector-supplied signal
peptide accounts for both the increased protein production and also for the substantial decrease in

activity. The N-tagged Wnts in p3XFLAG were not extensively studied.

Wnt ligand production and secretion profile

As a first step for validation of the Gateway Wnt clones, the expression and secretion
levels of each Wnt were monitored in HEK293 cells (Fig. 4.3A), a human embryonic kidney cell
line, and NIH3T3 cells (Fig. 4.3B), a mouse fibroblast cell line. Plasmids expressing C-terminal
V5-tagged Whnts were transiently transfected and both lysates and media were probed with V5-
tag antibody. Transient transfection of the “STOP” expression plasmid for untagged WNT1 was

included in the analysis (Fig. 4.3A, last lane). For this sample, no WNT1-V5 was detected in
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WNT1 cDNA

PCR Amplification
using WNT-specific
STOP and Non-STOP Primers

CACCATG WNT1 TGAATT CTG CACC ATG WNT1 TGCATT CTG

Directional TOPO Cloning
into pENTR/D-TOPO

Gateway Entry vector

Recombination
LR Clonase into pcDNA3.2/V5-DEST LR Clonase
Gateway Destination vector

lmc ACC ATG WNT1 TGAATT CTG@VS- epitope MC ACC ATG WNT1 TGC ATT CTGmVs— epitope I

Figure 4.1. Wnt cloning scheme using WNT1 as an example.

WNT1 cDNA was amplified by PCR using WNT1-specific “STOP” and “Non-STOP” primers.
The PCR product was then transferred, using TOPO cloning, into the pENTR/D-TOPO Gateway
Entry vector, and subsequently shuttled, using recombination, into the pcDNA3.2/VV5-DEST
Gateway Destination vector. The outcome of the cloning process is 4 WNT1 plasmids: 2 Entry
vectors (WNT1 STOP and WNT1 Non-STOP) and 2 Destination vectors (WNT1 and WNT1-

V5). (Figure adapted from Figure 1 of Najdi, Proffitt, Sprowl et al., 2012).
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Figure 4.2. Analysis of FLAG-tagged Wnts

(A) N-terminal FLAG-tagged Whnts are well expressed. Hela cells were transfected with 10 ng of
the indicated FLAG-tagged Whnt plasmid in a 12-well dish. Lysates were analyzed by SDS-
PAGE and immunoblotting with anti-FLAG antibody. (B) FLAG-tagged WNT3A is much less
active than untagged Whnts and its robust secretion is insensitive to IWP. HEK293 cells with an
integrated Super8XTopFlash reporter were transfected with 100 ng of the various WNT3A
plasmids as indicated and treated with either DMSO or IWP1 (2 uM) overnight. Lysates and
conditioned media were analyzed by SDS-PAGE and immunoblotted with an anti-WNT3A
monoclonal antibody. Based on protein abundance and TOPflash activity, the specific activity of
the FLAG tagged WNT3A is approximately 2500-fold lower than that of the untagged
WNT3A.B. Cell Lysates and media collected from NIH3T3 cells that had been transfected with
V5-tagged Wnts were separated by SDS-PAGE on a 10% gel and then probed with a V5
antibody to determine expression (1* panels) and secretion levels (3" panels). Cell lysates were
also probed for -Tubulin as a loading control (2" panels). (Figure adapted from Figure S1 of
Najdi, Proffitt, Sprowl et al., 2012).
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Figure 4.3. VV5-tagged Wnt expression.

Cell Lysates and media collected from HEK293 (A) and NIH3T3 (B) cells that had been
transfected with VV5-tagged Wnits (and untagged WNT1 for HEK293 cells) were separated by
SDS-PAGE on a 10% gel and then probed with a \/5 antibody to determine expression (1%
panels) and secretion levels (3" panels). Cell lysates were also probed for p-Tubulin as a loading
control (2" panels). A V5-tagged protein standard (4.3A, 5™ panel) was processed on a parallel
immunoblot at the same time and used to calculate the amount of VV5-tagged Wnts secreted into
the media of HEK293 cells (4.3A, 4™ panel). In HEK293 cells, WNT9A was the most secreted
Whnt into the media (5.7 nM), while WNTZ2, 8B and 16 were the least secreted Wnts (0.1 nM).
(Figure adapted from Figure 2 of Najdi, Proffitt, Sprowl et al., 2012).
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lysates or media demonstrating that the single nucleotide difference that creates a translation stop
codon for the untagged plasmids is effective. While all Wnt ligands were expressed in the lysates
and secreted into the media of both cell lines, there was tremendous variation in both expression
and secretion. The variation was particularly surprising since all clones share the same backbone
plasmid and produce relatively similar amounts of mMRNA transcripts in HEK293 cells (Fig. 4.4).
This suggested that the amino acid sequence or protein structure of each Wnt ligand might
dictate its abundance and the efficiency of its secretion. It might also be that the V5-tag
differentially affects the stabilities of the various Wnts. To quantify the amount of Wnt protein
secreted into the media of HEK293 cells, a purified VV5-tagged protein of known concentration
(Recombinant Yeast Calmodulin Kinase Array Control Protein, see Materials and Methods) was
utilized as a V5-tag standard to calculate the different concentrations at which each Wnt is
secreted (Fig. 4.3A; panel 6). WNT1, 2B2, 7A and 9A were among the most abundantly secreted
Whnts in HEK293 cells, while WNT2, 5A, 8B and 16 were the least well secreted Wnts (Fig.
4.3A; panel 4). It is important to point out that there were more protein isoforms in lysates than
in media for WNT1, 6, 7A and 10A. Another interesting observation is the relative consistency
in expression, secretion and processing from one cell line to another, as the patterns observed in
HEK?293 cells are largely unchanged in NIH3T3 cells. However, WNT2 and 5B appear to be

secreted more efficiently from NIH3T3 cells (Fig. 4.3B; panel 3).

Whnt activation of the g-catenin-dependent pathway
The ability of “non-canonical” Wnts such as SA and 11 to activate Wnt/B-catenin
signaling suggested that in theory, all Wnt ligands might be capable of signaling via the -

catenin-dependent pathway or other B-catenin-independent pathways when provided with the
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Figure 4.4. WNT mRNA levels in HEK293 cells.

293 cells were transfected with plasmids expressing VV5-tagged Wnts and expression was
monitored by qRT-PCR of isolated mMRNA. All Wnts produce relatively similar amounts of
MRNA transcripts with little variation. The experiment was performed in two different sets: The
first set displays fold expression over WNT1 mRNA, while the second set displays fold
expression over WNT9B mRNA. mRNA levels were normalized to GAPDH. (Figure adapted
from Figure S2 of Najdi, Proffitt, Sprowl et al., 2012).
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right conditions (8-9). To test which Wnts can activate the Wnt/B-catenin signaling in HEK293,
NIH3T3 and HT1080 cells, plasmids expressing untagged Wnts were co-transfected with
Super8XTOPflash (STF), a luciferase reporter plasmid with 8 multimerized Wnt response
elements (Fig. 3A). Out of all 19 Wnts, WNT1 was the most active in HEK293 cells.
Additionally, WNT2, 2B2, 3A, 3, 6, 7TA, 7B, 8A, 9A, 9B and 10B also exhibited considerable
activation of the STF reporter when compared to mock-transfected cells. Meanwhile, only
WNT1, 3A and 3 significantly activated the B-catenin-dependent pathway in NIH3T3 cells (Fig.
4.5B). HT1080 cells were particularly responsive to Wnt/B-catenin signaling, as Wnts 8B and
10A gained activity in HT1080 cells, and many other Wnts gave better than 10-fold activation of
the STF reporter (Fig. 4.8A). Since the V5 tagged versions of each Wnt show that they are
efficiently produced and secreted from NIH3T3 cells, as with HEK293 cells, the global decrease
in reporter activity in mouse NIH3T3 cells may be due to decreased expression of Wnt receptors
on the cell surface, or decreased activity of other downstream Whnt pathway components.

All Wnt/B-catenin signaling is thought to require the LRRP5/6 co-receptors. Consistent
with this, addition of Dkk-1, an inhibitor of Wnt signaling that binds to the LRP5/6 co-receptor
at the plasma membrane, significantly reduced the activating potential of all Wnt proteins in both
NIH3T3 and HEK293 cells (Fig. 4.5A and 4.5B)"°**®*, In addition to Dkk-1, we also tested
whether the soluble Frizzled-related proteins SFRP1-3 can negatively regulate Wnt-induced
activation of Wnt/B-catenin-signaling in HEK293 cells (Fig. 4.5C). SFRP proteins differ from
Dkk-1 in that they directly bind to Wnt ligands to block their actions. Co-transfection of either
SFRP1 or SFRP3 effectively reduced the activation of the STF reporter by WNT1, 2, 3A, 3, 6,

7A and 7B. Conversely, SFRP2 was globally a less effective inhibitor of Wnt/p-catenin
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Figure 4.5. Wnt activation of the g-catenin-dependent pathway.

All 19 untagged Wnts (100 ng each plasmid) were compared for their ability to activate the
Super8XTOPflash (STF) reporter in HEK293 (A) and NIH3T3 (B) cells in 6-well dishes.
WNT1, 2, 3A, 3, 6, 7A, 7B, 8A, 9B and 10B were significantly active in HEK293 cells, while
only WNT1, 3A, 3 and 7B were significantly active in NIH3T3 cells. Co-expression of the Wnt
inhibitors Dkk-1 (400 ng plasmid) (A and B) and SFRPs 1 and 3, but not 2 (400 ng plasmid) (C)

effectively reduced Wnt/p-catenin signaling activity. (Figure adapted from Figure 3 of Najdi,
Proffitt, Sprowl et al., 2012).
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activation, although this could be due to expression levels rather than a decrease in binding
efficiency.

We next asked whether C-terminal tagging of Wnt proteins affects their signaling
properties. Plasmids expressing V5-tagged Wnts were co-transfected with the STF reporter into
HEK?293 cells (Fig. 4.6A). While the untagged versions of WNT1, 2, 3A, 3, 6, 7A and 7B were
highly active (Fig. 4.5A and 4.6A), their C-terminal tagged counterparts could not activate the
STF reporter, suggesting that C-terminal tagging interferes with their signaling potential.
However, C-terminal tagging did not appear to affect expression or secretion of Wnt proteins
(Fig. 4.3A, 2B and 4C). We therefore hypothesized that C-terminal tagging with the Gateway
and V5 sequence might interfere with the ability of Wnt ligands to bind to their receptors at the
plasma membrane. To test this hypothesis, untagged WNT1 or WNT3A cDNAs were co-
transfected with C-terminally tagged WNT1-V5 or WNT3A-V5 cDNAs respectively in HEK293
cells (Fig. 4.6B). If addition of the VV5-tagged Wnt can interfere with the ability of the untagged
Whnt to activate Wnt/B-catenin signaling, it would suggest that C-terminally tagged Wnt ligands
are still capable of binding to their receptors and competing with untagged Wnts, but that the tag
affects signal relay to downstream components of the pathway. If addition of the VV5-tagged Wnt
has no effect, it would imply that C-terminal tagging interferes with the ability of Wnt ligands to
bind their receptors. While WNT1-induced activation remained unchanged with increasing
concentrations of WNT1-V5 cDNA, introduction of WNT3A-V5 cDNA blocked WNT3A-induced
activation in a dose-dependent manner. To rule out the possibility that VV5-tagging affects WNT1
accumulation in the media, HEK293 lysates and media were probed for the expression and
accumulation of untagged Wnts 1 and 3A and their VV5-tagged counterparts (Fig. 4.6C). Both

versions of Wnts 1 and 3A were detected in cell lysates and media. Therefore, the inability of
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Figure 4.6. Effect of C-terminal tagging on Wnt activity, expression and accumulation.

(A) The indicated untagged and V5-tagged versions of the active Wnts were co-transfected with
the STF reporter into HEK293 cells. The C-terminal V5 tag significantly reduced Wnt/p-catenin
signaling activity. (B) V5-tagged Wnts 1 and 3A were co-transfected with their untagged
counterparts into HEK293 cells to determine whether they can compete for cell surface
receptors. V5-tagging affects different Wnts in different manners; it interferes with the ability of
WNT1-V5 to bind to cell-surface receptors, but does not do so with WNT3A-V5. (C) The
expression levels of Wnts 1 and 3A in lysates (left panel) or their accumulation levels in media
(right panel) are not significantly affected by C-terminal VV5-tagging in HEK293 cells. Cell
lysates were also probed for Lamin as a loading control. (Figure adapted from Figure 4 of Najdi,
Proffitt, Sprowl et al., 2012).
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WNT1-V5 to interfere with untagged WNT1-mediated signaling is not due to low levels of
expression/secretion or its lack of accumulation in the media. These experiments suggested that
C-terminal tagging might affect each Wnt ligand in a distinct manner; interfering with its binding
to cell-surface receptors in the case of WNT1 or simply affecting its ability to induce activation
once bound to its receptor(s) in the case of WNT3A. This is consistent with the recent finding

that different Wnts might bind to different propeller domains of LRP6%,

Whnt-dependent phosphorylation of LRP6 and stabilization of g-catenin

The most readily measured effect of Wnt signaling is the activation of the B-catenin-dependent
pathway. For that to occur, the LRP5/6 receptor at the cell surface must be phosphorylated at its
PPPSP motif by GSK3 (Glycogen Synthase Kinase 3) and CK1y (Casein Kinase 1 gamma) in
response to the binding of Wnt ligands™®**®°. Another hallmark of the activation of this pathway
is the stabilization of the co-activator p-catenin once released from the destruction complex®®*®,
We therefore monitored LRP6 phosphorylation and unphosphorylated p-catenin abundance by
immunoblot analysis in HEK293 cells (Fig. 4.7A). While transfection of 100 ng of untagged
WNT cDNA activated the STF reporter, this amount of Wnt plasmid had little effect on the levels
of both phospho-LRP6 and non-phospho p-catenin (data not shown, Fig. 4.5A). However,
transfection of a super-saturating amount, 1000 ng, of untagged WNT cDNA induced readily
detectable changes in both phospho-LRP6 and non-phospho B-catenin abundance (Fig. 4.7A). In
order to allow for accurate comparison with the activation of the STF reporter, 1000 ng of
untagged WNT cDNA was transfected into HEK293 cells to assay for luciferase levels (Fig.

4.7B). While this saturating Wnt expression actually elicited less activity than lower expression

levels, the patterns of activation remained the same (Fig. 4.5A and 4.7B). As expected, all
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Figure 4.7. Wnt-dependent phosphorylation of LRP6 and stabilization of B-catenin.

(A) The 19 untagged Wnts (1 ug each) were tested for their ability to induce non-phosphorylated
B-catenin (1% panel) and phosphorylation of LRP6 (2nd panel) in HEK293 cells. All the active
Whnts (1, 2, 3A, 3, 6, 7TA, 7B, 8A, 9B and 10B) were successful in inducing both, while a subset
of the inactive Wnts displayed varying degrees of LRP6 phosphorylation and -catenin
dephosphorylation. B-Tubulin levels were monitored as a loading control (3 panel). (B)
Plasmid encoding untagged Wnts (1000 ng each) was transfected to determine their effect on the
STF reporter in HEK293. The activation pattern is similar to that observed with 100ng of
plasmid DNA (Fig. 4.5A). (Figure adapted from Figure 5 of Najdi, Proffitt, Sprowl et al., 2012).
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Whnts that activated the STF reporter also induced phosphorylation of LRP6 and B-catenin
stabilization to varying degrees (WNTL, 2, 3A, 3, 6, 7A, 7B, 8A, 9B and 10B). However,
phospho-LRP6 and non-phospho B-catenin levels did not always track with activation of the STF
reporter. For example, WNT2B2, 9A and 10A, which did not activate the -catenin-dependent
pathway in HEK293 cells, caused significant levels of 3-catenin stabilization when compared to
mock-transfected cells (Fig. 4.7A and 4.7B). This suggests that changes in f-catenin abundance
and LRP6 phosphorylation are significantly less sensitive than the STF reporter to Wnt/B-catenin

signaling.

Analysis of the core Wnt modification and secretion pathway

One goal of the Open Source Wnt project is to test if the core Wnt synthesis and secretion
pathway is common to all Wnt proteins. In the current model, all vertebrate and most metazoan
Whnts are post-translationally modified by palmitoylation on one or two conserved Cysteine and
Serine residues®****. Serine palmitoylation (with a mono-unsaturated palmitate) is required for
several Wnits to bind to the integral membrane protein WLS, which then transports the Wnts to

168

the plasma membrane=". All but one Drosophila wingless protein requires WLS for

169,170

activity suggesting a broad requirement for both PORCN and WLS proteins. Conversely,

however, one study suggested that WLS is only required for a small subset of Wnts in Xenopus

development*"

. The standardized Wnt expression library allows us to examine if there is
variability in the mechanism by which human Whnts are secreted from cells.
To ask if all human Whnits require PORCN for activity, we created a human fibrosarcoma

HT1080 cell line with a zinc-finger nuclease-mediated null mutation in the single copy PORCN

gene (PORCN is on the X chromosome, and HT1080 cells are male)*’2. The activity of
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transfected Whnts was tested in paired wildtype and PORCN null cells by STF reporter assays
(Fig. 4.8A) and DvI2 (Dishevelled 2) mobility shift (Fig. 4.8B). As Figure 6 shows, wildtype
HT1080 cells were extremely responsive to Wnts. Fourteen of the nineteen Wnts were able to
activate pB-catenin-dependent signaling, ranging from 3- to 1000-fold. In all cases, the matched
PORCN null cells had no measurable Wnt/B-catenin signaling activity. This was not due to any
secondary effect of the PORCN mutation, since the signaling activity of the null cells could be
rescued by wildtype but not catalytically inactive PORCN plasmid co-transfection (Fig. 4.8B and
data not shown). A subset of Wnts was not able to activate Wnt/p-catenin signaling in HT1080
cells. These Wnts (and WNT3A) were assessed for their ability to activate the CK1-dependent
phosphorylation of endogenous DvI2. WNT3A and four of five additional Wnts were able to
stimulate DvI2 mobility shift in a PORCN-dependent manner (Fig. 4.8B), indicating that
PORCN is also essential for -catenin-independent Wnt signaling. Of the nineteen Wnts tested,
PORCN (and hence Wnt palmitoylation) was essential for the function of eighteen while one
Wnt, WNT5B, was unable to be assessed in these assays.

Palmitoylation can affect Wnt export, membrane association, and receptor binding.
Palmitoylation is required for WNT3A and WNT5A to bind to WLS for proper transport to the
cell membrane. However, whether all of the mammalian Wnts similarly bind to endogenous
WLS in a palmitoylation-dependent manner is not known. To test this, we utilized the Wnt-V5
library and the PORCN inhibitor IWP1%"3. Wnts that were expressed at sufficiently high levels to
be clearly visualized were assessed in HeLa cells (HeLa cells were chosen because they have
high endogenous WLS levels). In every evaluable case, Wnts co-immunoprecipitated with WLS,

and this interaction was sensitive to the PORCN inhibitor IWP1 (Fig. 4.9). WNT5B, whose
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Figure 4.8. Wnts require PORCN for activity.
(A) WT and PORCN null HT1080 cells were transfected in parallel with untagged Wnts shown
(50 ng per well in a 24-well dish) in combination with the STF reporter. Data is presented as
fold activation over background signal with no transfected Wnt. Error bars represent SD. (B)
PORCN null HT1080 cells were transfected with Wnts shown, in combination with mPORCN-D
expression plasmid as indicated. Western blots were performed to analyze the Wnt and PORCN-
dependent DvI2 electrophoretic mobility shift. (Figure adapted from Figure 6 of Najdi, Proffitt,
Sprowl et al., 2012).
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Figure 4.9. All tested Wnts bind WLS in a PORCN dependent manner. HeLa cells were
transfected with C-terminal V5 tagged Wnts (1000 ng per 10 cm dish) and treated with either
DMSO or the PORCN inhibitor IWP1 (2 uM) overnight. 500 pg of lysate was subject to
immunoprecipitation with anti-V5 antibody and immunoblot carried out with anti-WLS and anti-
V5 antibodies. Arrow indicates WLS, asterisk (*) indicates IgG heavy chain. Hex (#) indicates
non- specific band. (Figure adapted from Figure 7 of Najdi, Proffitt, Sprowl et al., 2012).
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Figure 4.10. Wnt signaling requires WLS.

HEK?293 cells with an integrated Super8XTopFlash reporter (STF cells (21)) were transfected
with the indicated untagged Wnts together with either control or WLS siRNA. Fold activation by
the Wnts in the presence of control siRNA is indicated above the columns, and the effect of WLS
knockdown is presented as remaining Wnt/p-catenin signaling activity in cells with WLS
knockdown. (Figure adapted from Figure 8 of Najdi, Proffitt, Sprowl et al., 2012).
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signaling activity we were unable to assess, nonetheless interacted with WLS in a
palmitoylation-dependent manner. Thus, the palmitate-dependent interaction of Wnts with WLS
is a general feature of human Wnt secretion. This suggested that WLS, like PORCN, would be
essential for the signaling activity of all Wnts. To test this directly, WLS was knocked down by
SiIRNA and Wnt/B-catenin signaling activity of was assessed. As shown in figure 4.10, all

evaluable Wnts (11 of 19) require WLS for full Wnt/p-catenin signaling activity.

Discussion

Here we report the cloning of all 19 human Wnts and the subsequent analysis of their
expression in cells, their secretion and accumulation in media, and their signaling properties
through the Wnt/B-catenin pathway. All VV5-tagged Wnt proteins are produced in HEK293 cells
and secreted into the media (Fig. 4.3). While some Wnts (1, 2B2, 3A, 7A and 9A) are highly
expressed, others (2, 4, 5A, 5B and 16) are poorly produced. There are also major differences in
the estimated concentrations at which Whnts are secreted into the media, and these largely
correlate with the expression levels. Since Wnt mRNA levels are relatively similar, this variation
could be due to several factors (Fig. 4.4). Some Wnts might contain seed sequences for miRNAS
to target and therefore downregulate the translation of the message. Another possibility is that
different protein structures or folding have varying effects on Wnt protein stability. This is
supported by the fact that Wnt proteins are expressed and secreted in relatively similar patterns
in two different cell lines, with the exception of WNT16, which is produced at higher levels in
NIH3T3 cells. The variation in Wnt protein levels suggests that the use of conditioned media to
survey Whnt activity might not be an accurate representation of the signaling potential of each

Whnt since they are all expressed and secreted at different levels. Therefore, it is essential to
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confirm whether Wnt proteins are efficiently secreted and can be detected in the media before
reaching conclusions about their signaling properties, a task made easier by these matched
untagged and V5-tagged Whnt expression constructs. The greater number of Wnt protein isoforms
observed in cell lysates compared with culture media is likely due to the different stages of
processing and protein modifications that these particular Wnts undergo inside cells prior to
secretion. This could provide a glimpse into the post-translational modifications of Wnt proteins
and how different this process is for each ligand. For example, WNT1 has four isoforms as it
goes through several steps of processing while WNT3 has only one isoform. Curiously, out of
the Whits that have more than one isoform in HEK293 cells, only Wnts 1 and 8B exhibit a similar
processing pattern in NIH3T3 cells, suggesting key differences between the two cell lines in the
Whnt biogenesis pathway.

The use of the STF reporter has allowed us to assess and compare the ability of all Wnts
to signal through the Wnt/B-catenin pathway (Fig. 4.5 and 4.8A). Twelve Wnts are capable of
significantly activating the p-catenin-dependent pathway in HEK293 cells, ranging from 2- to
450-fold above background. The inability of the other 7 Wnts to activate the STF reporter may
not accurately reflect their potential, since it is possible that the cell-surface receptors required
for these Wnits to signal through p-catenin are not expressed in HEK293 cells. Indeed, this has
already been shown for WNT5A?. In our system, WNT8B and Wnt10A were inactive in
HEK293 and HeLa cells but activated the STF reporter in HT1080 cells, with WNT8B
increasing signal nearly 100 fold above background. This is consistent with the model that the
repertoire of cell surface receptors determines the nature of the response to the Wnts. For
example, the inhibitory effects of WNT5A in HEK293 cells are typically mediated through the

orphan tyrosine kinase receptor Ror2, but when Fz4 and LRP5 are available for binding,

113



WNTS5A activates B-catenin signaling. A second hypothesis for the inactivity of some Wnts
could be inability to interact with other Wnts. The clearest example is that of Wnts 5A and 11,
which may heterodimerize together to activate B-catenin signaling™®. Since this interaction is
dependent on tyrosyl sulfation of both interacting Wnts, defects in Wnt sulfation or the absence
of the corresponding Wnt partner could all be reasons for the inability to activate the STF
reporter. Overall, these data suggest that all Wnts might be capable of signaling through the f3-
catenin arm of the pathway as long as the right components are expressed. One might also argue
that the expression/secretion profiles affect signaling potential; Wnts that are abundantly secreted
might be expected to signal efficiently while those that are poorly produced may not signal at all.
However, this is clearly not the case. WNT2, which is barely detectable in western blots (Fig.
4.3A), is one of the more potent activators of the B-catenin pathway (Fig. 4.5A). Meanwhile,
highly expressed/secreted Wnts such as 2B2, 9A and 10A have little to no activity.

Activation of the B-catenin pathway can be effectively abrogated by the Wnt inhibitors
Dkk-1, SFRP1 and SFRP3 (Fig. 4.5). Inhibition by Dkk-1 is not surprising considering that j3-
catenin signaling is mediated through the LRP5/6 co-receptor and that Dkk-1 blocks Wnt
signaling by binding to LRP5/6. SFRP1 and SFRP3-mediated repression of Whnt activity
suggests that those two members of the SFRP family can efficiently bind to all the Wnts that
were tested. The ineffective inhibition by SFRP2, on the other hand, might be due to poor
expression or to poor binding to Wnt ligands in HEK293 cells (Fig. 4.5C). However, in L cells,
SFRP proteins 1 and 2, but not 3 are strong inhibitors of WNT3A-mediated signaling'’*. It was
previously reported that C-terminal tagging of Wnts can have negative effects on Wnt ligand
activity (data not shown). Here we show that these Gateway-V5-tagged Wnts can no longer

activate B-catenin signaling and that inactivity may be due to Wnt-specific variable causes (Fig.
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4.6). This is demonstrated by the finding that the C-terminal tagging of WNT1 likely blocks its
ability to bind to cell surface receptors, while our data suggest that WNT3A-V5 can bind to
receptors, but does not induce activation of the pathway for other reasons. While the VV5-tagged
Whnts are inactive and appear to be secreted at a slightly lower concentration than their untagged
counterparts, they have proven to be important for monitoring Wnt expression, secretion and
accumulation in the media (Fig. 4.3 and 4.6C).

In addition to surveying Wnts for activation of the STF reporter, we also examined their
ability to induce phosphorylation of LRP6 and stabilization of B-catenin in HEK293 cells (Fig.
4.7). All Wnts that activate the STF reporter are also capable of inducing LRP6 phosphorylation
and B-catenin stabilization, two requirements for the activation of Wnt/p-catenin signaling.
Interestingly, some Wnts such as 2B2, 9A and 10A can trigger LRP6 phosphorylation and f3-
catenin stabilization despite not having any effect on STF activity. The same Wnts are also
highly expressed and secreted into the media, suggesting that despite their abundance and
stability, these Whnits are not potent enough to significantly affect the transcriptional output of the
Whnt pathway. In this case, it is possible that the stabilized B-catenin is bound to E-cadherin
complexes at the plasma membrane or not effectively transported into the nucleus'’. This is
certainly true in cancer, where stabilized B-catenin is often predominantly cytosolic rather than
nuclear. Alternatively, although stabilized, perhaps there is a threshold of p-catenin accumulation
that needs to be reached before it can translocate to the nucleus and activate transcription. Even
if B-catenin accumulates and translocates to the nucleus, activation of gene expression is not
always guaranteed'™. In other cases, LRP6 phosphorylation and B-catenin stabilization do not go
hand in hand. For example, WNT8B upregulates phospho-LRP6, but cannot stabilize B-catenin

in HEK293 cells, suggesting that LRP6 phosphorylation may not always be sufficient to
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inactivate the destruction complex. Whatever is missing in HEK293 cells is present in HT1080
cells because WNT8B is a strong activator of the STF reporter in that system (Fig. 4.8). On the
other hand, WNT10A stabilizes B-catenin without detectable phospho-LRP6, again suggesting
the phospho-LRP6 is an insensitive assay, or that there may be an alternative ligand-receptor
combination. While Wnt-mediated transcriptional activation is always accompanied by either
LRP6 phosphorylation or the accumulation of B-catenin, the inverse is not true: even when both
LRP6 phosphorylation and 3-catenin accumulation are observed, STF reporter activation is not
guaranteed.

Finally, we investigated whether all Wnts require PORCN-mediated palmitoylation to
signal and to bind to the transporter protein WLS. We find that all Wnts that signal through the
[-catenin pathway in HT1080 cells are dependent on the presence of PORCN to activate the STF
reporter (Fig. 4.8A). In addition, the Wnts that signal through p-catenin-independent pathways
(4, 5A, 11 and 16) also require PORCN to induce the phosphorylation of DvI2, a marker of both
B-catenin-dependent and independent Wnt activity (Fig. 4.8B). WNTS5B is the only Wnt that
does not exhibit any signaling activity that we could measure, but it too required PORCN
function to bind to WLS. We also find that WLS is required at least for the Wnt/p-catenin
signaling activity of all testable Wnts, since WLS knockdown inhibited the STF reporter activity
of the 11 assessable Wnts (Fig 4.10). Since Wnts 5A and 5B have very similar amino acid
sequences, it is possible that the few amino acid differences dictate the differences in their
signaling activity. Thus, PORCN and WLS form an essential core Wnt production module. We
also confirm that one key function of Wnt palmitoylation is to enable their binding to WLS.

Finally, an implication of this work is that inhibition of either PORCN or WLS will block the
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ability of cells to secrete any active Wnts, which makes them potential drug targets for diseases
of excess Whnt activity.

The availability of this complete and standardized set of untagged and V5-tagged Wnt
plasmids has made it possible to thoroughly compare and contrast the secretion and signaling
profiles of all human Wnt ligands and will be useful to the scientific community to gain new

understanding of the Wnt signaling pathway.
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CHAPTER FIVE

Discussion

Functions of LEF/TCFs and Wnts in Colon Cancer

The presence of full-length LEF/TCF isoforms in colon cancer and the absence of their
dominant negative counterparts provides a window of opportunity for probing functional outputs
and gene programs regulated by the Wnt signaling pathway. Dominant negative LEF/TCFs,
when expressed, compete with their full-length, B-catenin binding-counterparts for occupancy of
Wnt Response Elements in target genes. Their competitive binding results in repression of
transcription of target genes, and silencing of Wnt target gene programs®***. Previous studies in
the Waterman lab used overexpression of dnTCF-1 or dnTCF4 isoforms that contain a C-
terminal E-tail to reveal the role of the E-tail encoding C-clamp in regulation of the cell cycle
(See LEF/TCEF Structure in the Introduction for reference). Regulation of the cell cycle occurs in
part through Whnt target gene SP5 and its subsequent downregulation of the cell cycle inhibitor
p21%82988 Expression of dnTCF-4 with an N-tail restores epithelial cell polarity, suggesting that
its full-length counterpart somehow interferes with this process and most likely favors activities
such as epithelial-mesenchymal transition and cell movement®®. We expressed dnLEF-1 and an
isoform of dnTCF-1E that was inactivated for the C-clamp (dnTCF-1Emut) in colon cancer cells
as a tool to modulate Wnt signaling and discover additional roles that LEF/TCFs play in the
cancer cell phenotype beyond cell cycle and cell polarity regulation. Through expression of these
isoforms we identify Warburg metabolism as a novel Wnt-driven gene program in colon cancer.
Furthermore, we identify pyruvate dehydrogenase kinase 1 (PDK1) and monocarboxylate

transporter 1 (MCT-1) as direct target genes important for this program.
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Our current understanding in the field of metabolism is that cancer cells adopt a
preference for glycolysis over oxidative phosphorylation for two reasons: to optimize the
production of biomass for rapidly proliferating cells and to limit ROS production”**"" %, we
propose that the Wnt signaling pathway plays a crucial role in directing Warburg metabolism, a
form of glycolysis that can occur independent of oxygen tension. We propose that Wnt regulates
at least two key steps in this pathway (Model, Fig. 5.1). Our experiments demonstrate that PDK1
is a pivotal mediator of Wnt signaling’s effects on metabolism. Not only is it a direct Wnt target
gene with at least two distal regions that regulate transcription of the PDK1 locus, but rescue of
its protein expression in cancer cells with reduced Wnt signaling (expressing dnLEF/TCFs)
restored the level of glycolysis that was apparent in the presence of full Wnt signaling. We
hypothesized that PDK1 is only one target of a multi-gene program driven by Wnt to promote
cancer-supporting metabolism. It is possible that knockdown of a single Wnt target gene out of
the context of an entire gene program is not sufficient to shift metabolism and tumor
proliferation phenotypes. Ontology analysis of our microarray study identified additional
metabolism-linked genes that were downregulated by dnLEF/TCFs (Fig. 2.1), including genes
that encode nutrient and small molecule transporter genes that affect metabolic pathways. We
asked whether the gene SLC16A1/ MCT-1 is a direct Wnt target as its known function is to
transport lactate, the waste product of Warburg metabolism. Here we show that indeed, SLC16A1
transcription is directly regulated by LEF/TCFs and B-catenin. This discovery places SLC16Al
within a program of glycolysis that we have defined for colon cancer. We determine that
SLC16A1/MCT-1 regulation is mediated directly through two Wnt Response Elements in the
promoter (Fig. 3.5). SLC16A1/MCT-1 mRNA was downregulated via dnLEF/TCF expression, as

evidenced both by microarray and RT-gPCR analysis of xenograft tumors (Fig. 2.16).
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Figure 5.1. Wnt signaling influences cancer metabolism through regulation of PDK1 and
SLC16A1/MCT-1 expression.

In the presence of oxygen in normal differentiated tissue, glucose is completely oxidized to CO2
through glycolysis, the TCA cycle, and oxidative phosphorylation. In the absence of oxygen,
glucose metabolism is limited to glycolysis and is fermented into lactate. Cancer cells have an
altered metabolism characterized as the Warburg metabolism or aerobic glycolysis - even in the
presence of oxygen, cells continue to limit their metabolism to glycolysis and convert pyruvate
to lactate via Lactate Dehydrogenase (LDH). Wnt signaling regulates Warburg metabolism
through the upregulation of Pyruvate Dehydrogenase Kinase 1 (PDK1), which phosphorylates
and inhibits Pyruvate Dehydrogenase (PDH) in the mitochondria and Monocarboxylate
Transporter 1 (MCT-1), a lactate transporter (Figure adapted from Dr. Marian Waterman).
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Furthermore, we and others determined using ChiP-seq that the MCT-1 promoter is directly
occupied by TCFs, in HCT116 and DLD-1 colon cancer cells (Fig. 2.16). MCT-1 is a critical

181 \We observe

player in tumor metabolism and is known to be upregulated in colon cancer
highly upregulated, heterogeneous levels of MCT-1 protein throughout a set of probed human
colon adenomacarcinoma samples, compared to weak expression in the normal mucosa surface
(see Figure 5.2). Increased expression of MCT-1 in cancerous lesions aligns with an increased
reliance of glycolytic cancer cells on lactate/ monocarboxylate transporters (such as MCT-1) to
secrete lactate, a waste product of fermentation. Lactate is highly acidic and its export from cells
helps maintain intracellular pH levels. Our studies also show that colon cancer cells express at
least one other monocarboxylate transporter (MCT-4), but it is MCT-1 that has optimal export
kinetics for lactate, and therefore provides a more sensitive and responsive avenue to maintain
pH homeostasis for the intracellular environment. Interestingly, the glucose transporter GLUT-1
was also downregulated with dnLEF/TCF expression, both by microarray analysis and RT-gPCR
analysis of xenograft tumors (Fig. 2.16). Since tumors with a strong glycolytic phenotype rely
heavily on glucose uptake, GLUT-1 may be another example of a Wnt target gene that
contributes to the Warburg metabolic program regulated by this pathway.

Previous studies have identified other metabolism-connected Whnt target genes. For
example, the well-known Whnt target gene MYC plays pivotal roles in cancer metabolism, driving
both aerobic glycolysis and accumulation of biomass through transcriptional activation of genes
that drive nucleotide synthesis, lipid synthesis and glutaminolysis’**#2*%" |n fact, c-Myc has

been shown to enhance HIF-1a-mediated regulation of PDK1'%

. c-Myc was not required in the
xenograft system to mediate changes in metabolism as its levels were not altered with expression

of dnLEF-1 (supported by microarray, Western, and RT-gPCR analyses - Chapter 2, Figure 2.7).
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Figure 5.2. MCT-1 and MCT-4 expression in colon adenocarcinoma samples.
Immunohistochemical staining of colon adenocarcinoma (MCT-1 and MCT-4) shows high,
heterogeneous expression of MCT-1 consistent with Wnt signaling patterns of expression, and
low levels of MCT-4. Images were taken at 10X magnification.
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However, as Wnt/B-catenin signaling is the main driver of colon cancer, it is likely that the Wnt
target c-Myc should cooperate with the genes identified in our study to collectively drive strong,
glycolytic signatures of Warburg metabolism. Additional Wnt target genes linked to glycolysis
have also been identified in the liver. For example, Chafey, et al. show that Wnt augments LDH
(lactate dehydrogenase) activity and downregulates two mitochondrial ATPase subunits in
hepatocytes, thus driving glycolysis at the expense of oxidative phosphorylation'®®. While it is
not clear whether these effects are direct or indirect, this data along with the other evidence
above suggests that Wnt signaling promotes a gene program that supports a cancer-promoting
metabolic profile of enhanced aerobic glycolysis.

Most tumorigenic actions of signaling pathways like Wnt represent distorted use of
normal functions crucial to cellular homeostasis. How might Wnt promotion of aerobic
glycolysis be beneficial to normal tissues? One organ that illustrates this benefit is the liver
where Wnt signaling regulates liver function, including functional and anatomical liver zonation,
hepatocyte maturation and glycolytic metabolism*®* 9. The pancreas is also central to whole-
body glucose homeostasis, a tissue that exhibits important links between Wnt signaling and
disease. The most relevant link to normal tissue from this study is that Wnt regulation of
glycolysis is important to normal intestinal tissue. The Waterman and Gratton laboratories
recently collaborated to use FLIM analysis to identify a metabolic gradient along the crypt-villus
axis of the mouse small intestine®. Consistent with our finding that Wnt signals drive a
glycolytic phenotype, the strongest glycolytic signatures were observed at the base of the crypt
and lowest at the top of the villi, correlating with high and low Wnt activity, respectively.
Interestingly, immunofluorescence of the stem cell compartment staining for Lgr5" stem cells

and CD31" vessels showed the vasculature hugging the base of the crypt where the stem cells
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reside, suggesting that the stem cells are not hypoxic and perhaps choosing Warburg metabolism
(Stringari and Waterman, unpublished). According to the model proposed here (Fig. 5.3), Wnt
promotes a glycolytic signature through regulation of PDK1, which then promotes HIF 1a.
stabilization. Consistent with this model, high levels of PDK1 protein and its target,
phosphoPDH, were detected at the bottom of human intestinal crypts (Fig. 5.3). Stabilized HIF1a
is also detected in crypt bases (in addition to the hypoxic region at the tops of crypts, which has
been reported previously™®; Fig. 5.3). Wnt-stimulated HIF 1o stabilization could contribute to a
positive feedback loop to support glycolysis in the intestinal stem cell niche as HIF 1o targets
several components of glycolysis. Wnt also plays an important direct role in the maintenance of
stem cells, which utilize aerobic glycolysis as a metabolic resource®*%**% The benefits of this
type of metabolism in stem cells include support for proliferation as well as reduction in ROS
(reactive oxygen species) production to protect the integrity of the genome™®"*®,

Given the strong evidence for direct regulation of PDK1 and SLC16A1/ MCT-1
transcription in colon cancer cells, we collaborated with Dr. Chad Garner (Dept. Epidemiology)
to ask whether Wnt and glycolysis gene programs were correlated in primary human
tumors. Publically available gene expression data from The Cancer Genome Atlas Data Portal
was used to test for correlations between PDK1 expression and signatures of overactive Wnt
signaling (TCGA, https://tcga-data.nci.nih.gov/tcga/). No correlation was identified.
Nevertheless, a different method of analysis detected links between Whnit signaling and glycolysis
in tumors (Fig. 5.4). In this analysis a comparison of the expression level of Wnt and glycolysis
genes (defined by Kyoto Encyclopedia of Genes and Genomes (KEGG)) was used for
unsupervised clustering of 238 human tumors into nine tumor groups with one group of 21

tumors strongly clustered (group 4, Fig. 5.4a). This same cluster was detected when gene
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Figure 5.3. Wnt promotes aerobic glycolysis through PDK1.

(A) Model of Wnt regulation of cancer metabolism and angiogenesis through PDK1. (B)
Immunohistochemical staining of normal human small intestine (PDK1) and normal human
colon (PhosphoPDH and HIF1a) shows correlations between high levels of Wnt signaling,
PDKI activity, and HIF1a levels. Bottom row shows higher power images of boxed portions in
the top row. (Figure adapted from Figure 8 of Pate, Stringari, Sprowl-Tanio et al., 2014).

125



238 Human Colon Adenocarcinomas

185 Wnt and Glycolysis Genes (KEGG) B 238 Human Colon Adenocarcinomas

tumor.
&’m patient subseN i
clusters 0

s
il £
5]
=
o
2 @
(%]
o
c
[}
2
4 c
-]
5 [}
o
6 g
5
7 I
8 3
g £ 9 %
| - . low [T N high
Gene Expression Level Similarity Score
(normalized, Log2-transformed) (185 KEGG Wnt and Glycolysis Genes)
WNT9A
PDHX
c A & &
negative correlation with / 3 /\_/ positive correlation with
noncanonical Wnt signaling {FzD7 o \ glycolytic enzymes
and beta-catenin antagonists =
| ,/ [
MAPKS \ ,/ | "‘

E NFATCA
7

126



Figure 5.4. Bioinformatic analysis of colon adenocarcinoma tumors that segregate based
on Wnt and Glycolysis gene signatures.

(A) Publically available data from The Cancer Genome Atlas (TCGA) Data Portal (https://tcga-
data.nci.nih.gov/tcga/) was used to probe for correlations between PDK1 expression and
signatures of overactive Wnt signaling. A simple comparison of the expression level of Wnt
genes and Glycolysis genes (as defined by KEGG) enables unsupervised clustering of 238
human tumors into nine groups, with a single group of 21 tumors strongly clustered (#4). (B)
This same group of tumors is detected as having a strong similarity (i.e. strong correlations (or
anti-correlations)) and a distinct signature in the expression pattern of the KEGG-defined Wnt
signaling and glycolysis genes when a distance measure is applied in a cross-comparison among
the 238 tumors. PDK1 ranks as one of the most highly correlated genes in these 21 tumors with
strong correlations to 16 Wnt and 9 glycolysis genes (see Supplemental Experimental Procedures
for the list of genes and correlation scores). (C) The strongest correlations between PDK1 and
Whnt signaling are negative correlations while most correlations with glycolysis genes are
positive. Gene IDs of the 25 correlating genes was submitted for STRING analysis
(http://string_db.org) which generates a network of known and predicted functional interactions
from a user-defined gene list where each colored node is one gene. The Venn diagram overlay
indicates that the majority of anti-correlating Wnt genes are either antagonists that reduce Wnt
signaling, components of non-canonical Wnt signaling and/or interactors of the Wnt signaling
component Dishevelled. (Figure adapted from Figure S10 of Pate, Stringari, Sprowl-Tanio et
al., 2014).
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signatures were compared via distance measures within the cluster versus the other eight tumor
groups (Fig. 5.4b). Strong similarities (correlations and anti-correlations) between Wnt signaling
components and glycolysis genes were detected within this group, relationships that
distinguished the cluster from the remaining clusters. Importantly, PDK1 ranked as a highly
correlated gene in the 21 tumors, its expression most often having negative, anti-correlations
with Wnt components. The majority of anti-correlating genes encode antagonists of Wnt
signaling or components of noncanonical Wnt signaling, and interestingly, the STRING
algorithm for protein interaction networks revealed that most of these anti-correlating
components engage in direct or indirect interactions with the Wnt component Dishevelled (Fig.
5.4¢;'%). These data are compelling because any kind of clustering of colon tumors on the basis
of gene expression suggests a promising approach to probe differences between tumors for
diagnosis and/or prognosis, and they most certainly warrant further investigation and validation.
As mentioned above, Wnt and glycolysis gene programs were not correlated in primary
human tumors. This finding is consistent with recent studies of large tumor datasets (> 2,500)
that found confounding levels of heterogeneity for gene signatures of metabolism, and consistent
with our observation of compensatory PDK activities in PDK1 shRNA knockdown lines®®.
Furthermore, there is no significant difference in relative levels of MCT-1 mRNA expression
when comparing colon cancer cell lines to normal colon tissue'*?, contrary to clear upregulation
of MCT-1 in colon tumor samples. It is possible that this lack of correlation may be attributed to
heterogeneous expression, in both normal tissue and cancer. In normal mucosa, MCT-1
expression exists in a gradient, with highest expression found at the mucosal surface facing the
lumen. This may be due to activating factors in the gut environment, such as microbiome-derived

butyrate'*>?**, While MCT-1 protein expression is upregulated in adenocarcinoma samples, the
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expression is highly heterogeneous (Fig. 5.2). Heterogeneity in patient cancer lesions has
previously been associated with dissimilarities in differentiation, vascularity and invasiveness
potential®®. Intriguingly, our group has discovered heterogeneity in the form of patterns of
metabolism in xenograft tumors. Immunohistochemical analysis of the xenograft colon cancer
tumors produced from the study presented in chapter 2 was performed with antisera specific for
phosphorylated PDH (indicative of active PDK1 and glycolysis). The staining revealed an
interesting, specific “spotted” pattern consisting of regularly spaced foci of approximately five-
to-ten cells with high levels of phosphoPDH, surrounded by cells with reduced positive staining
(Figure 5.5). Xenograft tumors consisting of dnLEF-1 expressing colon cancer cells were also
examined for pPDH (PDK1 activity). In this case, the overall staining intensity was weaker but
the spots were larger. That these intriguing patterns are truly connected to PDK1 was confirmed
by staining xenograft tumors consisting of colon cancer cells in which PDK1 was overexpressed
in every cell. In this case, there was a uniform level of elevated staining for pPDH. Although it is
not clear by what means these foci are generated, it is possible that lactate excreted from
phosphoPDH-high cells (cells that are glycolytic) signals to neighboring cells, perhaps enhancing
their preference for consuming lactate as an energy source for oxidative phosphorylation. If
lactate secretion plays a role in the spotted pattern, does MCT-1 expression play an important
role in setting up this pattern? This question remains to be answered. To determine if this spotted
pattern represents communication between neighboring cells through modulation of metabolism
and possibly Wnt signaling, current members of the Waterman laboratory are collaborating with
the Lowengrub group in the Mathematics department at UC Irvine to develop a reaction-
diffusion model that incorporates Wnt signaling and different modes of metabolism. The model

predicts that high levels of Wnt signaling correspond with high levels of phosphoPDH, and that
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Figure 5.5. Phosphorylated pyruvate dehydrogenase staining in xenograft tumors.
Immunohistochemical staining of phosphoPDH (phosphorylated pyruvate dehydrogenase) in
sections of xenograft tumors developed from subcutaneous injection of SW480 cells (expressing
empty vector (Mock), dnLEF-1, or dnLEF-1 and PDKZ1) in immunodeficient NOG (NOD/Shi-
scid/IL-2Rynull) mice. Images were taken at 20X magnification. (Figure adapted Dr.Kira Pate).
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inhibition of Wnt will alter the size and intensity of the spotted pattern. These predictions were
validated using xenograft tumors (Chen and Lee, in preparation). Going forward, it will be
important to determine if lactate levels, MCT-1 expression and/or other metabolic signatures
correspond with these patterns of phosphoPDH staining and Wnt signaling. New experimental
approaches may provide avenues to explore these experimental unknowns in depth. For example,
single cell RNA Sequencing (RNA-Seq) has recently been used to probe heterogeneity in cancer
cell settings such as melanoma, primary glioblastoma, circulating tumor cells and even human
colon tumors® 2% If Wnt signaling is heterogeneous at the single cell level, then one might
expect that gene expression patterns of glycolysis to correlate with that heterogeneity. One
major caveat of single cell RNA-Seq is that cells are removed from their original context and
cellular environment, and therefore any spatial pattern such as “spotting” or other patterns will
be destroyed?”’. Exciting new methods using RNA sequencing and mass spectrometry in situ are
emerging®® %, however, with technical improvements and increased sensitivity, these methods
show great promise in application for studying tumor heterogeneity without disrupting spatial
heterogeneities.

In addition to studying the role of Wnt signaling through LEF/TCF expression, this thesis
also examined the role of the Wnt ligands themselves. The most common mutations of the Wnt
signaling pathway are loss-of-function mutations in destruction complex-associated APC, and
gain-of-function, stabilizing mutations in B-catenin. However, aberrant Wnt signaling activities
involve not only f-catenin and the destruction complex, but also upstream signaling components
of the pathway. This is important because Wnt ligands are capable of circumventing the
destruction complex, and modulating the pathway at the level of LEF/TCFs and -catenin.

Notably, Wnt ligand expression levels are modified in cancer?'?. For example, WNT2 and
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WNTS5A expression are elevated in colon cancer compared to normal colon especially during the

43,213,214

progression from adenoma to carcinoma . In contrast, the expression of other Wnts

including WNT2B2, WNT4, WNT7B and WNT10B does not change, they remain strongly

215 \WWNTB5A has been shown in various studies

expressed in both normal colon and colon cancer
to either inhibit or activate canonical Wnt signaling, depending on cell and receptor context. For
example, WNT5A inhibits -catenin dependent Wnt signaling through Ror2 receptor binding and
subsequent pathway activation. In contrast, WNTS5A activates p-catenin dependent signaling
through interaction with co-receptors Fz4 and LRP5%. What is the overall effect of Wnt ligands
in the tumor microenvironment? Are there tumor-promoting and tumor-suppressing actions?
Since drugs that prevent secretion of Wnt ligands are already in phase I clinical trials (see
Considerations for Clinical Therapeutics of Colon Cancer below), answering these questions for
colon cancer is important.

Our group recently showed that a kinase signaling cascade triggered by Whnt ligand
activation regulates TCF-1 export in colon cancer cells®. This pathway was shown to be
stimulated by either WNT1 or WNT5A, reducing B-catenin-dependent signaling by triggering
the nuclear export of TCF-1 and in doing so, reducing the overall concentration of LEF/TCFs in
the nucleus. At the time the study was conducted, however, only a subset of Wnt ligands were
available to test for their ability to activate this non-canonical kinase cascade. Are other ligands
capable of triggering this export response? To answer that question, we created the “Open
Source Wnt” plasmid depository, a library comprised of cDNA clones encoding all 19 human
Whnt ligands, in multiple plasmid backbones, including those appropriate for expression in

mammalian cells. Using this library, we find that WNT1 and WNT5A can also trigger export in
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SW480 cells (Figure 5.6). In RKO cells expressing the various Wnt ligands, we find that WNT1,
WNT2 and WNT5A each trigger high levels of TCF-1 export, while WNT7B, WNT9A, WNT11
and WNT16 trigger moderate levels of TCF-1 export. The remaining Wnt ligands do not trigger
export (Figure 5.7 and 5.8). Whether TCF-1 export is a phenomenon specific to colon cancer is
unknown, but LEF-1 and TCF-4 do not export from nuclei and their expression levels are not
modified®™. While this data suggests that expression of specific Wnt ligands might act to inhibit
canonical signaling, whether they do so in colon tumors may depend on the receptor context and
cell setting. Taken together, the Wnt expression library can be used to continue probing the
complexities of non-canonical Wnt signaling in a more comprehensive manner to better
understand how various Wnt-ligand-based signals may modify colon cancer, even with a

disrupted destruction complex.

Considerations for Clinical Therapeutics of Colon Cancer

Based on our findings, MCT-1 expression renders colon cancer cells sensitive to the
uptake of the toxic molecule 3-bromopyruvate (3-BP). Our hypothesis was that, if MCT-1 is a
target of Wnt signaling, and if MCT-1 transport is the mechanism by which 3-BP gains access to
colon cancer cells, then Wnt signaling inhibition should reduce sensitivity to 3-BP. The results
are consistent with this hypothesis, as sensitivity to 3-BP is reduced when Wnt signaling is
inhibited. In fact, tumor cells survive and recover better from the toxic drug if they are
simultaneously treated with Wnt signaling inhibitor XAV939. It is possible that XAV939
triggers adaptations that confer faster recovery and cell cycle progression. This possibility serves
as a good illustration of the caveats that can arise when two classes of drugs are combined
(Model, 5.9). These data also suggest that the heterogeneous patterns of Wnt signaling that have

been observed in different subtypes of primary human colon cancer, and within the tumor
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Figure 5.6. WNT1 and WNT5A induce TCF-1 export in SW480 cells. Media from NIH3T3
mouse fibroblasts that had been transfected with WNT1, WNT2, WNT3A or WNT5A was
transferred to SW480 cells for 24 hr and TCF-1 was stained red. F-Actin staining is green and
nuclear staining is blue. Scale bar is 20pum. WNT1 and WNT5A can both induce the export of
TCF-1 in SW480 cells. (Figure adapted from Dr. Rani Najdi).
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Figure 5.7. WNT1, 2 and WNT5A induce TCF-1 export in RKO cells. RKO cells were
transfected with plasmids expressing all 19 human Wnts (1000ng) for 48 hr and TCF-1 was
stained red. F-Actin staining is green and nuclear staining is blue. Scale bar is 20um. WNTL1, 2,
and WNT5A can all trigger high levels of TCF-1 export in cells, while WNT7B, 9A, 11 and 16
trigger moderate levels of export. (Figure adapted from Dr. Rani Najdi).
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Figure 5.8. The role of endocytosis in TCF-1 export. RKO cells that had been transfected with
plasmids expressing CaMKII (T286D) or WNT1 were treated with MDC (30 minutes; 50 uM) to
block clathrin-mediated endocytosis of Nystatin (30 minutes; 25 pg/mL) to block caveolin-
mediated endocytosis, and then stained for TCF-1 (red). F-Actin staining is in green and nuclear
staining is blue. Scale bar is 20 um. Treatment of cells with MDC has no effect on TCF-1
localization as it remains cytoplasmic in response to activated CaMKII or WNT1. Nystatin
treatment blocks the export of TCF-1 and is exported to the cytoplasm in response to activated
CaMKIl and WNTL1 in RKO cells. (Figure adapted from Dr. Rani Najdi).
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Figure 5.9. Wnt signaling influences cancer metabolism through regulation of
SLC16A1/MCT-1 expression

Model of a colorectal tumor with Wnt regulating cancer metabolism through target genes
including SLC16A1/ MCT-1. Examples of Wnt and metabolic inhibitors currently under clinical
development shown in boxed regions. (Figure adapted from Figure 7 of Sprowl-Tanio et al.,
Submitted).
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microenvironment, will directly affect the efficacy of 3-BP and its derivatives. Below is a
summary of two classes of drugs under pre-clinical development for the treatment of colon
cancer: Wnt pathway inhibitors and inhibitors of cancer cell metabolism.

The discovery that Wnt signaling drives oncogenesis in many tumor types has inspired
the development of small molecule inhibitors to target the pathway. Even though there is concern
that Wnt signaling is necessary for stem cell compartments in normal tissues and therefore
inhibitors will be deleterious and not tolerated, therapeutic windows have been demonstrated in
animal experiments where Wnt-driven oncogenesis has been suppressed without general
toxicity”*®?”. Thus, the therapeutic relevance of the Wnt pathway to human cancer and an
interest in developing an effective inhibitor for the pathway remains. Furthermore, since Wnt
signaling drives cancer cell preference for glycolysis, Wnt inhibition may provide an alternative
approach to manipulate cancer cell metabolism. Multiple drugs that inhibit Wnt signaling are
showing promise for clinical application (e.g. inhibitors of Wnt secretion, tankyrase 1/2
inhibitors, and inhibitors of B-catenin interactions®*®). In the study presented here, XAV939 (a
tankyrase inhibitor that promotes Axin stabilization) was used to reduce Wnt signaling in the
presence or absence of an inhibitor of metabolism. XAV939, as well as a compound called IWR-
1, inhibits Wnt signaling downstream of ligand-receptor interaction at the level of the
Destruction Complex. XAV939 treatment therefore acts to stabilize the Destruction Complex
and promote B-catenin degradation. Both XAV939 and IWR-1 are currently in pre-clinical
development, though the low potency of these specific molecules has prompted the development
of second generation drugs that target Axin stabilization®®. For example, more specific
tankyrase inhibitors are in the pipeline such as GM244-LM, a XAV939 analogue, and G007-LK,

both with greater specificity to tankyrase 1 and 2**3?*°_ Interestingly, XAV939 has been shown
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to increase sensitivity to chemotherapeutic drugs 5-fluorouracil and cisplatin in SW480 and
SW620 cells, suggesting that Wnt inhibitors might be good candidates for combination with

standard-of-care therapies®®

. Whether Wnt inhibitors might also be candidates for combination
with new therapies that target tumor metabolism such as 3-bromopyruvate, was a question
addressed in the studies presented here. Another promising set of Wnt inhibitors that are
currently in clinical trials act upstream of the Destruction Complex. One class acts to prevent the
production of Wnt ligands through inhibition of the enzyme Porcupine. Porcupine is an enzyme
in the endoplasmic reticulum that adds a palmitoyl tail (a lipid modification) to Wnt ligands,
permitting their subsequent secretion***. Porcupine inhibitor LGK974 is currently in Phase One
clinical trials (NCT01351103), suggesting that WWnt secretion may provide a promising avenue

221 An alternative class of inhibitors works downstream of the

for Wnt inhibition in vivo
Destruction Complex, preventing B-catenin interaction with its co-activators. One example is
iCRT3, a small molecule that inhibits p-catenin and LEF/TCF interactions??2. While iCRT3 is

under pre-clinical development®?®

, we find that concentrations of 50-100uM are required to
reach IC50 in our colon cancer cell lines (Habowski, unpublished observation). Other more
promising candidates include ICG-001, which prevents 3-catenin interaction with transcriptional
co-activator CBP, and PRI-724, currently in clinical trials for both solid tumors (NCT01302405)
and acute myeloid leukemia (NCT01606579)%*.

While our work adds a note of caution to combining inhibitors of Wnt signaling and
glycolysis, it does not negate the potential and promise of glycolysis inhibitors that are currently
undergoing clinical development. We used 3-bromopyruvate in our studies to inhibit colon
142. 3-

cancer cell metabolism because of its reliance on MCT-1 expression for import

bromopyruvate is a mimetic of pyruvate, very similar in structure apart from a bromine side
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group. Due to its similarity, it is logical that 3-BP would compete and complicate interactions
with molecules that normally partner with pyruvate; because of this, 3-bromopyruvate has
multiple metabolic targets, including Hexokinase Il and Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)?®. Another concern with using 3-BP as a cancer therapeutic is its
stability. With a half-life of only 77 minutes, efforts are underway to increase stability of the
drug, and structural modifications will be necessary for 3-bromopyruvate to have a future in the
clinical setting®®.

In contrast to exploitation of MCT-1 for import of toxic molecules, another treatment
strategy involves inhibition of MCT-1 protein, confining lethal levels of intracellular H* within
the cell. MCT inhibitors (such as AZD3965; binds and directly inhibits) and Basigin/CD147
antibodies (indirectly inhibits localization of MCT-1 to the cell surface) are both clinically viable
options??"?*, Knockdown of Basigin (the transmembrane glycoprotein responsible for anchoring
MCT-1 and 4 to the cell surface'*"**®) and MCT-4 via zinc finger nuclease in colon cancer and
glioblastoma cell lines while simultaneously treating cells with AZD3965 redirected cells toward
oxidative phosphorylation; as a result, cells became sensitive to the OXPHQOS inhibitor
phenformin?®®. In breast cancer cells, butyrate increases 3-BP uptake through upregulation of
MCT-1%%. In the colon, where butyrate increases expression of MCT-1 at the lumen surface,
modulation of butyrate should also be considered™*. Dichloroacetate (DCA), a pan-pyruvate
dehydrogenase (PDK) inhibitor, directs cells away from glycolysis toward cellular respiration
and shows great promise as a chemotherapeutic. A DCA trial in human glioblastoma patients

resulted in tumor regression, as well as enhanced tumor apoptosis*?

. Collectively, glycolysis
inhibitors may drive cells toward a more OXPHOS phenotype, potentially sensitizing cells to

drugs like metformin and phenformin. Further understanding of Wnt signaling and metabolic
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networks will be essential to guide the development of successful therapeutic interventions and

to understand potential and outcomes of combination therapy using multiple drug classes.
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APPENDIX A

Predicting mechanism of biphasic growth factor action on tumor growth
using a multi-species model with feedback control

Introduction
In development and tissue regeneration post-injury, a large number of growth factors
have been found to elicit a biphasic response from the tissue: at lower concentrations the growth

factor exerts a mitogenic or cell size growth effect, and at higher concentrations this effect is

abrogated and cells quiesce or differentiate.(1, 2) For example, a long list of endogenous and
exogenous agents display a biphasic dose-response curve with respect to neurite outgrowth both

in vitro and in vivo, including Nerve Growth Factor (NGF), Fibroblast Growth Factor (FGF),
Vascular Endothelial Growth Factor (VEGF), and adrenocorticotropic hormone (ACTH).(3' 4)
Purported mechanisms for the biphasic dose response include presence of a high affinity and a
low affinity receptor,(5-8) receptor internalization at high growth factor concentration,(9) and/or
concentration-dependent biphasic receptor response via activation of opposing pathways.(lo)
During skeletal muscle injury, dormant satellite myogenic stem cells are activated to
enter the cell cycle by low concentrations of Hepatocyte Growth Factor, HGF, which is released
from extracellular stores (as well as produced by spleen, liver, and the satellite cells themselves)
after injury.(ll, 12) But, at concentrations of greater than 10 ng/ml, HGF inhibits satellite cell
division, (13, 14) and it was shown that this inhibition is due to increased myostatin (a TGFB
family member) production at higher levels of HGF.(10) As with the growth factors involved in

neurite outgrowth, while the mitogenic action of HGF is well understood (HGF binds to its

cognate c-Met receptor, whose activation results in translocation of p-catenin into the nucleus,
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where it acts as a transcription factor of canonical Wnt gene products(15)), the molecular nature
of the inhibitory effect of HGF at high concentrations has not yet been established. Yamada et al.
provided two hypotheses: that differential activation of c-Met is the cause of proliferation arrest,

as evidenced by requirement of phosphatase SHP2 for the arrest, which is recruited by actived c-

Met, and/or the presence of as yet unidentified low affinity receptors for HGF.(10, 13, 16)

We have recently found that culture of tumor spheroids derived from Colon Cancer
Initiating Cells (CCICs), a primary colon cancer cell line,(17: 18) in presence of increasing

concentrations of HGF, also has a biphasic effect on tumor growth.(lg) Based on the research
from Yamada et al. as well as findings that addition of HGF at a concentration of 40 ng/ml

induces expression of several members of the TGFB family in an in vitro liver organoid

culture,(20) we have developed a simple model of biphasic HGF action on tumor growth where
HGF stimulates canonical Wnt signal at low concentrations and TGFp signal at higher doses. We
show that the shape of the resulting dose-response curve of the model is dependent on the
assumption of linearity (or non-linearity) of the effect of HGF on TGF production, hence
demonstrating that the shape of the dose-response curve can give insight into the molecular

nature of the biphasic response.

Mathematical Model

The mathematical model is specific to our experimental system, namely of HGF action
on tumor cells, in order to optimize parametrization. Nevertheless, the model is simple enough
that it can represent a more general system of a growth factor action on a tissue in a non-
monotonic fashion. In this study, we develop a single-scale, spatially homogeneous model of

HGF action on a multi-species tumor which consists of a coupled system of nonlinear ordinary
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differential equations representing changes in stem and terminal cell tumor species,
as well as positive regulators (W) and negative regulators of tumor growth (T), as summarized in

Figure 1 and discussed in the remainder of the section.

Tumor Cell Species

We characterize tumor cell dynamics using the cell lineage hypothesis.(21: 22) |t has

been shown that tumor cells progress through lineage stages where the ability to self-renew is

gradually lost.(23, 24) We consider a simplified lineage with cancer stem cell (S) and terminal
cell (TC) species that make up the viable fraction of the tumor. Stem cells self-renew, i.e., form
new stem cells upon division, with a probability P. We note that in our continuum

model, results from asymmetric or symmetric stem cell division are identical, thus we do not
make a distinction between these mechanisms of self-renewal. Change in species concentration
is a function of the fraction of daughter cells that either remain after division (2P —1) in the case
of stem cells, with the factor of ‘2’ accounting for the production of two daughter cells from each
parent cell at each cell division, or the fraction of cells that differentiate, 2(1—P), in the case of
terminal cells, and the cell division rate of each species,

oS

ot

=R2P-1)K_.S5

1TC
: ot :2(1 N P)I{-‘;S—i_I{Tr.'TC (2)
o [

where K, TC are the stem and differentiated cell division rates, respectively. We discuss the
dependence of Kg on various growth factors below, and assume KT¢ to be constant, since
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terminal cells have less variable and lower division rates than CSCs.(25) we set KTc=0.1,asit

falls below the lowest observed CCIC division rate of 0.13, which was observed in a mixed (i.e.,

CSC and TC) population of ccics.(19) Moreover, we assume that nutrient and
oxygen concentrations are not limiting, which is applicable to an experimental cell culture

system with proper media, and hence necrosis and apoptosis are negligible.

Stem Cell Self-Renewal Rate and Division Rate

It has been shown that microenvironmental feedback on self-renewal in a tissue cell

lineage is necessary for robust control of lineage progression.(21) Current data shows that
elements of such a control system are also present in cancer cell lineages, although often in a
dysregulated manner. Indeed, the Wnt/B-catenin system, which involves stem cell-produced
glycoproteins from the Wnt family which cause nuclear translocation and activation of
transcription factor B-catenin, and is associated with increased cell proliferation and self- renewal

in normal tissues, has been shown to be overactivated in several types of tumors, including

glioma, meduloblastoma, colon cancer, and hepatocellular carcinoma.(26-28) These factors are
represented by W in the model. Moreover, it has been shown across several tissues and in both
normal and early cancerous tissue that growth factors, most notably those from the TGF
superfamily, are produced that feedback on to the stem cells to reduce rates of cell proliferation
and self-renewal .(29-31) We model the effect of this class of factors using T. Hence, P and Ks

are modeled as follows,
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where Pmin and Pmax are minimum and maximum rates of self-renewal, respectively, and
KSmin and KSmax are the minimum and maximum rates of stem cell division, respectively. The
functions Mp and MK g represent the feedback of W and T on P and Kg, respectively. We set
Pmin = 0.2 and Pmax = 1.0 to represent the possible extremes of P, and Kspyj, = 0.1 and
KSmax = 1.0 as we have found that CCICs have division rates of approximately 0.15 to 0.5 in
culture.(19) The upper limit is set to 1.0 since our findings were based on growth rates of

CCICs that may have been differentiating, hence the division rates of the stem cells would have

to be slightly greater than the aggregated division rate. P, Kg represent the positive effect of W
on P and Ksg, respectively, and yp, Kg represent the inhibitory effect of T on P

and Ks, respectively. We set Ep = 1.0 and yp = 0.5. These values were derived by Youssefpour

et al. in a model of this system that includes, in addition to Egs. (1)—(5), generalized diffusion
and convection terms for the cell species.(22) We set £kg = 0.01 and ®Kg = 0.5, which were
derived using an extension of the Youssefpour model to parametrize

growing CCICs in culture.(19)
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Growth Factor Concentration
A hallmark of colorectal cancer is disruption and over-activation of the Wnt/p-catenin

signaling pathway, often through inactivation of the cytoplasmic p-catenin binding protein APC,

or through activating mutations in B-catenin itself.(32) Moreover, it has been shown that several
distinct downstream factors of the B-catenin signal, including Phospholipase D and BMI1, act as

activators of the Wnt/B-catenin pathway, creating a positive feedback loop that is nonlinear due

to the multiple feedback mechanisms on the pathway.(33-35) We model

this aspect of the W auto regulation using a modified Michaelis—Menten equation, in order to
account for signal saturation. Additionally, HGF, acting through its CSC-expressed cognate
receptor c-Met, results in translocation of -catenin to the nucleus, and hence also

potentiates Wnt signal. Moreover, as discussed in the introduction, there is evidence that

HGF also acts on T at high concentrations,(10: 20) although the mechanism by which it does so

is currently unknown. Therefore, we model changes to W and T as follows,

oMW A, 172

=(A,, H+—"— — 1S —v, W (6)
ot H 1+A .1 2 bu
oT

o =g;(H)(S+TC) —v,, Ti=1,2,3 (7)

ot

where sAH represents the feedback response of W on H, Ap\y/1 is the strength of the autocrine
positive feedback response of W, Apw?2 is the Michaelis—-Menton constant for W, vDw, DT are

the decay rates for W and T, respectively, and gj (H) is the positive feedback function of Hon T,
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which becomes increasingly nonlinear with increasing i (see below). AH, ApWw1, and Ap\\/2 are
estimated to fit a maximum peak of the dose response curve to approximately
1000%. The value of 1000% is derived from the following observation: in the original

experiments with CCICs, the observed maximum growth rate was found to be approximately

2000%,(19) put we have found that this growth rate was dependent on initial spheroid size, and
when normalized for average spheroid size, the predicted maximum growth rate is approximately
1000% (unpublished observations). Currently, in vitro decay rates for W and T are unavailable,
and hence we set, as a first approximation, vDW = vDT =1.0 and note that since calculation of
AH, APW1, 2 are dependent on ambient W and T, a change in vDW or vDT would necessitate a
change in AH and Ap\y1, 2 to match the tumor growth rate, hence the output in S and TC would
be similar to the results for vDw = vDT =1.0.

The effect of H on T is modeled using three different functions, each which differ by (1)
the degree of the nonlinearity of H and (2) the modulating factor, which is set to allow the
maximum peak growth to be similar between the different functions. We note that, in nature, i
need not be an integer, but nevertheless, as i increases, we will show that the post-peak curvature
of the dose-response curve will increase, hence while it may not be possible to determine the
specific i of the growth factor from the dose-response curve alone, it will be possible to
determine the qualitative degree of nonlinearity of action of the negative growth regulator.

Therefore, our choice of i act as representative values of the (non-)linear effect of
the negative growth regulator. For this study, we set g1(H) =5 3H, g2(H) = 374H2, and

g3(H) = 275H3, We summarize all parameter values in Table I.
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Quasi-Steady State Growth Factor Concentration
In order to analyze the dynamics, we reduced the system by assuming quasi-steady state
concentrations for W and T. Setting the time derivatives to 0 in Egs. (6) and (7) allowed us to

solve for W in terms of S and H, and for T in terms of H, S and TC. In the case of W, we obtained

the cubic function 0 = — W3 +W2S(2H +1) — W +2H, and in the case of T, we have

0 =g(H)(CS +TC) — T. The real solution to the first equation was calculated using the

MATLAB symbolic solver,

W=5/3+(H — 5/6+(S+2HS))**
+(H — 5/64+(S+2HS))"*
((HS)/3)

. a 1/2
—(1/9(5+2HS)? —1/3)")

—(HS)/3)'?
+(S+2HS)*"

1/2

1/3)/(H — S/6+(S+2HS)Y ¥ +((H — S/6+(S+2HS)*¥ — (HS)/3)" — (1/9(S-+2HS)? — 1/3)") (HS)/3

For the second equation, we obtain:

T=g(H)(S+TC) (9

Results
The equations were numerically solved in MATLAB using MATLAB’s standard solver

for ordinary differential equations, ode45. Initial conditions were set to model a CCIC culture

system. Since CCICs are composed of stem cells derived from primary colon tumors,(17) we set

S=1and TC =0, where 1 simulation cell corresponds to 10 biological cells, which is the

average number of cells initially in each experiment.(lg) Since stem cells produce W but not T,
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we set 2.0=W > T =0.01 as initial conditions, with units for all growth factors in ng/ml. We
chose the specific value of 2.0 for W as double to the decay rate so that it does not artificially
decay to zero, and 0.01 for T to account for any background levels of the growth factor. The
simulation was run over various H values (H is assumed to be constant throughout the
simulation). The simulation was run from t =0 to t = 9, where t represents

the number of days of the simulation. The dose-response curve for % tumor growth at day 9 in
increasing concentrations of HGF for the full system is found in Figure 2 and for the
quasi-steady state system in Figure 3. Note that growth curves for the original and quasi- steady

state model are not identical, indeed at very low, but non-zero, concentrations of H, the curve for

nonlinear g overestimates cellular growth. This is because if g(H) = 275H3, then T = g(H)(S+TC)
is very small at low H, and its effect is negligible on P and Kg, resulting in increased growth and
proliferation of stem cells, and thus rapid production of W (Fig. 4 (ii)), therefore the assumption
that W is in a quasi-steady state at this concentration of H is not accurate.

Nevertheless, the stem cell, terminal cell, W, and T dynamics are very similar between the
two models at both H = 0 and higher values of H (Fig. 5). The peak of both curves occurs at
approximately H = 20, and at this HGF concentration, stem cell concentrations increase
throughout the simulation in both models. Therefore, since our analysis is concentrated on curve
behavior in control conditions and after the growth peak is attained, we assume that the quasi-
steady state system provides a good approximation of the cell numbers.

A phase plane analysis of stem and terminal cell dynamics shows that at a concentration
of H = 100, stem cell concentrations tend to 0 over time while terminal cell concentrations
increase, whereas at H = 20, both stem and terminal cell concentrations increase independent of
initial conditions (Figs. 6(b), (c)). Interestingly, there is a divergence of stem cell
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response for H = 0, at initial concentrations of less than 2, the stem cell concentration tends to 0,
whereas at higher initial concentrations, stem cell concentrations also increase over time. This
occurs due to a higher production of W at the initial time points that potentiates the stem cell
populations. Therefore, if initial concentrations of stem cells is high, the growth peak would
move left on the dose-response curve due to the increase in stem cell growth.

To investigate whether a different choice of g resulted in different relative fractions of
stem versus terminal cells at concentrations of H after the peak growth phase, we plotted the
stem cell fraction at linear and cubic g at the final time point over concentrations of H ranging
from 20-100. Indeed, a cubic g resulted in a nonlinear decrease in stem cell fraction after the
peak growth phase, whereas a linear g resulted in a more linear decrease in the stem cell fraction,

consistent with the the action of T on stem cell self-renewal (Fig. 7).

Discussion

In this study, we analyze the relationship between the mechanism of growth factor-
mediated activation of a growth inhibitor at high concentrations and the shape of a biphasic dose-
response curve of tissue growth in response to increasing concentrations of growth factor. Since
the molecular nature of the inhibitor activation is often unknown, the shape of an experimental
growth curve can serve as an aid in generating hypotheses of growth factor action. For example,
if the curve post-peak segment (CPPS) displays low curvature (i.e., is near linear), then most
likely there is no synergy of inhibitor activation by the growth factor. For example, in the
Yamada et al. study on HGF effect on muscle satellite cell proliferation, the CPPS is linear (Fig.
8). Therefore, we hypothesize that either HGF acts via biphasic activation of c-Met, or via a low-

affinity growth receptor to stimulate myostatin production. On the other hand, if the CPPS shows
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high curvature, then we hypothesize that the growth factor increases expression of the growth
inhibitor in a non-linear fashion. Experimental examples of such growth curves include NGF
action on neurite outgrowth and copper chloride action on bacterial colony formation (Fig. 9). In

biological signaling, a nonlinear signal is often indicative of activation of multiple downstream

effectors.(36. 38) Hence, a nonlinear CPPS may be indicative of pleiotropic action of the growth
factor on growth inhibition.

Moreover, we also show that nonlinear activation of an inhibitor results in a nonlinear
decline in the stem cell fraction in the cell population with increasing H after the peak growth

concentration (Fig. 7). Experimental establishment of this relationship requires use of a CSC

marker such as CD133, which is specific to colon CSCs,(40) and can serve to provide evidence

that the growth antagonist acts on P and Kg, hence further substantiating details of the

mathematical model. Additionally, use of a CSC marker can give insight into the predictions of
the phase plane analysis, specifically that peak growth is dependent on the steady state of CSCs:
peak growth occurs at H concentration where CSC populations increase during the entire time
course of the experiments (i.e., do not tend towards the alternative steady state of 0) (Fig. 6). A
simplification of the current model to make it amenable to analytical analysis may also be used

to confirm the stability results.

Conclusions

Our simple model of HGF action on cell proliferation in a multi-species colon cancer
models serves to establish the hypothesis that a shape analysis of a dose-response curve can
inform molecular mechanism of growth factor action. Moreover, the model can be extended to

include different hypotheses on activator induction by the growth factor, or in cases where the
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growth curve is monotonic, the shape analysis can be performed on the pre-peak curve segment
or the entire curve, respectively. Generation of experimental dose-response curves and
subsequent curve shape analysis using a system where the molecular mechanism of action of a

growth factor on the phenotypic output is known can be used to test the model predictions.
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Figure Al. A multispecies model of tumor signaling.

Tumor tissue is composed of two cell types: cancer stem cells (S), and terminally differentiated
cells (TC). Stem cells have a probability of self renewal P, differentiate into TCs with probability
1-P, and divide at a rate Ks. P and Kg are promoted by W signals produced by the stem cells and
inhibited by T, which are produced by S and TCs in response to high H, which represents HGF.
H acts by both increasing production of W (at low concentrations) and T (at high concentrations).
(Adapted from [22], H. Youssefpour, et al.; J. Theor. Biol. 304, 39 (2011)).
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275H3,
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HGF-Dose Dependence
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Fig. A8. Example of a linear dose-response curve.

BrdU, a thymidine analogue, is incorporated into newly synthesized DNA of replicating cells,
and can be detected using anti-BrdU antibodies. Hence, it acts as a marker of cell proliferation.
The dose-response curve of BrdU uptake by satellite muscle cells in response to increasing HGF
shows a linear post-peak decline in BrdU-positive cells with increasing HGF. (Reprinted with
permission from [10], M. Yamada, et al.; Am. J. Physiol. Cell Physiol. 298, C465 (2010)).
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Fig. A9. Examples of non-linear dose-response curves

(A) effect of NGF on neuronal outgrowth in dorsal root ganglion neurons of rat lumbar region.
(Reprinted with permission from [3], E. J. Calabrese; Crit. Rev. Toxicol. 38, 391 (2008)). (B)
effect of copper chloride on growth of Micrococcus Pyrogenes bacterial cultures. (Reprinted
with permission from [39], E. J. Calabrese and L. A. Baldwin; Crit. Rev. Toxicol. 31, 353

(2001)).
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Summary of parameter values for Eqs. (1)—7).

Parameter | Description Value
Kre TC mitosis rate 0.1
Prin Min. C5C self-renewal rate 02
P Max. CSC self-renewal rate 1.0
Ko Min. CSC mitosis rate 0.1
Ks oo Max. CSC mifosis rate 1.0
Ep Pos. feedback response of P 1.0
Yp Neg. feedback response of P 0.5
Zks Pos. feedback response of K 0.01
Vi Neg. feedback response of K5 0.5
A Pos. feedback response of I |
hpEa M-M constant for T |
hg H feedback response of W 2
VDN T) Decay rates for 7" and T, respectively | 1

Fig. A10. Summary of parameter values for Eqgs. (1)—(7).
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APPENDIX B

Materials and Methods

Chapter 2:

Cell Lines/constructs

Colon cancer cell lines, SW480 and DLD-1, were cultured in either Dulbecco's modified Eagle's
medium (DMEM; Gibco 11960) or RPMI-1640 medium (Cellgro 15-040), supplemented with
10% Fetal Bovine Serum (FBS) and 2 mM Glutamine. Unless otherwise stated, experiments
were performed in the same media. DLD-1 dnLEF-1 and dnTCF-1Emut stable cells were created
by transfecting Tet-inducible dnLEF-1N or dnTCF-1Emut into DLD-1 TR7 cells (a generous gift
from M. van de Wetering and H. Clevers) as previously described 2°#*. Cells were maintained in
500 pg/ml Zeocin and 10 pug/ml Blasticidin. However, it was found that dnLEF/TCF expression

in the presence of Zeocin reduces cell proliferation (>

and data not shown). Therefore, in order
to avoid any contribution from Zeocin, all experiments were performed in the absence of
antibiotics. Induction of dnLEF-1 or dnTCF1-Emut was achieved through addition of 0.01 pg/ml
or 1.0 pg/ml doxycycline to the media, respectively. Lentiviral constructs were cloned via Cold
Fusion (System Biosciences) by inserting coding sequences for Flag-tagged dnLEF-1N, Flag-
tagged dnTCF-1Emut %8, or Flag-tagged PDK1 [a gift of Jean Zhao #*’; Addgene plasmid
#20564] into pCDH lentivector (System Biosciences; SBI #CD533A-2). See Supplemental

Experimental Methods for cloning information regarding TK and PDKZ1 reporters.

Lentiviral Preparation and Infection
Lentivirus was prepared and target cells were transduced using System Biosciences lentivirus

technology according to their specifications (see Supplemental Experimental Procedures for
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details). Cells were harvested for subsequent assays 72h post-transduction unless otherwise

stated.

Lactate Assay

Lactate measurements were performed on media collected from both cells grown in suspension
(soft agar) and cells grown on solid support (plastic). SW480 cells were embedded in soft agar
72 h post transduction at a concentration of 1000 cells in 2.5 ml of 0.3% agar (in DMEM with
20% FBS). Fresh media was added once a week. After 22 days of growth (5 days since last
media change), images of wells were taken and media was collected. For cells grown on plastic,
SW480 cells (72 h post transduction) were seeded in a 96-well plate at 5000 cells per well.
Media was changed after 72h and then left unchanged until media was collected after seven days.
Media was collected from three triplicate wells, while the number of cells in three wells was
determined using the SRB assay (described below). SW480 cells treated with XAV939 (Sigma
X3004), were treated with either 10 um XAV939 or DMSO for at least four days prior to media
collection. For lactate measurements of xenograft tumors, pre-weighed flash frozen xenograft
tumors were homogenized in a Precellys 24 homogenizer in the presence of 10 uL HBSS
(Hank’s Balanced Salt Solution) per mg tissue at 6000 rpm, twice, for 15 sec each. Tissue
extraction and Lactate assay were performed according to L-Lactate Assay Kit (Eton Bioscience

#1200011002). All measurements were performed in triplicate.

Sulforhodamine B cell growth (SRB) assay
Cells were seeded in 96-well plates at 5,000 cells per well with eight replicates for each

condition and time point. Media was refreshed every day (with or without 0.01 pg/ml
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doxycycline, 2.5 uM Irinotecan, or 20 mM DCA as needed). Cells were fixed and stained
according to published protocols ?*® for a 10-day period. Optical density readings were

performed at 450 nm.

ATP Assay

SW480 cells were seeded at 125,000 cells per well (12-well plate) 72 h post transduction and
harvested 96 h after seeding. ATP measurements were performed according to the ENLITEN
ATP Assay System (Promega #FF2000). All measurements were performed in triplicate.
Glucose Consumption Assay

Cells were seeded at 5000 cells per well in a 96-well plate and media was harvested 6 d later.
Low glucose media (DMEM or RPMI with 5.5 mM glucose) was added 24h (SW480) or 12h
(DLD-1) prior to harvest. XAV939 (10 pM) treatment was performed for four days, while
doxycycline was added throughout the experiment to induce dnLEF-1 in DLD-1 cells. Glucose

concentration in the media was determined according to Glucose (HK) Kit (Sigma GAHK20).

XF24 Extracellular Flux Analyser
Metabolic rates of oxygen consumption (OCR) and extracellular acidification (ECAR) were
measured using an XF24 Extracellular Flux Analyser (Seahorse Bioscience) as described

previously?*®

. Cells were plated at a density of 100,000 cells per well in a XF24 Cell Culture
Microplate (Seahorse #100777-004). One hour before the assay, growth media was replaced by
XF Assay Medium (Seahorse #102365-100) supplemented with 5.5mM glucose and adjusted to

pH 7.4. Oligomycin, rotenone, and antimycin A were prepared for final concentrations of 1uM,

and FCCP was prepared for a final concentration of 200nM. Inhibitors were injected during the
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measurements: 2 minutes of mixing, 2 minutes incubate, and 4 minutes of measurement. After
the assay, protein was collected and measured with BCA Protein Assay Reagent (Thermo #
23225) for data normalization. XAV939 and DCA and were added 16 hours before assay at
concentrations of 10 uM and 10 mM respectively and were maintained in the XF Assay Medium
during the measurements. To exclude non-mitochondrial oxygen consumption, OCR values were
calculated by taking the difference of the OCR before addition of inhibitors and the OCR after

addition of rotenone and antimycin A.

Fluorescence Lifetime Imaging Microscopy (FLIM) of cells in vitro

Cells were seeded at 150,000 cells per plate (35 mm glass bottom dishes). Infection with
lentivirus was performed 72 h prior to seeding. Treatment with 0.01 pug/ml doxycycline was
performed starting at the time of seeding. FLIM imaging was performed five days after seeding
(under confluent conditions). Both XAV939 (10 uM) and DCA (50 mM) were added 48 h prior
to imaging. For KCN treatment, cells were treated with 4 mM KCN 24 h after seeding. Cells
were imaged by FLIM before addition of KCN, as well as 1 min after treatment. Fluorescence
lifetime images were acquired with a two-photon microscope coupled with a Becker and Hickl
830 card (Becker and Hickl, Berlin). See Supplemental Experimental Procedures for additional

description of FLIM hardware, software, and analysis.

Western Blot Analysis
Thirty micrograms of lysate were analyzed by Western blot using the following antibodies: Flag
(1:1000; Cell Signaling #2368), Lamin (1:1000 Cell Signaling #2032), PDHK1 (1:1000 Cell

Signaling #3820), c-Myc (1:1000 Cell Signaling #5605), PDHpSer293 (1:1000 Calbiochem
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#AP1062), HIF1a (1:1000 Genetex #GTX127309), AKT (1:1000 Cell Signaling #9272),
Phospho-Akt (Ser473; 1:1000 Cell Signaling #9271), and secondary antibody (1:15,000 anti-
rabbit IgG-horseradish peroxidase; Amersham). Blots were imaged on the Fugifilm LAS4000
Imaging System. For preparation of xenograft lysates, tumors were homogenized in a Precellys

24 homogenizer in the presence of lysis buffer at 6000 rpm, twice, for 15 sec each.

Real-time PCR

Total RNA was isolated with Trizol from DLD-1 cells after treatment with doxycycline for either
24 h or 120 h. Xenograft tumors were homogenized in a Precellys 24 homogenizer in the
presence of Trizol at 6000 rpm, twice, for 15 sec each. A total of 2 pug of RNA were reverse
transcribed using random primers according to the High Capacity cDNA Reverse Transcription
Kit (Invitrogen #4374966). Real-time quantitative PCR (RT-gPCR) was performed with Maxima
SYBR Green/ROX gPCR Master Mix (Fermentas #K0222). Relative change in gene expression
was calculated using the AACt method using GAPDH expression for normalization. See

Supplemental Experimental Procedures for a list of primer sequences.

4’ Thiouridine-labelling and isolation of nascent RNA

4" Thiouridine-labelling was performed in duplicate following two hours of Mock (no
doxycycline) or 1.0 [1g/ml doxycycline treatment of DLD-1 colon cancer cells. 500 uM 4'
Thiouridine (Sigma) was added to cells for 30 minutes at 37°C. Collected cells were resuspended
in 4 mL Trizol reagent and total RNA purified. Labeled RNA was chemically biotinylated and
purified using streptavidin-coated magnetic beads as described'®*. Briefly 4'Thiouridine-labelled

RNA was biotinylated with 2 ul biotin-HPDP [Pierce: 1 mg/mL dissolved in
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dimethylformamide]/1 ug RNA added to 1 ul 10x Biotinylation buffer [100 mM Tris pH 7.4, 10
mM EDTA] and 7 ul water) for 1.5 hours at room temperature with rotation followed by RNA
precipitation. Biotinylated RNA was separated from bulk, unlabelled RNA using streptavidin-

coated magnetic beads (uMacs Streptavidin Kit).

Chromatin Immunoprecipitation (ChIP)

DLD-1 cells with or without 2 h doxycycline treatment (to induce expression of FLAG-dnTCF-
1Emut) were crosslinked with 1% formaldehyde in 1X PBS for 12 minutes at room temperature.
Crosslinking was quenched with 125mM glycine, 5 minutes and recovered cells washed with 1X
PBS. Cellular lysates were balanced for immunoprecipitation by Bradford assay (500 Arbitrary
Units (AU) per sample) and precleared with 30 ul His-magnetic beads (Invitrogen 10103D) for
30 minutes prior to addition of 50 ul of FLAG-antibody-conjugated magnetic beads (Sigma
A2220). FLAG-antibody beads were pre-blocked by 3 washes with 1 mL 1X PBS/BSA solution
(5 mg/mL BSA Fraction V in 1X PBS). Immunoprecipitations were carried out overnight at 4°C
followed by magnetic separation and two, 5 minute washes with 1 mL LiCL buffer (100 mM
Tris pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate). Beads were washed twice
with cold 1X TBS before suspension in Proteinase K buffer (30mM Tris-HCI pH 8.0; 5 ul of
Proteinase K (20mg/mL)) and 300mM NacCl for an overnight incubation at 65°C. ChIP DNA
was recovered with the Fermentas GeneJET PCR Purification Kit in preparation for PCR. Real-
time PCR (RT-PCR) was used to quantify enrichment of PDK1 gene locus regions. Primers

specific to the genomic regions are provide in Supplemental Experimental Procedures.
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Luciferase Assay

Cells were seeded at 2.5 x 10° per 6-well 24 h prior to transfection. Each well was transfected
with 0.1 pg Super8xTopflash (kind gift from Dr RT Moon) or TK or PDK1 luciferase reporters
and 0.1 pg thymidine kinase -galactosidase plasmid using BioT transfection reagent (Bioland
Scientific). Cells were treated with 0.01 pg/ml doxycycline or 10 uM XAV939 at the time of
transfection where indicated. Cells were harvested 24 h post transfection and assayed for

luciferase activity and [3-galactosidase activity (for normalization).

Xenograft Tumors

SW480 stable transductants for xenograft injection were prepared through lentiviral infection
with pCDH vector alone, dnLEF-1 or dnTCF-1Emut, with or without PDK1, followed by
selection with 500 pug/ml G418. Cells (2.5 x 10°) were injected subcutaneously into immune
deficient NOG mice. Tumors were removed and measured four weeks after injection. Xenograft
tumors for FLIM analysis were injected at 5 x 10° cells per tumor and allowed to grow for three

weeks.

Fluorescence Lifetime Imaging Microscopy (FLIM) of in vivo Xenograft Tumors

All animal procedures were approved by the UC Irvine IACUC. Nine week old NOG mice
(Jackson Labs) with three-week old xenograft tumors were anesthetized with 100 mg/kg
ketamine/10 mg/kg xylazine. FITC or TRITC Dextran (155 kDa; 12.5 mg/ml) was injected into
the tail vein to label the tumor vasculature. Xenografts were exposed via a skin flap cut so as to
avoid severing the xenografts’ feeder vessels. The mice were positioned on the stage in an

environment chamber maintained at a constant 27°C. Images were acquired at an average depth
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of 50-200 um, using FITC/TRITC-labeling of vessels to distinguish tumor cells from
metabolically-distinct endothelial and blood cells. At least three 78um fields of view were
imaged for each tumor. Tumors were examined from eight mice. Fluorescence lifetime images
were acquired with a Zeiss 710 microscope (see Supplemental Experimental Procedures for

additional description of FLIM hardware, software, and analysis).

Immunohistochemistry

For Ki67 staining, deparaffinized 3.5 um sections of formalin-fixed paraffin-embedded (FFPE)
tumor xenografts were stained for Ki67 (Dako #M7240, 1:400 dilution) using a Ventana
Benchmark Ultra autostainer with peroxidase-based detection. For each section, the number of
positive nuclei per 8-10 fields (at a 20X magnification) was manually enumerated and the mean
+/- SEM was calculated. For CD31 staining, sections of FFPE tumor xenografts were blocked in
avidin-biotin and a Mouse-On-Mouse kit (Vector Labs, Burlingame, CA) and subjected to
antigen retrieval (citrate buffer pH 6.0 with steaming) and then incubated in a 1:50 dilution of
anti-mouse CD31 (Dianova rat anti-mouse CD-31, #DIA-310), followed by peroxidase
development. Enumeration of vessel density was done by counting vessels in every cross section
within the subcapsular region of each tumor sample and calculating mean +/- SEM. For PDK
staining in small intestine and phospho-PDH and HIF-1a staining in colon, following pressure
cooker antigen retrieval in citrate buffer, sections were blocked in 3% H202, goat serum, and
avidin-biotin blocking reagent (Vector Labs). Sections were incubated in primary antibodies
included anti-PDK (Santa Cruz sc-28783, 1:1000), anti-PDHpSer293 (Calbiochem #AP1062,

1:200), and anti-HIF-1a (Thermo PA1-16601, 1:500), followed by biotinylated secondary
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antibodies and visualization using a peroxidase-conjugated avidin-based Vectastain protocol.

Slides were then counterstained with hematoxylin and mounted.

Bioinformatic Analysis of Human Adenocarcinoma Gene Expression

Analysis of Wnt signaling and glycolysis pathway gene expression in human colon cancer used
the publicly available colon adenocarcinoma (COAD) mRNA expression data from The Cancer
Genome Atlas (TCGA) Data Portal (https://tcga-data.nci.nih.gov/tcga/). Gene memberships of
the Wnt signaling and glycolysis pathways were used as defined by Kyoto Encyclopedia of
Genes and Genomes (KEGG). Hierarchical clustering of log2 transformed normalized
expression of 238 tumors was used to identify groups of tumor samples showing similar
expression profiles for the 185 analyzed genes as well as direct tumor-to-tumor correlations for
expression of pathway components. STRING analysis (http://string-db.org;**® ) was used to

display interactions amongst the PDK1 correlating genes. For additional details see

Supplemental Experimental Procedures.

Statistical Analysis
Statistical evaluation was performed by Student’s unpaired t test. p < 0.05 was considered

statistically significant.

Chapter 3:

Cell Lines/constructs
Colon cancer cell lines were grown under the following conditions: SW480 and SW620 were

cultured in Dulbecco's modified Eagle's medium (DMEM; Fisher SH3008102) supplemented
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with 10% Fetal Bovine Serum (FBS; Atlas FP-0500-A) and 2 mM Glutamine (Fisher MT-25-
005-ClI). HCT116 and DLD-1 were cultured in RPMI-1640 medium (Fisher MT15040CM)
supplemented with 10% Fetal Bovine Serum (FBS) and 2 mM Glutamine. Doxycycline-
inducible DLD-1 cells were created by transfecting Tet-inducible dnLEF-1N into DLD-1 TR7
cells (a generous gift from M. van de Wetering and H. Clevers) as previously described?®,
Induction of dnLEF-1 was achieved through addition of 0.01 pg/ml Doxycycline to the media.
Lentiviral constructs were cloned via Cold Fusion (System Biosciences) by inserting the coding
sequence for Flag-tagged dnLEF-1N into pCDH lentivector (System Biosciences; SBI
#CDS533A-2). See “Luciferase Reporter Plasmid Cloning” for details regarding TK and SLC16A1

reporters.

Lentiviral Preparation and Infection

Lentiviruses were prepared using System Biosciences lentivirus technology. 293 TN cells
(System Biosciences (SBI) LV900A-1) were seeded in 150 mm plates at 7.5 x 106 cells per plate
with 20 mL DMEM without antibiotics for 24 hours. Cells were then transfected with 22.5 pg
pPACKH1 HIV packaging mix (SBI LV500A-1) and 4.5 pg of pCDH lentiviral vector using
BioT transfection reagent. Viral supernatant was collected 48 hours and 72 hours post-
transfection. After centrifugation for 15 min at 3000 x g to remove debris, 1X PEG-it (SBI
LV810A-1) was added to precipitate virus. After incubation at 4 °C for at least 16 hours,
centrifugation (30 min at 1500 x g) was used to collect viral particles. Virus was resuspended in
a small volume (300-500 uL) 1X PBS (phosphate buffered saline) and titered using the Global
UltraRapid Lentiviral Titer Kit (SBI LV961A-1). Transduction of target cells was performed

according to manufacturer’s protocol (SBI). Briefly, cells were seeded at 1.0 x 105 cells per 12-
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well or 2.5 x 105 cells per 6-well plate. After 24 hours, cells were treated with fresh media, 1X
TransDux (SBI LV850A-1), and lentivirus at a Multiplicity of Infection (MOI) of 10. MOI was
determined using previously published methods (cite Kira’s paper). Infected cells were collected

for subsequent assays after 72 hours.

Real-time PCR

Total RNA was isolated with Trizol from SW480 and SW620 expressing dnLEF-1. HCT116
cells were lentivirally transduced with dnLEF-1, and total RNA was isolated with Trizol 72
hours post transduction. Total RNA was isolated with Trizol from DLD-1 cells after treatment
with doxycycline for 72 hours. A total of 2 pg of RNA were reverse transcribed using random
primers according to the High Capacity cDNA Reverse Transcription Kit (Invitrogen 4374966).
Real-time quantitative PCR (qRT-PCR) was performed with Maxima SYBR Green/ROX gPCR
Master Mix (Fisher K0223). Relative change in gene expression was calculated using the AACt
method using GAPDH expression for normalization. Statistical evaluation was performed by
Student’s unpaired t test. p < 0.05 was considered statistically significant.

Primer pairs used for real-time PCR analysis include: human GAPDH (5°-
TCGACAGTCAGCCGCATCTTCTT-3") and reverse (5’-GCGCCCAATACGACCAAATCC-
3’), human MCT-1 forward (5> -CACCGTACAGCAACTATACG-3’) and reverse (5 —
CAATGGTCGCCTCTTGTAGA-3’), human MCT-2 forward (5° —
GGCTGGTTCCCTCATGAGAC-3’) and reverse (5 — GCTACCACAATAGCCCCAC-3),
human MCT-3 forward (5> -TCGTGGGCTTCGTGGACAT-3’) and reverse (5” —
GCACAACGCAGGCAGCAGTT-3"), human MCT-4 forward (5 —

ATTGGCCTGGTGCTGCTGATG-3’) and reverse (5° — CGAGTCTGCAGGAGGCTTGTG-3’)
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Western Blot Analysis

Cell lysates were prepared according to previously published methods™?. Forty micrograms (40
pg) of lysate were analyzed by Western blot using the following antibodies: Lamin A/C (1:1000
Cell Signaling #2032), p-Tubulin (1:1000 GeneTex GTX107175), MCT-1 (1:1000 Santa Cruz
SC-50324) and secondary antibody (1:5,000 anti-rabbit 1gG-horseradish peroxidase; Genesee 84-
852). Blots were exposed to SuperSignal West Dura (Fisher PIA34075) and imaged on the

Syngene GBox XL1.4 Imaging System.

Luciferase Reporter Plasmid Cloning

To create a luciferase reporter plasmid driven by the human SLC16A1 or herpes virus thymidine
kinase promoter, 5’ flanking sequences of the primers (lower case) were designed for
complementarity to the pGL2 or tkLUC vector backbone for use with a Cold Fusion cloning
schema (Cold Fusion Cloning; System Biosciences). Human placental DNA was used as
template for PCR amplification of the SLC16A1 gene core promoter using Pfu Turbo
polymerase. The PCR fragment and Smal digested pGL2 vector was purified following the
manufacturer’s protocol (GeneJET Gel Extraction Kit, Fisher K0691) and ligations were
performed with an insert:plasmid ratio of 1:2 with Cold Fusion reagents. Clones were verified by
sequencing. The following PCR primers were used:

Forward primer (-1604), upper case sequence is genomic, lower case sequence is complementary
to pGL2): 5°- gag ctaacataaccc TCC TGG GAT TCATCT TATTT -3’

Reverse primer (+1045), upper case sequence is genomic, lower case sequence is complementary

to pGL2): 5°- agc tcg gta cct ccc tAT CCT CCAGAT TTC TCT CA-3°
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The following PCR primer sequences were used to amplify a region identified as occupied by
TCF-1, for cloning 5’ of the heterologous herpes virus tk promoter (tkLUC):

Primers designed for amplification and insertion into a plasmid backbone containing a minimal
Herpes Virus thymidine kinase reporter (at BamH]I):

“ChIP Peak” (486nt; Chromosome 1 113499604-113500089)

Forward primer (upper case sequence is genomic, lower case is complementary to tkLUC):

5’- atc tta tca tgt ctg TCC TGG CAA GCA GCA -3’

Reverse primer (upper case sequence is genomic, lower case is complementary to tkLUC):

5’- ctc gga ccc cgg atc GTG GGT TGG GGT GTG - 3°

Luciferase Assay

Cells were seeded at 2.5 x 10° per 6-well 24 hours prior to transfection. Each well was
transfected with 0.5 pg M50 Super 8xTOPflash (a gift from Dr. RT Moon; Addgene plasmid
#12456), TK, or PDK1 luciferase reporters and 0.1 pg thymidine kinase p-galactosidase plasmid
using BioT transfection reagent (Bioland Scientific BO1-02). Cells were transfected with 0.01
pg/ml dnLEF-1 and/ or treated with 10 uM XAV939 at the time of reporter transfection where
indicated. Cells were harvested 24 hours post transfection and assayed for luciferase activity and
B-galactosidase activity (used for normalization). Statistical evaluation was performed by

Student’s unpaired t test. p < 0.05 was considered statistically significant.

Sulforhodamine B cell growth (SRB) assay
For 3-bromopyruvate kill curves, SW480, SW620 and HCT116 cells were seeded in 96-well

plates at 5,000 cells per well with eight replicates for each condition. The density of DLD-1 cells
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was optimized to obtain confluent cultures around Day 5 of each experiment. Twenty-four hours
after seeding, cells were treated with 3-BPr for a period of 96 hours. Cells were then fixed on
Day 5 and stained with Sulforhodamine B according to published protocols® with optical density
readings performed at 492 nm.

For survival assays, cells were seeded in 96-well plates at 5,000 cells per well with eight
replicates for each condition. 24 hours after seeding, cells were treated for a period of 96 hours
(4 days). On Day 5, media containing treatment was removed and replaced with media
containing no treatment to begin “recovery” period. Cells were fixed on Day 5, Day 6, Day 7,
Day 8, Day 9, and Day 10 (Days 0-6 post wash-out) and stained according to published
protocols®. Optical density readings were performed at 492 nm.

Statistical evaluation was performed by Student’s unpaired t test. p < 0.05 was considered

statistically significant.

Chapter 4:

Wnt Cloning

Human WNT cDNAs were PCR-amplified twice: one reaction using WNT-specific sense primers
and “STOP” antisense primers, and another reaction using “Non-STOP” antisense primers (Refer
to Table S1 for cDNA source, primer sequence and PCR conditions). 4 uL of each PCR reaction
were TOPO-cloned into the pENTR/D-TOPO Gateway Entry vector following the
manufacturer’s protocol (pENTR Directional TOPO Cloning Kits, Invitrogen). Entry clones
were then recombined into the pcDNA3.2/VV5-DEST Gateway Destination vector at a 1:1 ratio
using LR clonase Il for 1 hour at 25°C (Gateway LR Clonase Il Enzyme Mix, Invitrogen). All

clones were sequence-validated at every step of the cloning process.
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gRT-PCR analysis

Isolated RNA was reverse transcribed into cDNA using the High Capacity cDNA kit (Applied
Biosystems). cDNA was amplified for 40 cycles with the Maxima SYBR Green/ROX gPCR
Master Mix (2X) (Fermentas) using primers specific to the backbone destination vector for all of
the Wnts. Primers used were destVect16F1 sense primer (5- CGCGCCGACCCAGCTTTCTTG
-3') and destVectl21R1 antisense primer (5- CGGTACGCGTAGAATCGAGACCG -3).

Melting and annealing temperatures were 95°C and 60°C.

Western Analysis

For detection of WNT expression and secretion, HEK293 or NIH3T3 cells were cultured in
DMEM media with 10% FBS (Cellgro) and plated at a density of 1,000,000 cells per plate in 10
cm dishes. Cells were transfected using Bio T transfection reagent (Bioland Scientific) 24 hours
post plating with plasmids containing V5-tagged Wnts (0cDNA3.2/V5-DEST; 5 ug) or untagged
WNT 1 and 3A (pcDNA3.2/V5-DEST; 5 pg). Conditioned media and cell lysates were
harvested 48 hours post transfection. The conditioned media was concentrated using StrataClean
resin (Agilent Technologies). Media, lysates and a V5 protein standard (Recombinant Yeast
Calmodulin Kinase Array Control Protein, Invitrogen) were separated by 10% SDS-PAGE and
transferred to a nitrocellulose membrane (Whatman). For non-phospho f-catenin and phospho-
LRP6 detection, HEK293 cells were plated at a density of 200,000 cells per well in 6-well plates
and transfected using Bio T 24 hours later with plasmids containing untagged Wnts
(pcDNA3.2/VV5-DEST; 1 pg). Cell lysates were harvested 24 hours post transfection, separated
by 10% SDS-PAGE and transferred to a nitrocellulose membrane (Amersham Biosciences).

Blots were blocked in 5% milk for 30 min and hybridized with primary antibodies against V5
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(1:5000 dilution, Invitrogen), Actin (1-19, 1:500, Santa Cruz), Lamin A/C (1:5000, Cell
Signaling), WNT1 (N2C3, 1:1300, GeneTex), WNT3A (1:250, R&D Systems), non-phospho f-
catenin (Ser33/37/Thr4l, 1:500, Cell Signaling), phospho-LRP6 (Ser1490, 1:1000, Cell
Signaling), or g-Tubulin (TUBB1, 1:1000, GeneTex) overnight at 4°C. After hybridization, the
blots were washed and hybridized with anti-rabbit IgG-HRP (1:5000, Amersham Biosciences),
anti-mouse 1gG-HRP (1:5000, Amersham Biosciences), anti-rat 1gG-HRP (1:50000, Jackson
ImmunoResearch) or Bovine anti-goat 1gG-HRP (1:15000, Santa Cruz) for 2 hours at RT. The
ECL reaction was performed according to the manufacturer’s protocol (Thermo Scientific) and

blots were visualized using the LAS-4000 Fujifilm imaging system.

Luciferase Assays

HEK293 or NIH3T3 cells were cultured in DMEM media with 10% FBS and plated at a density
of 200,000 cells per well in 6-well plates. Cells were transfected 24 hours post plating, using
BioT, with Super8XTOPflash reporter plasmid (0.1 pg; kind gift from Dr. R.T. Moon),
thymidine kinase p-galactosidase plasmid (0.1 pg), Wnt plasmids (pcDNA3.2/VV5-DEST; 0.1
1g), Dkk-1 expression plasmid (pcDNA3; 0.4 pg) (Kind gift from Dr. B. Hoang) and expression
plasmids containing SFRP1 (pcDNA3.1; 0.4 pg), SFRP2 (pBABE; 0.4 pg) or SFRP3
(pcDNA3.1; 0.5 pg). For the competition experiment, the amount of Wnt plasmid transfected is
indicated on the figure (Fig. 4B). For figure 5B, 1 pg of Wnt DNA plasmid was transfected.
Cells were harvested 24 hours post transfection and then luciferase activity was measured and
normalized using f-galactosidase levels. For figure 8 (knockdown of WLS), three independent
experiments were performed using HEK293 cells with an integrated Super8XTOPflash reporter.

100-200 ng of untagged Wnt plasmids were transfected into cells plated in 24-well plates using
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lipofectamine 2000 (Life Technologies). siRNA targeting WLS (targeting sequences:
ACGAATCCCTTCTACAGTA) was transfected into the cells using Dharmafect transfection
reagent (Dharmacon). Cell lysates were assayed for luciferase activity 48 hours post

transfection. Duplicate samples were assayed for each condition.

Porcupine-Deleted HT1080 Cells

Porcupine was functionally deleted from HT1080 cells (ATCC) using a zinc finger nuclease
(Sigma-Aldrich) targeting exon 9 of the human PORCN gene (KP and DMV, manuscript in
preparation). For luciferase assays in these lines, cells were seeded at 80,000 per well in 24-well
culture dishes one day prior to transfection. 50 ng of untagged Wnt plasmid was transfected
along with mCherry transfection control, Super8XTOPflash reporter, and 100 ng of HA-tagged
mPORCN construct as indicated, all by lipofectamine 2000 (Life Technologies). Cell lysates

were assayed for luciferase activity 24 hours post transfection.

Dvl-2 Mobility Shift

To test for Wnt-induced DvI2 mobility shift, HT1080 PORCN null cells, seeded in 24-well
dishes as in luciferase assays, were transfected with 400 ng of untagged Wnts indicated, in the
presence or absence of 100 ng HA-PORCN expression plasmid. 24 hours following transfection,
cell lysates were prepared (100 mM sodium phosphate, pH 7.5, 150 mM NaCl, 1% IGEPAL-
CA630, complete protease inhibitor cocktail (Roche)) and separated by SDS-PAGE. After
transfer to PVDF membranes and blocking with 3% BSA in TBS-T, blots were incubated
overnight with DvI2 antibodies (1:500, Santa Cruz #13974) followed by HRP-conjugated

secondary antibodies and visualized by ECL.
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FLAG Wnt Cloning

Human Wnt cDNAs, without their putative signal sequences, were cloned into p3XFLAG-CMV-
8 (Sigma) using the Cold Fusion Cloning Kit (System Biosciences). p3XFLAG-CMV-8 was
linearized with Hindlll and Xbal. Design of PCR primers for cDNA amplification and cloning
into the linearized vector were both carried out according to manufacturer’s recommendations.
Hindlll and Bglll restriction sites were incorporated into the forward and reverse primers
respectively to provide unique sites to allow for linearization or excision of cDNA from this

library. (Refer to Table S2 for primers used for cloning).

Co-Immunoprecipitation

HelLa cells were transfected (Invitrogen Lipofectamine 2000) with C-terminal V5 tagged Wnts
(1000 ng per 10 cm dish) and treated with either DMSO or 2 uM IWP1 (MolPort) overnight.
500 ug of lysate was subject to immunoprecipitation with anti-V5 antibody (Invitrogen),
separated by SDS-PAGE and immunoblot carried out with anti-WLS (YJ5, Millipore MABS87

(21)) and anti-V5 antibodies.
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