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A nearly universal feature of colorectal cancer (CRC) incidents is the presence of genetic
alterations that promote deviant activation of the TCF/LEF transcriptional regulators. The
TCF/LEF proteins control the transcriptional output of intercellular signaling mediated by the
Wnt family of secreted ligands. Several chemical screening efforts devoted to disrupting
deviant TCF/LEF activity have converged on two vulnerabilities in the Wnt pathway – the
poly-ADP-ribose polymerases, Tankyrase 1 and 2 (Tnks1 and 2) that control the threshold
response levels to Wnt ligands, and the Wnt acyltransferase Porcupine that provides an
essential fatty acyl adduct to all nineteen Wnt ligands. My thesis focuses on the chemical
biology of one of these strategies – the Tnks enzymes - with the goal of understanding the
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strengths and limitations of drugging the Tnks proteins for achieving therapeutic goals in
regenerative medicine and cancer. Given the previously assigned role of Tnks enzymes in
telomere maintenance, I have also devoted considerable effort to understanding the cell
biological effects of disrupting Tnks activity on telomere integrity. Finally, I mined a highconfidence collection of Wnt pathway inhibitors with previously unidentified mechanisms of
action to identify novel small molecules that directly target the TCF/LEF transcriptional
apparatus. This effort netted a chemical approach for disabling deviant transcriptional
activity in CRC that is distinct from the one afforded by Tnks and Porcn inhibitors. Taken
together, my thesis establishes a chemical toolkit for interrogating the inner workings of
Wnt-mediated signaling and also reveals new avenues for disabling deviant Wnt responses in
cancer and normal Wnt responses in tissue engineering.

v

TABLE OF CONTENTS
Dedication ................................................................................................................................ ii
Title Page ................................................................................................................................ iii
Abstract ................................................................................................................................... iv
Table Of Contents .................................................................................................................. vi
Acknowledgements .................................................................................................................. x
Prior Publications ................................................................................................................... xii
List Of Figures ...................................................................................................................... xiii
List Of Tables ........................................................................................................................ xv
List Of Appendices ............................................................................................................... xvi
List Of Abbreviations .......................................................................................................... xvii
Chapter 1: Introduction ..........................................................................................................
APC – the most frequently mutated gene in CRC ............................................................. 1
APC is a suppressor of a cancer promoting genetic program ............................................ 2
The identification of APC as a Wnt signaling component ................................................ 4
The role of APC in Wnt signal transduction ................................................................ 6
Functions of Wnt signaling in intestinal tissue homeostasis and cancer ................... 10
Domains, binding partners and other cellular functions of APC .................................... 12
Drugging the Wnt pathway ............................................................................................. 17
The role of Tnks in the Wnt pathway ....................................................................... 20
Other cellular functions of Tnks ................................................................................ 21
vi

Clinical testing of LGK-974, an agent targeting the Wnt acyl-transferase
Porcupine .................................................................................................................. 22
Biologics vs. small molecules: comparison of Wnt pathway inhibitors .................... 24
Chapter 2: Chemically targeting Tnks ..................................................................................
Introduction ...................................................................................................................... 26
Diverse pharmacophores supporting Tnks inhibition identified from a portfolio of Wnt
pathway inhibitors............................................................................................................ 27
Crystal structures of chemically diverse Tnks inhibitors ................................................. 32
AD-binding pocket targeted compounds exhibit high specificity for Tnks1&2.............. 36
A potential role for inducible AD-binding pockets in the regulation of Tnks activity ... 37
Leveraging our understanding of Tnks inhibitors for targeting other PARPs ................. 39
Conclusions & future directions ...................................................................................... 41
Chapter 3: Interrogation of Tnks activity in other cancer relevant pathways ..................
Introduction ...................................................................................................................... 42
Induction of p53 activity by Tankyrase inhibition revealed by transcriptional reporter
profiling............................................................................................................................ 43
Tnks inhibitors induce telomeric stress and shortening in human cells independently of
Wnt/beta-catenin pathway inhibition ............................................................................... 47
A Tankyrase binding motif in Terf1 dictates species-dependent p53 induction by Tnks
inhibitors .......................................................................................................................... 52
Conclusions & future directions ..................................................................................... 55

vii

Chapter 4: Disabling the Wnt transcriptional apparatus by direct chemical attack ........
Introduction ..................................................................................................................... 57
Functional annotation of candidate (CAN) genes reveals Tcf4 to be a tumor suppressor in
CRC ................................................................................................................................. 58
Targeting nuclear effectors in the Wnt pathway .............................................................. 61
Identification of IWR-16, a chemical that disrupts TCF/LEF binding to DNA ........ 61
IWR-16 induces cellular PARsylation and SUMOylation ........................................ 66
Conclusions & future directions ...................................................................................... 70
Chapter 5: Materials & methods ............................................................................................
Reagents ................................................................................................................................. 72
Cell lines .......................................................................................................................... 72
Antibodies ........................................................................................................................ 72
Chemicals......................................................................................................................... 72
IWR-8 synthesis ......................................................................................................... 73
Western blot analysis ............................................................................................................. 76
Luciferase reporter assay ....................................................................................................... 76
Telomere dysfunction induced foci (TIF) assay .................................................................... 76
Terminal restriction fragment (TRF) telomere length assay.................................................. 76
Protein expression and purification ....................................................................................... 77
Crystallization, data collection and structure determination.................................................. 78
Quantitative PCR ................................................................................................................... 79
In vitro Tnks activity assays .................................................................................................. 79
viii

Digital droplet PCR................................................................................................................ 80
PARP profiling ...................................................................................................................... 80
Bibliography .......................................................................................................................... 82
Appendix A .......................................................................................................................... 103

ix

ACKNOWLEDGEMENTS

There are a lot of people who have helped me along my graduate life, and that help has
put me where I am today. I want to thank just a few of them. I am extremely grateful to my
mentor Lawrence Lum for his aspiring guidance, constant support and never-ending
scientific enthusiasm. I would also like to thank all the current and past members of the Lum
Lab, for their support and friendship. I am especially grateful to Rubina Tuladhar, Dr.
Xiaofeng Wu, and Dr. Wei Tang for their technical support and discussions.
I would like to thank to the members of my graduate committee, Dr. Michael White, Dr.
John Minna and Dr. John Abrams for their assistance at all levels of my research project.
I would like to thank Dr. Xuewu Zhang, Dr. Chuo Chen, Dr. Jerry Shay, Dr. Woodring
Wright and their lab members for their collaboration and technical support. I would also like
to thank Brody Holohan for technical support and discussions.
I am indebted to Dr. Aydin Yagmurlu, Dr. Ergin Ciftci, Dr. Hakan Gurdal, Dr. Ege
Kavalali and Basar Cenik for their support during my application process to the graduate
program.
I would like to thank my spouse, Kerem Kulak who came along with me to another
continent to share my life. I am thankful to my parents, Saize and Celal Kiziltepe, and my

x

brother, Omer Kiziltepe for their love and support. Finally, I am grateful to my sister Ozgur
Kaya who was always there for me.

xi

PRIOR PUBLICATIONS
1. Kulak O, Yamaguchi K, Lum L. Identification of therapeutic small molecule leads in

cultured cells using multiplexed pathway reporter read-outs, Chemical Biology-Methods and Protocols, In press.
2. Kulak O, Lum L. Multiplexed luciferase-based screening platform for interrogating
cancer-associated signal transduction in cultured cells. J Vis Exp. 2013 Jul 3;(77):
e50369. doi: 10.3791/50369.
3. Kulak O, Lum L. (2010). Multiplexed Luciferase Reporter Assay Systems.
UTSD.P2371US; Application No.: 12/908,754
4. Jacob LS, Wu X, Dodge ME, Fan CW, Kulak O, Chen B, Tang W, Wang B, Amatruda
JF, Lum L. (2011). Genome-Wide RNAi Screen Reveals Disease-Associated Genes
That Are Common to Hedgehog and Wnt Signaling. Science Signaling. 25 January
2011 Vol. 4, Issue 157, p. ra4.
5. Baloglu E, Kiziltepe O, Gurdal H. (2007) The role of Gi proteins in reduced
vasorelaxation response to β-adrenoreceptor agonists in rat aorta during maturation.
European journal of pharmacology. 564(1-3), 167-73.

xii

LIST OF FIGURES
Figure 1.1 A genetically based model of colorectal cancer progression ................................. 4
Figure 1.2 Wnt/beta-catenin mediated signal transduction in mammals ............................... 9
Figure 1.3 APC protein domains and binding partners ........................................................ 16
Figure 2.1 Biochemical reporters of Tnks-chemical interactions .......................................... 28
Figure 2.2 Identification of additional Tnks inhibitors from the IWR collection of Wnt
pathway inhibitors.................................................................................................................. 29
Figure 2.3 Classification of Tnks inhibitors based on structural similarities ........................ 30
Figure 2.4 Comparison of IWR-1, IWR-3, IWR-6, and IWR-8 activity ............................... 31
Figure 2.5 Crystallographic studies reveal distinct modes of chemical attack by members of
the IWR collection of Tnks inhibitors ................................................................................... 33
Figure 2.6 IWR-1 induced conformational changes generate variation in the protein surface
exposure of the potential key Tyr residue .............................................................................. 38
Figure 2.7 Alignment of D-loops of PARP family members indicated that AD-binding pocket
Tnks inhibitors could inhibit Parp14...................................................................................... 40
Figure 2.8 IWR-1 treatment induces loss of Parp14 and Parp9 protein suggesting that ADbinding pocket Tnks inhibitors may inhibit these enzymes ................................................... 40
Figure 3.1 Induction of p53 activity by Tnks inhibition revealed by transcriptional reporter
profiling ................................................................................................................................. 45
Figure 3.2 Tnks inhibitors induce telomeric stress in human cells independently of Wnt/betacatenin pathway inhibition ..................................................................................................... 49
Figure 3.3 Tnks inhibitors induce telomeric shortening ........................................................ 51
xiii

Figure 3.4 IWR compounds do not inhibit telomerase .......................................................... 52
Figure 3.5 A Tnks binding motif in Terf1 dictates species-dependent p53 induction by Tnks
inhibitors ............................................................................................................................... 54
Figure 3.6 Species-dependent responses to Tnks inhibition .................................................. 54
Figure 4.1 Identification of genetic alterations in colorectal cancer that may be countered
with IWR compounds ............................................................................................................ 60
Figure 4.2 A high confidence collection of small molecules targeting Wnt/ beta-catenin
signaling ................................................................................................................................. 63
Figure 4.3 Identification of a small molecule that targets the DNA-TCF binding ................ 64
Figure 4.4 Disruption of TCF/LEF PARsylation eliminates DNA binding .......................... 65
Figure 4.5 Post-translational modification statuses of TCF/LEF transcription factors can alter
their DNA binding affinity .................................................................................................... 66
Figure 4.6 IWR-16 treatment increase total PARsylated and SUMOylated protein levels ... 68
Figure 4.7 IWR-16 is a Wnt pathway inhibitor ..................................................................... 69
Figure 4.8 An SAR study of IWR-16 reveals a critical role for the phenol in supporting
Wnt/beta-catenin pathway inhibitory activity ........................................................................ 70
Figure 5.1 Synthesis of IWR-8 .............................................................................................. 72

xiv

LIST OF TABLES

Table 1: Data collection and refinement statistics of IWR-1, IWR-3 and IWR-8 ................. 35
Table 2: Specificity of novel Tnks inhibitors ........................................................................ 37

xv

LIST OF APPENDICES
APPENDIX A: Multiplexed Luciferase Reporter Assay Systems ..................................... 98

xvi

LIST OF ABBREVIATIONS
CRC-Colorectal Cancer
FAP-Familial adenomatous polyposis
APC-Adenomatous Polyposis Coli
ACF-Aberrant crypt focus
Wg-Wingless
GSK3beta-Glycogen synthase kinase 3b
Dvl-Disheveled
LEF-Lymphocyte enhancement factor
TCF-T cell factor
MBOAT-Membrane-bound O-acyl-transferase
Porcn-Porcupine
Wls-Wntless
Fzd-Frizzled
CK1-casein kinase 1
LRP-low-density lipoprotein related protein
TA cells-transit-amplifying cells
PP2A-Protein phosphatase 2A
KAP3-kinesin superfamily-associated protein 3
ASEF-APC-stimulated guanine nucleotide exchange factor
CTNNB1- Beta-catenin
EB1-End-binding protein 1
xvi

DLG-Drosophila disc large tumor suppressor gene
PTP-BL-protein tyrosine phosphatase
MCR-Mutation cluster region
Tnks-Tankyrase
Parp-Poly-ADP-ribose polymerase
IWR-Inhibitor of Wnt response
IWP-Inhibitor of Wnt production
PAR-Poly-ADP-ribose
Parg-Poly-ADP-ribose glycohydrolase
NAD-Nicotinamide adenine dinucleotide
TA cells- Transit-amplifying cells
Bmi1- B cell-specific Moloney murine leukemia virus integration site 1
Lgr5- Leucine-rich repeat-containing G-protein coupled receptor 5
NSAID-Non-steroidal anti-inflammatory drug
COX2-Cyclooxygenase 2
Rnf146-Ring finger protein 146
Terf1-Telomeric repeat binding factor-1
NuMa-Nuclear mitotic apparatus protein
IRAP- Insulin-responsive aminopeptidase (IRAP), myeloid cell leukemia 1 (Mcl1)

xvii

CHAPTER ONE
Introduction and Literature Review

APC – The Most frequently Mutated Gene In CRC
In 1950, researchers Eldon Gardner and Fayette Stephens exploited the meticulous
genealogical records of relatively isolated communities found in Utah to identify a family
with an extremely high incidence (66%) of colorectal cancer (CRC) (1). Follow up medical
examinations of the kindred established dominant inheritance of multiple intestinal polyps as
well as carcinoma disposition (2). This syndrome was dubbed familial adenomatous
polyposis or FAP.
In order to identify the gene responsible for FAP, Herrera (3) and Solomon (4) utilized
chromosomal spreading and restriction fragment length polymorphism analysis and assigned
the locus for the FAP to chromosomal region 5q21. Subsequent studies showed that alleles
from the same region are often lost in sporadic tumors (3,4). Thus, familial and sporadic
CRC likely take a shared genetic path for disease emergence.
Since sporadic CRC is the third leading cause of cancer deaths in the United States (5),
the possibility of a common genetic path for sporadic and inherited forms of CRC galvanized
a search for the genetic basis of FAP. Cosegregation of mutant APC alleles in affected
kindreds indicated that the Adenomatous Polyposis Coli (APC) gene was responsible for FAP
(6,7). Subsequent studies revealed that somatic mutations in APC occur in 50-80% of the
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sporadic colorectal and that these mutations typically result in production of truncated
proteins (8,9).
A genetic confirmation of APC’s role as a tumor suppressor came from a forward genetic
screen in mice that netted a strain with an autosomal dominant predisposition to multiple
intestinal tumors (Min mice) (10). A truncating mutation in the murine homolog of the Apc
gene similar to that found in many FAP patients was identified as the cause of cancer
susceptibility by linkage analysis and chromosomal walking experiments (11). Min mice not
only inherited the mutation in a dominant fashion as observed in FAP patients but also
exhibited similar histopathological changes in the gut such as the formation of multiple
benign adenomas in the intestines. This convergence in the inheritance pattern and symptoms
in humans and mice established a causal relationship between APC mutations and colorectal
cancer.
APC as a suppressor of a cancer-promoting genetic program
From studying FAP patients, we understood that benign tumors of the intestines (also
known as benign polyps) with time could become invasive cell masses (12,13). The ability to
track this transformation process in the intestinal epithelium has made CRC a powerful
model system for understanding the sequence of genetic changes that promote cancer
biogenesis (14). Histological and molecular analysis combined with clinical data support a
multi-hit genetic model of sporadic CRC biogenesis thus revealing potential strategies for
thwarting tumorigenesis premised about countering one or more of these genetic changes
(14,15).

CRC can arise as a consequence of at least four sequential genetic changes: activating
mutations in the KRAS oncogene and loss of function mutations in three tumor suppressor
genes (APC, SMAD4 and TP53) (Figure 1.1). APC mutations are found with the same
frequency in the early neoplastic lesions known as aberrant crypt focus (ACF) as the late
stage CRC suggesting that APC mutations occur early during the intestinal transformation
process (16). Kras is a small GTPase that is mutated in 7% of all cancers. Activating
mutations of Kras is found in ~50% of intestinal adenomas and carcinomas thus revealing
that deviant activity of Kras contributes to cancers of the gut (17,18). Acquisition of
inactivating mutations in components of the growth promoting TGF-beta pathway such as
SMAD4 was found in intermediate to late stage adenomas. Loss of function mutations in the
tumor suppressor p53 is observed in carcinomas rather than benign lesions. TP53 mutations
promote genetic instability due to cell cycle checkpoint loss and subsequent induction of
aneuploidy and chromosomal aberrations (15). Thus, loss of p53 function is probably
essential for progression rather than initiation of tumorigenesis.
The temporal order of the genetic alterations involving these key tumor suppressor genes
and oncogenes appears to be critical for CRC. For example, patients with germline p53
mutations do not develop multiple polyps or CRC (19). In addition, gut epithelial cells
harboring only Kras mutations exhibit increased proliferation, but not dysplastic changes that
are observed in APC mutant cells (20). These observations suggest that APC mutations
initiate a sequence of genetic events that result in carcinoma in the intestinal epithelium (15).
Thus targeting cellular processes that are engaged as a consequence of compromised APC
may be beneficial for all CRC cases.

Despite the emergence of a molecular framework for understanding CRC biogenesis
from genetic studies, a more complete inventory of genetic changes associated with CRC is
now being assembled with the advent of deep sequencing technology. So far, this sequencing
effort has resulted in the identification of a handful of highly mutated genes (thus confirming
previous hypotheses) and a relatively large number of less frequently mutated genes. As
expected the most frequently mutated genes were the “usual suspects”: APC, p53 and Kras
with mutation frequencies of 90%, 50% and 40% respectively (21-23). At the same time, the
identification of less frequent mutations in other genes that may collaborate with the “usual
suspects” reveals whole cellular processes that could be exploited to identify vulnerabilities
in cancerous cells.

Figure 1.1 A genetically based model of colorectal cancer progression. Mutations in APC
are required for tumor initiation. Accumulation of genetic alterations in Kras, Smad4, and
p53 genes is associated with tumor progression (Adapted from Fearon and Vogelstein)
The identification of APC as a Wnt Signaling component
The findings from two studies constitute a turn around point with respect to our
understanding of how APC suppresses cell growth. The first was the identification of a
binding partner for APC known as beta-catenin using biochemical approaches (24,25). The
second was the discovery that the Drosophila homologue of beta-catenin, Armadillo (Arm),
is essential to embryonic patterning (26-29).
The beta-catenin association links APC to two apparently unrelated cellular processes.
The beta-catenin protein was initially identified as a cytoplasmic partner of the

transmembrane protein E-cadherin that mediates adhesion between cells (30-32). Thus, APC
might also function in cellular adhesion (33). This hypothesis was supported by evidence
that loss of cadherin-mediated adhesion can contribute to metastasis, but it was less
consistent with evidence that suggested that loss of APC contributed to the early stages of
intestinal tumorigenesis (15). There were additional observations that were not consistent
with an adhesion-based model of APC function. For example, beta-catenin was not only
present at the cell membrane; it was also present in the nucleus indicating a possible role in
transcription (34). At the same time, injection of antibodies raised against beta-catenin
induced dorsal axis duplication in Xenopus (35). These observations suggested that the betacatenin must have functions other than those supporting cell-to-cell adhesion.
The binding of beta-catenin to APC also revealed a potential link between APC and the
Wnt signal transduction pathway. In the late 1980s the Drosophila homolog of beta-catenin,
Armadillo was identified as a part of a signaling cascade that conveyed cell-to-cell
information by the Wingless (Wg) secreted protein. Wg was initially identified as a segment
polarity gene from general screens executed by Nusslein-Volhard and Wieschaus in
Drosophila with the goal of identifying genes essential for embryonic patterning (27). The
Drosophila embryonic body plan consists of a series of homologous segments. Every
segment is separated into anterior and posterior compartments by boundaries. The anterior
segment is marked by a band of tooth-like projections called denticles while the posterior
portion is naked (36). Wg mutations result in loss of naked cuticles and segmental
boundaries. The mammalian homologue of this segment polarity gene, Integration 1 (Int1)

was previously defined as a proto-oncogene in mouse mammary tissue (37). The name Wnt
is in fact derived from the fusion of the “Int” and “wg” gene names (38).
Subsequent studies in Drosophila mapped Armadillo downstream of Wnt gene as the
primary effector of this pathway. Further genetic mapping studies placed arm downstream of
scaffolding protein Dvl, and Zeste-White 3 (zw3), Drosophila homolog of glycogen synthase
kinase 3-beta (GSK3-beta). APC was found in a complex with beta-catenin together with
GSK3-beta (39). Subsequent biochemical studies showed that APC regulates beta-catenin
levels through GSK3beta mediated beta-catenin phosphorylation (40,41). Transcriptional
mediators of beta-catenin dependent signaling – the LEF/TCF transcription factors - emerged
from yeast-two-hybrid screens and subsequent biochemical studies (42-44). Since nuclear
levels of beta-catenin are regulated by APC, a possible link between APC and Wnt signaling
was proposed. Subsequent studies confirmed that beta-catenin and TCF/LEF mediated
transcription is indeed regulated by APC levels (45).
The role of APC in Wnt signal transduction
Many vertebrate genomes harbor 19 Wnt genes with each Wnt gene contributing some
non-redundant role in development (46). The biosynthesis of all 19 Wnt proteins is
dependent upon their fatty acylation, a biochemical event essential to their exiting the
secretory pathway (Figure 1.2 a). Porcupine (Porcn), a member of the membrane-bound Oacyl-transferase (MBOAT) enzyme family, adds a palmitoleic acid to the N-terminus of Wnt
precursor molecules (47,48). Only palmitoleoylated Wnts are transported to the cell surface
with the help of a G protein–coupled receptor like protein known as, Wntless (Wls) (49).
Thus, the lipidation of Wnt proteins represents a secretory pathway checkpoint that ensures

the release of duly processed Wnt molecules. At the same time, thee palmitoleic acid adduct
found on Wnt molecules is also essential for engaging a groove found in the Frizzled (Fzd)
family of Wnt receptors to secure ligand-receptor interactions (50). Thus, lipidation of Wnt
proteins signifies a point of attack to achieve Wnt pathway inhibition.
In the absence of Wnt ligands, a large cytoplasmic complex comprised of the cytoplasmic
proteins Axin and APC scaffolds a destruction complex that promotes the destruction of
beta-catenin (Figure 1.2 b). Axin and APC recruit two kinases, casein kinase 1 (CK1) and
GSK3-beta, that mark beta-catenin in a sequential fashion for destruction by the
ubiquitin/proteasome protein destruction system. (51-54). In the absence of beta-catenin
available for binding to TCF/LEF DNA binding proteins, the transcriptional activities of its
binding partners are thus silenced. (55-58). Somatic mutations of the APC gene are found in
more than 90% of CRC cases. Truncation of APC leads to the inappropriate stabilization and
nuclear translocation beta–catenin by mechanism described above and drives Wnt target gene
transcription.
Although a superficial interpretation of the genetic observations would assign to APC a
role as a suppressor of the Wnt pathway, more in-depth probing of APC cellular activities
using genetic and biochemical approaches reveal that APC also acts as a positive player
likely by the promoting the degradation of Axin (59,60) APC-mediated Axin degradation
depends on the N-terminal part of APC that is not involved in beta-catenin degradation.
Since CRC cells are rarely null for APC but rather retain the amino-terminal half of APC, the
truncated forms of APC have been assigned pro-tumorigenic functions including potentially

enhancing the transcriptional activities already heightened by the accumulation of betacatenin protein (61).
In the presence of Wnt ligands, Wnt proteins bind to a receptor complex consisting of a
member of the seven-transmembrane GPCR-like Frizzled family (62-65) and a member of
the low-density lipoprotein related protein (LRP) family (66-68). This ligand-receptor
complex recruits the Dishevelled (Dvl) signaling molecules, Axin and other members of the
beta-catenin destruction complex to the cell surface (69,70). Inhibition of beta-catenin
degradation results in the accumulation and nuclear translocation of beta-catenin (71,72).
TCF/LEF proteins have a DNA binding domain but lack a transactivation domain. Betacatenin, which lacks a DNA-binding domain but contains an activation domain serves as a
co-activator of TCF/LEF proteins and activates target gene transcription (42,43,73-75).
Forms of Wnt signaling that do not utilize beta-catenin, non-canonical Wnt responses,
additionally occur and include Wnt induced signal transduction through intracellular calcium,
JNK, and RhoA and Rac1 that constitute components of the Wnt/PCP pathway (76,77).

Figure 1.2 Wnt/beta-catenin mediated signal transduction in mammals (a) Wnt ligand
production. Production of Wnt proteins depends on palmitoleoylation by Porcupine (Porcn)
in the ER. Palmitoleoylated Wnt is then chaperoned by Wntless to the extracellular space. (b)
Activation of the Wnt/beta-catenin pathway. In the absence of Wnt secreted protein a
cytoplasmic complex composed of Axin, APC, CKI (not shown) and GSK3-beta (not shown)
binds to and phosphorylates the transcriptional co-activator beta-catenin, thus marking it for
proteasome-mediated degradation (right). In the absence of beta-catenin, members of the
TCF/LEF family of transcriptional regulators mainly function as transcriptional repressors. In
the presence of Wnt ligand, Wnt, Lrp5/6, and Fzd receptor complex recruit the Axin/APC
and Dvl scaffolding protein to the membrane, thus abolishing destruction of beta-catenin
(left). Accumulated beta-catenin activates members of the TCF/LEF transcription factor
family. Modified from Dodge, 2011(78).

Functions of Wnt signaling in the intestinal tissue homeostasis and cancer
The intestinal epithelium is the fastest proliferating tissue in adults with a self-renewal
cycle of 4-5 days (79). The intestinal surface consists of projections that protrude from the
epithelial lining known as villus and invaginations between the villi termed crypts. The
colonic epithelium has crypts similar to intestine but instead of villi, it forms a flat surface.
Stem cells reside at the bottom of the crypts and produce progenitor transit-amplifying (TA)
cells. Dividing TA cells migrate upwards onto the villi where they differentiate to terminal
epithelial cells (80). This physical organization allows proliferating stem cells to push their
progeny up towards villi. Differentiated cells migrate all the way through the villus tip where
they undergo apoptosis and then shed into the intestinal lumen (80). The integrity of
intestinal tissue architecture depends on the coordination of proliferation and differentiation
throughout this intestinal self-renewal process.
The activity of the Wnt pathway is indispensable for the coordination of proliferation and
differentiation processes in the gut. Disruption of Wnt pathway response at the level of
ligand/receptor interaction or transcription inhibits the formation of downstream epithelial
lineages resulting in a loss of the epithelial lining and altered tissue structure (81-83). Thus,
Wnt signaling maintains crypt stem cell/progenitor compartments. Approximately 98% of all
colorectal cancer incidents in humans harbor mutations that cause aberrant Wnt pathway
activation, predominantly due to mutations causing truncated APC (23). Consistently, mouse
models generated either by loss of function mutations in APC or gain of function mutations
in beta-catenin develop numerous intestinal polyps indicating that APC acts through beta-

catenin in tumorigenesis (24,25,45,84). Loss of function mutations in APC stimulates
aberrant induction of beta-catenin mediated transcription of the growth-promoting genes Myc
and Cyclin D1(85-87). Conditional deletion of Myc rescues increased proliferation and crypt
size and loss of differentiation in APC-mutant intestines suggesting that effects of APC
mutation is mediated by beta-catenin dependent transcriptional activation (85) . Several other
components of the Wnt pathway are mutated in CRC including Axin, Tcf4, and beta-catenin
(22,23,88,89). Perturbations of the Wnt/beta-catenin pathway converge on similar phenotypic
changes supporting the idea that Wnt pathway is critical for intestinal tissue homeostasis.
Cell replacement of the intestinal epithelium is sustained by stem cells located just above
the crypt base in the small intestine and at the crypt base in the colon (90). The identity and
the marker of the intestinal stem cells is a matter of debate. Two different molecular markers,
the Polycomb group protein Bmi1 and the G protein-coupled receptor Lgr5 represent two
different populations of intestinal stem cells residing in the crypts (91-93). Both of these cell
populations have the ability to functionally repopulate the intestinal epithelium as
demonstrated by in vivo lineage tracing experiments in mice. Furthermore lineage-tracing
experiments suggested that Bmi1 marks quiescent, injury-inducible stem cells while
Lgr5 marks stem cells that are important for homeostatic regeneration (93). Inhibition of Wnt
signaling at the ligand/receptor level resulted in complete loss of Lgr5 positive cells although
Bmi1 positive cells persist in the crypt suggesting that Wnt signaling is essential for the
maintenance of Lgr5 positive stem cells and intestinal homeostasis.
Isolated single Lgr5 stem cells have the capacity to form mini-organs (so called
organoids) ex vivo. These cultured cells multiply indefinitely and form spheres with a central

lumen and protruding buds (94). These buds contain all differentiated epithelial cell types
and display a crypt like morphology. The integrity of the stem cells in this ex vivo culturing
system is dependent upon Wnt ligands as the addition of a Porcn inhibitor abolishes the
renewal of Lgr5+ cells (95). In this regard, these cultured organoids are faithful models of
gut regeneration in vivo.
To investigate the cellular origin of intestinal cancer Barker et al deleted APC in Lgr5
positive stem cells, which resulted in rapid transformation of the gut epithelium (96). The
transformed cells remained at the bottom of the crypts and gave rise to microadenoma with
high levels of nuclear beta-catenin. Subsequently, these microadenoma developed into
macroscopic adenomas throughout the small intestine and colon. However deletion of APC
in transit-amplifying cells did not result in transformation suggesting that Lgr5 positive stem
cells are likely a cell of origin in intestinal cancer (96). The shared role of Wnt pathway
responses in tissue homeostasis and cancer indicating that Wnt pathways has overlapping
roles in the maintenance of stem cell populations in both normal and pathological settings.
Domains, binding partners and other cellular functions of APC
The functional role of APC in the Wnt signaling pathway is well known, and it is widely
accepted that inappropriate activation of Wnt pathway through loss of APC function
contributes to the progression of colon cancers (14,97,98). However, APC participates in
several cellular processes including cell migration, cell adhesion, spindle assembly, cell cycle
control and chromosome segregation. Thus, other functions of APC may have a role in CRC
pathogenesis. I will briefly discuss protein domains found in APC, the binding partners of
APC and cellular processes associated with these interactions (Figure 1.3).

Human APC encodes a 312-kilodalton protein consisting of 2843 amino acids. The
sequence of APC proteins is highly conserved in Drosophila, C. elegans, Xenopus, zebrafish
and mammals. Drosophila, mouse, and humans also harbor a second APC gene that is
predicted to encode a shorter protein (99). These two paralogs differ in their expression
patterns: while APC is ubiquitously expressed, APC2 is primarily expressed in the nervous
system. Whereas the role of APC2 protein has been studied in Drosophila, its role in cancer
is unclear.
APC is a multi-domain protein with the ability to interact with a large number of proteins.
APC has an oligomerization domain that mediates homo or hetero-dimerization. In CRC,
truncated forms of APC retain the ability to dimerize with wild type APC. Therefore, it has
been proposed that truncated APC has a dominant-negative function that supports tumor
development. (100). This hypothesis was tested in mouse by overexpressing N-terminal
region of APC in intestinal epithelium. This intervention did not lead to polyposis suggesting
that the hypothesis does not likely explain the prevalence of these truncating mutations in
intestinal tumorigenesis (101).
The armadillo repeat region of APC interacts with components of the Wnt signal
transduction pathway (PP2A), the microtubule cytoskeleton (KAP3) and F-actin cytoskeleton
(ASEF). APC protects beta-catenin from dephosphorylation by protein phosphatase 2A
(PP2A), thereby enhancing beta-catenin phosphorylation and degradation (102). Complete
loss of APC may lead to a decrease in beta-catenin phosphorylation and degradation by this
mechanism. APC localizes in puncta at the plus end tips of microtubules (103,104). Kinesin
superfamily-associated protein 3 (KAP3), a linker protein for motor kinesins, has a role in

transportation of APC to the microtubule ends (105). APC-stimulated guanine nucleotide
exchange factor (ASEF) is a Rac-specific guanine nucleotide exchange factor, and its
overexpression with APC promotes cell migration-related phenotypes like cell flattening,
membrane ruffling and lamellipodia formation (106). Expression of truncated APC in cell
culture activates ASEF while full length APC expression does not show this activity
suggesting that truncated APC stimulate inappropriate cell migration (107).
APC contains three 15 amino acid repeats (15R) and seven 20 amino acid repeats (20R).
These repeats bind to beta-catenin and mediate inhibitory activity of APC in Wnt signaling.
Binding of cytoplasmic beta-catenin to the 20R is modulated by phosphorylation via GSK3beta. 20R and 15R domains are essential for binding and degradation of beta-catenin. There
are three SAMP repeats within the 20R domain of APC. SAMP repeats bind to destruction
complex scaffold Axin and mediates beta-catenin Axin binding. A majority of germline and
somatic mutations in APC lie in the first half of the coding region within the mutational
cluster region (MCR). These mutations result in the expression of a truncated protein lacking
most of the 20R beta-catenin binding domains and Axin binding domains (15). Thus,
mutations in APC leads to inappropriate beta-catenin stabilization and Wnt target gene
transcription.
APC has two nuclear localization signals (NLS), and several nuclear export signals
(NES) at the N-terminus within the 20-amino-acid repeats of APC. Both types of signals are
well conserved in metazoa. While NLS is essential for importing cytoplasmic beta-catenin to
nucleus, NES sequences are critical for exporting nuclear beta-catenin into the cytoplasm
(108). The absence of these NES sequences leads to nuclear beta-catenin accumulation and

subsequent activation of Wnt target genes (86). Loss of the NES may contribute to APCassociated tumorigenesis in CRC.
The basic domain consists of arginine, lysine, and proline residues. The basic domain of
APC is essential for direct interaction with microtubules in epithelial cells and mediates
tubulin polymerization by binding to unassembled tubulin and promoting the assembly of
branched microtubule arrays (109,110). In cell culture, APC depletion leads to a decrease in
overall microtubule stability and loss of polarization of acetylated microtubules towards the
leading edge suggesting that cells can not migrate in a guided fashion (111). This observation
is supported by in vivo data; differentiating epithelial cells in mouse intestine migrate
upwards from the crypts and truncation of APC leads to a decrease in upward movement
(86). This migration defect may be acquired due to loss of APC basic domain or loss of
association with binding partners that mediate microtubule attachment. The cytoskeletal
interaction of APC can also contribute to the function of the microtubule-based mitotic
spindle. This hypothesis is supported by localization of APC to kinetochores and
centrosomes (112). Loss of APC leads to defects in spindle alignment, chromosome
segregation defects and aneuploidy (113). Hence, APC loss cause changes in cytoskeletal
regulation that affects microtubules and cytoskeleton thus leading defects in directed cell
migration and polarity of the cell (111,113,114).
The C-terminal region of APC may play a role in cell cycle progression or growth control
through binding to at three different proteins; end-binding protein 1 (EB1), Drosophila disc
large tumor suppressor gene (DLG), and Protein tyrosine phosphatase (PTP-BL) (115). EB1
is a tubulin binding protein, and it is also associated with the microtubule cytoskeleton of the

mitotic spindle where it is important for spindle assembly throughout the cell cycle. DLG is
involved in the maintenance of cell polarity, migration and mitotic spindle orientation in
epithelial cells (116). PTP-BL and APC interaction may indirectly modulate the steady-state
levels of tyrosine phosphorylation of APC-associated protein like beta-catenin. In CRC,
mutated APC proteins lack C-terminal tail as well as SAMP motifs and most of 20R. In order
to investigate contribution of C-terminal region in intestinal tumorigenesis, researchers
knocked-out just the C-terminal region of APC protein but keep the 20R and SAMP domain
intact. Truncation of the C-terminal part of APC did not result in a polyposis phenotype
suggesting that APC’s association with DLG, EB1, and PTP-BL is not essential for intestinal
tumorigenesis (117).

Figure 1.3 APC protein domains and binding partners Domains of APC and binding
partners are shown. Binding partners are protein phosphatase 2A (PP2A), kinesin
superfamily-associated protein 3 (KAP3), APC-stimulated guanine nucleotide exchange
factor (ASEF), beta-catenin (CTNNB1), end-binding protein 1 (EB1), Drosophila disc large
tumor suppressor gene (DLG), and protein tyrosine phosphatase (PTP-BL). Most of the APC
mutations lie in mutation cluster region (adapted from McCartney and Nathke).

Drugging the Wnt pathway
Wnt pathway is crucial to many aspects of embryonic development and homeostasis in
almost every adult tissue. During early vertebrate embryonic development Wnt signaling
guides gastrulation, establishment of the anterior-posterior axis, and convergent extension
movements (118-120). Wnt signaling is also essential for proper formation of several organ
systems including the gut, skin, heart, mammary gland, brain, eye, bone, cartilage, spinal
cord, lung, teeth, liver, kidney, pancreas and the hematopoietic system (97,121,122).
Furthermore, Wnt signaling governs cell proliferation and differentiation in the adults
especially in self-renewing tissues such as hair, skin, intestinal homeostasis and
hematopoietic system (123-125). It is also involved in pulmonary and hepatic repair after
injury (126-128). Given the significant role of Wnt signaling in the processes mentioned,
chemical tools that enable temporal control of Wnt signaling could be useful for basic studies
focused on its role in many aspects of physiology and for tissue engineering agendas.
In tissues where Wnt signaling balances the fine equilibrium between proliferation and
differentiation, exploitation of these signaling pathways may lead to a variety of pathologies
including carcinogenesis. Aberrant Wnt signaling has been associated with fibrosis,
metabolic disease and neurodegenerative disorders (129-131). Furthermore, Wnt pathway
activation is associated with a multitude of tumors including CRC. Despite a general
convergence of oncogenic processes upon Wnt pathway activation, the prevalence of genetic
mutations that give rise to changes to pathway misactivation differs from one tissue to
another. For example, oncogenic beta-catenin mutations are observed with a frequency of
31% in endometrial cancers and 5% in medulloblastoma, 8 % in melanoma, 5% in CRC and

3% of lung adenocarcinomas (17,23,132-135). Loss of activity mutations in the Wnt inhibitor
Axin1 is detected in 38% of biliary tract tumors and 11% of hepatic cancers but is not
frequent in other cancers (136). Thus, inhibitors that directly target the beta-catenin/TCF
transcriptional complex would presumably benefit a significant number of cancer patients.
Given the nearly universal participation of Wnt signaling in tissue homeostasis and the
diseases described above, tremendous effort have been invested in gaining control of this
pathway. Several screens by many independent groups have yielded a portfolio of agents that
target different underlying mechanisms of signal transduction in the Wnt pathway (137-140).
A small number of druggable Wnt pathway components have been identified so far. At the
same time, the mechanism of action for many chemicals with on-target Wnt pathway
inhibitory activity remains unknown.
In 2009, Chen et al identified two classes of compounds that target distinct Wnt-pathway
components (138). The first class inhibits the membrane-bound O-acyl-transferase Porcn
enzyme (termed IWP compounds), thus disrupting fatty acylation and activity of Wnt
proteins. The second class inhibits Wnt/beta-catenin pathway response (named IWR
compounds) by stabilizing Axin proteins, thereby blocking accumulation of beta-catenin
protein that results from either ligand-dependent pathway activation, or loss of the APC
tumor suppressor function. Specifically, the IWR compounds as well as another Wnt
pathway inhibitor described six months after the IWR compounds, XAV939 attack the
Tankyrase (Tnks) enzymes, two members of the poly-ADP-ribose polymerase (PARP) gene
family that regulate Axin protein stability (139). In the following five years several different
groups developed chemically diverse Porcn and Tnks inhibitors suggesting that identification

of a pathway specific druggable note was the rate limiting process for drug discovery efforts
(141-145).
Mutations in different genes can cause aberrant Wnt pathway activation in different
cancerous contexts. For example deviant Wnt pathway activation in CRC is mostly caused by
APC mutations while in endometrial cancer this activation is observed due to activating betacatenin mutations (17,135). Therefore, inhibiting the pathway activity at the transcription
level by blocking beta-catenin/TCF-LEF1 or other transcriptional co-activators represents a
point of attack, which cannot by bypassed by cellular compensatory mechanisms. Several
different groups conducted in vitro, in vivo and in silico screens to identify molecules that
can disrupt interaction between beta-catenin/TCF-LEF1 transcription factors (137,146-149).
The molecular targets of these chemicals have not been identified (137,146-149). Small
molecules that prevent interaction of beta-catenin with transcriptional co-activator proteins
like B-cell lymphoma 9 (BCL9) and CREB binding protein (CBP) have also been identified.
The use of small-molecule inhibitors that target a co-activator protein with multiple partners
such as BCL9 and CBP can raise concerns about specificity of this approach. Despite these
concerns, a small molecule (PRI-724) that prevent interaction of beta-catenin with
transcriptional co-activator protein CREB binding protein (CBP) recently entered clinical
testing (140). Results of this clinical testing can be used to infer the utility of targeting
transcriptional co-activators in other disease scenarios.
Targeting the interaction between the Fzd receptors and their cytoplasmic signaling
molecules, the Dvl proteins, has also been attempted as a means for disrupting Wntdependent signaling. Here, screens monitoring direct protein–protein interactions and in

silico methodology led to the identification of several compounds with high half maximal
inhibitory concentrations (150-152). Given the challenges associated with achieving greater
potency and specificity of the lead compounds netted from these efforts, the overall strategy
has not yielded clinical candidates thus far.
A number of small molecules developed for the management of non-Wnt associated
diseases have also been found to exhibit activity within the Wnt pathway. For example,
lithium chloride, a drug to treat bipolar disorders for decades, inhibits the constitutively
active kinase GSK-3beta, thereby stabilizing beta-catenin and activating WNT signaling
(153). Non-steroidal anti-inflammatory drugs (NSAIDs) and cyclooxygenase 2 (COX2)
inhibitors can inhibit beta-catenin dependent transcription in colorectal cancer and reduce
adenoma formation in patients with FAP (154-159). The clinical data gained via using nonspecific Wnt pathway inhibitory agents can provide insights for utilizing specific Wnt
pathway inhibitors.
The Role of Tnks in the Wnt Pathway
Molecular insight into the functional role of Tnks in Wnt pathway emerged from two
high throughput screens intended to discover chemicals that interfered with Wnt-stimulated
transcription (138,139). The hits from these two independent screens, IWRs and XAV939
blocked Wnt-stimulated accumulation of beta-catenin by increasing the levels of the Axin1
and Axin2 proteins. Subsequent work established that these Wnt pathway inhibitors regulate
Axin levels via inhibition of Tnks 1&2, both members of the poly-ADP-ribose polymerase
(PARP) protein family. Tnks proteins bind directly to Axin proteins and regulate Axin levels
via poly-ADP-ribosylation (PARsylation) and ubiquitination.

In the absence of Wnt protein, a cytoplasmic complex composed of Axin, APC, CKI and
GSK3-beta binds to and phosphorylates the transcriptional co-activator beta-catenin, thus
marking it for proteasome-mediated degradation. Axin proteins are thought to be rate
limiting for destruction complex activity, as their cellular levels are low compared to other
complex components (60,61). Tnks proteins PARsylate Axin proteins that are subsequently
recognized by an E3 ubiquitin ligase called ring finger protein 146 (RNF146). RNF146
ubiquitylates PARSylated Axin and targets Axin for destruction by the proteasome (160).
Inhibition of Tnks abrogates Wnt pathway activity by stabilizing Axin proteins, thereby
blocking accumulation of beta-catenin protein that results from either ligand-dependent
pathway activation, or loss of the APC tumor suppressor function.
Other Cellular Functions of Tnks
Tankyrase 1 and 2 are homologous multi-domain proteins that contain 20 ankyrin repeats
arranged in 5 ankyrin repeat clusters (ARC), a sterile alpha motif (SAM) domain, and a
PARP domain (161). PARP domain utilizes NAD (+) to catalyze the addition of poly-ADPribose chains onto acceptor proteins. This modification, PARsylation, confers a large
negative charge to the modified protein and consequently alters protein function and
interactions (162). The ankyrin repeats and SAM domains both mediate protein-protein
interactions. The SAM domain enables Tnks proteins to form polymers. The polymerization
is disrupted by auto-PARsylation, suggesting that Tnks can act as a scaffolding molecule
according to its PARsylation status (163). As Tnks recognize a degenerate hexapeptide motif
through their ankyrin repeats clusters, and they interact with a variety of regulatory proteins
and substrates like Axin, telomeric repeat binding factor-1 (Trf1), nuclear mitotic apparatus

protein NuMA, insulin-responsive aminopeptidase (IRAP), myeloid cell leukemia 1 (Mcl1)
and 3BP2 (139,163-166).
Binding partners of Tnks determine the major roles and cellular localization of these
enzymes. Some of the cellular processes linked to Tnks function include Wnt signaling,
telomere length maintenance, mitosis and vesicle transport associated with glucose
metabolism. Tankyrase-mediated PARsylation of telomere protecting protein complex
component TRF1 targets it for degradation, and thus leads to telomere elongation by enabling
telomerase to access the telomere ends (167). During mitosis Tnks localizes to mitotic
spindle poles, where PARsylation of microtubule organizing protein NUMA and other
mitotic proteins is required for normal spindle formation and sister chromatid segregation
(168). Tnks regulates insulin mediated glucose transporter 4 (GLUT4) vesicle localization to
cell membrane probably through PARsylation of another vesicle resident protein IRAP (169).
Clinical testing of LGK-974, an agent targeting the Wnt acyl-transferase Porcupine
Achieving chemical control of Wnt pathway responses is a shared goal of both
regenerative medicine and anti-cancer efforts. In 2012 one of the first small molecules
targeting Wnt pathway called LGK-974 entered a phase I clinical trials with the ultimate goal
of ameliorating the ill effects stemming from a number of Wnt-associated maladies. LGK974 targets the membrane bound O-acyl-transferase, Porcn thus inhibits of Wnt
palmitoleoylation, secretion and activity (145). Porcn was identified as the most druggable
protein for Wnt pathway from a chemical screen using cultured cells that report cell
autonomous Wnt signaling just three years earlier before the clinical trials (138).

Identification of this Porcn as a molecular target is success for governmental drug
identification efforts that elevated by subsequent industrial investment.
Although Porcn is a family member of several related MBOAT enzymes, functional
studies revealed no substrate overlap between Porcn and other MBOATs suggesting that
Porcn acts as a Wnt pathway dedicated acyl-transferase (170,171). In humans, loss of
function mutations in Porcn is associated with a X-linked dominant disorder called focal
dermal hypoplasia (172). Similar to observations in humans, loss of Porcn in mice leads to
cell-autonomous defect in Wnt ligand secretion and mesoderm generation failure, a
phenotype associated with loss of Wnt signaling (173,174). These observations confirm a
conserved role of Porcn in Wnt signaling across metazoa.
Therapeutic agents that target crucial developmental signaling pathways like Wnt,
Hedgehog or Notch may have devastating effects on embryonic patterning. For example, the
naturally occurring Hedgehog inhibitor cyclopamine was discovered because of its cyclopia
inducing effect in lambs (175). However, these developmental signaling pathways are also
essential in the regulation of stem cell and progenitor cell proliferation and differentiation in
adult tissues (176). Given the role of Wnt pathway in maintenance of fast renewing tissues
like intestine, potential adverse effects in the gut was expected (140,177). Nevertheless,
Porcn inhibitors dosed in mice were well tolerated at concentrations sufficient for inducing
anti-cancer activity. In particular, the absence of gut toxicity suggested such compounds
could be used in humans for anti-cancer agendas (145).
Aberrant Wnt pathway activity in cancer most frequently arises from mutational defects
in cytoplasmic regulators of Wnt signaling such as APC and beta-catenin (17). Despite

intense research, targeting Wnt signaling in cancers harboring downstream pathway
mutations remains challenging because of the lack of tractable targets. Nevertheless a small
group of cancers may be sensitive to inhibitors of Wnt ligand production. Indeed, Porcn
inhibitors are now being tested in phase one trials in patients with these tumors. One example
of such a tumor type is cystic pancreatic cancer, which is associated with mutations in
RNF43, a transmembrane ubiquitin ligase that promotes the turnover of Fzd receptors
(145,178,179).
Biologics vs. small molecules: comparison of Wnt pathway inhibitors
Small molecules represent over 90% of the drugs on the market today. Small molecules
have several advantages over biologics: they can be synthesized chemically in large
quantities, often have little batch-to-batch variation, can be cheaply produced and oftentimes
can be orally delivered. By contrast, biologics are therapeutic proteins; they are produced in
biotechnological processes via genetically modified cells of microorganisms such as bacteria,
yeasts or in mammalian cell lines. Biologics may have limited tissue penetration and longer
half-lives compared to small molecules. Furthermore biologics typically must be
administered by injection or infusion. The additional costs associated with their production
and the challenges associated with patient self-administration result in increased costs and
reduced compliance for the patient.
Three Wnt pathway inhibitory molecules that inhibits Wnt signaling pathway at the
receptor/ligand level are in clinical trials. These molecules are a Porcn inhibitor called LGK974 and two biologics called OMP-18R5 and OMP-54F28. OMP-18R5 is a humanized
monoclonal antibody that binds to extracellular domain of 5 Fzd family members. The

second agent, OMP-54F28 is a fusion protein comprised of the cysteine-rich domain of
frizzled family receptor 8 (Fzd8) fused to the human immunoglobulin Fc domain. OMP18R5 and OMP-54F28 target a subgroup of Fzd receptors while LGK-974 inhibits all Wnt
ligand dependent activities. The near simultaneous initiation of clinical testing of these
agents with similar modes of action (targeting ligand-dependent Wnt signaling) affords a
unique opportunity to compare first hand the strengths and weaknesses of small molecule and
biologics as anti-cancer agents.

CHAPTER TWO
Chemically targeting TNKS

Introduction
Despite the nearly universal acceptance that loss of the adenomatous polyposis coli
(APC) tumor suppressor is the most common initiating event in colorectal cancer, no clinical
candidates have emerged for countering the deleterious effects that stem from this
phenomenon. A mechanistic model of disease premised upon compromised transcriptional
regulation as a consequence of APC loss forms the basis of a major drug discovery front
(176). APC scaffolds a destruction complex that promotes turnover of the transcriptional coactivator beta-catenin. Beta-catenin-induced activation of TCF/LEF DNA binding proteins as
a consequence of compromised APC activity results in deviant transcription of growthpromoting genes such as Myc.
From several independent chemical-screening efforts with the shared intent to counteract
compromised APC activity, the Tnks enzymes (Tnks1 and 2) have emerged as highly
druggable regulators of beta-catenin abundance (138,139,180). Tnks inhibitors induce
stabilization Axin proteins, thereby blocking accumulation of beta-catenin protein that results
from either ligand-dependent pathway activation, or loss of the APC tumor suppressor
function. Here, I have identified at least three distinct groups of Tnks inhibitors based on
their mode of target engagement from a portfolio of Wnt/beta-catenin pathway inhibitors
with ill defined mechanisms-of-action. These three groups of inhibitors target Tnks in vitro
and in cultured cells that exhibit deviant Wnt signaling due to compromised APC activity.
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Using a panel of recombinant PARP family members, two of these compounds emerged as
being highly selective for Tnks enzymes (IWR-1 and IWR-8). Moreover, one of these
molecules (IWR-8) represents a chemotype that is amenable to a variety of chemical
modifications thus making it a viable starting point for drug development purposes.
Diverse pharmacophores supporting Tnks inhibition identified from a portfolio of Wnt
pathway inhibitors
From screening a 200K small molecule library in cells with autonomous Wnt signaling,
we previously identified ~60 compounds that disrupted cellular response to Wnt ligands
(termed Inhibitors of Wnt Response or IWR compounds) (138). The identification of the
Tnks enzymes as the target of two IWR compounds (IWR-1 and -2) suggested that other
IWR compounds also disable Wnt signaling by the same mechanism (78,181). Inhibition of
Tnks-mediated auto-PARsylation, a biochemical trigger for its proteasome-mediated
destruction, results in accumulation of Tnks in cultured cells thus affording a straightforward
screen for potentially novel Tnks inhibitors (Figure 2.1) (139). The loss of beta-catenin and
accumulation of Axin1&2 proteins additionally serves as a useful marker of chemically
induced Tnks inhibition. After subjecting all of the IWR compounds to these biochemical
tests for Tnks inhibitory activity in cultured cells, we uncovered six additional Tnks
antagonists (IWR-3 to -8; Figure 2.2). Thus, a total of four chemotypes supporting Tnks
inhibition emerged from our original Wnt pathway antagonist screen (Figure 2.2). We note
that IWR-6 and -7 resemble the previously identified Tnks inhibitor XAV-939 whereas IWR8 represents a novel chemotype with such activity.

Figure 2.1 Biochemical changes with Tnks inhibition reveals a screening method for
Tnks inhibitors. Biochemical markers of Tnks inhibition associated with the Wnt/betacatenin pathway. The Tnks inhibitors XAV-939 and IWR-1 induce stabilization of both Tnks
enzymes and Axin proteins but promote destruction of beta-catenin (Ctnnb1).

Figure 2.2 Identification of additional Tnks inhibitors from the IWR collection of Wnt
pathway inhibitors. A biochemical screen to identify additional Tnks inhibitors from the
IWR collection of Wnt pathway inhibitors. The effects of the majority of IWR compounds on
Tnks 1 and 2, beta-catenin, and acetylated tubulin (Ac-Tub) expression levels were
determined in SW-480 cells by Western blot analysis. Tnks inhibitors prevent destruction of
Tnks enzymes while promoting beta-catenin turnover. IWR-1 to -2 are known Tnks
inhibitors whereas IWR-3 to -5 were previously shown to induce beta-catenin destruction.
Novel Tnks inhibitors identified by this screen were re-named IWR-6 to -8 (in bold).

Figure 2.3 Chemotype-based grouping of potential Tnks inhibitors identified from the
IWR collection. IWR-6 and -7 are similar to XAV-939. IWR-8 is a novel chemical scaffold.
Thus, despite the absence of resemblance to other previously described Tnks inhibitors.
We confirmed that molecules representative of each chemotype found in this chemical set
were able to directly target Tnks using a recombinant Tnks protein assay that utilizes histone
PARsylation as a read out (Figure 2.4a). Given the intense interest in developing Tnks
inhibitors as anti-cancer drugs, we reasoned that the novel chemical scaffold supporting Tnks
inhibition revealed by IWR-8 might provide new opportunities for achieving a drug-like
molecule. Indeed, similar to other established Tnks inhibitors IWR-8 disrupted deviant Wnt
signaling in cells lacking normal APC activity in a dose-dependent fashion (Figure 2.4b).
IWR-8 exhibits both in vitro and in vivo activities associated with a bona fide Tnks inhibitor.

Figure 2.4 The novel Tnks inhibitor chemotype IWR-8 directly inhibits Tnks enzymes
and disrupts b-catenin-dependent transcriptional activity induced by loss of APC
function. (a) IWR-3, -6 and -8 directly target Tnks. Representative IWRs from each
chemotype were evaluated for their ability to inhibit purified recombinant Tnks1 protein
(Tnks1 SAM-PARP protein). Parsylation of immobilized histone protein was determined by
colorimetric detection of incorporated biotinylated NAD+ in 96 well format. (b) IWR-8
inhibits b-catenin activity induced by loss of APC function. EC50 of IWR-8 as well as IWR1 and XAV-939 were measured in DLD-1 cells using a Wnt/b-catenin specific luciferase
reporter.

Crystal Structures Of Structurally Diverse Tnks Inhibitors
Tnks enzymes accommodate their ADP-ribose donor substrate, nicotinamide adenine
dinucleotide (NAD+), in two sub-pockets – one binds the nicotinamide (NI) and another the
adenosine (AD) moiety. IWR-1 was previously shown to be a first in class inhibitor that
targets the AD-binding pocket rather than the NI binding pocket (182). We selected
representative compounds from each group and determined their mode of attack using
structural analyses. First, we confirmed observations that IWR-1 engages the AD-binding
pocket unlike prototypical PARP inhibitors represented here by the NI-binding pocket
inhibitor XAV-939 (Figure 2.5a, Table 1). IWR-2, a derivative of IWR-1, also binds Tnks1
in this mode (183). Despite their chemical dissimilarity, IWR-8 like IWR-1 exploits a
histidine uniquely found in the D-loop of Tnks enzymes (His1201 in Tnks1; His1048 in
Tnks2) to engage the AD pocket while concomitantly inducing a change in the D-loop
conformation (Figure 2.5b). Instead of a quinolone group found in IWR-1 that mediates
aromatic stacking with His1201, IWR-8 achieves a similar chemical protein interaction using
an indoline group. We noted from the crystallographic and NMR-based evidence that the
structure of IWR-8 is actually a regioisomer of the structure that was described in the first
report of its synthesis (See Chapter 5 Figure 5.1). Perhaps not surprising given its size, IWR3 engages both NI- and AD-binding pockets (Figure 2.5c). In the end, these Tnks antagonists
can be organized based on their pocket binding preference (Figure 2.5d).

Figure 2.5 Crystallographic studies reveal distinct modes of chemical attack by
members of the IWR collection of Tnks inhibitors. (a) Crystal structure of IWR-1/Tnks1.
The structure of XAV-939, a prototypical PARP inhibitor, bound to Tnks2 (PDB ID: 3KR8)
is superimposed for comparison with respect to chemical binding pocket preference and
ability to induce conformational change in the D-loop. (b) Crystal structure of IWR-8/Tnks1.
(c) Crystal structure of IWR-3/Tnks1. The D-loop of Tnks1 (1196-1211) or Tnks2 (10431058) is shown in turquoise and cyan, respectively. His1201 that interacts with all three IWR
compounds and facilitates chemical-specific D-loop conformational changes is highlighted.
Adenosine (AD) and nicotinamide (NI) binding sites are shown in pink and green,
respectively. (d) Summary of binding pocket preference of IWR compounds that target Tnks
enzymes. Given the structural similarity of IWR-6 and -7 to XAV-939, these novel
molecules likely engage the NI pocket of Tnks. (Panel by H. Chen& H. He& D. Borek&
Z.Otwinowski& X. Zhang)

Data collection
Space group
Cell dimensions
a, b, c (Å)

α, β, γ (°)
Resolution (Å)
Rsym
I/σI
Completeness (%)
Redundancy
CC1/2 at the highest
resolution shell

TNKS1/IWR-1
P62

TNKS1/IWR-3
P 212121

TNKS1/IWR-8
P 62

107.94, 107.94,
121.92
90, 90, 120
50.0-2.3(2.34-2.30)*
11.2(51.3)
15.7(2.4)
99.7 (94.7)
7.3 (5.2)
0.86

48.20, 81.17,
114.16
90, 90, 90
31.0-1.8(1.87-1.80)
7.3(>100)
38.8(1.5)
99.3 (94.5)
7.0 (6.2)
0.84

108.38, 108.38,
122.22
90, 90, 120
37.4-1.5(1.55-1.50)
8.3(95.1)
26.3(1.3)
99.1 (92.0)
6.2(3.0)
0.60

Refinement
Resolution (Å)
2.30
1.80
No. reflections
34662
41860
Completeness (%)
97
99
Rwork/ Rfree (%)
22.6/28.3
18.1/21.1
No. atoms
7048
3522
Protein
6568
3262
Ligand/ion
128
44
Water
352
216
B-factors
Protein
43.7
45.7
Ligand/ion
40.6
37.3
Water
39.5
49.9
R.m.s deviations
Bond lengths (Å)
0.004
0.007
Bond angles (°)
0.77
1.01
Ramanchandran plot
Favored (%)
98.2
99.0
Allowed (%)
1.8
1.0
Disallowed (%)
0
0
*Highest resolution shell is shown in parenthesis.

1.50
128406
99
17.7/20.7
7804
6820
163
821
22.0
26.2
33.7
0.007
1.08
99.0
1.0
0

Table 1. Data collection and refinement statistics for IWR compound/Tnks1 crystal
structure. (Panel by H. Chen& H. He& D. Borek& Z.Otwinowski& X. Zhang)

AD-binding pocket targeted compounds exhibit high specificity for Tnks1&2
The higher level of conservation between the NI-binding pocket in PARPs as compared
to the AD-binding pocket likely imposes greater challenges to achieving specificity with NIbinding pocket inhibitors (184). Indeed the ~100-fold greater specificity of IWR-1 compared
to XAV-939 for Tnks enzymes over several other PARPs has been attributed to their
difference in their mode of attack (182,183). At the same time, the discovery of structurally
distinct chemicals both capable of binding the AD-binding pocket in a similar fashion (IWR1 and IWR-8) afforded an opportunity to evaluate the strength of this hypothesis. We profiled
two AD-binding pocket compounds (IWR-1 and IWR-8), one NI-binding pocket compound
(IWR-6), and one dual pocket inhibitor (IWR-3) against a panel of recombinant PARP
proteins that covers 70% of the protein family (Table 2). In support of the hypothesis, the
AD-binding chemicals exhibited greater specificity than the NI-binding chemical.
Surprisingly, despite having to engage both pockets, IWR-3 exhibited poor selectivity. In the
end, our overall effort to glean novel Tnks antagonists from our IWR chemical collection
identified two highly specific Tnks inhibitors – IWR-1 and IWR-8 – with on-target activities
confirmed using biochemical, structural, and cell biological analyses described in chapter
three.

Table 2. Specificity of novel IWR Tnks inhibitors. Indicated IWR compounds (10mM) and
the control pan-PARP inhibitor Olaparib (20nM) were incubated with indicated recombinant
proteins and parsylation of immobilized histone measured.
A potential role for an inducible adenosine-binding pockets in the regulation of
Tnks activity
The Tnks enzymes regulate their own stability by auto-PARsylation. Biochemical
evaluation of Tnks levels in cells treated with Tnks inhibitors revealed two outcomes that
segregated based on their subpocket binding preference (Figure 2.1). AD-binding compounds
such as IWR-1 and IWR-8 resulted in loss of Tnks protein while NI-binding compounds
represented by IWR-3 and IWR-6 induced Tnks accumulation (Figure 2.2).
As discussed above, AD- but not NI-binders induce a conformational change in the Tnks
D-loop that forms the “roof” of the adenosine-binding pocket. Could the flexibility observed
in the D-loop in chemical studies support a physiologically relevant conformational change?
Notably, a post-translation modification (phosphorylation of Tyr1203) maps to the D-loop
sequence (185) (Figure 2.6). One possibility then is that phosphorylation of Tyr1203 locks

the D-loop into a conformation that makes the active site more accessible to substrate and
NAD (+). At the same time, the proximity of the catalytic domains to the D-loop sequences
revealed in a crystal structure that captured dimerized Tnks molecules could support a
dimerization-dependent mechanism for controlling Tnks activity. Further biochemical studies
focused on identifying the basis for AD-binding inhibitor-induced Tnks destruction should
improve our ability to interrogate the potential functional relevance of the D-loop flexibility
in Tnks molecules.

Figure 2.6 IWR-1 induced conformational changes generate variation in the protein
surface exposure of the potential key Tyr residue. IWR-1 engages adenosine (AD)binding pocket (green) and induces a conformational change in the D-loop. On the other
hand, XAV-939 occupies the nicotinamide (NI)-binding pocket and does not induce
structural changes in the target (pink). Yellow arrow indicates movement of Tyr1203 due to
the IWR-1 induced conformational change.

Leveraging our understanding of Tnks inhibitors for targeting other PARPs
According to crystallographic evidence, His1201 in the Tnks D-loop is stacked with the
quinolone and indoline group of IWR-1 and IWR-8, respectively (Figure 2.5). Sequence
alignment of PARP D-loops indicated that a tyrosine residue in the D-loop of Parp9 and
Parp14 aligns with the histidine used for IWR-1/IWR-8 stacking (Figure 2.7). Taken into
consideration that Tyr and His could presumably a similar π- π stacking interaction with
the aromatic rings of IWR-1and IWR-8, it is conceivable that IWR-1 and IWR-8 could also
inhibit Parp9 and Parp14 activities. As a first step to evaluate this hypothesis, first we
assessed the impact of IWR-1 on the total cellular levels of Parp9 and Parp14 with the logic
that IWR-1 may directly alter their stability. Indeed, treatment of cells with IWR-1 resulted
in the loss of Parp9 and Parp14 proteins suggesting that this compounds may be IWR-1
targets (Figure 2.8). Further studies are required for testing the direct effects of AD-binding
Tnks inhibitors on Parp9 and Parp14 activity.

Figure 2.7 Alignment of D-loops of PARP family members indicated that AD-binding
pocket Tnks inhibitors could inhibit Parp14. Color-coding indicates subgrouping
according to catalytic domain sequence. Alignment data is modified from Otto, 2005 (186)

Figure 2.8 IWR-1 treatment induces loss of Parp14 and Parp9 protein suggesting that
AD-binding pocket Tnks inhibitors may inhibit these enzymes. Cells overexpressing
Parp9 and Parp14 were treated with either IWR-1 or XAV-939, and cellular protein levels
evaluated by Western blot analysis. Whereas XAV-939 either increased or induced a slowermigrating form of Parp9 and Parp14 respectively, IWR-1 induced protein loss in both cases.
Given the difference in action of these two classes of Tnks inhibitors, we assume that these
observations are not a consequence of Tnks inhibition but rather direct protein-chemical
interactions.

Conclusions & Future Directions
The IWP compounds that collectively disable Wnt protein production were netted from
the same screen that identified the IWR compounds (138). Despite the structural diversity of
the chemicals that constitute the IWP chemicals, these compounds nevertheless appear to
converge on a single target - Porcn (187). Taken into consideration the absence of a universal
target for the IWR compounds revealed here, our overall chemical effort to define Wnt
pathway inhibitors suggests that Porcn is the most druggable entry point within this signaling
system. At the same time, our findings suggest that mechanisms for disabling beta-catenin
activity in addition to Tnks inhibition may be revealed by exploration of other IWR
compounds. These additional compounds could form the basis for more universally specific
probes of Wnt/beta-catenin pathway activity or for bypassing any potential detrimental
effects associated with Tnks inhibition.
From mining a high confidence collection of small molecules that disrupt Wnt-mediated
responses, we have identified additional Tnks inhibitors that together with previously
discovered molecules delineate three strategies for disabling PARPs – targeting the ADP
ribose- and nicotinamide-binding pockets alone, or simultaneously both pockets. The
structures of the Tnks/IWR-1 and Tnks/IWR-8 complexes reveal a selective approach for
inhibiting Tnks and other PARP family members through targeting the D-loop, which is
diverse in sequence among the PARP family members.

CHAPTER THREE
Interrogation of Tnks activity in other cancer relevant pathways
Introduction
The discovery of Tnks antagonists emerged from efforts to counter the deleterious effects
of compromised APC activity in CRC (188). In the absence of Tnks activity, a beta-catenin
destruction complex scaffolded by the Axin proteins accumulates thus restoring the
homeostatic rate of beta-catenin destruction in cells with altered Apc activity. Distinct from
their utility in probing pathological signaling events in CRC, Tnks inhibitors have also
benefited areas of research focused on Wnt signaling in embryonic development, tissue
regeneration, and tumorigenesis at other organs (138,189-194).
Despite the abundance of evidence that disabling Tnks activity can achieve specific antiWnt/beta-catenin signaling effects (78,139,191,195), several other therapeutically relevant
Tnks substrates have been identified suggesting that Tnks inhibitors may be useful in nonWnt associated diseases (167,196-199). The telomeric repeat binding factor (Terf1, also
known as Trf1) is essential to telomere integrity and is a well-established target of Tnks
enzymatic activity (167). Conditional loss of TERF1 results in cellular senescence and
telomeric fragility (200,201). The effects of chemically based inhibition of Tnks on telomere
biology are not well understood and could reduce confidence in Tnks inhibitors as probes for
Wnt/beta-catenin signaling. At the same time, such molecules may disrupt the immortalizing
effects of deviant telomere-length maintenance in cancerous cells. The potential existence of
reciprocally re-enforcing Wnt-telomere signals further suggests that Tnks inhibitors could
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support a single agent strategy for disabling cancerous cells with stem-like characteristics
(202).
I utilized three distinct groups of Tnks inhibitors based on their mode of target
engagement to define consensus effects of Tnks inhibition on three pathways frequently
exploited in colorectal cancer – the Wnt, p53, and Kras pathways. In addition to inhibiting
beta-catenin-associated transcriptional responses, all of these chemicals promoted p53
activity likely by perturbing Terf1 function at telomeres. I further show that this chemically
induced telomeric stress is accompanied by progressive telomere shortening. I discuss the
implications of coupled Wnt/beta-catenin pathway- and telomere-antagonism inherent to
Tnks inhibitors for their clinical development and use as research probes.
Induction of p53 activity by Tnks inhibition revealed by transcriptional reporter
profiling
In order to understand the consequences of Tnks inhibition on CRC signaling, we
monitored the activities of IWR-1, IWR-8, and XAV-939 (representing three different
chemotypes) in three pathways that frequently collaborate in CRC using highly validated
transcriptional reporter systems (the Wnt, p53, and Kras pathways) (Figure 3.1a) (203). As
anticipated, all Tnks inhibitors evaluated disrupted beta-catenin activity in the CRC-derived
DLD-1 cell line that harbors a truncated form of APC (Figure 3.1b). Since DLD-1 cells do
not have functional p53 activity, we evaluated the effects of the Tnks inhibitors on p53
signaling in HCT-116 cells that express elevated levels of beta-catenin due to a mutation in
its glycogen synthase kinase beta (GSK3b) phosphorylation site, as well as wild-type p53
protein (45,204). Surprisingly, all three Tnks inhibitors also induced p53 reporter activity but

left unperturbed KRAS signaling (Figure 3.1c). The ability of a MEK inhibitor (PD980589)
to reduce KRAS reporter activity confirms previous accounts of reporter fidelity and
activated KRAS signaling in HCT-116 cells (203) (Figure 3.1d,e,f). We also demonstrated
the specificity of the p53 reporter using the DNA-damaging agent doxorubicin and HCT-116
cells engineered for p53 deletion (Figure 3.g, h). Thus, subjecting our Tnks inhibitor
portfolio to a reporter-based transcriptional profiling strategy revealed an unexpected
influence of Tnks inhibition on p53 activity.
Since HCT-116 cells express a destruction-resistant form of beta-catenin, Tnks inhibitors
do not promote beta-catenin turnover as a consequence of Axin stabilization in these cells
(205). Indeed, we observed little change in the Wnt reporter in cells treated with IWR-1
(Figure 3.1i). Thus, the effects of Tnks inhibition on p53 are independent of those stemming
from Wnt/beta-catenin pathway inhibition. Given the well-established role for the Tnks
substrate Terf1 in suppressing telomere-initiated DNA damage responses (200,201), we
reasoned IWR-1 associated p53 activation could be an indirect consequence of induced
telomeric stress. Since Tnks inhibitors have little or no effect on the growth of HCT-116 cells
(205), their induction of p53 activity is also not likely attributable to mitotic defects
previously associated with loss of Tnks activity (196,199,206).

Figure 3.1 Induction of p53 activity by Tnks inhibition revealed by transcriptional
reporter profiling. (a) A transcriptional reporter profiling strategy to elucidate chemicalcellular interactions. The status of three cellular processes frequently altered in colorectal
cancer (CRC) - Wnt/beta-catenin, p53, and Kras signaling – is monitored with luciferasecoupled reporters of pathway-dependent transcriptional activity. (b,c,d) Tnks inhibitors
induce p53 activity. Representatives from three different chemotypes were tested for their
activity in the Wnt/beta-catenin, p53, and Kras pathways in the given CRC cell lines using
transiently transfected pathway-specific reporters (see “a”) and a control reporter (SV40-Ren
luc). (e) The MEK inhibitor PD980589 disrupts luciferase reported Kras signaling in a dosedependent manner. HCT-116 cells transiently transfected with the Ras reporter and SV40Ren luc DNAs were treated with increasing amounts of PD980589. (f) PD980589 inhibits
ERK phosphorylation. (g) Specificity controls for the p53 reporter system. HCT-116 cells
devoid of p53 expression exhibit little p53 reporter activity in the absence or presence of
IWR-1. On the other hand, p53 reporter activity in HCT-116 cells can be induced by the
DNA-damaging agent doxorubicin (Dox). (h) Western blot confirmation of p53 loss in HCT116 (TP53-/-) cells. (i) IWR-1 does not inhibit Wnt/beta-catenin signaling in HCT-116 cells,
which express a destruction-resistant form of beta-catenin.

Tnks inhibitors induce telomeric stress and shortening in human cells independently of
Wnt/beta-catenin pathway inhibition
Terf1 (also known as Trf1) is essential to telomere integrity by binding double stranded
TTAGGG telomere repeats and is a well-established target of Tnks enzymatic activity (167).
Each round of cell doubling engenders loss of some telomeric sequence due to the inability
of the DNA replication machinery to achieve complete chromosomal end duplication (the
“end replication” problem) (207). When telomeric sequences become sufficiently shortened,
chromosomal ends become “uncapped” and are unable to properly engage the shelterin
protective components such as Terf1 thereby resulting in a DNA damage response and
cellular senescence or apoptosis. Cancerous cells overcome this cell growth braking
mechanism largely by invoking telomerase expression (208). We exploited the diversity of
pharmacophores and their different modes of supporting target engagement embodied by the
IWR chemical collection to define consensus effects of Tnks inhibition on telomere end
protection. As controls, we employed chemicals targeting Porcn, an acyltransferase essential
for Wnt-instructed beta-catenin activation, as a means of influencing beta-catenin without
directly disabling Tnks (Figure 3.2a). Telomere Induced Foci (TIF) are markers of telomeric
damage scored by the appearance of co-localizing shelterin component Terf2/Trf2 and
phosphorylated H2A.X (gamma H2A.X), a biochemical marker of damaged DNA (209).
Whereas the Tnks inhibitors markedly induced TIF formation in a cervical carcinoma cell
line (HeLa cells), the Porcn inhibitors failed to do the same (Figure 3.2b,c). Yet, true to their
previously assigned activities, both type of chemicals disrupted the expression of Axin2, a
well-validated target gene of the Wnt/beta-catenin pathway (Figure 3.2d). Thus, the chemical

induction of telomeric damage is independent of the effects stemming from the dampening of
Wnt/beta-catenin pathway activity. We further confirmed specific activities of Tnks
inhibitors by measuring the ability of these chemicals to promote Tnks and Axin protein
stabilization, a consequence of direct chemical attack on Tnks enzymes (Figure 3.2e). We
also confirmed the activity of Porcn inhibitors by measuring the phosphorylation status of
Dvl2, a signaling molecule that is phosphorylated upon engagement of Frizzled receptors by
lipidated Wnt molecules (210,211) (Figure 3.2e). Thus, the chemical induction of telomeric
damage is independent of the effects stemming from the dampening of Wnt/beta-catenin
pathway activity.

Figure 3.2 Tnks inhibitors induce telomeric stress in human cells independently of
Wnt/beta-catenin pathway inhibition. (a) Porcn inhibitors afford a Tnks-independent
approach for disrupting Wnt/beta-catenin signaling. Chemicals targeting the Wnt
acyltransferase Porcn abrogate Wnt palmiteoylation which in turn results in loss of activity of
the Frizzled (Fzd) family of Wnt receptors. Fzd receptors directly induce activation of the
cytoplasmic signaling molecule Dishevelled (Dvl) in a ligand-dependent manner, which in
turn results in activation of b-catenin and transcription mediated by the TCF family of DNA
binding proteins. IWP-2 and the clinical candidate LGK-974 represent two structurally
distinct Porcn inhibitors. (b) Tnks but not Porcn inhibitors induce DNA damage at telomeres.
The appearance of co-localized Terf2 and pH2A.X (an indicator of DNA damage at the
telomere ends; Telomere Induced Foci or TIFs) was scored using indirect
immunofluorescence. Green: Terf2, Red: pH2A.X, Yellow:TIFs (c) Quantification of results
represented in “b”. Cells with >5 TIFs were scored as positive for telomeric damage. Mean
total phosphorylated H2A.X (pH2A.X) was used to measure general DNA damage
responses. (d) Tnks and Porcn inhibitors disrupt beta-catenin-dependent transcription in
HeLa cells. qPCR analysis of Axin2, a target gene of Wnt/beta-catenin signaling, reveals
both classes exert influence on beta-catenin activity. (e) Biochemical evidence for on-target
activities of Tnks and Porcn inhibitors in HeLa cells. IWP-2 but not IWR-1 inhibits
phosphorylation of Dishevelled 2 (Dvl-2), a biochemical marker of Wnt-dependent activation
of the Frizzled receptors. On the other hand, IWR-1 but not IWP-2 induces Tnks and Axin1
stabilization.

The removal of Terf1 by Tnks-mediated PARsylation is a prerequisite for the accession
of telomeric DNA by the telomere-extending ribonucleoprotein enzyme complex
(telomerase) and thus essential to normal telomere length maintenance in cancerous cells
(167,212). Using an in vitro reconstitution assay, we demonstrated IWR-1, IWR-6 and IWR3, representing AD-binding, NI-binding and dual pocket binding inhibitors, prevents Tnksmediated PARsylation of Terf1 (Figure 3.3a). Taken together with the substantial
biochemical and genetic evidence that Tnks-Terf1 interaction is essential to telomere
regulation, our observations demonstrate that IWR-dependent induction of TIFs is a
consequence of impaired Tnks regulation of Terf1.
We next evaluated the effects of Tnks inhibition on telomere length maintenance in
human HeLa cells treated for an extended period of time with IWR-1 (up to 40 population
doublings). IWR-1 shortened telomere length in a dose-dependent manner, whereas the
Porcn inhibitor IWP-2 did not (Figure 3.3b). Our data is consistent with Tnks inhibitorinduced telomeric shortening independent of changes to Wnt signaling status in this cell line.
We also ruled out inadvertent direct inactivation of telomerase by IWR-1 as the cause of
telomeric shortening using an in vitro assay for telomerase activity (Figure 3.4). Taken
together, our findings reveal a single agent strategy for inducing telomerase shortening that is
distinct from current efforts devoted to directly targeting telomerase. At the same time, we
uncovered an inseparable biological impact on Wnt/beta-catenin signaling and telomere
length maintenance stemming from the chemical attack of Tnks enzymes.

Figure 3.3 Tnks inhibitors induce telomeric shortening. (a) IWR compounds inhibit Tnksmediated parsylation of Terf1 in vitro. Tnks1-Fc fusion protein purified using protein A
sepharose from HEK293 cells transiently transfected with Tnks1-Fc DNA was incubated
with recombinant Terf1-GST protein, NAD-Biotin (2.5mM), and indicated compounds
(5 mM). (b) IWR-1 but not IWP-2 induces telomere shortening. HeLa cells were incubated
with either IWR-1 or IWP-2 for the indicated number of population doublings (PD) and
telomere length measured by terminal restriction fragment (TRF) analysis. Panel b by Brody
Holohan & Ozlem Kulak.

Figure 3.4 Tnks inhibitors do not inhibit telomerase activity. Digital droplet-based
telomerase extension analysis of genomic DNA isolated from HeLa cells treated for 24 hrs
with indicated compounds. Study by Brody Holohan & Ozlem Kulak.
A Tnks binding motif in Terf1 dictates species-dependent p53 induction by Tnks
inhibitors
Dependency of telomere integrity on Tnks activity is dictated by the presence of a Tnks
binding sequence in Terf1 (164,213). We aligned Terf1 sequence from model organisms
routinely used for research and drug development in order to identify animals potentially
susceptible to telomeric damage upon exposure to Tnks inhibitors (Figure 3.5a). Using
induction of p53 reporter response as a surrogate assay for Tnks inhibitor-induced telomeric
stress, we evaluated the strength of our predictions using a mouse-derived cell line (NIH-3T3
cells; Figure 3.5b,c). Doxorubicin but not IWR-1 was able to induce p53 reporter activity as
predicted based on the absence of a Tnks binding motif in mouse Terf1 protein. Taken
together, our observations reveal that disruption of telomere integrity with Tnks inhibitors is
superimposed upon Wnt/beta-catenin pathway inhibition in cells that harbor a Tnks-binding
motif such as those derived from humans (Figure 3.6).

Differences in the response to genetic and chemical perturbations between rodents and
humans have long challenged the tenet that such animals should be used as front line
informants of drug potential (214-216). Given the highly conserved mechanisms that support
Wnt/beta-catenin signaling across metazoan animals, the inability of Tnks inhibitors to elicit
loss of Wnt/beta-catenin signaling in model organisms was not anticipated to be a limitation
to a clinical development path. Rather, our transcriptional reporter profiling of Tnks
inhibitors coupled with a prior understanding of Tnks cellular functions revealed a speciesspecific telomeric response superimposed on the effects of Wnt/beta-catenin pathway
depression in chemically treated cells.

Figure 3.5 A Tnks binding motif in Terf1 dictates species-dependent p53 induction by
Tnks inhibitors. (a) Alignment of Terf1 protein sequence from human and model organisms
reveals potentially useful animals for studying Tnks associated telomeric activity. (b) IWR-1
does not induce p53 activity in mouse NIH-3T3 cells. NIH-3T3 cells transiently transfected
with the pp53-6x-TA-Luc reporter were treated with either IWR-1 or doxorubicin (positive
control). (c) IWR-1 inhibits auto-destruction of Tnks enzymes NIH-3T3 cells.

Figure 3.6 Species-dependent responses to Tnks inhibition. Cellular response to Tnks
inhibitors in cells with different dependencies on Tnks-regulated telomere stability.

Conclusions And Future Directions
Chemically based efforts to disable deviant Wnt/beta-catenin signaling in cancer have
converged on two major strategies that target either the Tnks or Porcn enzymes (217). Our
findings reveal that suppression of telomere lengthening and Wnt/beta-catenin signaling are
coincident in cells treated with highly selective Tnks inhibitors (Figure 3.6). In the context of
cancer, Tnks inhibitors may afford a single agent synthetic lethal strategy for targeting cancer
initiating cells that may rely on both cell stemness associated processes. At the same time,
loss of Wnt/beta-catenin signaling invoked by short or prolonged chemical attack of Porcn
spares telomeres suggests that previous observations linking Wnt/beta-catenin mediated
transcription to telomere regulation may not be universal (218-220) (Figure 3.6).
Tnks and Porcn inhibitors including IWR-1 and IWP-2 are now widely used for the in
vitro engineering of various tissues including cardiomyocytes, retinal pigmented epithelial
cells, pneumocytes, and dopaminergic neurons (190,193,195,221-225). Given the transient
nature of the chemical exposure in these protocols (typically 2-3 days) and similar efficacy of
both Tnks and Porcn inhibitors for directing cell fate outcome in a direct comparison (193),
we assume the chemical induction of these cells types are due to suppression of Wnt/bcatenin transcriptional responses and not telomeric stress or shortening. Further studies will
be required to address whether or not concomitant induction of telomeric stress associated
with the Tnks inhibition has any adverse affects on tissue engineering agendas.
The recent identification of specific Tnks inhibitors is timely given the development of
Imetelstat, an oligonucleotide-based inhibitor representing the only small molecule targeting
telomerase to advance in clinical testing, has stalled due to hematological and hepatoxic dose

limiting side effects (226,227). Whereas PARP inhibitors have been posed to be useful for
sensitizing telomeres for chemical attack using other agents (228,229), our study using
selective Tnks inhibitors suggest a single agent strategy can achieve the same endpoint.
Moreover, the AD-binding pocket of Tnks can accommodate diverse pharmacophores as
demonstrated here and from other efforts thus providing a more versatile starting point by
comparison to Imetelstat with respect to medicinal chemistry goals (230). Recent advances in
genetic testing have also uncovered new patient cohorts associated with long telomeric length
that may benefit from a Tnks inhibitor including those with mutations in the shelterin
component POT1 in familial melanoma and chronic lymphocytic leukemia (231-233), the
catalytic subunit of telomerase Tert in familial and sporadic melanoma (234), and single
nucleotide polymorphisms near the promoters for Tert and the RNA component of
telomerase Terc in glioma (235). Thus, the clinical development path for Tnks inhibitors as
anti-cancer agents should not only include consideration of the status of Wnt/beta-catenin
signaling in various diseases but also the potential contribution of telomere-associated
genetic alterations to drug sensitivity.

CHAPTER FOUR
Disabling the Wnt transcriptional apparatus by direct chemical attack

Introduction
Despite the success in the identification of underlying genetic alterations associated with
cancer, current therapeutic approaches to treat this disease complex rely on agents that target
not the molecular basis of the disease, but rather mechanisms that generally support both
normal and cancerous cell growth. The recent success of Vismodegib, a molecule that
inhibits hedgehog signaling in basal cell carcinoma, has galvanized efforts to produce
similarly targeted therapeutic agents for all cancer types. A broad range of cancerous cell
types frequently exhibit growth-dependency on cellular programs controlled by the Wnt
family of secreted signaling molecules (135). Colorectal cancer represents the most intensely
studied association between Wnt signaling and cancer.
In order to elucidate the mechanisms that underpin Wnt-dependent cellular responses
supporting CRC cell growth, we employed concerted genetic and chemical screens in
cultured cells. We mined an early draft of the colorectal cancer genome to uncover
previously unrecognized proteins that are functionally linked to Wnt/beta-catenin pathway.
In parallel we utilized a high-confidence collection of Wnt pathway inhibitors with
previously unidentified mechanisms of action to reveal novel small molecules that directly
target the TCF/LEF transcriptional apparatus. Collectively, these efforts netted a novel
chemical approach for disabling deviant transcriptional activity in CRC.
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Functional annotation of candidate (CAN) genes reveals Tcf4 to be a tumor suppressor
in CRC
A major impasse for the effective use of cancer genome sequencing data for therapeutic
anti-cancer intervention is the delineation of common denominator cellular processes that
support cancer development and that could be chemically exploited. Efforts focused on the
colorectal cancer (CRC) genome have revealed that Wnt/beta-catenin pathway is altered in
>98% of cancer incidents suggesting Wnt/beta catenin pathway is the key driver of cellular
transformation in the gut (236).
Using this understanding as a framework for assigning function to CAN genes identified
from CRC cancer genome sequencing efforts (22), we measured the impact of RNAi reagents
targeting CAN genes on the Wnt/beta-catenin activity using a cultured cell-based reporter
system. We utilized three different cell lines with different Wnt pathway activities; RKO
cells had little or no aberrant Wnt/beta-catenin pathway activity while HCT116 and DLD-1
cells both exhibited aberrant pathway activities due to an activating mutation in beta-catenin
and an inactivating mutation in APC, respectively. Thus, these cell lines allowed us to
interrogate gene function with respect to the Wnt/beta-catenin pathway activity with two of
these cells recapitulating cancerous states associated with aberrant pathway responses.
Not surprisingly, APC functions as a suppressor of Wnt signaling as revealed from our
RNAi screen in HCT-116 and RKO cell lines (Figure 4.1). Surprisingly, we also identified
APC as a pathway suppressor from DLD-1 cells, which have been shown to express a
truncated form of APC, suggesting that the APC protein retains some pathway suppressor
function in these cells. Indeed, complete loss of APC results in greater tumorigenesis in mice

(237). Also, consistent with the lack of aberrant Wnt/beta-catenin pathway activity in RKO
cells, we failed to isolate beta-catenin using this technique as an outlier in our screen in
contrast to the case in DLD-1 and HCT-116 cells. We also identified two known Wnt
pathway regulators TIAM-1 and Bcl9 in DLD-1 cells. Our ability to predictably identify
these established components of aberrant Wnt/beta-catenin pathway response suggests our
approach is robust and can be used to provide mechanistic insight into the cancer-associated
roles of CAN genes. Finally, Tcf7l2 (formerly Tcf4) emerged as a major suppressor of
Wnt/beta−catenin pathway activity thus corroborating previous studies that suggest it
functions as a tumor suppressor (238). At the same time, the finding re-enforces previous
calls for small molecules that directly target TCF/LEF family members that likely engage
pro-growth genes de-repressed in the absence of Tcf7l2.

Figure 4.1 Identification of genetic alterations in colorectal cancer that may be
countered with IWR compounds. Tcf7l2/Tcf4 is a potent suppressor of Wnt/beta-catenin
signaling in colorectal cancer cells. To mechanistically assign functional roles to genes
identified from a draft CRC genome, we examined the effects of decreasing cancer gene
function by RNAi in three different CRC cell lines harboring the Wnt-responsive STF
reporter. The status of APC and/or beta-catenin in each cell line is indicated. Loss of Tcf4
resulted in the most potent de-repression of pathway activity in DLD-1 and HCT116 cells.
Study by Wei Tang& Ozlem Kulak.

Targeting nuclear effectors in the Wnt pathway
Identification of IWR-16, a chemical that disrupts TCF/LEF binding to DNA
Even though the loss of the APC tumor suppressor is the predominant Wnt pathwayactivating event in colorectal cancer (CRC), mutations in other downstream pathway
components such as Axin and beta-catenin are also common (21-23). In other cancer types,
these non-APC associated mutations are more predominant over those found in APC. For
example mutations in beta-catenin, Axin1 and APC are observed in 31%, 15% and 4% of
hepatocellular carcinomas, respectively (239). Similarly, beta-catenin mutations have been
linked to up to 50% of endometrial cancer (134,240). Therefore, agents directly targeting the
transcriptional apparatus would have broad implications for Wnt pathway-dependent cancers.
Previously Chen et al. identified two classes of synthetic molecules that inhibit Wntdependent cellular responses from screening a diverse chemical library using cultured cells
(138) (Figure 4.2a). The first class inhibits the acyltransferase Porcn (termed IWP
compounds), thus disrupting fatty acylation and activity of most if not all Wnt proteins. The
second class inhibits Wnt/beta-catenin pathway response (named IWR compounds), and five
members of this class inhibit poly-ADP ribosylase enzymes Tnks1&2 (Figure 4.2b).
Chemical antagonism of Tnks proteins induces the destruction of the transcriptional coactivator beta-catenin by promoting the stability of an Axin-scaffolded beta-catenin
destruction complex. Although the targets of the most IWP compounds were identified as
Porcn (187), the mechanism of action for the majority of so-called IWR compounds remain
elusive.

To identify IWRs that may more directly target nuclear components of Wnt signaling, we
examined the effects of a subgroup of IWRs representing all the different chemical structures
in a DNA-TCF/LEF binding assay (Figure 4.3a). From this effort IWR-16 emerged as an
inhibitor of DNA-TCF4 binding (Figure 4.3b). IWR-16 also inhibited DNA-LEF1 binding in
a dose-dependent manner (Figure 4.4a). This result suggests that IWR-16 acts as a DNATCF/LEF binding inhibitor by either inhibiting direct binding or modifying the affinity of
TCF/LEF1 to the DNA. Since molecular size of IWR-16 is smaller than known proteinprotein interaction inhibitors, we hypothesize that IWR-16 affects transcription through
altering post-translational modification (PTM) status of TCF/LEF proteins (Figure 4.5).
Sequence alignment analysis of TCF/LEF transcription factors indicated presence of two
shared PARsylation sites and a small ubiquitin-like modifiers (SUMO) modification site
(Figure 4.4b). Mutational analysis of the two PARsylation and one SUMOylation residue
suggested that these residues are essential for DNA-TCF/LEF binding (Figure 4.4c). Of note
one of the PARsylated residue (the amino acids corresponding to E322 of Tcf4) lies inside
the SUMOylation motif. Considering the close interplay between PARsylation and
SUMOylation modifications (241) PARsylation status of TCF/LEF proteins may regulate
SUMOylation status of the protein or vice versa. Taken together, we hypothesize that IWR16 can affect PARsylation/ SUMOylation status of TCF/LEF transcription factors (Figure
4.5).

Figure 4.2 A high confidence collection of small molecules targeting Wnt/beta-catenin
signaling. (a) A small molecule library screen identifies a small collection of highly specific
Wnt pathway inhibitors. The majority of compounds that disrupt ligand production (IWP
compounds) target the Wnt acyltransferase Porcupine (Porcn) whereas a handful of
molecules that target Wnt response (IWR compounds) disable the poly-ADP ribose
polymerase Tankyrase (Tnks). (b) Mechanistic models of IWP and IWR action. IWP1-4
inhibit Porcupine (Porcn), a membrane-bound acyltransferase that is important for Wnt
protein production. IWR1-5 inhibit Tankyrase activity causing stabilization of Axin, a
scaffolding protein that functions in the destruction complex for beta-catenin. Although most
of the IWPs found to be Porcn inhibitors the mechanism of action for the rest of the IWRs are
not identified yet.

Figure 4.3 Identification of a small molecule that disrupts TCF/DNA binding (a)
Schematic representation of a high-throughput platform for quantifying interactions between
TCF/LEF and DNA. Oligonucleotides with TCF binding elements are used for pulling down
luciferase-tagged Tcf4. (b) In order to identify inhibitors that work at the transcriptional
level, we re-evaluated representatives of structurally different the IWR groups in the assay
“a”. IWR-16 exhibited the most potent inhibitory activity.

Figure 4.4 Disruption of a putative TCF/LEF PARsylation site eliminates DNA binding.
(a) IWR-16 inhibits binding of DNA to different TCF/LEF transcription factors. On the other
hand, hedgehog transcription mediator GLI binding to DNA is not effected. Study by
Xiaofeng Wu & Ozlem Kulak (b) Conserved PARsylation sites for TCF/LEF transcription
factors implies a potential point of attack for all family members. Tcf4 PARsylation at E322
is detected in a proteomics screen (242). A putative PARsylation site is embedded within a
SUMOylation motif (243) suggesting that SUMOylation status can be affected by
PARsylation of the protein or vice versa. (c) Genetic ablation of PARsylation or
SUMOylation sites inhibits DNA binding activity of Tcf4. An E322R mutant retains
PARsylation capacity suggesting that protein binding is influenced PARsylation.

Figure 4.5 SUMOylation and PARsylation of TCF/LEF transcription factors may alter
their DNA binding affinity. X represents an enzyme that either SUMOylates or PARsylates
TCF/LEF molecules whereas Y represents an enzyme that either deSUMOylates or
dePARsylates TCF/LEF molecules. Thus, IWR-16 may affect the DNA binding activity of
TCF/LEF proteins either by activating X or inhibiting Y.
IWR-16 induces cellular PARsylation and SUMOylation
Given the influence of PARsylation or SUMOylation on TCF/LEF binding to DNA, we
conjectured that IWR-16 might affect either of these cellular processes. Surprisingly, cellular
levels of PARsylated and SUMOylated proteins increased upon IWR-16 treatment while
levels of ubiquitinated protein did not change (Figure 4.6) suggesting that IWR-16 may either
inhibit enzymes that remove PARsylation or Sumoylation, or activate enzymes that mediate
these biochemical changes. Given these biochemical changes are often subject to
mechanisms that support their co-regulation, conceivably IWR-16 targets an enzyme that
participates in both cellular processes.
IWR-16 was identified as a Wnt/beta-catenin pathway inhibitor from a cell based screen
using a pathway-specific transcriptional reporter. Gene expression analysis of IWR-16
treated cells demonstrated that transcriptional levels of known Wnt targets genes such as

Axin2 and Myc decreased upon IWR-16 treatment thus confirming the initial discovery
observations (Figure 4.7a). As a first step towards generating a form of IWR-16 suitable for
in vivo studies, we leveraged the Axin2 qPCR assay to establish structure-activity
relationships (SAR) to define chemical features of IWR-16 that can be modified without
compromising its activity (Figure 4.8). From these studies, the phenol group of IWR-16
emerged as critical for supporting Wnt/beta-catenin pathway inhibitory activity. The phenol
group is expected to be readily biodegraded in vivo (personal communication with Chuo
Chen) thus substitution of the hydroxyl group with an inert chemical adduct will likely be
required.
We also evaluated the on-target activities of IWR-16 by evaluating its ability to induce
cardiomyocyte (CM) differentiation from embryonic stem (ES) cells (193,244,245).
Consistent with the on-target activities assigned to IWR-16 and the CM promoting activity
associated with Tnks and Porcn inhibitors, IWR-16 but not a Hedgehog pathway inhibitor
promoted the induction of CMs following chemical treatment (Figure 4.7b). Thus, IWR-16
appears to be a fairly specific Wnt/beta-catenin pathway inhibitor based on its behavior in
several highly validated reporters of Wnt/beta-catenin signaling.

Figure 4.6 IWR-16 treatment increases total cellular levels of PARsylated and
SUMOylated proteins. IWR-16 induces PARsylated and SUMOylated protein levels in a
dose dependent manner (a, b). Overexpression of PARG, the major enzyme responsible for
the catabolism of poly (ADP-ribose) in cells, abolished the high molecular weight bands
induced by IWR-16 treatment. On the other hand, ubiquitination did not change with IWR-16
treatment (c).

Figure 4.7 IWR-16 is a Wnt pathway inhibitor. a) Microarray analysis of IWR-16 activity
in HCT116 cells confirms its anti-beta-catenin/TCF activity. The KEGG pathway was used
to analyze microarray expression data. Microarray results were validated by QPCR (box). (b)
Specificity of IWR-16 is assessed in a Wnt pathway dependent cardiomyocyte differentiation
assay using the human embryonic stem cell (ESC) line H9. Human ESCs treated with a
GSK-beta inhibitor for 3 days followed by IWR-16 for 12 days give rise to cardiomyocytes.
The number of contracting embryoid bodies was visually assessed using a microscope with a
37°C-heated stage. Xiaoping Bao & Sean Palecek provided data in panel b.

Figure 4.8 An SAR study of IWR-16 reveals a critical role for the phenol in supporting
Wnt/beta-catenin pathway inhibitory activity.
Conclusions and future directions
The identification of Tnks as a chemical vulnerability in Wnt signaling arguably
represents the most promising advance in efforts to drug APC-induced transcriptional
responses in CRC from several decades of research. However, Tnks inhibitors have not
moved forward in clinical development as anti-CRC agents likely due their inconsistent
action against APC loss. This failing may relate to their indirect mechanism of targeting
TCF/LEF activity that leaves open a window for cellular compensatory mechanisms.
Whereas Porcn inhibitors and anti-Fzd antibodies that have advanced in clinical testing may
be useful for other Wnt-related cancers, they are not likely to be useful for countering the
effects of mutations in APC given their inability to restore homeostatic beta-catenin/TCF

activity induced by loss of APC function. In addition to CRC, several other cancers are
associated with similar management challenges including liver and endometrial cancers,
which frequently harbor mutations in beta-catenin that result in abrogation of its turnover.
Thus, it remains imperative that we uncover a new strategy for directly targeting the
transcriptional effectors in the Wnt pathway. In this regard, IWR-16 may succeed where
Tnks and Porcn inhibitors have failed. To realize the full potential of IWR-16 as an anticancer agent, we must first identify the target of IWR-16 and develop a variant with drug-like
properties. Studies are underway to accomplish these goals.

CHAPTER FIVE
Materials & Methods

Reagents
Cell lines
Human colorectal cancer cell lines DLD-1, RKO, HCT116 (TP53+/+), HCT116 (TP53-/and SW-480 cells were acquired from ATCC. Human cervical cell line, Hela cells were
provided by Jerry Shay.
Antibodies
Antibodies were purchased from the following sources: BD Biosciences (Ctnnb1), Sigma
(beta-Actin and Acetylated tubulin), Santa Cruz Biotechnology (Tnks, GST, p53), Cell
Signaling Technology (Axin1, Axin2, and Dvl2), Millipore [phospho-Histone H2A.X
(Ser139); gamma H2A.X], and Epitomics (Terf2).
Chemicals
IWR-1 and IWP-2 were synthesized as previously described (138). Sources of chemicals:
IWR-3 to -8 (ChemDiv or ChemBridge), XAV-939 (Maybridge) and LGK-974
(ActiveBiochem).
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Compound 3. To a 25 mL vial charged with 1 (287 µL) and DCM (5 mL) was added 2
(229 mg), NEt3 (697 µL), HOBt (270 mg) and EDCI (383 mg). Upon completion, the
reaction was diluted with DCM, the organic layer was washed with 1N HCl, water and dried
over Na2SO4, filtered, concentrated and purified by HPLC to afford 3 (24 mg).
Compound 4. To a 4 mL vial charged with 3 (12 mg) was added 20% TFA in DCM (0.4
mL). Upon completion, the solvent was removed, the residue was dissolved in EA, the
organic layer was washed with sat. NaHCO3, dried over Na2SO4, filtered and concentrated to
afford 4 (6.2 mg).
Compound 6. To a 4 mL vial charged with 5 (200 mg) was added ClSO3H (200 µL). The
reaction was stirred at 70 °C for 2 days, it was quenched by adding into ice-cold water
slowly. The solid was washed with H2O, filtered and dried under vacuum to afford a mixture

of 5 and 6 (170 mg) (5/6 = 1/2). 1H NMR (400 MHz, CDCl3) δ 8.99 (s, 1H), 7.60 (s, 1H),
4.17 (t, J = 8.6 Hz, 2H), 3.31 (t, J = 8.6 Hz, 2H), 2.25 (s, 3H). 13C NMR (100 MHz, CDCl3) δ
169.2, 143.0, 142.2, 140.1, 132.0, 118.3, 114.2, 49.0, 27.9, 24.2.
Compound IWR8. To a 4 mL vial charged with 4 (6.2 mg) obtained above and DCM
(0.5 mL) was added Py (12.1µL), mixture of 5 and 6 (25.4 mg) and DMAP (3.0 mg). Upon
completion, the reaction was diluted with EA, the organic layer was washed with 0.5N HCl,
water and dried over Na2SO4, filtered and concentrated, the residue was purified by HPLC to
afford IWR8 (4.1 mg). 1H NMR (400 MHz, CDCl3) δ 8.74 (s, 1H), 7.45 (s, 1H), 7.27 (t, J =
7.6 Hz, 1H), 7.15 (d, J = 7.5 Hz, 1H), 6.93 – 6.84 (m, 2H), 4.09 (t, J = 8.4 Hz, 2H), 3.75
(d, J = 11.9 Hz, 2H), 3.66 (q, J = 7.1 Hz, 2H), 3.21 (t, J = 8.4 Hz, 2H), 2.54 (t, J = 12.3 Hz,
2H), 2.36 (s, 3H), 2.25 – 2.15 (m, 1H), 2.20 (s, 3H), 1.89 – 1.73 (m, 2H), 1.65 – 1.55 (m,
2H), 1.05 (t, J = 7.1 Hz, 3H).

Figure 5.1 Synthesis of IWR-8. Scheme for the synthesis of IWR-8 and NMR data for
IWR-8. We followed the procedure reported by ChemDiv (246) to synthesize the presumed
structure of IWR8 (1) that was originally purchased from ChemDiv (scheme). While 1H
NMR spectrum of the final product is the same as that of the library compound,
crystallographic studies indicate that the correct structure of IWR8 is 8 instead of 1. The 1H1
H COSY, 1H-13C HSQC, and 1H-13C HMBC studies also support that sulfonylation of 6
gave 7 but not 9, consistent with the findings reported by Herchen, Petersen, and co-workers
(247).

Western blot analysis
Cell lysates were generated with either PBS-NP40 buffer [phosphate-buffered saline
(PBS)/1% NP40], or Tris-Triton X-100 buffer [50mM Tris (pH 8), 200mM NaCl, 1mM
EDTA, 1% Triton X-100, 10% glycerol, 1mM DTT, 0.5mM deoxycholate]. Both buffers
were supplemented with protease inhibitor cocktail (Sigma).
Luciferase reporter assay
Assays were executed as described using a Dual Luciferase kit (Promega), and
SuperTopFlash and control SV40-driven Renilla luciferase reporters (SV40-Ren
luc) (138,203).
Telomere dysfunction induced foci (TIF) assay
. Cells were treated with IWR-1/IWP-2 for 24 hrs before fixation [2% formaldehyde and
permeabilized in 0.5% (v/v) of NP-40], and then incubated with gamma H2A.X and Terf2
antibodies and secondary antibodies (mouse fluorescein isothiocyanate–conjugated or Alexa
Fluor 488–conjugated antibodies). Primary and secondary antibodies were diluted in PBS,
0.2% fish gelatin, and 0.5% BSA. Cells were imaged using a Zeiss LSM 780
confocal/multiphoton microscope and 3D co-localization assessed using Bitplane Imaris
software. The TIF index was determined by assessment of co-localization of pH2A.X and
Terf2 for 90-100 cells in 10 random areas within each slide.
Terminal restriction fragment (TRF) telomere length assay
1x106 cells were collected and washed with PBS. DNA was isolated using the
manufacturer’s instructions (Qiagen). 2.5 µg DNA was digested with six different restriction

enzymes (HhaI, HinfI, MspI, HaeIII, RsaI, AluI) (New England Biolabs) and incubated at
37°C overnight. Digested DNA was separated on a 0.7% agarose gel overnight at 70V. The
terminal restriction fragment (TRF) gel was denatured for 20 mins in denaturation solution
(0.5 M NaOH, 1.5 M NaCl, pH 13.2) and dried on Whatman 3MM paper under vacuum for 3
hrs at 56°C. The gel was neutralized for 15 mins in neutralization buffer (1.5 M NaCl, 0.5 M
Tris-HCl, pH 8.0) and then probed with a radiolabeled telomeric probe (C-rich) for 16 hrs at
42°C in 5x SSC buffer, 5xDenhardt’s solution, 10 mmol/L Na2HPO4, and 1 mmol/L
Na2H2P207. The gel was washed once with 2x SSC, 0.1% SDS, twice with 0.5x SSC, 0.1%
SDS and then twice with 0.5x SSC, 1% SDS at room temperature for 15 mins. Gels were
exposed to a PhosphorImager screen overnight and analyzed using a Typhoon
PhosphorImager scanner system (Molecular Dynamics).
Protein expression and purification
The catalytic domain of human Tnks1 (residues 1105-1313) was expressed by using a
modified pET28 vector, which encodes an N-terminal His6-tag and a cleavage site for the
Tobacco Etch Virus (TEV) protease. Protein expression was induced by 0.1 mM IPTG at
15°C when the culture of the bacteria strain BL21 (DE3) transformed with the plasmid
reached O.D. of 1.5. Cells were harvested 12 hrs after induction and lysed by Frenchpressing.
The lysate was cleared by centrifugation at 15000 rpm for 1 hr. The protein was purified by
Ni-NTA-based affinity chromatography and ion exchange chromatography. The N-terminal
His6-tag was removed by overnight TEV protease treatment at 4°C. Purified protein was
concentrated and stored in -80°C.

Crystallization, data collection and structure determination
The purified Tnks1 catalytic domain at 5 mg/ml (0.22 mM) mixed with IWR-1 (the exoform), IWR-3 and IWR-8 at 0.25 mM were subjected to crystallization trials by using sittingdrop 96-well plates. Following initial hits of crystallization, large crystals were obtained by
hanging- drop vapor diffusion in conditions optimized based on the initial conditions.
Crystals of the Tnks1/IWR-1 complex were grown at 20°C in 0.1 M Bis-Tris (pH5.3), 0.15
M MgCl2 and 20-23% PEG3350. Crystals of the Tnks1/IWR-3 complex were grown at 20°C
in 0.1 M Tris (pH 7.5), 0.2 M sodium acetate and 30% PEG4000. Crystals of the
Tnks1/IWR-8 complex were grown at 20°C in 0.1 M Bis-Tris propane (pH8.0), 0.2 M
sodium bromide and 25% PEG3350. PDB IDs for structures are as follows: Tnks1/IWR-1
(4OA7), Tnks1/IWR-3 (4TOS), and Tnks1/IWR-8 (4TOR).
Crystals were cryo-protected in the crystallization buffer supplemented with 25%
glycerol and flash-cooled in liquid nitrogen. Diffraction data were collected at 100K on
beamline 19ID at the Advanced Photon Source (Argonne National Laboratory). Data were
indexed, integrated and scaled by using HKL2000. The structure of the Tnks1 catalytic
domain in the apo state (PDB ID: 2RF5)(xxx) was used as the search model for molecular
replacement by using the Phaser module in the Phenix package (xxx). Iterative model
building and refinement were performed by using the Phenix and Coot programs,
respectively (xxx). The IWR compounds were placed when the Rfree was below 32% and
the position of the compound was well defined by the electron density map. Comprehensive
model validation was performed by using MolProbity (xxx). Detailed statistics of data

collection and refinement are listed in Supplemental Table 1. Structure figures were rendered
in PyMOL (the PyMOL Molecular Graphics System, Schrodinger).
Quantitative PCR
Total RNA was purified using RNeasy Plus Mini Kit (Qiagen), and reverse transcribed
by ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs) according to the
manufacturer’s protocol. qPCR was performed using FastStart SYBR Green Master (Roche)
on a Light Cycler 480 System. Primers used for RT-PCR are as follows:
hAXIN2 – F ccacacccttctccaatcc
hAXIN2 – R tgccagtttctttggctctt
Actin-b – F ggatgcagaaggagatcactg
Actin-b – R cgatccacacggagtacttg
In vitro Tnks activity assays
The HT Universal Color PARP Assay Kit w/ Histone Coated Strip Wells (Trevigen) was
used to monitor the activity of purified Tnks1 SAM-PARP protein (1 mg/96 well reaction;
provided by Herwig Schüler) according to the manufacturers’ protocol. Tnks-Fc construct
was generated by PCR-based cloning of human Tnks1 sequence in frame into pcDNA3hIgG-Fc vector using BglII restriction sites (248). Overexpressed Tnks-Fc protein
immobilized on Protein A sepharose was incubated with human Terf1-GST protein (Abnova)
and NAD biotin (2.5 mM; Trevigen) for 30 min. at RT prior to Western blot analysis.
Parsylated Terf1 protein was detected using streptavidin-HRP. Terf1-GST or Tnks1-Fc
proteins were detected by Western blot analysis with anti-GST or anti-Fc antibodies,
respectively.

Digital droplet PCR
. The ddTRAP assay was performed as previously described (249). Briefly, pellets of
100,000 fresh sample cells were lysed on ice for 30 mins in NP-40 lysis buffer (10mM TrisHCl, at pH 8.0, 1mM EDTA, 1mM MgCl2, 1% (vol/vol) NP-40, 0.25 mM sodium
deoxycholate, 150mM NaCl, 10% (vol/vol) glycerol, 5mM β-mercaptoethanol, 0.1mM
AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride)]. 1250 cell equivalents of
lysate were added to the telomerase extension reaction in TRAP buffer (20mM Tris-HCl pH
8.3, 1.5 mM MgCl2) with 0.4 mg/ml BSA, the telomerase extension substrate (TS, 200nM
HPLC purified 5’-AATCCGTCGAGCAGAGTT), and 2.5mM dNTPs. The extension was
incubated at 25°C for 40 mins followed by heat killing at 95°C for 5 mins. The PCR reaction
was performed in 1x EvaGreen ddPCR Supermix v2.0 (Bio-Rad) with 50 nM TS primer and
50nM ACX reverse primer and 50 cell-equivalents of the extension reaction as
input. Droplets were produced following the manufacturer’s instructions in the droplet
generator (Bio-Rad), and the emulsions were transferred to a 96-well plate for amplification
(95°C for 5 min, 40 cycles, 95°C for 30 s, 54°C for 30 s, 72°C for 30 s, hold at 12°C).
Fluorescence was quantitated using a QX200 droplet reader (Bio-Rad) in the 6-Fam
channel. Thresholds for quantitation were determined by comparison to a telomerase
negative fibroblast cell line and no cell input negative control samples and untreated Hela
cell positive control samples.
PARP profiling. Performed by BPS Bioscience Inc., San Diego by following the BPS
PARP or TNKS assay kit protocols. The enzymatic reactions were conducted in duplicate at
room temperature for 1 hr in a 96 well plate coated with histone substrate. 50ml of reaction

buffer (Tris·HCl, pH 8.0) contains NAD+, biotinylated NAD+, activated DNA, recombinant
PARP enzyme and 10mM of the test compound. Olaparib used at 20nM concentration. After
enzymatic reactions, 50µl of Streptavidin-horseradish peroxidase was added to each well and
the plate was incubated at room temperature for an additional 30 min. 100µl of developer
reagents were added to wells and luminescence was measured using a BioTek Synergy 2
microplate reader.
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