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ABSTRACT
Objectives: The objectives of this study were to (1) characterize the levels of WNT signaling in DLD-1
colorectal cancer cells with mutant APC and DU145 prostate cancer cells with wild type APC, (2) to
conduct an investigation of novel tankyrase inhibitors in both colorectal and pancreatic cancer cells. WNT
signaling has been shown to play an integral role in the proliferation and metastasis of both cancer types;
therefore, it is of interest to evaluate inhibitors of the signaling pathway to assess their potential
applications in targeted cancer therapeutics.
Methods: To characterize WNT signaling activity in colorectal cancer cells (1), DLD-1 cells transduced
with a TCF/LEF luciferase reporter and selected with puromycin were grown out in both a two
dimensional culture and as tumorspheres to comparatively examine signaling between the different
morphologies, as well as at different plating densities. To probe the mechanism of the tankyrase inhibitors
(2), DLD-1 and DU145 pancreatic cancer cells were grown to confluency, treated with 1 uM of each
inhibitor, and harvested for lysate preparation after 24 hours. Western blots of β-catenin, AXIN1, and
AXIN2 were performed and quantified for comparative analysis. Additional assays were performed using
DLD-1 cells to assess effects of the inhibitors on proliferation and migration.
Results: In DLD-1 cells, it was observed that all tumorsphere cultures exhibited significantly decreased
levels of WNT signaling. In DU145 cells, inhibitor D was demonstrated (western blot) to knock down βcatenin levels, as well as stabilize both AXIN1 and AXIN2 levels. Inhibitor A3 was able to decrease βcatenin levels, as well as stabilize AXIN2 levels. Surprisingly, inhibitor A1 was found (via densitometry)
to increase both beta-catenin levels and AXIN2 levels. A2 and IWR were found to only decrease βcatenin protein amounts. In DLD-1 cells, all inhibitors exhibited some decrease in beta-catenin levels;
however, only A1, A3, A5, and A6 were found to significantly decrease proliferation (MTT assay), and
only A1, A4, and A7 were found to significantly stunt migration (scratch assay).
Conclusions: In DU145 cells, tankyrase inhibitors D and A3 display the most promise by being able to
modulate both catenin and AXIN protein levels. In DLD-1 cells, growth and proliferation assays
demonstrate that some inhibitors result in differential phenotypic effects, suggesting that different gene
targets downstream of β-catenin are being effected. Further blots for such targets will prove useful to
clarify these results. In addition, similar phenotypic characterizations in DU145 cells are necessary to
connect the tankyrase mechanisms to observable effects.
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INTRODUCTION
In the past decade, the WNT signaling pathway has been discovered to play a significant role in the
proliferation and metastasis of multiple human cancers [1,3]. Both paracrine and autocrine WNT
signaling has been shown to contribute to the survival of prostate cancer cells [2]. Consequently, the
pathway has come under study as a new and promising alternative for targeted cancer therapeutics.

The Canonical and Non-Canonical WNT Signaling Pathways
The Wingless-related integration site (WNT) proteins are a family of lipid-modified secreted
glycoproteins which function as ligands to activate one of two types of WNT pathways: canonical or noncanonical. For both pathways WNTs bind to receptors in the Frizzled family.

Canonical WNT signaling is characterized as the pathway which results in the stabilization of the
transcriptional regulator protein β-catenin. β-catenin binds to the cytoplasmic domain of cadherin proteins
at cell junctions and can be released into the cytoplasm. In the absence of canonical WNT signaling, a
destruction complex comprised of the tumor suppressor protein Adenomatous Polyposis Coli (APC), the
scaffolding protein AXIN, and several kinases (CK1, GSK3) limits cytoplasmic β-catenin levels via
serine and threonine phosphorylation (GSK3, CK1) and tagged proteolytic degradation (modulated by
both APC and AXIN). Caesin kinase 1 (CK1) is thought to carry-out the primary phosphorylation, with
GSK3 following. When present, WNT protein ligands interact with the Frizzled/LRP cell membrane
receptors, causing the recruitment of AXIN and GSK3 to the cell membrane. This breaks down the
destruction complex and causes the subsequent stabilization of β-catenin. β-catenin then translocates to
the nucleus and activates the TCF/Lef transcription factors, resulting in the gene expression of the cell
cycle regulators (MYC and Cyclin-D1) necessary for cell growth and proliferation (Figure 1) [1, 6, 9, 10].

Additional gene targets of canonical WNT signaling include the cadherins, genes which regulate cell-cell
adhesion. By inducing the expression of Lef1, Twist1, and Slug (repressors of the E-cadherin promoter),
β-catenin modulates cell-cell adhesion transcriptionally, and thus influences cell specification and
differentiation [19]. This repression of E-cadherin has been linked to an increase in migratory and
invasive characteristics of cancers. [6, 11, 20]
By contrast, non-canonical WNT signaling is that which does not modulate levels of β-catenin, and does
not involve the activation of TCF/Lef. One non-canonical pathway, the planar cell polarity (PCP)
pathway, is implicated in tubulogenic processes [9]. In PCP WNT ligands interact with Frizzled receptors,
and recruit the protein Dishevelled (Dsh) to cell membrane. Dsh then complexes and activates protein
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Rho, which in turn actives Rho-associated kinase (ROCK), leading to manipulation of the actin
cytoskeleton organization. The second non-canonical pathway, the calcium pathway, has been shown to
both interrupt canonical WNT signaling and influence cell adhesion [9]. Similarly to PCP, a WNTFrizzled interaction recruits G-protein coupled receptors to the cell membrane, which causes downstream
IP3 mediated calcium ion release, and further downstream activation of Protein Kinase C (PKC) and
CamKII, the former signaling for cell adhesion regulation, and the latter activating kinases (TAK1 and
NLK) which interfere directly with the canonical TCF/β-catenin signaling [9].

Tankyrase Proteins and WNT Signaling
Tankyrase (TNKS) are 142 kDa enzymes part of the poly(ADP-ribose) polymerase (PARP) family.
Tankyrase and other PARP proteins catalyze the addition of poly-ADP-ribose chains on other proteins
(PARsylation). This tagging of proteins promotes ubiquination and proteasomal degradation of substrates
[4,7]. TANK1 and TANK2 are expressed in a diverse variety of human tissues, and the double knockout
of the genes encoding these proteins (Tnks1and Tnks2, respectively) has been demonstrated to be
embryonically lethal. Tankyrases have been determined to have several functions: regulation of telomere
length, control of mitotic checkpoints, control of the insulin-glucose uptake pathway, as well as
modulation of the WNT signaling pathway [21].

In the canonical WNT signaling pathway TNKS targets AXIN, a key protein of the aforementioned
destruction complex. AXIN typically acts as a negative regulator of the pathway by working with GSK3
to phosphorylate β-catenin, signaling its degradation. PARsylation of AXIN by TNKS leads to the
proteasomal degradation of AXIN, and subsequent stabilization of β-catenin and promotion of the
canonical WNT signal.

Implications of WNTs in Colorectal Cancer
Colorectal cancer is the second-most deadly cancer in the United States, and is estimated to cause over
51,000 deaths in 2012. Colorectal cancers form in the tissues of the colon and rectum, and have the
potential to grow outwards into the surrounding muscular tissue. Current therapies are limited to surgical
resection of tumors confined to the bowels, in addition to chemotherapy, conditional upon whether
metastasis has occurred. Metastasis of colorectal cancers is debilitating, with an average 5-year survival
rate of about 5% [25].
DLD-1 is a colorectal adenocarcinoma cell line which has a truncated APC and deregulated WNT/βcatenin signaling. In the normal colon WNT signaling occurs at the base of the crypts. WNTS are secreted
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by the epithelium and the stromal cells, and the associated stem cells respond to this. Due to stromal
WNT signaling, high levels of β-catenin (red arrows) are present in the stem cells at the bottom of colonic
crypts (Figure 2).

Stem cells migrating up normal intestine (left side) cease proliferation and differentiate due to decreased
WNT stimulation and resultantly lower β-catenin levels, and eventually undergo apoptosis (green arrow).
In contrast, the cellular APC mutations (such as those found in DLD-1) cause constitutively high βcatenin levels even in the absence of WNT stimulation. These mutant cells thus remain undifferentiated
and do not migrate upwards (right), instead aggregating into polyps (purple) within the crypt. Thus, the
inactivating mutations in APC are implicated in the observed tumorigenesis in colorectal cancers.

Epigenetic modulation of the WNT signaling pathway is also attributed to the induction of colorectal
cancers [11]. Colorectal cancers have been shown to possess both promoter hypermethylation and gene
silencing of genes related to the transcription of secreted frizzled-related proteins (SFRPs), which
antagonize the WNT-Frizzled interaction [12]. The restoration of SFRP in SW480 colorectal cancer cells
was shown to suppress β-catenin expression and induce apoptosis, in part through the downregulation of
the oncogene MYC (a target of WNT signaling) [11]. Downregulation of MYC, normally known as a
driver of cellular proliferation (by upregulating cyclins) and growth (upregulating rRNA synthesis), in
such a manner has been demonstrated to stunt carcinogenesis and tumorigenicity [11, 12].
The WNT pathway is also implicated in the formation of cancer stem cells (CSCs) – cells with selfrenewing capabilities, undifferentiated forms, and resistance to conventional therapies – through the
induction of epithelial-mesenchymal transition (EMT) [6,11]. CSCs have aggressive proliferative and
invasive characteristics. Through β-catenin and the WNT pathway, levels of cadherins (cell-adhesion
proteins) are altered and EMTs are initiated, which consequently leads to cell migration. Cancer cell
metastasis has been attributed to EMTs and these CSCs [6,11]. The resistance to chemotherapy that has
been observed in CSCs may be in part due to the regenerative features (efficient DNA repair, apoptotic
resistance) of CSCs. Furthermore, post-treatment residual CSCs may be able to signal for EMT in new
cells, propagating the cycle of resistance [20].

We observed two populations in parental DLD-1 cells: epithelial cells and mesenchymal-type cells
(CSCs). As the WNT signaling pathway is thought to largely influence the tumorigenicity of these CSCs
via differential gene expression, it is expected that the CSC population, in its tumorigenic form, require
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higher levels of WNT signaling for proliferation than the parental population. Thus, in colon cancer the
CSCs gain the ability to respond to WNT ligands.

Implications of WNTs in Prostate Cancer
In 2012, it is estimated that there will be 241,470 new cases of prostate cancer, and that over 28,000 men
will die of prostate cancer (American Cancer Society). As the second leading cause of cancer-related
death in men and the fifth-most deadly cancer overall, there is a great necessity to discover novel and
effective treatments. Skeletal metastases are the most common sites for prostate cancer metastases. The
bone marrow microenvironment provides a rich source of WNT proteins to signal for such metastases.

WNT16B has specifically been shown to contribute to prostate cancer therapy resistance. In one study
[2], treatment of prostate cancer with the chemotherapeutic drugs mitoxantrone and docetaxel resulted in
over an eightfold increase of WNT16B expression in prostate fibroblasts. Cancer cells treated with
WNT16B conditioned media exhibited increased growth, and conditioned media from irradiated prostate
fibroblast cells were shown to promote proliferation and invasion of prostate epithelial cells. It was
discovered that, through this exposure, target genes such as AXIN2 and MYC were upregulated five-fold
through -catenin regulated transcription. EMTs were also observed, with a significant decrease in Ecadherin protein (a promoter of epithelial characteristics), and a concurrent increase in N-cadherin
(protein promoting mesenchymal characteristics). In viability assays, the cell survival rate post-treatment
was dramatically increased with the presence of WNT16B conditioned media. The results of this study
suggest that WNT signaling plays a direct role in not only the proliferation of cancer cells, but in the
survival and resistance of prostate cancer cells post-therapy.

WNTs are also implicated in the metastasis of prostate cancer to bone through WNT mediated
osteoblastic activity [13]. In general, WNTs have been shown to stimulate osteoblast differentiation and
inhibit osteoclast differentiation, as well as increase osteoblast proliferation and protect against apoptosis.
It has been found that WNTs from prostate cancers can act in a paracrine fashion to signal for bone
growth. Prostate cancers express dickkopf-1 (DKK-1), an attenuator of WNT osteogenic signaling.
Surprisingly, a recent study found a fifty-fold increase in DKK1 mRNA levels in PC3 prostate cancer
tissues compared to control tissues, in conjunction with a highly increased production of the WNT5A
ligand compared to non-osteotropic prostate cancers [14]. Thus, much has yet to be discovered in the
context of the role of WNTs and modulators of the WNT pathway in both cancers and cancer metastases.
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Small Molecule WNT Inhibitors &Tankyrase Inhibitors
Manipulations of key components of the pathway have been shown to directly affect intracellular levels
of β-catenin, and thus affect the growth patterns of cancers. For example, Secreted Frizzled Related
Proteins (SFRPs) are a naturally secreted WNT antagonist which blocks the WNT-Frizzled interaction
[13]. The many different proteins involved in WNT signaling make the pathway a potential target for
chemical manipulation [1].

Tankyrase inhibitors are a new family of WNT inhibitors that have not yet been widely examined.
Stabalization of AXIN by inhibition of TNKS has been shown to be a novel therapeutic strategy. For
example, cancer cells treated with tankyrase inhibitor XAV939 have been shown to decrease WNT
signaling, through AXIN stabilization and subsequent phosphorylation of β-catenin and degradation,
ultimately resulting in a decrease in cellular proliferation [4]. It was shown that XAV939 was a direct
inhibitor of the TANK1-mediated PARsylation of both AXIN1 and 2, thus preventing their destruction
and promoting β-catenin destruction.

However, it has recently been shown that AXIN2 functions as a carcinogenic promoter in colon cancer
cells, in contrast to functioning as a tumor suppressor like its isoform AXIN1 [8]. AXIN2 was found to
up-regulate Snail1 activity, a transcriptional repressor which induces EMT and contributes to cancer
metastases. Thus it is essential to further identify the certain conditions (specific targets) through which
TNKS inhibitors could impede or possibly promote cancerous behavior.

Research Objective
Dr. Heimark has been investigating several new small molecule inhibitors of the canonical WNT
signaling pathway that are uncharacterized. The objective of this study is to determine the molecular
mechanism by which new families of WNT inhibitors exert their influence on the canonical WNT
signaling pathway, as well as to characterize the effect of these inhibitors on the growth patterns of
prostate and colorectal cancer cells. Two cell lines were tested: one contains a mutant APC and has a
dysfunctional destruction complex, while the second line has a normal destruction complex. We propose
that distinct subsets of the WNT inhibitors will target the two different β-catenin regulatory pathways.

It is expected that the new inhibitors from the tankyrase and uncharacterized families will be able to block
canonical WNT signaling, resulting in decreased β-catenin levels and inhibited nuclear signaling. It is
also expected that the new uncharacterized drugs will be able to significantly stunt the growth of the
tested colorectal cancer cells, and will result in similar down-regulation of β-catenin signaling. Through
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modulation of the WNT pathway, we anticipate there to be a change in the CSC population and the
number of EMT features observed upon treatment of the inhibitors. We expect further downstream
changes in the developmental genes Myc and Cyclin-D1. Currently, there is no knowledge about the
mechanism of action of the uncharacterized inhibitors. We expect that the mechanisms will be uncovered
through our analysis of the canonical WNT pathway.
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METHODS
DLD-1/TCF-Luc Cell Culture
Colorectal adenocarcinoma DLD-1 cells were obtained from ATCC and cultured in RPMI media
supplemented with 10% FBS and 1% Penn/Strep at 37oC/5% CO2. Cells were plated at 104 cells/cm2 and
fed every 2-4 days. Passaging was performed at confluency with .25% trypsin-EDTA (Invitrogen) and
CMF/PBS.

DLD-1/TCF-Luc Tumorsphere Cell Culture Assay for Growth of CSCs
To characterize growth in stem cell conditions DLD-1 cells were trypsinized and replated on 60 mm
polyHEMA (1.5 mL/plate of 120 mg/mL polyHEMA from Sigma) coated dishes at 4 x 104 cells/cm2.
Growth media was enhanced with 20 ng/mL EGF (ProTech), 20 ng/mL bFGF (PeproTech), insulin,
selenium, and transferin. To feed, cell growths were aspirated to a centrifuge tube, allowed to settle, and
the media gently replaced so as to not break up the primary (initial) tumorspheres.

Secondary tumorspheres were created by replating a selection of primary tumorspheres. As a third type of
cell culture, tumorspheres were dissociated and replated in 2D conditions by transferring the suspended
spheroids to non polyHEMA coated dishes, and changing the media to unenhanced two-dimensional cell
culture media.

DU145 Cell Culture
Prostate cancer DU145 cells were obtained from ATCC and cultured in RPMI media supplemented with
10% FBS and 1% Penn/Strep at 37oC/5%CO2. Cells were plated at 104 cells/cm2 and fed every 2-4 days.
Passaging was performed at confluency with .25% trypsin-EDTA (Invitrogen) and CMF/PBS.

Luciferase Activity Assay for Canonical WNT Signaling
To characterize the differences in WNT signaling between normal and stem cell-like colorectal cancers,
DLD-1 cells were grown out both in two dimensional culture and tumorsphere cultures, and luciferase
activity assay performed (Figure 3).

DLD-1 cells were transduced with lentivirus following the Cignal Lenti Reporter protocol (SB1) [15].
The lentivirus contain 7 tandem TCF/Lef DNA binding sites upstream of the luciferase firefly gene.
Seeded cells were subjected to the specified amount of Cignal Lenti Reporter and SureENTRY
Transduction reagent. The following day, the reporter suspension was replaced with media. On the fourth
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day transduced cells were selected for via puromycin (1 ug/uL), and resistant colonies of DLD-1/TCFLuc cells were expanded.
For the luciferase assay, two-dimensional cultures were prepared with cells plated at 104 cells/cm2 in 12well plates. Tumorsphere cultures were prepared as described above. Growth media was removed from
wells, and cells were rinsed with PBS/CMF. 1X Promegalysis reagent was added (400 uL/60 mm dish).
Cells lysate was transferred to a microcentrifuge tube and centrifuged for 12000xg for 15 seconds. The
supernantant was collected and cellular protein was determined by the BCA assay (Thermo Scientific)
using bovine serum albumin as a standard [23]. 5 ug of sample protein was used for each assay. 5 ug of
protein sample was mixed with 25 uL of 1X PBS and 25 uL of luciferase assay reagent (Promega) via
pipette in a clear microfuge tube and placed in a luminometer [24]. An immediate luminescence reading
was taken, following by an additional two measurements at five second intervals.

MTT Cell Proliferation Assay
The Wallert and Provost Lab protocol [16] was used. On day one DLD-1 cells were plated in a 96 well
plate (7500 cells in 100 uL media per well). Three 96 well plates were prepared. On day two, two of the
three plates were treated with 1 uM of each tankyrase inhibitor. Control (untreated and DMSO treated)
wells were also prepared. On day two one plate was assayed for the initial time point. 20 uL of 5 mg/mL
MTT was added to each well and incubated at 2 hours at 37 oC. The media was carefully removed using a
needle tip, and 150 uL of MTT solvent (4 mM HCL, .1% Nondet P-40 in isopropanol) was added. The
plate was covered in tin foil and agitated for 15 minutes. The absorbance was measured at 562 nm. This
procedure was repeated for the two treated plates on the third and fourth days. The mean and standard
deviation of the sample groups were determined.
Immunofluorescent staining for β-catenin
DLD-1 cells were grown to confluency at 105 cells/.25 mL on 22 mm coverslips in a 6 well plate. Cells
were washed with CMF/PBS and fixed with 4% para-formaldehyde. Cells were extracted with CSK
buffer (0.5% triton X100, 10 mM PIPES pH 6.8, 50 mMNaCl, 300 mM sucrose, 3 mM MgCl2) [23] for
two minutes. Cells were blocked with 1% BSA and 2% goat serum in CMF/PBS for 30 minutes. Anti-βcatenin antibody (Sigma;1:2000) was added in blocking solution for 1 hour at room temperature. Cells
were washed three times with CMF/PBS. Secondary anti rabbit antibody (Alexa-Fluor 568, Invitrogen)
was added (1:500) in blocking solution and was incubated for 1 hour. Cells were washed. Bisbenzimide
(BBI) was added (1:5000 in CMF/PBS) for 10 minutes. Coverslips were mounted with one drop of
SlowFade Gold antifade reagent (Invitrogen) and imaged with fluorescence microscopy at 400x
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magnification, using the rotamine channel to image for β-catenin and the DAPI channel for nuclear BBI.
Zeiss HAL 100 and x-cite series 120Q EXFO microscope was used.

Scratch Assay for Cellular Migration
DLD-1 cells were plated in 35 mm dishes and grown to confluence. A linear scratch on the cell plate
surface was made using a 200 uL pipette tip. Immediately after scratching one plate was washed with
CMF/PBS and fixed with 4% para-formaldehyde for 15 minutes. This plate was stored in CMF/PBS
overnight at 4oC. The remaining plates were treated with 1 uM tankyrase inhibitors, and then incubated
for 24 hours. The treated plates were then fixed, and all plates were imaged [17]. Using ImageJ
(rsb.info.nih.gov/ij/) migration distance was calculated by drawing five random lines directly
perpendicular to the length of the gap, from cell border to cell border, and using the measurement tool
record the distances of these five measurements.

Tankyrase Inhibitor Preparation
Eight tankyrase inhibitors (A1, A3, A5, A2, A4, A6, A7, IWR) were received at a concentration of 10
mM. These were diluted to 100 uM in DMSO and stored at 4oC.In addition, inhibitors A, B, and D were
also received at 10 mM. These have completely unknown mechanisms of action, and were briefly
examined as a pilot study.

Western Blot Assays
Cells (DLD-1, DU145) were plated in 60 mm dishes at 3 x 104 cells/cm2 and grown to near-confluency.
Inhibitor was added to the growth media at 1 uM concentration, along with a solvent (DMSO) control,
and incubated for 24 hours. Cell lysates were then prepared for western blot assays by scraping the cells
in chilled CMF/PBS, spinning down the lysate, and suspending the pellet in 2X SDS sample buffer.
Protein was determined using the previously described BCA assay. β-catenin (Sigma; 1:4000 in 5%
BSA), AXIN1 (Sigma; 1:1000 in 5% BSA), AXIN2 (Sigma; 1:1000 in 5% BSA), and β-actin (Santa
Cruz; 1:2000 in 5% Milk) antibodies were used. Goat anti-rabbit (Bio-Rad; 1:2000 in 5% Milk) and goat
anti-mouse (Bio-Rad; 1:2000 in 5% Milk) HRP-conjugates were used as secondary antibodies. 30 ug of
protein was loaded on 10% acrylamide gels for all westerns as published previously [23]. Gels were
transferred to nitrocellulose membrane overnight. Probed blots were exposed on 8 x 11 CL-XPosure Film
(Thermo Scientific) for intervals of 1 second up to 2 min (1, 2, 5, 15 second exposures for β-catenin blots;
2 minute, 1 minute 30 seconds, 1 minute, 45 seconds, and 30 seconds for AXIN1/2 and β-actin blots).
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Western Blot Densitometry Quantification
Western blot films were scanned at 600 dpi and converted to 8-bit using ImageJ (rsb.info.nih.gov/ij/). In
ImageJ, using the rectangular selection tool, a rectangle was drawn around the band in the first lane. This
same sized box was used to select the remaining lanes. Using the Plot Lanes analysis feature, the
densitometry measurements were displayed. Using the straight line tool, a line was drawn in these plots to
close off the peak. The wand tool was then used to determine the area of each peak. Each sample density
is normalized to its respective density from a beta-actin loading control blot (ex.

).

These values are then expressed as relative density as compared to the control sample density for that
specific blot. Analysis adapted as previously described [22].
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RESULTS

Preliminary WNT Signaling Characterizations in DLD-1 Colorectal Cancer Cells
To characterize the differences in WNT signaling between normal and stem cells in colorectal cancers,
DLD-1 cells were grown out in two dimensional culture (Figure 4A), tumorsphere cultures (Figure 4B),
and dissociated tumorsphere cultures (Figure 4C), and examined using luciferase activity assays (Figure
5). Different cell morphologies were observed in the different cultures. The 2D culture (Figure 4A) was
observed to be comprised of primarily epithelial cells (elongated cells). However, in both the tumorsphere
and dissociated tumorsphere cultures, mesenchymal-like cells were observed (white arrows, Figure 4C).

From the TCF/Lef reporter assays, the control 2-dimensional DLD-1 (represented by Figure 4A)
exhibited significantly higher (5x) luciferase activity as compared to two samples of primary tumorsphere
cultures. Moreover, the 2D culture was found to have over a 6x increase in WNT activity compared to the
replated tumorspheres (Figure 4C).

To determine whether or not cell density plays a role in WNT signaling activity, both 2D-cultured cells
and tumorsphere cell cultures were prepared in 2D cultures at densities of 104, 5x104, and 105 cells/cm2.
Luciferase activity was observed to be positively correlated with cell density in both populations (Figure
7). As previously observed, the tumorsphere cultures were found to have consistently lower luciferase
activity at all tested densities.
β-catenin Subcellular Localization in Colorectal Cancer Cells
An immunofluorescent stain for Β-catenin was performed to visualize β-catenin subcellular localization
(Figure 5). This staining shows high levels of β-catenin (bright red – Figure 5A) in areas corresponding to
cell nuclei (blue – Figure 5B), as well as at cell junctions. The identification of nuclear β-catenin is
consistent with the effects that would be caused by the APC mutation in DLD-1 cells, as previously
described [11].

Western Blot Characterizations of Tankyrase Inhibitors in Colorectal Cancers
To begin characterizing the mechanism of the inhibitors in colorectal cancers, a western blot for β-catenin
was performed. It was found that all tankyrase inhibitors tested (A3, A5, A2, A4, A6, IWR) decreased
catenin levels compared to the control. Inhibitors A3, A5, A4, and A6 demonstrated the greatest decreases
in β-catenin levels (Figure 11).
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Effects of Tankyrase Inhibitors on Tumor Cell Proliferation and Migration
To determine the effects of the tankyrase inhibitors on the growth characteristics of colorectal cancers, an
MTT proliferation assay was performed on tankyrase inhibitor treated DLD-1 cells. After the first day of
treatment, inhibitors A1 (p-value < 0.01), A3 (p-value<0.05), A5 (p-value < 0.05), and A6 (p-value <
0.01) significantly appeared to stunt the growth of the DLD-1 cells (Figure 12).

To determine the effect of the inhibitors on the migratory characteristics of the cells, a scratch assay was
performed (Figure 13). Inhibitors A1, A4, and A7 were found to significantly (p-value < 0.01) decrease
the migration of cells into the created gap, signified by the larger wound size as compared to the untreated
cells. Figure 14 displays this data as % relative migration of the cells into the wound, as compared to the
Day 0 sample. The untreated sample was seen to exhibit a relative migration of 40% into the wound (the
migrating cells covered a distance of 40% relative to the initial wound). The inhibitors A1, A4, and A7
had close to 0% relative migration.

Western Blot Characterizations of Tankyrase Inhibitors in Prostate Cancers
In order to begin characterizing the mechanism of the tankyrase inhibitors, western blots were performed
for known targets of both previously characterized tankyrase inhibitors (AXIN 1 and AXIN 2), as well as
for targets of the WNT pathway (β-catenin). The predicted molecular weights of β-catenin, AXIN1, and
AXIN2 are 92-94 kDa, 97-100 kDa, and 92-94 kDa, respectively (Sigma).
The first experiment tested the effects of inhibitors A, B, D, A1, A3, and A5 on β-catenin, AXIN1, and
AXIN2. Inhibitors D and A3 were observed to knock down levels of β-catenin as compared to the
untreated control (Figure 8). Inhibitor D appeared to stabilize AXIN1 levels in contrast to the remaining
inhibitors. Inhibitors D, A1, and A3 were also observed to increase levels of AXIN2, compared to the
control.
Densitometry analysis of blots from Figure 8 confirm that inhibitor D decreased β-catenin levels while
stabilizing AXIN1 and 2 levels. Unexpectedly, inhibitors A1 and A5 were found to increase β-catenin
levels. Inhibitors B, A1, A3, and A5 all display markedly increased AXIN2 stabilization. β-actin was used
as a housekeeping gene and all densitometry analysis was normalized to β-actin.
In a second experiment using DU145 cells, inhibitors A2, A4, A6, A7, and IWR were assayed for βcatenin (Figure 9). It was found that A2, A7, and IWR decreased β-catenin levels compared to the two
untreated control samples. Densitometry analysis of the bands from this blot confirmed that A2, A7, and
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IWR decreased β-catenin expression levels relative to the control. Additionally, densitometry revealed
that inhibitor A4 caused the largest decrease in β-catenin. A third experiment with DU145 cells tested all
of the known tankyrase inhibitors in one blot (Figure 10). From this, inhibitors A3, A2, and IWR were
found to significantly knock down beta catenin levels, corroborating the results of the first and second
experiments.
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DISCUSSION
This study examined the characteristics of WNT signaling in different cell populations of DLD-1
colorectal cancer cells using TCF/Lef gene reporters, determined the effects of novel tankyrase inhibitors
on the growth and migratory phenotypes of the colorectal cancer using cell proliferation and migration
assays, and initiated preliminary studies into uncovering the mechanism of action of the tankyrase
inhibitors via western blots.
The results of the DLD-1 luciferase activity assays assessing the β-catenin-TCF/Lef interaction showed
markedly lower β-catenin-TCF/Lef activity in cells grown as tumorspheres (Figure 6). This suggests that
the tumorsphere form exhibits a lower level of WNT signaling activity as compared to cells grown in a
traditional monolayer. These results were corroborated in the cell density experiments, where the
tumorspheres were again found to have a consistently lower level of luciferase activity (WNT signaling)
at all plating densities. These results are unexpected. The tumorspheres grown in this experiment visually
exhibit a lower proportion of epithelial morphology and a higher proportion of mesenchymal morphology
(Figure 4). Thus, it was expected that these tumorspheres would rely on WNT signaling for the induction
of EMT. It was thought that due to the close proximity of the cells to one another in the tumorsphere, less
WNTs were necessary (and thus excreted) for intercellular communication. If so, it is of interest to further
investigate why the tumorspheres that were dissociated and replated in 2D culture were unable to recover
the WNT signaling found in the initial control cultures. One possibility is that growth of tumorspheres
may stabilize β-catenin at cell-cell junctions, preventing release into the cytoplasm.
In a demonstrative immunofluorescent stain to examine the subcellular localization of β-catenin in DLD-1
cells, it was found that there are markedly higher levels of the protein present in cell nuclei. This is
representative of the APC mutation in this cell line which prevents β-catenin from being degraded,
allowing it to enter the cell nucleus and modulate gene expression as previously described [1,3,5]. From
knowledge of WNT signaling pathway targets, it is expected that such localization of β-catenin in the cell
nucleus may lead to an increased number of interactions with the TCF/Lef1 transcription factors, and thus
lead to the expression of genes such as MYC and Cyclin-D1 - cell cycle genes implicated in the
heightened cellular proliferation observed in colorectal cancers [11, 12].

The tankyrase inhibitors in this study were observed through a microscreen to stunt the growth of cancer
cells. However, the mechanism of their action is unknown. Being described as tankyrase inhibitors, it was
expected that these targeted proteins in the WNT pathway. Thus the WNT related protein β-catenin, as
well as tankyrase related proteins AXIN1 and AXIN2 were chosen for study. It was observed (from two
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trials) that tankyrase inhibitors A3, A2, A7, and IWR resulted in a down-regulation of β-catenin
expression at 1 uM concentration in DU145 prostate cancer cells. This was supported by the densitometry
analysis (Figure 9B). IWR is a known tankyrase inhibitor and has been well described to knock down βcatenin expression [4]. These results thus support those previous studies. It is possible that inhibitors A5
and A6 (resulting in no change in β-catenin expression) required a higher concentration to exert their
effects; however, it is also possible that despite being structurally described as tankyrase inhibitors, these
inhibitors exert their cancer regulating effects through mechanisms unrelated to β-catenin. Interestingly,
inhibitor A1 stabilized β-catenin levels.

In their mechanism, tankyrase inhibitors have been described to stabilize levels of AXIN (thus promoting
downstream effects such as β-catenin degradation). In this study, only inhibitor D (not characterized as a
tankyrase inhibitor) was found to stabilize AXIN1 levels. Inhibitors D, A1, and A3 were also observed to
increase levels of AXIN2 (Figure 8A and 8B). Thus, it is possible that inhibitor D is a tankyrase inhibitor,
as it may decrease β-catenin levels through the stabilization of AXIN1/2. It is possible that inhibitor A3
shares a similar mechanism of action, as it was also observed to decrease β-catenin levels. As previously
mentioned, it is possible that the other tankyrase inhibitor (A5) was not present at a high enough
concentration to affect the cells, thus resulting in unchanged β-catenin, AXIN1, and AXIN2 levels.
Tankyrase inhibitor A1 may, in fact, act as a carcinogenic promoter. As mentioned, inhibitors that
selectively stabilize AXIN2 exhibit an increase of tumorigenic characteristics [8]. This notion is inferred
from the densitometry analysis, as only AXIN2 levels were increased, accompanied by an increase in βcatenin levels.

Follow-up is needed to both corroborate the results of this experiment, as well as to begin preliminary
investigations on the effects of the second inhibitor set (A2, A4, A6, A7, IWR) on these two targets.
Similarly, repeated densitometry analysis is needed to confirm the results with statistical confidence.
Based off previous studies, it is expected that IWR will stabilize both AXIN1 and AXIN2 levels. It will
be interesting to determine whether inhibitor A7, which decreased catenin expression, would result in
stabilization of AXIN2 only (as inhibitors A1), or the stabilization of both AXIN1/2, as inhibitor D.

These results merit further study into the phenotypic changes the cancer cells. Numerous studies have
shown that cancer cells in culture are a mixture of populations including CSCs. As previously described,
AXIN2 stabilization has the potential to work in an oncogenic fashion, and AXIN1 stabilization working
in the opposite manner. It would be interesting to study whether inhibitors A1 and A3 (demonstrated
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AXIN2 stabilization only) result in increased proliferative and migratory characteristics as compared to
inhibitor D (increased both AXIN1/2 levels).
Similar studies were performed in DLD-1 colorectal cancer cells. Western blots for β-catenin showed a
larger decrease in catenin levels in inhibitors A3, A5, A4, and A6, with only a slight decrease in levels in
inhibitors A2 and IWR. To characterize the phenotypic effects of the inhibitors in DLD-1 cells,
proliferation and migration assays were performed. After Day 1, the cells treated with inhibitors A1 and
A6 exhibited very significant (p-value < 0.01) decreases in growth compared to the control, and cells
treated with inhibitors A3 and A5 also exhibited significantly (p-value < 0.05) lowered proliferation
(Figure 12). This is as expected for inhibitors A3, A5, and A6, as they were observed from the western
blots to decrease β-catenin levels, and consequently decrease proliferative gene expression. Inhibitor A2,
A4, and IWR unexpectedly had no significant effect on proliferation after the first day, suggesting that
higher concentrations of the inhibitors may be necessary to observe their phenotypic effects.

Repeated growth assays with more time points (Day 2 and onwards) are necessary to both corroborate
previous results, as well as to investigate whether the effects of these inhibitors are acute (if the treated
cells recover and grow as compared to the control in subsequent days) or longstanding (the number of
cells either remain stunted or continues to fall).

As a final assessment of tankyrase inhibitors, scratch assays were performed to determine how the
inhibitors affect the migratory nature of the DLD-1 cells. Based off the results of the western blot and
growth assays, it was expected that inhibitors A1, A3, A5, and A6 would have the most pronounced effect
at halting cell migration. Out of these, only inhibitor A1 resulted in significantly stunted migration (as
compared to the untreated cells; p-value < 0.01). Unexpectedly, inhibitors A4 and A7 were also found to
have significantly (p-value < 0.01) halted migration. The untreated sample was observed to have 40%
relative migration (Figures 13, 14). This means that the cells migrated inwards and decreased the wound
size to 40% of the initial wound size. Inhibitors A1, A4, and A7 were observed to have close to 0%
relative migration (the cells did not decrease the wound size comparative to the Day 0 initial wound size).
This supports that these inhibitors stunted cell migration. Similarly as in the growth assays, inhibitors A2
and IWR had little effect on migration (Figures 13, 14).

From these results, it is possible that those inhibitors found to exert an effect on either only proliferation
(A3, A5) or only migration (A4, A7) may differentially effect gene targets downstream of -catenin
(affecting those only implicated in proliferation or migration, respectively). Further western blots of these
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targets could further elucidate why these inhibitors had their respective phenotypic effects on the
colorectal cancer cells. Additionally, the determination of AXIN1 and AXIN2 levels in treated cells could
lend further information about the knowledge of how tankyrase inhibitors could play a role in growth and
migration of colorectal cancers. Investigations of MYC and Cyclin-D levels could provide insight into the
results.

Overall, inhibitor D, as well as inhibitors A1 and A3, were seen to exert their effects through a tankyraselike mechanism, by modulating levels of AXIN1 and AXIN2 protein levels in DU145 prostate cancer
cells. These three inhibitors were also observed to modulate the WNT signaling pathway, through
modulation of β-catenin levels in prostate cancers. In DLD-1 colorectal cancer cells, inhibitors A3, A5,
A4, and A6 appeared to similarly work through the WNT signaling pathway. From proliferation assays,
inhibitors A3, A5, and A6 demonstrated the ability to decrease the proliferation, and from migration
assays, inhibitors A1, A4, and A7 demonstrated the ability to decrease the migratory ability of cells. The
fact that some inhibitors effected proliferation and not migration suggest that these inhibitors may work
through different mechanisms. Further investigation into the mechanism and effects of these tankyrase
inhibitors, in both prostate and colorectal cancers, could result in novel strategies which utilize smallmolecule protein-targeting therapeutics in the treatment of these cancers.
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FIGURES

Figure 1. The Canonical WNT Signaling Pathway. (A) In absence of WNT signals β-catenin is
signaled for degradation by the destruction complex. (B) WNT signaling directs downstream gene
expression through β-catenin. (C) Mutations in regulatory proteins contribute to constitutive β-catenin
stabilization. [6; Reprinted in Paper; 2011 American Association for Cancer Research]
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Figure 2. Comparative diagram of a cancer stem cell life cycle in the intestinal crypt [18]. Stem cells
originating from crypt bottom migrate upwards in the life-cycle of the intestinal lumen. In wild-type
intestine (left), these stem cells move away from the stromal WNT signaling and proceed to cease
proliferation and differentiate. In cancerous intestine (right), despite moving away from stromal WNT
signaling, mutations in APC cause constitutive β-catenin expression, leading to the aggregation of
undifferentiated and proliferative cancer stem cells into polyps.
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Figure 3. Experimental Outline of DLD-1 WNT Characterization. DLD-1 cells were transduced with
lentivirus containing TCF/Lef DNA binding sites. After selection DLD-1/TCF-Luc cells were grown out
in either 2D cultures or as tumorspheres to select for a CSC population. Comparative characterizations
between the two growth forms were then performed.

Figure 4. DLD-1 cell growth forms. (A) Parental 2D DLD-1 cell culture. (B) CSC tumorsphere derived
and grown from parental DLD-1 cells using poly-HEMA coated low cell attachment plates. (C)
Dissociated tumorspheres replated in 2D culture conditions. Note tumorsphere outgrowths of
mesenchymal-like cells (white arrow) from spheroids and epithelial cells at periphery (red arrow).
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Figure 5. β-catenin immunolocalization in DLD-1 monolayer. DLD-1 cells were plated under 2D
conditions at 2 x 104 cells/cm2 onto coverslips. Cells were left to attach overnight, and were
immunolabeled within 24 hours of initial plating. (A) DLD-1 β-catenin cell stain. Note presence of βcatenin at cell-cell junctions where E-cadherin is located and in nuclear regions (arrow). (B)
Bisbenzimide (BBI) nuclear stain.
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Figure 6. WNT signaling activity of DLD-1 2D and tumorsphere (T.S.) cell cultures using a
TCF/Lef luciferase reporter. Parental and T.S. cultures were plated at 104 and 4x104 cells/cm2,
respectively. Cultures were harvested for luciferase assay after 2-3 days. The 2D control culture was
observed to have the highest luciferase activity. All 1° and 2° T.S. samples had significantly (p-value <
0.01) lower activity compared to control. Replated spheroids had the lowest overall activity (p-value <
0.01). Student’s t-test statistical analysis was performed.
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Figure 7. WNT signaling activity at varying cell densities. DLD-1 cells were plated under 2D
conditions (blue) and T.S. conditions (red) at 104, 5x104, and 105 cells/cm2. Cells were harvested for a
luciferase assay 2 days after plating. Luciferase activity was observed to be positively correlated with cell
density in both populations. As previously observed, T.S. populations exhibit overall lower luciferase
activity.
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Figure 8A. Western Blot of β-catenin, AXIN1/2, and β-actin in DU145 cells treated with 1 uM
tankyrase inhibitors. Plated cells were grown to confluency and inhibitors were added. After 24 hours
lysate was prepared and proteins separated using SDS-page gel and transferred to nitrocellulose
membrane. Inhibitors D and A3 were observed to most decrease levels of β-catenin compared to the
control. Inhibitor D also appeared to stabilize AXIN1 levels compared to the other inhibitors. AXIN2
levels were increased by inhibitor D, A1 and A3, compared to the control.
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Figure 8B. Densitometry Analysis of Figure 8A Blot. Band densities from β-catenin blot were
normalized to their respective band density from β-actin loading control blot, and then were expressed as
relative density compared to the first control sample (lane 1 – Figure 8). Inhibitor D was observed to have
the largest decreases in β-catenin protein levels, while inhibitor A1, and A5 were found to increase βcatenin levels. Inhibitor D was also found to increase AXIN1 and 2 levels. Inhibitor B, D, A1, A3, and A5
all display markedly increase AXIN2 stabilization.
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Figure 9A. Western Blot of β-catenin in DU145 cells treated with 1 uM tankyrase inhibitors. Plated
cells were grown to confluency and inhibitors were added. After 24 hours lysate was prepared and
proteins separated using SDS-page gel and transferred to nitrocellulose membrane. Inhibitors A2, A7, and
IWR were observed to decrease β-catenin levels.
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Figure 9B. Densitometry Analysis of Figure 9A β-catenin Blot. Band densities from β-catenin blot
were normalized to their respective band density from β-actin loading control blot, and then were
expressed as relative density compared to the first control sample (lane 1 – Figure 9). Inhibitors A2, A4,
A7, and IWR display the largest decreases in β-catenin protein levels.
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Figure 10. Western blot of β-catenin in DU145 cells treated with 1 uM tankyrase inhibitors. Plated
cells were grown to confluency and inhibitors were added. After 24 hours lysate was prepared and
proteins separated using SDS-page gel and transferred to nitrocellulose membrane. Inhibitors A3, A2, and
IWR were found to most significantly knock down β-catenin protein levels.

Figure 11. Western Blot of β-catenin in DLD-1 cells treated with 1 uM tankyrase inhibitors. Plated
DLD-1 cells were grown to confluency and inhibitors were added. After 24 hours lysate was prepared and
proteins separated using SDS-page gel and transferred to nitrocellulose membrane. All tested inhibitors
appear to decrease β-catenin levels to some extent. Inhibitors A3, A5, A4, and A6 demonstrate the largest
decreases.
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Figure 12. DLD-1 Cell Proliferation Assay. Inhibitors A1 and A6 were found to significantly stunt
proliferation of cells as compared to the control (p-value < 0.01), as well as inhibitors A3 and A5 (p-value
< .05). Student’s t-test statistical analysis was performed.
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Figure 13. DLD-1 Scratch Assay to determine the rate of wound edge migration. Plated cells were
grown to confluency and the cell surface was linearly scratched with a 200 uL pipette tip. Immediately a
sample was fixed with 4% p-formaldehyde (Day 0). Remaining cultures were treated with 1 uM of
inhibitors and incubated. After 24 hours these cells were fixed and imaged under microscope. The wound
size was measured. The untreated cells were shown to decrease the wound size by 1.5 units comparative
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to the control. Inhibitors A1, A4, and A7 were found to significantly stunt migration (p-value <0.01) as
compared to untreated culture. Student’s t-test statistical analysis was performed.
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Figure 14. Percent Relative Migration of DLD-1 cells in Scratch Assay. The migration data pictured
in Figure 13 is expressed as percent relative migration compared to the Day 0 wound distance
. Compared to Day 0, the cells in the untreated sample
migrated so far as to close the wound to 40% of its original size. Inhibitors A1, A4, and A7 were observed
to most inhibit migration into the wound gap, as they migrated less than 10% of the initial wound
distance.
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