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Abstract

Activation of Wnt/β-catenin signaling plays a central role in the development and progression of 

colorectal cancer (CRC). The Wnt-transcription factor, TCF7L2, is overexpressed in primary 

rectal cancers that are resistant to chemoradiotherapy (CRT) and TCF7L2 mediates resistance to 

CRT. However, it is unclear whether the resistance is mediated by a TCF7L2 inherent mechanism 

or Wnt/β-catenin signaling in general. Here, inhibition of β-catenin by siRNAs or a small 

molecule inhibitor (XAV-939) resulted in sensitization of CRC cells to CRT. To investigate the 

potential role of Wnt/β-catenin signaling in controlling therapeutic responsiveness, non-

tumorigenic RPE-1 cells were stimulated with Wnt-3a, a physiological ligand of Frizzled-

receptors, which increased resistance to CRT. This effect could be recapitulated by overexpression 

of a degradation-resistant mutant of β-catenin (S33Y), also boosting resistance of RPE-1 cells to 

CRT, which was, conversely, abrogated by siRNA-mediated silencing of β-catenin. Consistent 

with these findings, higher expression levels of active β-catenin were observed as well as 

increased TCF/LEF reporter activity in SW1463 cells that evolved radiation resistance due to 

repeated radiation treatment. Global gene expression profiling identified several altered pathways, 

including PPAR signaling and other metabolic pathways, associated with cellular response to 

radiation. In summary, aberrant activation of Wnt/β-catenin signaling not only regulates the 

development and progression of colorectal cancer, but also mediates resistance of rectal cancers to 

chemoradiotherapy.
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Implications—Targeting Wnt/β-catenin signaling or one of the downstream pathways represents 

a promising strategy to increase response to CRT.
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Introduction

Wnt/β-catenin signaling plays a central role during development and in maintaining 

homeostasis of multiple tissues throughout the body (1–3). Under physiological conditions, 

Wnt ligands such as Wnt-1 or Wnt-3a associate with trans-membrane Wnt receptors of the 

Frizzled family. This leads to an activation of dishevelled (DVL2), which in turn inhibits the 

so-called destruction complex. This multi-protein-complex consists of adenomatous 

polyposis coli (APC), glycogen synthase kinase 3β (GSK3β) as well as Axin, which, in the 

absence of Wnt signaling, promote ubiquitylation and proteasomal degradation of β-catenin. 

Inhibition of the destruction complex results in an accumulation of β-catenin, which 

subsequently enters the nucleus and binds to members of the T-cell factor/lymphoid 

enhancer factor (TCF/LEF) family of high-mobility-group transcription factors. Interaction 

with TCF/LEF factors promotes their ability to induce or repress the transcription of a 

plethora of target genes (1–3).

Aberrant Wnt/β-catenin signaling plays a critical role in the development and progression of 

various human malignancies. Importantly, mutations in and deregulation of components of 

this pathway are defining features of colorectal cancer (CRC) (4,5), which is the second 

leading cause of cancer related death in Europe and the U.S. (6). According to recent data 

from the Cancer Genome Atlas Network, more than 90% of CRC show alterations of the 

Wnt signaling pathway, including bi-allelic inactivation of APC or activating mutations of 

CTNNB1 (β-catenin) in approximately 80% (7).

In previous studies, we demonstrated that the Wnt transcription factor TCF7L2, formerly 

known as TCF4, was overexpressed in primary rectal cancers that were resistant to 

preoperative 5-fluorouracil (5-FU) based long-term chemoradiotherapy (50.4 Gy) (CRT) (8), 

and that shRNA-mediated silencing of TCF7L2 sensitized CRC cell lines to clinically 

relevant doses of 5-FU and radiation (9). These observations are of both clinical and 

scientific relevance: First, resistance to preoperative CRT, the standard treatment for locally 

advanced rectal cancer, is a major clinical problem in the management of this disease 

(4,10,11). Secondly, the role of aberrant Wnt/β-catenin signaling in treatment resistance in 

rectal cancer has not been fully elucidated. In the present study, we demonstrate that 

TCF7L2-associated radio-resistance is Wnt- and β-catenin-dependent, and we identified 

downstream pathways associated with response to radiation.
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Materials and Methods

Cell lines and cell culture

Human CRC cell lines SW480, SW837, SW1463, and LS1034 were obtained in 2006 from 

the American Type Culture Collection (ATCC, Manassas, VA). In 2009, directly prior to 

freezing the cell stocks used in this study, cell line authenticity was reconfirmed using short 

tandem repeat profiling (12). Cells were cultured in their recommended media (Invitrogen, 

Carlsbad, Germany), supplemented with 10% fetal bovine serum (Pan, Aidenbach, 

Germany) and 2 mM L-glutamine (BioWhittaker, Verviers, Belgium), and discarded no later 

than after 15 passages. Periodically, mycoplasma contamination was determined using the 

MycoAlert® Mycoplasma Detection Kit (Lonza, Cologne, Germany). Wild-type L-cells and 

L-Wnt-3a cells (13), as well as hTERT-immortalized retinal pigment epithelial (RPE-1) cells 

(14), were kindly provided by Holger Bastians (Institute for Molecular Oncology, University 

Medical Center Goettingen). Cells were authenticated and stored and subsequently 

propagated as explained above. All cancer cell lines used in this study were characterized 

previously in regards to their radiation sensitivity and gene expression profiles (15).

siRNA transfection

Transfections with synthetic small interfering RNA (siRNA) duplexes were performed as 

previously described (16,17). Briefly, for cellular viability assays, cells were reverse 

transfected with siRNAs (Qiagen, Hilden, Germany; Dharmacon/Thermo Fisher Scientific, 

Schwerte, Germany) using RNAiMAX (Invitrogen) or HiPerFect (Qiagen). For colony 

formation assays and Western blot analyses, cells were transfected using nucleofector 

technology (Lonza). Additional information regarding transfection conditions and siRNA 

sequences can be found in Supplementary Tables S1, S2, and S3.

Small-molecule inhibitor XAV-939

The tankyrase inhibitor XAV-939 (Tocris Bioscience, Bristol, United Kingdom) was used to 

inhibit tankyrases 1 and 2 (18). Cells were treated with different inhibitor concentrations for 

various time spans, followed by a medium exchange to remove the inhibitor. DMSO treated 

cells served as a negative control. Details can be found in Supplementary Tables S1 and S2.

Western blot analysis

Western blot analysis was performed as previously described (9,17). Briefly, 20 μg of whole 

cell protein lysate was loaded and resolved on an 8% or 10% Bis-Tris polyacrylamide gel. 

Proteins were transferred by semi-dry blotting onto a polyvinylidene difluoride membrane 

(GE Healthcare, Little Chalfont, UK), probed with antibodies and detected using an 

ImageQuant LAS 4000 mini CCD camera system (GE Healthcare). The respective 

antibodies and experimental conditions are listed in Supplementary Table S4.

Cellular viability assay

Cellular viability following siRNA-transfection was assessed using the CellTiter-Blue® 

reagent (Promega, Madison, WI). Reduction of resazurin to resorufin was measured at 

various time points after the respective treatment using a plate reader (VICTOR™ X4, Perkin 
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Elmer, Waltham, MA) per the manufacturer’s instructions. Cellular viability of siRNA-

transfected cells was compared to cells transfected with a non-silencing control siRNA 

(siNEG). Detailed information can be found in Supplementary Table S1.

Dual luciferase reporter assay

Plasmid transfections were performed as follows: Cells were seeded into 12-well plates and 

allowed to adhere overnight. The next day, cells were forward transfected with the reporter 

plasmids SuperTopFlash or SuperFopFlash (Addgene, Cambridge, MA), and, to normalize 

for transfection efficiency, co-transfected with Renilla luciferase reporter plasmid (Promega) 

using X-tremeGENE HP DNA Transfection Reagent (Roche, Penzberg, Germany). Twenty-

four hours after transfection, passive lysis buffer (Promega) was added, and both Firefly and 

Renilla luciferase activity was measured in a microplate reader (Mithras LB940, Berthold 

Technologies, Bad Wildbad, Germany). Relative transcription factor activity was calculated 

by dividing Renilla-normalized values of SuperTopFlash® reporter plasmid and 

SuperFopFlash control reporter plasmid. Details on experimental conditions are provided in 

Supplementary Table S1.

(Chemo-) Radiotherapy and determination of cell survival

To determine the respective surviving fractions after radiation treatment (RT) and CRT, a 

standard colony formation assay was performed. Defined numbers of cells growing in log-

phase were seeded as single-cell suspensions into six-well plates (Supplementary Table S2), 

and subsequently radiated with a single dose of 1, 2, 4, 6 and 8 Gy of X-rays (Gulmay 

Medical, Camberley, UK). For CRT, cells were exposed to 3 μM of 5-FU (Sigma-Aldrich, 

Steinheim, Germany) for 16 hours prior to radiation. After defined time periods 

(Supplementary Table S2), cells were fixed with 70% ethanol and stained. Colonies with 

more than 50 cells were scored as survivors, and non-radiated cultures were used for data 

normalization. Resulting plating efficiencies for all colony formation assays can be found in 

Supplementary Table S5. Experiments were performed in triplicate (technical replicates) and 

independently repeated three times (biological replicates).

Exogenous stimulation of Wnt/β-catenin signaling using Wnt-3a

Wnt-3a-containing supernatant was produced from low-density seeded L-Wnt-3a cells, 

which were grown to confluence in DMEM/F12 medium. After approximately three days, 

medium was collected and stored at 4 °C (batch I). Subsequently, fresh DMEM/F12 medium 

was added and cells were grown for another three days, until medium was collected (batch 

II). Batches I and II were pooled and sterile filtered. The resulting medium was diluted 1:1 

using fresh DMEM/F12 medium supplemented with 0.35% sodium bicarbonate (Biochrom, 

Berlin, Germany). As a negative control, wild-type L-cells were treated similarly to produce 

a supernatant without Wnt-3a. For colony formation assays, cells were seeded in 6-well 

plates in medium with or without Wnt-3a. 5-FU was added 16 hours prior to irradiation and 

removed by a media exchange, with or without Wnt-3a, 12 hours after irradiation 

(Supplementary Figure S4).
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Overexpression of mutated β-catenin (S33Y)

RPE-1 cells were seeded into six-well plates and allowed to adhere overnight. Using 2.5 μl 

X-tremeGENE HP DNA Transfection Reagent (Roche), cells were transfected with 2.5 μg of 

pCl-neo-β-catenin (S33Y) (Addgene) or pCl-neo (empty vector control; Promega) plasmid 

DNA. Subsequently, cells were selected with 800 μg/ml G-418 (Biochrome) for two weeks.

Establishment of an isogenic radiation-resistant cell population (SW1463RES)

SW1463 cells were repeatedly radiated with 2 Gy of X-rays for 34 cycles, equaling to a 

cumulative dose of 68 Gy (Supplementary Figure S5A). Specifically, cells were seeded into 

six-well plates, radiated the next day, and cultured in fresh medium. At 70–80% confluence, 

they were exposed to the next cycle of radiation.

RNA isolation

For each condition (i.e., no irradiation (SW1463, SW1463RES) or 6 hours after exposure to 4 

Gy of X-rays (SW1463-4 Gy and SW1463RES-4 Gy), total RNA was isolated from 

logarithmic growing cells using the RNeasy Mini kit (Qiagen, Hilden, Germany), per the 

manufacturer’s instructions, including the optional on-column DNase digestion 

(Supplementary Figure S5B). Quantity and purity of isolated RNA was assessed using a 

NanoDrop ND-1000 spectrophotometer (ThermoFischer, Waltham, MA); RNA integrity was 

assessed by Agilent 2100 Bioanalyzer electrophoresis (Agilent Technologies, Palo Alto, 

CA). Only samples with an RNA integrity number >9.5 were considered for additional 

experiments. Experiments were independently repeated three times (biological replicates).

Microarray-based global gene expression analyses

Gene expression profiling was performed as previously described (15,16,19). In brief, 200 

ng of total RNA was reverse transcribed, amplified, and labeled with Cy3 using the Low 

RNA Input Linear Amplification Kit PLUS (Agilent Technologies). Subsequently, 1.65 μg 

of labeled cRNA was fragmentized and hybridized overnight to a 4 x 44 k gene expression 

microarray (Agilent Technologies). After a washing step, the arrays were scanned on an 

Agilent DNA microarray scanner G2505B (Agilent Technologies) at 5-micron resolution. 

The respective gene expression data has been deposited in the National Center for 

Biotechnology Information Gene Expression Omnibus (GSE97543).

Statistical analysis

For analyses of the irradiation data, a multiple linear regression model was used to describe 

the normalized surviving fraction as a dependent variable, given the independent variables of 

irradiation dose, treatment group (control group or treated group) and biological replicates. 

Two different models, including either only irradiation dose and replicates or, additionally, 

treatment effect and treatment and irradiation dose interaction term were compared using 

analysis of variance (ANOVA). All analyses were performed using the R statistical 

computing software R (version 3.1.0) using the R packages nlme and survival. For 

visualization, irradiation data are presented as mean and standard error of the mean (SEM) 

from at least three independent experiments using the software KaleidaGraph (version 
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4.1.0). P-values < 0.05 were considered significant, suggesting an influence of the treatment 

on the dose response.

Statistical analyses of cellular viability and luciferase reporter activity experiments were 

performed using an unpaired two-tailed Student’s t-test in Microsoft Excel and visualized in 

Grapher (version 8.2.460). Again, P-values < 0.05 were scored as significant.

To identify genes that are significantly altered in response to irradiation for each condition 

we performed a one sided, paired-sample student t-test to test whether the expression of each 

gene is increased or decreased as a response to irradiation. We then used false discovery rate 

(FDR) correction for multiple hypotheses with an FDR-level q < 0.05.

Overrepresented pathways were identified by using WikiPathway enrichment applying the 

hyper geometric enrichment test P-value < 0.05 (20).

Results

Inhibition of β-catenin increases treatment sensitivity of CRC cells

We previously reported a novel role for TCF7L2 in mediating responsiveness of CRC to 

CRT (8,9). To test whether the observed effect of radiosensitization is TCF7L2-specific or 

dependent on the Wnt/β-catenin pathway more generally, β-catenin expression was silenced 

in two colon cancer cell lines, SW480 and LS1034, and in the rectal cancer cell line SW837, 

using RNA interference. Successful silencing was confirmed for all cell lines at 24, 48, 72, 

and 96 hours post transfection by Western blot analysis (Supplementary Figure S1). Of note, 

we detected a pronounced reduction of nuclear, cytosolic and total expression levels of both 

active and total β-catenin (Figure 1A). siRNA-mediated silencing of β-catenin led to a mild 

reduction of cellular viability 48 hours after transfection, which was significant in LS1034 

(Figure 1B, left panels), and was accompanied by a significantly decreased TCF/LEF 

reporter activity in all three cell lines (LS1034 si#1: P = 4.196e-08, si#2: P = 4.317e-11; 

SW480 si#1: P = 1.058e-05, si#2: P = 2.646e-08; SW837 si#1: P = 0.0004, si#2: P = 5.131 

e-05) (Figure 1B, right panels). To assess the consequences of β-catenin inhibition on 

cellular sensitivity to CRT, we determined the respective surviving fractions following 

(chemo-) radiotherapy using a colony formation assay, as is standard in the field. Compared 

with the non-silencing control siRNA, silencing of β-catenin significantly increased the 

sensitivity of LS1034 (P = 0.000119), SW480 (P = 2.73e-05), and SW837 (P = 2.76e-06) 

cells to irradiation (Figure 1C, left panels). A similar effect was observed for a combination 

of 5-FU and irradiation (LS1034: P = 0.00186; SW480: P = 0.000272; SW837: P = 

2.71e-08) (Figure 1C, right panels). Hereby, the addition of 5-FU only slightly increased the 

overall sensitivity to irradiation.

Next, we aimed to test whether we can recapitulate this sensitization effect using a small-

molecule inhibitor of Wnt/β-catenin signaling. Towards this goal, we used the potent and 

clinically promising tankyrase inhibitor XAV-939 (21). Tankyrase inhibitors have been 

previously identified to inhibit β-catenin-mediated transcription by blocking Tankyrase 

isoforms 1 and 2 thereby stabilizing Axin through preventing its degradation (18). SW837 

and SW480 cells were incubated with varying doses of XAV-939 for multiple time periods 
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(Supplementary Figure S2A, B), and both induction of Axin2 protein expression and 

reduction of unphosphorylated (active) β-catenin protein levels were validated by Western 

blot analysis. For each cell line two doses were established, one inducing Axin2 and 

consequently reducing (active) β-catenin by approx. 50%, the second (higher one) raising 

the Axin2 levels even more and reducing (active) β-catenin as much as possible without 

decreasing cellular viability (Supplementary Figure S3A, B). As previously described (18), 

treatment with XAV-939 resulted in a viability reduction of up to 20% (Supplementary 

Figure S3B). Importantly, treatment with XAV-939 led to a significant radio sensitization of 

SW480 (1 μM P = 0.016; 4 μM P = 0.0112) and SW837 (5 μM P = 0.0223; 10 μM P 
=0.000264). The sensitization effect to RT was stronger with higher doses of XAV-939, but 

less prominent as observed with siRNAs targeting β-catenin (Supplementary Figure S3C).

These results suggest that both TCF7L2, as previously demonstrated (8,9), and β-catenin 

influence responsiveness to CRT.

Wnt-3a-stimulation leads to treatment resistance in non-tumorigenic epithelial cells

To further investigate whether responsiveness to CRT is not only β-catenin- and TCF7L2-

dependent, but also Wnt/β-catenin-dependent, we used RPE-1 cells, which are highly 

sensitive to irradiation. RPE-1 cells represent a non-tumorigenic epithelial cell model system 

with a stable karyotype (13,22). Incubation with Wnt-3a, a physiological ligand of the 

Frizzled receptor family, induced protein expression of Axin2 and active (unphosphorylated) 

β-catenin (Figure 2A), and resulted in a ~800 fold increased TCF/LEF reporter activity (P = 

0.0105, Figure 2B). Importantly, external stimulation of Wnt/β-catenin signaling with 

Wnt-3a significantly increased the resistance to both irradiation (24 h: P = 0.000185, 144 h: 

P = 0.0102; Figure 2C) and CRT (24 h: P = 0.0000233, 144 h: P = 0.00211; Figure 2D). 

Conversely, exposure to XAV-939 resulted in a significantly increased sensitivity of RPE-1 

cells to irradiation (P = 0.0232; Figure 2E and Supplementary Figure S2C). This indicates 

that responsiveness to (chemo-) radiotherapy is Wnt/β-catenin dependent, and that the 

mechanism of Wnt/β-catenin-controlled responsiveness is not restricted to malignant cells 

but points to a universal phenomenon.

Overexpression of mutated β-catenin (S33Y) leads to treatment resistance in non-
tumorigenic epithelial cells

To obtain further evidence that (chemo-) radiotherapy responsiveness is Wnt/β-catenin 

dependent, and to rule out potential Wnt- or β-catenin-independent effects of Wnt-3a (3,23), 

we stimulated the pathway through overexpression of a constitutively active β-catenin 

(S33Y mutated) protein, which cannot be inactivated by the degradation complex. We first 

demonstrated that transient transfection of mutated β-catenin resulted in increased protein 

levels of active and total β-catenin, and in significantly elevated TCF/LEF reporter activity 

24 hours after transfection of RPE-1 cells (P = 0.0002, Figure 3A). Consistent with these 

findings, stable overexpression of mutated β-catenin in RPE-1 cells resulted in a ~250 fold 

increased TCF/LEF reporter activity (P = 0.0017), as shown in Figure 3B. Importantly, 

stimulation of Wnt/β-catenin signaling significantly increased the resistance of RPE-1 cells 

to both irradiation (P = 0.0098; Figure 3C, left panel) and CRT (P = 0.00187; Figure 3C, 

right panel), further supporting our hypothesis that Wnt/β-catenin signaling, and not a β-
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catenin independent mechanism, controls responsiveness to CRT. To test whether this effect 

can be reversed, we transfected RPE-1 cells that stably express mutated β-catenin (S33Y) 

with siRNAs targeting β-catenin. As expected, this significantly reduced β-catenin protein 

levels and the TCF/LEF reporter activity (si#1: P = 0.010, si#2: P = 0.0063; Figure 3D, left 

panels), and abrogated the resistance effect after radiation (P = 6.61e-06; Figure 3D, middle 

panel) and CRT (P = 4.66e-06; Figure 3D, right panel). In contrast, silencing of β-catenin in 

RPE-1 cells that stably express the empty vector did neither affect TCF/LEF reporter activity 

nor treatment sensitivity (Figure 3E).

Isogenic radiation-resistant cells show elevated Wnt/β-catenin signaling activity

To obtain further evidence that Wnt/β-catenin signaling regulates responsiveness of CRC 

cells to CRT, we repetitively irradiated SW1463 cells in order to establish an isogenic 

radioresistant cell population (Supplementary Figure S5A), an approach well described in 

the literature (24). As shown in Figure 4A, repeated irradiation with 2 Gy (total dose of 68 

Gy after 35 weeks) resulted in the development of a SW1463 cell population with increased 

resistance to irradiation (P = 0.0575), referred to as SW1463RES. Importantly, and consistent 

with our hypothesis, this increased resistance was accompanied by a significantly increased 

TCF/LEF transcriptional activity (P = 0.002, Figure 4B), and elevated nuclear, cytosolic and 

total protein levels of both active and total β-catenin, as measured by Western blot analysis 

(Figure 4C). Protein levels of Axin2, a negative feedback regulator of Wnt/β-catenin (25), 

were not increased. These findings suggest that increased signaling activity of the Wnt/β-

catenin pathway confers a selective advantage to survive irradiation.

Radioresistant colorectal cancer cells show deregulated RNA expression profiles and 
activate different pathways in response to irradiation

To elucidate how Wnt/β-catenin signaling mediates resistance, we established gene 

expression profiles of SW1463 and radio-resistant SW1463 (SW1463RES), both prior to and 

6 h after exposure to a single dose of 4 Gy (Supplementary Figure S5B). As expected, we 

found a significant (P = 0.05) overexpression of Wnt/β-catenin signature genes in 

SW1463RES compared to SW1463, including increased expression of LEF1, part of the 

TCF/LEF1 transcription factor complex, and WNT5B (Supplementary Table S6A)

To now assess transcriptional changes in response to radiation and to detect different 

activation of signaling pathways, we first identified genes differentially expressed between 

SW1463 cells and SW1463 cells six hours after exposure to 4 Gy (SW1463-4 Gy; 

Supplementary Table S6B). Next, we profiled our radiation resistant SW1463 cells, prior to 

(SW1463RES) and six hours after exposure to 4 Gy (SW1463RES-4 Gy) (Supplementary 

Table S6C). Both populations responded to radiation with a significant up and 

downregulation of numerous genes and pathways, which can be found in Figure 4D and 

Supplementary Table S6B and S6C. In contrast to SW1463 cells, which responded to 

radiation with 4 Gy with significantly decreased expression of genes belonging to the PPAR 

signaling, we observed increased expression of PPAR pathway genes in SW1463RES in 

response to radiation with 4 Gy (Figure 4D). Additionally, SW1463RES cells responded with 

overexpression of genes belonging to metabolic pathways, such as AMPK signaling or the 

citric acid cycle (Figure 4D).
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Discussion

Preoperative CRT followed by radical surgical resection represents the standard of care for 

patients with locally advanced rectal cancer (4,11,26). However, the response of individual 

tumors to preoperative multimodal treatment is highly heterogeneous and ranges from 

complete clinical response to absence of any histopathological tumor regression (complete 

resistance). This poses a clinical dilemma, because patients with resistant tumors are 

exposed to the potential side effects of chemotherapy and irradiation with no clear benefit. It 

is therefore critical to uncover mechanisms and pathways of treatment resistance for the 

identification of strategies to increase the fraction of patients with rectal cancer who benefit 

from multimodal neoadjuvant treatment (10).

In an attempt to identify novel molecular targets and pathways that may be manipulated to 

sensitize tumors to CRT, we previously demonstrated that the Wnt transcription factor 

TCF7L2 is overexpressed in CRT-resistant rectal cancers (8). Subsequently, we showed that 

RNAi-mediated silencing of TCF7L2 sensitizes colon and rectal cancer cell lines to CRT 

(9). This radio-sensitization was the consequence of a transcriptional deregulation of Wnt/

TCF7L2 target genes, and a compromised DNA double strand break repair. In addition, 

silencing of TCF7L2 resulted in an increased fraction of cells in the G2/M phase of the cell 

cycle, which is known for increased vulnerability to radiation-induced DNA damage (27). 

However, it remained unclear whether this effect was a TCF7L2-inherent function or Wnt/β-

catenin signaling-dependent. In the present study, we confirm that the Wnt/β-catenin 

pathway mediates resistance of CRC cells to irradiation and 5-FU-based CRT.

We demonstrated that inhibition of β-catenin, either mediated through siRNAs or the small-

molecule inhibitor XAV-939, sensitizes CRC cells to irradiation. This adds weight to the 

growing body of evidence suggesting that Wnt/β-catenin signaling mediates treatment 

responsiveness, in addition to its central role in tumor development and progression (1,2). 

Recently, Cojoc and colleagues established gene expression profiles of prostate cancer cell 

lines and derived radio-resistant clones and discovered that β-catenin regulates aldehyde 

dehydrogenase (ALDH1A3) (28). RNAi-mediated silencing of β-catenin and ALDH1A3 led 

to a pronounced radiosensitization of a priori resistant cells (28). Fitting, in our experiment, 

radio-sensitive SW1463 cells responded with a significant downregulation of ALDH1A3 to 

radiation. Dong and colleagues demonstrated a role for Wnt/β-catenin signaling in radiation-

induced invasion of glioblastoma cells (29). In their model, radiation mediated nuclear 

accumulation of β-catenin and an up-regulation of Wnt/β-catenin downstream genes. 

Pathway inhibition abrogated the pro-invasion effects of radiotherapy (29). Similar to our 

approach, Ahn et al. repeatedly irradiated lung cancer cells to obtain resistant cell 

populations. Using gene expression profiling, they identified multiple genes that were 

differentially expressed between resistant cells and their parental cell lines. Wnt/β-catenin 

pathway genes were the most frequently altered (30). In our model, the increased resistance 

of SW1463RES was accompanied by elevated levels of active and total β-catenin, and 

increased TCF/LEF transcriptional activity. Interestingly, several of the genes described by 

Ahn and colleagues (24) were differentially deregulated in a similar fashion in our model, 

including many Wnt pathway genes. This points to an involvement of Wnt/β-catenin 

signaling in radiation resistance in multiple tumor entities. Of note, we previously 

Emons et al. Page 9

Mol Cancer Res. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characterized the CRT-sensitivity of 12 colorectal cancer cell lines, which we correlated with 

gene expression profiles. Importantly, and nicely fitting with the observations reported here, 

we detected an overrepresentation of Wnt-pathway and Wnt-target genes within this 

signature of chemoradiosensitivity (15).

From a clinical point of view, one goal is to improve sensitivity to CRT. Of equal importance 

is to decrease potential side effects of irradiation, specifically, to decrease normal tissue 

toxicity (31). In this respect, Hai and colleagues demonstrated that transient activation of 

Wnt/β-catenin signaling prevents radiation-induced damage to salivary glands (32). Zhao 

and colleagues observed that an upregulation of the Wnt/β-catenin pathway accelerates 

mucosal repair following radiotherapy-induced oral mucositis (33). Very recently, Chandra 

and colleagues demonstrated that an activated Wnt/β-catenin pathway blocks radiation-

induced apoptosis in osteoblasts through enhanced DNA repair, suggesting that Wnt agonists 

may be clinically used to block radiation-induced osteoporosis (34). In a similar attempt, we 

stimulated phenotypically “normal” RPE-1 cells, which are highly sensitive to irradiation, 

with Wnt-3a, a physiological ligand of the Frizzled receptor family. Treatment with Wnt-3a 

resulted in a strong activation of Wnt/β-catenin signaling, with increased expression levels 

of both Axin2 and β-catenin, accompanied by a ~800-fold increase of TCF/LEF reporter 

activity. Importantly, however, Wnt-3a stimulation resulted in significantly increased 

resistance to irradiation, while inhibition of β-catenin by XAV-939 sensitized RPE-1 to 

irradiation. A similar effect was observed through overexpression of constitutively active 

(S33Y-mutated) β-catenin in RPE-1 cells, which also resulted in a strong activation of Wnt/

β-catenin signaling and which increased radiation resistance. This effect could be rescued by 

siRNA-mediated silencing of β-catenin. These results further support the notion that Wnt/β-

catenin signaling controls responsiveness to CRT, and that this effect is not due to a β-

catenin-independent branch of Wnt signaling (23).

However, open questions remain: Firstly, the underlying molecular mechanisms through 

which the Wnt/β-catenin pathway functionally mediates responsiveness to CRT are still not 

fully understood. Preliminary evidence indicates that Wnt/β-catenin signaling may trigger 

epithelial to mesenchymal transition (EMT), which has been implicated in increased 

resistance to radiotherapy (28,35–38). In our gene expression data, we observed an 

overexpression of genes associated with EMT in resistant cell populations, underscoring the 

importance of the Wnt/β-catenin EMT axis (data not shown). Recently, Jun et al. suggested 

a role for non-homologous end joining (NHEJ) in Wnt/β-catenin mediated radiation 

resistance (39). By screening DNA repair genes and β-catenin targets they identified LIG4, 

whose expression was directly regulated by β-catenin and observed that deregulation of 

LIG4 mediates resistance of colon cancer cell lines to radiation. However, we did not 

observe changes in LIG4 expression when comparing SW1463 and Wnt-active radiation 

resistant SW1463RES. In addition, LIG4 expression was not associated with treatment 

response in a set of 161 primary rectal cancers treated with 5-FU-based chemoradiotherapy 

(Emons et al., unpublished data). This leads to the conclusion that, while the activation of 

LIG4 may represent one possible mechanism through which Wnt/β-catenin signaling 

controls responsiveness in colon cancer cells, there likely exist other resistance mechanisms 

in rectal cancer.
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Of note, our data suggests a role for PPAR signaling in mediating radiation resistance. We 

observed increased expression of genes from the PPAR pathway in response to 4 Gy in 

SW1463RES, while SW1463 cells reacted in a completely opposite manner, i.e., with a 

decrease in expression of these genes. It has been previously shown that PPAR is a 

downstream pathway of Wnt/β-catenin/TCF7L2 signaling (40), and that PPAR signaling, 

besides its prominent role in providing metabolic advantages for cancer cells (41), prevents 

radiation induced cellular damage. For example, a PPAR-gamma agonist has been recently 

shown to protect normal tissue from radiation injury (42). Finally, the pathway is associated 

with a poor prognosis in a variety of human carcinomas (43,44). Therefore, we speculate 

that PPAR signaling might be a novel mechanism through which Wnt signaling mediates 

radio resistance.

Our study did not address the question whether Wnt/β-catenin pathway inhibition in vivo 
sensitizes to CRT. However, several studies reported an association between treatment 

resistance and the expression of members of the Wnt/β-catenin pathway (45,46). As 

described above, we previously used pre-therapeutic gene expression profiling of tumor 

biopsies to demonstrate that TCF7L2 was expressed at higher levels in resistant compared to 

responsive primary rectal cancers (8). Using immunohistochemical analyses, Kriegl and 

colleagues reported that TCF7L2 expression was a negative prognostic factor associated 

with a shorter overall survival of CRC patients (47). Similarly, Gomez-Millan and 

colleagues demonstrated that overexpression of β-catenin following CRT was associated 

with a decreased disease-free survival and a poor prognosis of rectal cancer patients (45).

In summary, our data demonstrate that Wnt/β-catenin signaling mediates responsiveness of 

rectal cancers to CRT. We suggest that targeting Wnt/β-catenin signaling or one of the 

downstream pathways represent a promising strategy to increase therapeutic responsiveness 

of rectal cancers to CRT, the standard treatment for patients with locally advanced stages of 

this disease (4,11,26).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APC adenomatous polyposis coli
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LEF lymphoid enhancer factor

RT radiotherapy

CRT chemoradiotherapy

5-FU 5-fluorouracil

RPE retinal pigment epithelial
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Figure 1. 
siRNA-mediated silencing of β-catenin sensitizes CRC cells to (chemo-) radiotherapy. (A) 

Active β-catenin and total β-catenin protein levels decreased 48 hours after transfection with 

siRNAs targeting β-catenin compared to a non-specific negative-control (siNEG) in LS1034, 

SW480, and SW837. Proteins were isolated as cytosolic and nuclear fractions (left panel) 

and as whole protein lysates (right panel). (B) Cellular viability was measured 48 hours after 

transfection using a CellTiter-Blue® assay (left panel), and transcriptional activity of the 

TCF/LEF complex was determined using a dual luciferase reporter assay (right panel). 

While silencing of β-catenin resulted in a mild reduction of cellular viability, the TCF/LEF 

reporter activity decreased significantly (LS1034: P = 4.196e-08 (si#1), P = 4.317e-11 

(si#2); SW480: P = 1.058e-05 (si#1), P = 2.646e-08 (si#2); SW837: P = 0.0004 (si#1), P = 

5.131e-05 (si#2)). (C) Cell lines were irradiated 48 hours after transfection at various doses 

of X-rays (RT, left panel). For CRT, cells were pre-incubated, 24 hours after transfection, 

with 3 μM of 5-FU for 16 hours, and subsequently irradiated (right panel). Silencing of β-

catenin significantly increased the sensitivity of LS1034 (RT: P = 0.000119, CRT: P = 

0.00186; ANOVA model), SW480 (RT: P = 2.73e-05, CRT: P = 0.000272; ANOVA model), 

and SW837 (RT: P = 2.76e-06, CRT: P = 2.71e-08) to (chemo-) radiotherapy. Each 

experiment was repeated three times. Data are displayed as mean values, n = 3, error bars ± 

SEM.
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Figure 2. 
Wnt-3a-stimulation induces treatment resistance in non-tumorigenic epithelial cells. (A) 

Incubation of RPE-1 cells with Wnt-3a for 24 hours (h) resulted in increased protein levels 

of Axin2 and active β-catenin. Proteins were isolated as cytosolic and nuclear fractions (left 

panel), and as whole protein lysates (right panel). (B) Similarly, stimulation with Wnt-3a 

resulted in a ~800 fold increased TCF/LEF reporter activity (P = 0.0105). (C, D) Treatment 

with Wnt-3a significantly increased resistance to both irradiation and CRT after 24 hours 

(RT: P = 0.000185, CRT: P = 0.0000233; ANOVA model) and 144 hours (RT: P = 0.0102, 
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CRT: P = 0.00211; ANOVA model). (E) Exposure to 4 μM of XAV-939 for 24 hours 

significantly sensitized RPE-1 cells to irradiation (P = 0.0232). Each experiment was 

repeated three times. Data are displayed as mean values, n = 3, error bars ± SEM.
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Figure 3. 
Overexpression of mutated β-catenin (S33Y) induces treatment resistance in non-

tumorigenic epithelial cells. (A) Transient transfection of mutated β-catenin resulted in 

increased protein levels of active and total β-catenin (left panel), and in elevated TCF/LEF 

reporter activity (P = 0.0002, right panel). (B, C) Stable overexpression of mutated β-catenin 

resulted in a ~250 fold increased TCF/LEF reporter activity (P = 0.0017), and significantly 

decreased the sensitivity of RPE-1 cells to both irradiation (P = 0.0098; ANOVA model) and 

CRT (P = 0.00187; ANOVA model). (D) Silencing of β-catenin in RPE-1 cells that stably 

express mutated β-catenin (S33Y) significantly decreased β-catenin protein expression and 

TCF/LEF reporter activity (si#1: P = 0.010, si#2: P = 0.0063; left panels), and abrogated the 

resistance to radiotherapy (P = 6.61e-06; middle panel) and CRT (P = 4.66e-06; right panel). 

(E) In control RPE-1 cells that stably express the empty vector, silencing of β-catenin did 

neither affect TCF/LEF reporter activity (left panel) nor treatment sensitivity (RT: P = 0.557; 

CRT P = 0.637). Each experiment was repeated three times. Data are displayed as mean 

values, n = 3, error bars ± SEM.
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Figure 4. 
Isogenic radiation-resistant CRC cells show elevated Wnt/β-catenin signaling activity. (A) 

SW1463 cells were repetitively irradiated with 2 Gy (total dose of 68 Gy), which resulted in 

a cell population (SW1463RES) with a decreased sensitivity to irradiation (P = 0.0575; 

ANOVA model). (B) This increased treatment resistance was accompanied by a significantly 

increased TCF/LEF transcriptional activity (P = 0.002). (C) Protein levels of both active and 

total β-catenin were elevated in radiation-resistant SW1463RES cells. Proteins were isolated 

as cytosolic and nuclear fractions (left panel) and whole protein lysates (right panel). Each 

experiment was repeated three times. Data are displayed as mean values, n = 3, error bars ± 
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SEM. (D) SW1463RES cells activate distinct pathways in response to a single dose of 4 Gy 

of X-Rays compared to SW1463 cells. Pathway analysis is based on gene expression 

profiles of three biological replicates of each condition (SW1463, SW1463-4 Gy, 

SW1463RES, SW1463RES-4 Gy).
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