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ABSTRACT 54 
 55 
Metastatic renal cell carcinoma is a largely incurable disease, and existing treatments 56 

targeting angiogenesis and tyrosine kinase receptors are only partially effective.  Here we 57 

reveal that MUC13, a cell surface mucin glycoprotein, is aberrantly expressed by most renal 58 

cell carcinomas, with increasing expression positively correlating with tumor grade.  59 

Importantly, we demonstrated that high MUC13 expression was a statistically significant 60 

independent predictor of poor survival in two independent cohorts, particularly in stage 1 61 

cancers. In cultured renal cell carcinoma cells MUC13 promoted proliferation and induced the 62 

cell cycle regulator, cyclin D1, and inhibited apoptosis by inducing the anti-apoptotic proteins, 63 

BCL-xL and survivin. Silencing of MUC13 expression inhibited migration and invasion, and 64 

sensitised renal cancer cells to killing by the multi-kinase inhibitors used clinically, sorafenib 65 

and sunitinib, and reversed acquired resistance to these drugs.  Furthermore, we 66 

demonstrated that MUC13 promotion of renal cancer cell growth and survival is mediated by 67 

activation of nuclear factor κB, a transcription factor known to regulate the expression of 68 

genes that play key roles in the development and progression of cancer.  These results show 69 

that MUC13 has potential as a prognostic marker for aggressive early stage renal cell cancer 70 

and is a plausible target to sensitise these tumours to therapy. 71 

 72 

Keywords: MUC13; Renal cell carcinoma; prognostic marker; proliferation, apoptosis 73 

sorafenib, sunitinib, NFκB  74 

 75 
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Introduction 80 
 81 
Renal cell carcinoma (RCC) comprises approximately 4% of all cancers, but an alarming 82 

increase in incidence has been reported,
1
 with an estimated 338,000 new cases and 102,000 83 

deaths annually.
2
  The main histologic subtype, clear cell RCC (ccRCC), accounts for 75% of 84 

all cases.
3
  Approximately 30% of RCC patients present with metastatic disease at the time of 85 

diagnosis and nearly half of the remainder will subsequently develop, and ultimately die from, 86 

metastasis.
4
 Major clinical challenges for RCC are the lack of a screening method for early-87 

stage diagnosis, the lack of biomarkers for prediction of progression, the frequent 88 

development of metastatic disease to the lung, lymph nodes, bone, liver and brain, and the 89 

lack of efficacy of therapy for metastatic disease because of inherent or developing drug 90 

resistance. RCC is poorly responsive to chemotherapy due to the development of multi-drug 91 

resistance. Antiangiogenic agents, tyrosine kinase inhibitors such as sorafenib and sunitinib 92 

which affect both angiogenesis and tumour growth and survival pathways, and 93 

immunotherapy are the major current approaches for patients with advanced RCC. 94 

Unfortunately, while 10-20% of patients have tumors that are initially refractory to therapy, a 95 

large majority relapse after a median of 10-12 months.
5
  Recently, a definitive phase 3 trial 96 

found that sorafenib or sunitinib provided no disease-free survival benefit compared to 97 

placebo despite substantial toxicity.
6
  Taken together, there is a great need to identify new 98 

diagnostic and prognostic markers, as well as developing novel therapeutic strategies for 99 

treatment of advanced RCC.   100 

Mucins are complex cell surface and secreted glycoproteins that provide protection 101 

and lubrication to the epithelial surface of mucosal tissues.
7-9

  Alterations in the expression 102 

and glycosylation of cell surface mucins occur in multiple types of adenocarcinoma. The 103 

advantage of their expression in these cancers is likely linked to their functions in healthy 104 

tissue, promoting epithelial resistance and resilience to toxic challenges at mucosal surfaces.
9
  105 

Carcinoma cells derived from epithelia overexpress mucins to exploit their role in promoting 106 

growth, survival, migration and invasion of cancer cells.
8, 9

  Mucins have thus been identified 107 

as markers of poor prognosis
10, 11

 and as attractive therapeutic targets
12-19

 in many cancers.  108 

 The MUC13 cell surface mucin is overexpressed in gastric,
20

 colorectal,
21-23

 109 

pancreatic
24, 25

 and ovarian
26

 cancers. Normally this protein is expressed on the apical 110 
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borders of epithelial cells of the intestine, including the luminal surface glycocalyx of 111 

enterocytes and goblet cells in the small and large intestine,
27

 with increased cytoplasmic 112 

expression seen in response to infection 
28

 and inflammation.
29

  MUC13 has a relatively short 113 

151-amino acid extracellular domain compared with other cell surface mucins, three 114 

epidermal growth factor (EGF)-like domains, one sea urchin sperm protein enterokinase 115 

arginine (SEA) domain within an extracellular component, followed by a short 23-amino acid 116 

transmembrane domain and a 69- amino acid cytoplasmic domain that includes eight serine 117 

and two tyrosine residues for potential phosphorylation. In addition, there is a protein kinase C 118 

consensus phosphorylation motif 
27

 that could play a role in cell signaling pathways and 119 

promote proliferation and cell survival.
22, 26, 27, 29

 Recently, we reported that cytoplasmic 120 

MUC13 expression is elevated in high grade and metastatic colorectal cancer, and that 121 

MUC13 promotes activation of nuclear factor κB (NFκB), is anti-apoptotic,
30

 and pro-122 

inflammatory 
31

 – rendering MUC13 a potential therapeutic target.
30

 However, the functional 123 

significance of MUC13 in renal neoplasms has not been defined, and therefore its potential 124 

prognostic and therapeutic significance in RCC remains unknown. In this study, we set out to 125 

investigate the biological and clinical relevance of MUC13 and its tumorigenic properties in 126 

RCC, aiming to develop better treatments for this cancer. 127 

 128 
 129 
Materials and Methods 130 
 131 
Clinical samples  132 

A total of 244 patients from 5 distinct cohorts were used for this study. The clinical data are 133 

presented in Supplementary Table 1. All patients in cohorts 1 to 4 gave informed consent for 134 

their participation in the research.  This study was approved by the PAH Human Research 135 

Ethics Committee (PAH HREC Approval 2006/189). Cohort 1 included 10 patients with 136 

ccRCC, cohort 2 included 8 patients with 6 ccRCC and 2 papillary RCC, cohort 3 included 12 137 

patients with ccRCC and cohort 4 included 124 patients with 110 ccRCC (35 patients with 138 

survival data) and 14 papillary and chromophobe RCC.  Additionally, ccRCC tissue 139 

microarray (#HKid-CRC180Sur-01; 90 cases, cohort 5) with survival data (81 patients) clinical 140 

stage (75 patients) was purchased from US Biomax, Inc. (Biomax, Rockville, MD, USA) 141 
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Cell culture, transfection and infection  142 

ALL RCC and HEK293 cell lines were obtained from the American Type Culture Collection 143 

(ATCC, Rockville, MD, USA).  786-O and 769-P ( both are VHL–deficient ) were propagated 144 

in RPMI-1640 (Life Technologies, Carlsbad, CA, USA) whereases ACHN (WT for VHL),  145 

A489, A704 (both are VHL–deficient) and HEK293 were propagated in DMEM  (Life 146 

Technologies) with 10% heat inactivated fetal calf serum, 100 µg /mL penicillin, 100 µg/mL 147 

streptomycin, and 2 mM L-glutamine. All the cell lines have been tested for their STR DNA 148 

profiling and the origin and identity of the cells have been confirmed. 149 

Two siRNAs (#1 is a SMART pool and #2 is a distinct individual siRNA against the target 150 

sequence CUCAGCUGAUGCUGUAACA) targeting MUC13 and non-targeted control siRNA 151 

were purchased from Dharmacon (Dharmacon Research, Lafayette, CO, USA).  152 

Oligonucleotide transfection was performed with Lipofectamine 2000 Reagent (Life 153 

Technologies) at a final concentration of 50 nM.  For stable clones, 5x10
6
 amphotropic 154 

(PA317) packaging cells were transfected with 10 µg DNA of the appropriate retroviral 155 

construct (pRUFneo) by Lipofectamine 2000 Reagent (Life Technologies) according to the 156 

manufacturer’s protocol. Culture supernatants were collected 36-48 h after transfection and 157 

filtered through 0.45 µm filter. HEK293 cells were infected with the filtered viral supernatants 158 

in the presence of 4 µg/ml polybrene (Sigma-Aldrich) for 12 h, after which the medium was 159 

changed. Fresh viral suspensions were added after a 24 h interval for an additional 12 h. 160 

Infected cells were selected for 10 days in 400 µg ml
-1

 G418 and maintained in 100 µg ml
-1

 161 

G418. 162 

Immunohistochemistry  163 

The expression of MUC13 was analyzed by immunohistochemistry (IHC) with the anti-MUC13 164 

polyclonal antibody - R20C1 (dilution, 1:400).
27

 The specificity of this antibody for MUC13 165 

staining was described previously.
21, 27, 30

 The stained slides were scored by a histopathologist 166 

(RL) separately in both the cytoplasm and cell membrane according to a subjective scoring 167 

systems as follows:  the proportion of positive cancer cell staining was graded 0 (negative), 168 

<25% (1+), 25–50% (2+), 50–70% (3+), and >75% (4+); and the staining intensity of cancer 169 

cells was graded as weak (1+), moderate (2+), strong (3+), or very strong (4+).  The 170 
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proportion and intensity scores were added to give an overall staining score for each cellular 171 

location. 172 

Growth curves and cell viability assay 173 

Cells (5,000 or 7,500 cells/well) were plated in a 96-well image lock plate (ESSEN 174 

BioSCIENCE, Ann Arbor, MI, USA) and visualised using a real-time cell imaging system 175 

(IncuCyte live-cell ESSEN BioSCIENCE).  Growth curves were built from confluence 176 

measurements acquired during round-the-clock kinetic imaging. Cell viability was determined 177 

using MTT assays. 178 

Migration assays 179 

The in vitro cell migration rates of cells were established using the IncuCyte. Before 180 

experiments, cells were treated under the indicated conditions for 18 h.  Cell migration was 181 

assessed by wound healing scratch assays, in which, RCC cells were grown to confluence 182 

and then a scratch was made using a 96-pin Wound Maker (ESSEN BioScience). The wells 183 

were washed with PBS to remove any debris and incubated in the absence of the treatment 184 

with culture medium.  Wound images were automatically acquired and registered by the 185 

IncuCyte software system. Typical kinetic updates were recorded at 2 h intervals for the 186 

duration of the experiment (48 h). The data were then analysed using an integrated metric. 187 

Relative wound density was used as an indicator for wound closure. 188 

Transwell invasion assay 189 

Cells were seeded on the top of inserts containing an 8 micron pore size PET membrane with 190 

a thin layer of a Matrigel basement Membrane Matrix (Corning, Bedford, MA, USA) at 4.0×10
4 191 

cells/well without serum.  RPMI (600 µl) with 10% FBS was added to the lower chamber as 192 

chemoattractant. The plates were then placed in an incubator at 37°C with 5% CO2 for 24 h.  193 

After incubation, the cells remaining in the upper chamber were carefully removed, and the 194 

transwell membrane was fixed with 100% methanol and stained with 0.5% crystal violet. To 195 

count the fixed cells, images were captured randomly from 5 fields of vision at × 200 196 

magnification.  197 

Cell death assays  198 

Cells were collected and incubated with LIVE/DEAD fixable dead cell stains detection kit (Life 199 

Technologies) following the manufacturer’s instructions and analysed by by CytoFLEX flow 200 
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cytometry (Beckman Coulter, Brea, CA, US) using the Flowjo v10 software (Flowjo, LLC, 201 

Ashland, Oregon, US).  202 

Immunoblot analyses  203 

Sub-confluent cells were collected, washed with cold PBS, and harvested with cell lysate 204 

buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1.0% Triton X-100, 1x Complete protease inhibitor 205 

mixture, 2 mm sodium vanadate, 10 mm sodium fluoride). The resulting lysates were used for 206 

immunoblot analyses as described previously.
30

  207 

Statistical analysis 208 

Statistical analyses were performed using Prism v5 (GraphPad Software, La Jolla, CA, USA). 209 

The statistical test used and the sample sizes for individual analyses are provided within the 210 

Figure legends. Statistical significance was set at P<0.05. 211 

Additional information is described in Supplementary Materials and Methods. 212 

 213 
Results 214 
 215 
Clinical Study Participants 216 

A total of 244 patients from 5 distinct cohorts were included for this study (clinical data 217 

presented in Supplementary Table 1). Histologic diagnoses and tumor grading of hematoxylin 218 

and eosin-stained tissue sections were assessed according to the World Health Organization 219 

Classification of Tumours.
32

 The original grading of the tumour was used for statistical 220 

purposes throughout this study, rather than the features of the individual tumour core. 221 

MUC13 expression is associated with aggressive clear cell RCC  222 

We initially analysed the expression profile of MUC13 by immunohistochemistry (IHC) from 223 

matched non-diseased and malignant kidney tissue. In this series of 10 ccRCC and adjacent 224 

uninvolved tissue sections (patient cohort 1), MUC13 protein expression was greater in 100% 225 

of tumors compared with adjacent non-diseased kidney (Fig.1a). In the normal kidney, 226 

MUC13 expression was restricted to the distal convoluted tubules and collecting ducts 227 

(Fig.1a, Supporting Information Figure 1A) and these cells showed uniform, membranous and 228 

cytoplasmic staining with apical polarity (Fig.1a, Supporting Information Figure 1A). No 229 

positive staining was seen elsewhere in the cortex: in particular, the glomeruli, Bowman’s 230 

capsule and the proximal convoluted tubules were negative (Fig.1a, Supporting Information 231 
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Figure 1A). Increased MUC13 expression in ccRCC was validated by Western immunoblot 232 

(patient cohort 2) and qRT-PCR on an independent patient set (patient cohort 3; Figs.1b and 233 

1c). We next expanded this MUC13 expression study to 110 distinct ccRCC patients using 234 

human tissue microarrays (patient cohort 4). MUC13 had a heterogeneous staining pattern in 235 

ccRCC, both within and between individual cancers. MUC13 was expressed in 107/110 (96%) 236 

cases of ccRCC with a predominantly diffuse cytoplasmic staining, with a minority of the 237 

cases (23/110 (20%) showing additional membranous immunoreactivity. Foci of cells staining 238 

with MUC13 were often observed in low grade cancers (Fig.1d), whereas in high grade 239 

cancers there was frequently strong cytoplasmic expression of MUC13 (Fig.1d). Using a semi 240 

quantitative score, we found that the cytoplasmic MUC13 staining score (intensity plus 241 

proportion) was significantly increased in grade III and IV tumours, compared to grade I and II 242 

tumours (Fig.1e). Together, these results suggest that MUC13 is aberrantly expressed with 243 

loss of polarization in ccRCC, and its overexpression is associated with aggressive disease 244 

whereas in normal kidney, MUC13 is present only in the collecting duct and distal tubule 245 

epithelium. 246 

High MUC13 expression in clear cell RCC is associated with poor survival  247 

To further determine the association of MUC13 expression with clinical outcomes, we 248 

analysed MUC13 IHC staining on tissue microarrays from two distinct cohorts (cohorts 4 and 249 

5). Relative cytoplasmic MUC13 expression in tumor tissues from the patients was classified 250 

into two groups: low-MUC13 (low relative levels of MUC13, staining scores ≤4) and high-251 

MUC13 (high relative levels of MUC13, scores ≥5).  Long-term survival data was available 252 

from 35 ccRCC patients in Cohort 4.  High-MUC13 was significantly associated with poor 253 

overall survival, with a 10-year survival of 35% compared to 91% in the low-MUC13 254 

expression group (P = 0.011, Fig. 2a). The effect of MUC13 expression on patient survival 255 

was further assessed according to clinical stage. Approximately 55% of stage 1 tumours 256 

showed high MUC13 vs 87% of stage 2-4 tumours. Despite the small number of patients, 257 

stage 1 patients in the MUC13-high group exhibited significantly shorter survival than MUC13-258 

low patients (10-year survival 45% and 89%, respectively; P = 0.046, Fig. 2a). The influence 259 

of MUC13 on survival in later stage disease could not be determined because only two 260 

patients had low MUC13 expression. Because MUC13 was associated with poor survival in 261 
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this small cohort, we examined MUC13 expression in a larger independent replication cohort. 262 

Cohort 5 contained 81 cases of ccRCC with long-term survival data. High-MUC13 was 263 

significantly associated with poorer overall survival, with a 5-year survival of 51% compared to 264 

86% in the low-MUC13 expression group (P = 0.0002, Fig. 2b). The effect of MUC13 265 

expression on patient survival was further assessed according to clinical stage. Approximately 266 

30% of stage 1 tumours showed high MUC13 vs 59% of stage 2-4 tumours. Consistent with 267 

the finding in cohort 4, stage 1 patients in the MUC13-high group exhibited significantly 268 

shorter survival than MUC13-low patients (5-year survival 50% and 92%, respectively; P = 269 

0.0024, Fig. 2b). MUC13 expression did not influence survival in later stage tumours (n=22), 270 

and while the numbers of late stage tumours was small, the curves were overlapping. Taken 271 

together, these findings demonstrate that MUC13 overexpression is a prognostic marker for 272 

overall survival of ccRCC patients, particularly for early stage tumours.  273 

MUC13 overexpression in non-clear cell RCC 274 

We next examined MUC13 expression in less prevalent histologic types of RCC, including 275 

papillary and chromophobe carcinomas. Of these 14 patients (patient cohort 4), 12 (86%) 276 

overexpressed MUC13. All eight papillary RCC showed medium to strong diffuse cytoplasmic 277 

MUC13 staining (Supporting Information Figure 2A and 2B). MUC13 expression was 278 

observed in 4 out of 6 chromophobe RCC (66%) (Supporting Information Figure 2C and 2D). 279 

Thus, MUC13 is expressed in all major histologic types of RCC. 280 

MUC13 promotes proliferation and migration of RCC cells 281 

To investigate the biological role of MUC13 in renal cancer, we first checked the expression of 282 

MUC13 in several ccRCC cell lines, including 769-P, 786-O, A498, A704, ACHN and Caki-1. 283 

With the exception of Caki-1 cells, all cell lines endogenously expressed MUC13 (Fig. 3a). To 284 

explore the effects of MUC13 silencing we utilized two independent sets of siRNAs to control 285 

for potential off-target effects. Each set of MUC13 siRNA resulted in a 68-88% reduction in 286 

MUC13 mRNA expression and protein levels 48 h post-transfection, compared with cells 287 

transfected with control siRNA (Fig. 3b). siRNA silencing of MUC13 with either siRNA resulted 288 

in a significant decrease in cell proliferation, as measured by cell growth in real-time using an 289 

IncuCyte FLR analyser (Fig. 3c, Supporting Information Figure 3A). Further supporting a 290 
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growth promoting role, overexpression of MUC13 in HEK293 cells (Fig. 3b) enhanced their 291 

proliferation (Fig. 3c). In addition, MUC13 also promoted clonogenic potential of all cell lines 292 

as determined by colony formation assays (Fig. 3d, Supporting Information Figure 3B). 293 

Because similar results were observed with the different siRNA’s (Supporting Information 294 

Figure 3A and 3B), one MUC13 siRNA (#1 - SMART pool) was used in all subsequent 295 

experiments. Cell migration has an important role in cancer metastasis. In wound-healing 296 

experiments, we observed a marked inhibition of cell migration in 769-P and ACHN cells upon 297 

MUC13 siRNA silencing (Fig. 3e, Supporting Information Figure 3C). The analysis of 769-P, 298 

786-O and A498 cell invasion also demonstrated MUC13 siRNA silencing significantly 299 

decreased the invasive properties of these tumour cells (Fig. 3f, Supporting Information 300 

Figure 3D). Taken together, these in vitro findings align with our clinical data associating high 301 

MUC13 expression with tumour progression and poor survival.  Because another cell surface 302 

mucin, MUC1, has previously been shown to influence RCC growth
33

 we checked MUC1 303 

expression by flow cytometry in 769-P and 786-O cells and could not find MUC1 cell surface 304 

expression by flow cytometry with BC2 antibody or altered protein level of MUC1 by western 305 

blot with CT2 antibody either before or after MUC13 silencing demonstrating the specificity of 306 

our findings for MUC13 (Supporting Information Figure 4). 307 

Silencing of MUC13 sensitises RCC cells to treatment with multi-kinase inhibitors  308 

Given the importance of MUC13 in promoting tumorigenic properties of RCC, we investigated 309 

the effect of combining the multi-kinase inhibitors, sorafenib and sunitinib, and silencing of 310 

MUC13 in 769-P and 786-O cells. We first silenced MUC13 with siRNA, treated the cells with 311 

sorafenib or sunitinib, and measured cell growth, migration and apoptosis using real-time 312 

imaging and flow cytometry. Consistent with previous results, MUC13 silencing slowed 313 

proliferation and migration, and increased apoptosis, however, in combination with sorafenib 314 

or sunitinib, silencing MUC13 more substantially impaired cell proliferation and migration, and 315 

greatly enhanced cell death (Fig. 4a-c). These data show that MUC13 silencing sensitises 316 

cultured RCC cells to multi-kinase inhibitors used clinically, making it a potential important 317 

target for adjuvant treatment in RCC. 318 

MUC13 promotion of cell growth and migration is largely dependent on activation of 319 

NFκB  320 
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We next sought to determine the mechanisms by which MUC13 might govern the biology of 321 

RCC cells. To this end, we examined the effect of MUC13 silencing on growth signalling and 322 

survival pathways. Western Blot analysis revealed that knockdown of MUC13 alone, or in 323 

combination with sorafenib or sunitinib, decreased NFκB p65 phosphorylation, whereas 324 

exposure to sorafenib or sunitinib in the presence of MUC13 enhanced NFκB p65 325 

phosphorylation in control siRNA-treated cells (Fig. 5a). We also examined the effect exerted 326 

on expression of proteins that regulate growth and apoptosis that are known to be 327 

downstream of NFκB. The levels of BCL-xL, survivin and cyclin D1 increased in response to 328 

sorafenib and sunitinib, and this was not seen in MUC13-silenced cells (Fig. 5a). These data 329 

suggest that a potential mechanism by which MUC13 enhances RCC tumour progression is 330 

via activation of NFκB and its downstream regulated gene expression. Underlining the 331 

mechanism of MUC13 action via NFκB, treatment of RCC cells with a functional inhibitor of 332 

NFκB, Bay 11-7085 (Bay), impaired survival in cells expressing MUC13 and no further effect 333 

on survival was seen when MUC13 was silenced. Interestingly, in 769-P cells 334 

pharmacological inhibition of NFκB and MUC13 silencing had equivalent effects, whereas in 335 

786-O cells NFκB inhibition affected growth and survival to a greater degree than MUC13 336 

silencing (Fig. 5b).   We also compared migration after MUC13 silencing and/or NFκB 337 

inhibition. The NFκB inhibitor (plus control siRNA) slowed migration, being equally as effective 338 

as MUC13 siRNA in 786-O cells, with a strongly synergistic effect of the combination, and 339 

less effective than MUC13 silencing in 769-P cells (Fig. 5c).  340 

Silencing of MUC13 impairs cell growth and survival in sorafenib and sunitinib 341 

resistant cells  342 

We next speculated whether MUC13 siRNA treatment could overcome resistance in sorafenib 343 

and sunitinib resistant human RCC cells.  For this purpose, we established resistant sublines 344 

(769-P sorR and 769-P sunR) from the parental 769-P cell line by eight months of culture in 2 345 

µM sorafenib or sunitinib. 769-P sorR and 769-P sunR cells exhibited higher growth rates 346 

than the parental cells (Fig. 6a). Both resistant cell lines were unaffected by a higher dose (7 347 

µM) of either drug (Fig. 6b). However, silencing MUC13 in 769-P sorR and 769-P sunR cells 348 

substantially impaired cell growth and survival (Fig. 6b). Furthermore, silencing MUC13 349 

restored sensitivity of both resistant cell lines to sorafenib or sunitinib, as evidenced by a 350 
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decrease in cellular metabolism (MTT assay; Fig. 6b) and increased cell death (flow 351 

cytometry; Fig. 6c). Pharmacological inhibition of NFκB was less effective in 769-P sorR and 352 

769-P sunR cells at inhibiting growth and survival than in parental cells (Fig. 6d), but MUC13 353 

silencing remained effective. 354 

 Because the reduced effectiveness of the NFκB inhibitor may be attributable to 355 

enhanced drug efflux in the resistant cells and given the association between MUC13 and 356 

NFκB signalling, we next attempted to elucidate whether NFκB signalling in 769-P sorR and 357 

769-P sunR cells and the development of resistance were dependent on MUC13. Western 358 

immunoblot analysis showed that NFκB phosphorylation was greater in the resistant cells 359 

compared to their parental cell line, together with increased levels of MUC13 and BCL-xL 360 

(Fig. 6e). MUC13 silencing alone or in combination with sorafenib or sunitinib decreased the 361 

expression of phosphorylated NFκB p65 and BCL-xL (Fig. 6f). In addition to activation of 362 

NFκB pathway, we also observed that ATP-binding cassette (ABC) transporter B1 (ABCB1 or 363 

MDR1) protein which effluxes drugs was induced by chronic sorafenib or sunitinib treatments 364 

and dependent on MUC13 expression (Fig. 6f). Consistent with upregulation of MDR 365 

expression, chronic sorafenib or sunitinib treatments also induced resistance to a cytotoxic 366 

drug that is a MDR substrate, docetaxel, and this resistance was also dependent on MUC13 367 

expression (Supporting Information Figure 5). Taken together, these data show that MUC13 368 

is increased by sorafenib and sunitinib resistance and essential for several growth and 369 

survival mechanisms, including expression of drug efflux proteins. 370 

 371 

Discussion 372 

Clear cell RCC has a high metastatic rate and represents a significant and difficult-to-manage 373 

disease. Our findings with respect to the expression and function of MUC13 in ccRCC open 374 

opportunities to address several of the major challenges presented by this cancer; providing a 375 

new prognostic indicator for early stage disease and a novel therapeutic target to sensitise 376 

tumours to therapy even after the development of drug resistance.  377 

MUC13 is expressed by virtually all RCC, with high expression positively correlated 378 

with tumor grade and poor prognosis, suggesting that MUC13 is a promising biomarker for 379 
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predicting progression. High levels of MUC13 were associated with shortened survival time, 380 

particularly for patients with TMN stage 1 disease. Thus, we propose high MUC13 expression 381 

as a prognostic biomarker for better individual risk stratification. This could identify patients 382 

who need to receive adjuvant therapy and intense follow-up after surgery; even if they are low 383 

risk according to the traditional clinicopathologic analyses. TNM staging is currently the only 384 

established pathological prognostic marker for RCC, however, despite its importance and it 385 

being widely used, there will still be questions about the validity and prognostic ability of this 386 

system alone. Therefore, MUC13 will be a promising candidate to predict the clinical outcome 387 

in patients with RCC and to select patient subgroups, which might benefit from a more 388 

personalized medicine. To translate these findings into a clinically relevant tool, further 389 

prospective studies in larger cohorts are needed and should be a priority.  The association of 390 

MUC13 with poor survival bears similarity to previous findings that overexpression of MUC1 is 391 

associated with high grade, metastastic progression and poor survival in stage 1 ccRCC
34

.  392 

Relatively high MUC1 expression has also been reported in type 1 papillary renal cancers, 393 

although this was not associated with poorer survival
34

. Together with our findings this 394 

suggests that the cell surface mucin family is broadly involved in promoting RCC progression, 395 

explaining why these glycoproteins are commonly overexpressed by epithelial tumours. 396 

Although we demonstrate in vitro strong effects of MUC13 independent of MUC1, the relative 397 

and combined importance (where co-expressed) of these two mucins in RCC is worthy of 398 

further investigation. 399 

In addition to the level of expression, we also observed that the pattern of 400 

immunostaining for MUC13 is different in tumour cells and normal renal tubule cells. This is 401 

also a feature of MUC13 in other cancers, where cytoplasmic accumulation of MUC13 is 402 

associated with more aggressive tumours.
23, 30

  Furthermore, we show that MUC13 promotes 403 

RCC cell growth, migration and anti-apoptotic programs, consistent with previous findings 404 

regarding  MUC13 in colorectal,
21

 pancreatic 
24, 25

 and ovarian 
26

 cancers, and explaining the 405 

relationship with poor survival.   406 

RNAi silencing of MUC13 resulted in substantially decreased cell proliferation, 407 

colony formation, migration and invasion, while overexpression promoted cell growth and 408 

colony formation. In addition, MUC13 silencing sensitised renal cancer cells to sorafenib or 409 
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sunitinib, and inhibited tumour cell migration. These findings raise the possibility that targeting 410 

MUC13 expression or function could sensitise RCC to a range of therapies, providing a new 411 

molecular target which could be combined with multiple other modalities. The development of 412 

strategies for prolonging the effects of sorafenib or sunitinib and other agents is particularly 413 

important in metastatic RCC, since these tumors typically develop resistance to therapy within 414 

5-11 months. In elucidating the biological mechanisms by which MUC13 promotes renal 415 

cancer development, we identified similar mechanisms to those recently described in 416 

colorectal cancers. MUC13 promotes activation of the NFκB signalling pathway in RCC cells. 417 

NFκB is a central player in the behaviour of cancer cells from many types of adenocarcinoma, 418 

including RCC. NFkB promotes epithelial cancer cell growth and survival through activation of 419 

several target genes such as cyclin D1, BCL-xL and survivin, which in turn promote 420 

proliferation and/or block apoptosis. NFκB inhibition had a potent effect on the RCC cells and 421 

the influence of MUC13 on cell growth/survival was lost.  Targeting NFκB directly is 422 

problematic because of its many roles in normal cells and therefore MUC13 provides a target 423 

which phenocopies NFκB inhibition but has greater tumour specificity. These data further 424 

strength a model in which MUC13–induced cell proliferation, migration and –inhibition of 425 

apoptosis is mediated through the NFκB pathway across multiple cancer types.   426 

Sunitinib has been shown to effectively inhibit neovascularization and produce 427 

antitumor effects, but in mice with pancreatic neuroendocrine tumours, adaptation to sunitinib 428 

can lead to development of increased invasion and metastasis.
36

  Consistent with this 429 

preclinical finding, the majority of patients who receive sunitinib for advanced ccRCC exhibit 430 

progressive disease within one year of treatment.
37

  We show that chronic exposure to 431 

sunitinib or sorafenib promoted RCC cell growth and developed drug resistance. This drug 432 

resistance was associated with increased expression of MUC13, and both resistant sublines 433 

remained sensitive to MUC13 silencing, with increased cell death and inhibition of 434 

proliferation. These findings suggest that MUC13 is an important mediator of drug resistance 435 

and that MUC13 remains a viable target in drug resistant cancers.  436 

The mechanism of MUC13 silencing in reducing resistance to standard anti-437 

angiogenic therapeutic agents may be multifactorial.  The effect of MUC13 in promoting drug 438 

resistance may be attributed to its ability to drive NFκB activation which has previously been 439 
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shown to be a regulator of the drug transporter pump ABCB1/MDR1.  This pathway provides 440 

a mechanism additional to effects on proliferation and apoptosis by which the MUC13-NFκB 441 

axis promotes resistance to therapy. We believe selective inhibition of MUC13 expression is a 442 

promising strategy. Minimal side effects have been demonstrated in treating colorectal cancer 443 

30
 and inhibition of MUC13 may also prove effective in ccRCC. Here, we report for the first 444 

time that MUC13 silencing in combination with sorafenib and sunitinib, current therapy for 445 

RCC, not only enhances the sensitivity of naïve RCC cell lines to sorafenib and sunitinib, but 446 

also reverses sorafenib and sunitinib resistance in resistant cell lines.  We provide the 447 

rationale and experimental evidence for the combined use of MUC13 antagonism and 448 

sorafenib or sunitinib to potentially limit and overcome drug resistance in patients with 449 

MUC13–overexpressing RCC. In conclusion, these data suggest that MUC13 may be a useful 450 

prognostic biomarker and potential therapeutic target in RCC, with the potential to lead to 451 

better outcomes for patients with these poor prognosis malignancies.  452 
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Figure legends 464 
 465 
Figure 1. MUC13 is aberrantly overexpressed in clear cell renal cell carcinomas and 466 

associated with aggressive disease. (a) Two representative photomicrographs of MUC13 467 

immunohistochemical (IHC) staining of kidney sections showing ccRCC and adjacent normal 468 

kidney. (b)  MUC13 protein level determined by Western blotting in a panel of 8 RCC tumours 469 

(T) and adjacent normal (N) kidney tissues.  Patients 1-4, 6 and 7 are ccRCC, patients 5 and 470 

8 are papillary RCC.  Densitometry analysis of MUC13 corrected for β-actin is shown in the 471 

right panel. (c) MUC13 mRNA expression in ccRCC vs normal kidney (corrected for β-actin, 472 

fold of mean of normal tissue).  (d)  Representative photomicrographs of MUC13 IHC staining 473 

in low and high grade ccRCC: (i) Weak MUC13 staining in grade I ccRCC; (ii) MUC13 474 

showing a mixed circumferential membranous and diffuse cytoplasmic expression in grade II 475 

ccRCC; (iii) MUC13 showing a strong diffuse cytoplasmic expression in grade III ccRCC; (iv) 476 

MUC13 showing a strong intense diffuse cytoplasmic expression in grade IV ccRCC. (e)  477 

MUC13 cytoplasmic protein levels (the score of intensity plus proportion, see methods) 478 

assessed on a tissue microarray by immunohistochemistry of ccRCC (n = 110) classified by 479 

tumor grade. Statistics:  (b, c and e) mean ± SEM.  Mann-Whitney U-test, * vs normal (b,c) or 480 

vs  grade I tumor , # vs grade II tumor, + vs grade III tumor (E), *,# p < 0.05, ## p < 0.001, 481 

***,### p < 0.0001 482 

 483 

Figure 2.  High MUC13 expression in clear cell RCC is associated with poor survival.  484 

Kaplan-Meier curves for overall survival in two independent cohorts of patients with ccRCC 485 

according to expression of MUC13.  (a) Overall survival in patients cohort 4 with low or high 486 

level MUC13 determined by IHC  (b) Overall survival in patients cohort 5 with low or high level 487 

MUC13 determined by IHC. Statistics:  Log-rank P-values shown where significant.     488 
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Figure 3.  MUC13 promotes RCC cell proliferation, migration and colony formation. (a) 490 

MUC13 mRNA levels were measured by qRT-PCR; expressed as fold of HEK293 (corrected 491 

for β-actin) in a panel of ccRCC cell lines. (b) Knockdown of MUC13 in the indicated cell lines 492 

48 h after transfection with control (-) siRNA (Ctl siR) or MUC13 siRNA #1 (M13 siR #1- 493 

SMART pool) or MUC13 siRNA #2 (M13 siR #2 – MUC13 13:1) was assessed by Western 494 

blot and qRT-PCR. Densitometric measurements were normalised to β-actin and expressed 495 

as % of control siRNA, and reported under western blot images. Expression of MUC13 in 496 

HEK293 cells by stably transduced retrovirus infection with a control (-) vector or MUC13 (+) 497 

expression vector was assessed by by Western blot and qRT-PCR. Densitometric 498 

measurements were normalised to β-actin and expressed as % of control vector, and 499 

reported under western blot images. (c) Cell growth in real time was monitored using an 500 

IncuCyte FLR live cell imager in the indicated RCC cells with MUC13 knockdown (MUC13 501 

siRNA #1), or control and MUC13 over-expressing HEK293 cells. Data analysed using 502 

IncuCyte confluence v 1.5. Mean ± SD (n=4). (d) The indicated RCC cells which were 503 

transfected with control or MUC13 siRNA, or control and MUC13 over-expressing HEK293 504 

cells were analysed by colony formation. Cell colonies were stained with crystal violet and 505 

counted at the end of the experiments. Representative pictures of the whole plates and 506 

relative colony numbers plotted are shown (n=4 or 6). (e) Wound healing assay in control and 507 

MUC13 siRNA transfected 769-P cells. The gap distances were marked by the software with 508 

a yellow line and percent of wound closure was measured by using an IncuCyte FLR live cell 509 

imager. Representative pictures of the cell migration at 0, 14 and 48 h are shown (n=4). (f) 510 

Cell Invasion of control and MUC13 siRNA transfected 769-P, and 786-O cells was evaluated 511 

using 24-well Matrigel invasion chambers with 10% fetal calf serum as chemoattractant. 512 

Representative images of the invaded cell through Matrigel-coated membranes are shown in 513 

the left.  The graphs show the relative number of invasive cells counted 24 h after seeding 514 

(n=4). (a-f) The data are representative of three independent experiments. Statistics: (b, d) 515 

mean ± SEM, (e, f) box plots show median, quartiles, and range; Mann-Whitney U-test, * vs 516 

control siRNA, *p < 0.05.  517 

 518 
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Figure 4. Silencing of MUC13 sensitises RCC cells to treatment with sorafenib and 520 

sunitinib.  (a) 769-P and 786-O cells were transfected with control (Ctl siR) or MUC13 siRNA 521 

(M13 siR).  After 24 h cells 5,000 cells/well were seeded into 96-well plates and treated with 7 522 

µM sorafenib or 7 µM sunitinib, or vehicle for 100 h.  Real time imaging was conducted in an 523 

IncuCyte FLR live cell imager.  (b)  769-P and 786-O cells were transfected as in (A), grown 524 

to reach confluence, and exposed to  7 µM sorafenib or 7 µM sunitinib, or vehicle for 18 h 525 

prior to scratching the monolayer and monitoring wound repair with the incuCyte as in Fig 2E.  526 

(c) 769-P and 786-O cells were transfected as in (a).  After 24 h 100,000 cells/well were 527 

seeded into 12-well plates and treated with 7 µM sorafenib or 7 µM sunitinib, or vehicle for a 528 

further 24 h.   Representative flow cytometry plots of cells stained with live and dead dye and 529 

the percentage of cell death determined by flow cytometry are shown.   (a-c) The data are 530 

representative of three independent experiments. Statistics:  (c) box plots show median, 531 

quartiles, and range; mann-Whitney U-test, * vs control siR with same treatment, 
#
 vs MUC13 532 

siR untreated, *
,#
 p < 0.05. 533 

 534 

Figure 5. Promotion of cell growth and migration by MUC13 is largely dependent on 535 

activation of NFκB.  (a)  769-P and 786-O cells were transfected with control or MUC13 536 

siRNA for 24 h, and then treated with 3.5 µM sorafenib or 3.5 µM sunitinib, or vehicle for a 537 

further 48 h.  Whole cell extracts were analysed by immunoblot with the indicated antibodies.  538 

(b)  769-P and 786-O cells were transfected with control or MUC13 siRNA for 24 h, and then 539 

treated with Bay 117805 (Bay) (4 µM) for a further 48 h.  Live cell activity in the cultures was 540 

determined by measuring MTT and expressed as % of cells treated with control siRNA and 541 

vehicle control.   (c)  769-P and 786-O cells were transfected as in (a), grown to reach 542 

confluence, and exposed to 4 µM Bay or vehicle for 18 h prior to scratching the monolayer 543 

and monitoring wound repair with the incuCyte as per Fig 2E. (a-c) The data are 544 

representative of three independent experiments.Statistics: (b) mean ± SEM, n = 4.  Mann-545 

Whitney U-test, * vs control with same treatment or as indicated, *
,
p < 0.05.  546 

 547 
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Figure 6. MUC13 silencing reverses sorafenib and sunitinib resistance. (a) 769-P 549 

sorafenib-resistant (sorR), 769-P sunitinib-resistant (sunR) and the parental 769-P cell lines 550 

were seeded at 5,000 cells/well in 96-well plate and real time imaging was conducted in an 551 

IncuCyte FLR live cell imager.  (b)  769-P sorR,  769-P sunR cells  were transfected with 552 

control or MUC13 siRNA for 24 h, and then treated for a further 48 h with either 7 µM 553 

sorafenib or 7 µM sunitinib, or vehicle.  Live cell activity in the cultures was determined by 554 

measuring MTT and expressed as % of cells treated with control siRNA and vehicle control.  555 

(c)  769-P sorR  and 769-P sunR cells were transfected and treated as in (b).  Representative 556 

flow cytometry plots of cells stained with live and dead dye and the percentage of cell death 557 

determined by flow cytometry was shown.  (d) 769-P sorR, 769-P sunR and the parental 769-558 

P cell lines were transfected as in (b). After 24 h 5,000 cells/well were seeded into 96-well 559 

plates and treated with 4 µM Bay 117085.  Real time imaging was conducted in an IncuCyte 560 

FLR live cell imager. (e)  Whole cell extracts from 769-P sorR and 769-P sunR resistant cell 561 

lines were analysed by immunoblot with the indicated antibodies. (f) 769-P sorR  and 769-P 562 

sunR and the parental 769-P cell lines were transfected with control or MUC13 siRNA for 48 563 

h, and then whole cell extracts were analysed by immunoblot with the indicated antibodies.  564 

Statistics:  (b, c) box plots show median, quartiles, and range; n = 4.  Mann-Whitney U-test, * 565 

vs control siRNA with same treatment or as indicated, 
#
 vs MUC13 siRNA untreated, *

,#
 p < 566 

0.05. 567 
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