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� Loss of MUC1 decreases proliferation and tumor growth via b-catenin and p42–44 MAPK. � Inhibition of MUC1 decreases cell migration and
invasion through MMP13. � Loss of MUC1 decreases survival and increases apoptosis via Akt and Bcl-2 pathways. � Loss of MUC1 sensitizes
cells to gemcitabine and 5-Fluorouracil chemotherapeutic drugs.
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a b s t r a c t

MUC1 is an oncogenic m
nocarcinoma, and is con
MUC1 biological effects
in vitro experiments ind
and invasion, cell surviv
altered their sensitivity
xenografts in SCID mice
tion, migration, and inv
p42–44 MAPK, Akt, Bcl-

1. Introduction

The mucins are a family of large O-glycoproteins divided int
two groups: secreted mucins and membrane-bounds mucins [1
Secreted mucins are involved in the protection of epithelial cel
to external influences such as inflammation, pathogens or pH var
iations by forming the mucus gel which is a physical protectiv
barrier of epithelia. Membrane-bound mucins are involved in ce
interactions and cell signaling by transmitting intracellular signa
of cell survival and cell growth under stress condition. The muci
MUC1 is a membrane-bound mucin expressed at the apical pol
of normal epithelial polarized cells [2,3]. In cancer cells, MUC1
frequently overexpressed, internalized, circumferentially deloca
lized around the tumor cell surface when cells lose polarit
MUC1 becomes oncogenic as it is involved in several oncogen
pathways leading to altered cell properties such as cell growth, ce
migration and invasion [4]. These profound modifications resu
from the interaction of MUC1 with tyrosine kinase receptors suc
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n overexpressed in several epithelial cancers, including pancreatic ductal ade
ered as a potent target for cancer therapy. To this aim, we undertook to stud

pancreatic cancer cells and identify pathways mediating these effects. Ou
e that inhibiting MUC1 expression decreases cell proliferation, cell migratio
nd increases cell apoptosis. Moreover, lack of MUC1 in these cells profound
emcitabine and 5-Fluorouracil chemotherapeutic drugs. In vivo MUC1-KD ce
w slower. Altogether, we show that MUC1 oncogenic mucin alters prolifera
n properties of pancreatic cancer cells and that these effects are mediated b
nd MMP13 pathways.
as EGFR and the activation of oncogenic signaling pathways lik
MAPK, Akt or Wnt/b-catenin [5–7].

Pancreatic Ductal Adenocarcinoma (PDAC) is the fourth leadin
cause of death by cancer in Western countries and has a very poo
prognosis due to a late diagnosis and a lack of efficient treatmen
than 5% [8]. Less than 20% of patients are entitled to surgical resec
tion and the remaining 80% of patients present a locally advance
metastatic PDAC [9]. They may benefit from palliative chemother
apy based either on gemcitabine or FOLFIRINOX composed o
5-Fluorouracil (5-Fu), oxaliplatin and SN-38 [10]. In 90% of PDAC
the mucin MUC1 is overexpressed and MUC1 was proposed a
one of the most robust predictive marker of PDAC surviva
[11,12]. It was shown that MUC1 induced EMT [13] and resistanc
to gemcitabine [14] and also increased cell invasion through Stat
To better understand MUC1 biological effects on PDAC cells, w
undertook to study its effects both in vitro and in vivo and th
underlying cellular mechanisms mediating these effects. We gen
erated stable cell lines knocked-down for MUC1 and showe
in vitro that inhibiting MUC1 decreased cell proliferation vi
p42–44 MAPK, cell migration and invasion via MMP13, cell surv
val and apoptosis via Akt and Bcl2, and tumor growth in vivo. Thes
ulates pancreatic cancer cell biological properties and chemoresistance. Impli-
s. Res. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025
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Pl
ca
sults confirmed the potential of MUC1 as an attractive target to
w-down PDAC progression.

Materials and methods

. Cell culture and establishment of MUC1-KD stable cell lines

Capan-2 cell line was purchased from ATCC and was cultured as
scribed previously [17]. Capan-2 stable cell lines knocked-down
D) for MUC1 (Capan-2 MUC1-KD1/2) were generated by retro-
al infection as previously described [18] using MUC1-Sh1 pri-

ers FP: GATCCCCACCTCCAGTTTAATTCCTCTTCAAGAGAGAGGAAT
AACTGGAGGTTTTTTA and RP: GGGTGGAGGTCGAATTAAGGAGA
TTCTCTCTCCTTAATTCGACCTCCAAAAAATTCGA. MUC1-Sh2 pri-

ers FP: GATCCCCATGTTTTTGCAGATTTATATTCAAGAGATATAAAT
GCAAAAACATTTTTTA and RP: GGGTACAAAAACGT CTAAATATA
TTCTCTATATTTAGACGTTTTTGTAAAAAATTCGA.

. Cell proliferation, migration and invasion assays

Stable cell lines were seeded at 105 cells per well in 6-well
ates. Cells were counted daily using a Malassez counting cham-
r using Trypan Blue exclusion dye (Life Technologies) during
h. Invasion and migration assays were respectively performed

ing 24-well Boyden chambers (8 lm pores) coated or not with
atrigel™ (Pharmingen, BD Biosciences). Briefly, 5 � 104 cells
re seeded on the top chamber and FBS 10% (v/v) was used as

hemoattractant in the bottom chamber for 24 h. Staining were
rformed using Vectashield hard set mounting medium with
PI H-1500 (40,60-diamidino-2-phénylindole) (Vector labs). Three

dependent experiments were performed in triplicate.

. Cytotoxicity assay

104 cells were seeded in 96-well plates during 24 h. Medium
s refreshed with gemcitabine, 5-Fu, oxaliplatin or SN-38

r 72 h. The viability of cells was determined using 3-(4,
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide assay
TT, Sigma–Aldrich, Saint Quentin Fallavier, France) as previously
scribed [17]. Formazan crystals were solubilized in dimethyl-
lfoxide (Sigma–Aldrich) and analyzed at 570 nm with a micro-
ate reader (Bio-Rad).

. Quantitative reverse transcription-polymerase chain reaction
RT-PCR)

Total RNA was extracted using miRNeasy Mini Kit with Qiazol�

iagen) according to the manufacturer’s instructions. cDNA was
epared as previously described. qPCR was performed using Sso-
st Evagreen� Supermix (Bio-Rad) and the CFX96 real time PCR
stem (Bio-Rad). Expression levels of MUC1 (FP: TGCCGCCGAAAG
CTACG and RP: TGGGGTACTCGCTCATAGGAT) were normalized
GAPDH (FP: CCACATCGCTCAGACACCAT and RP: CCAGGCGCCC
TACG). Expression levels were calculated using the 2�DDCt

ethod. Three independent experiments were performed.

. Protein extraction and Western-blot analysis

Total proteins were extracted, electro-transferred, immunos-
ined, and visualized as described before [19]. Antibodies used
re MUC1 (M8, 1/250, from Pr. D. Swallow); b-actin (A5441
15, 1/5000) from Sigma–Aldrich; cyclin D1 (sc-718, 1/250),
K6 (sc-177, 1/250) from Santa Cruz; Bcl-2 (#2872, 1/250), phos-
o p42–44 MAPK (#9101, 1/500), p42–44 MAPK (#9102, 1/500),
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catenin (#8480s, 1/1000), phospho AKT (#4060, 1/500), AKT
4691s, 1/500) from Cell Signaling, Ozyme; MMP13 (Ab39012,
1000) from Abcam. Bands were quantified with image J analysis
ftware three independent experiments were performed.

. Subcutaneous xenografts

Subcutaneous (SC) xenografts (2 � 106 cells in 100 ll of RPMI
40) of MUC1-Mock, MUC1-KD1 and MUC1-KD2 cell lines were
rried out with 100 ll of Matrigel™ (BD Biosciences) into the
nk of severe-combined immunodeficient (SCID) male mice
B-17, Charles Rivers) that were bred and maintained under
thogen-free conditions (6 mice/group). Tumor development
s followed weekly. The tumor volume (mm3) was determined
calculating V = W2 � L in which W corresponds to the width

m) and L to the tumor length (mm). Mice were sacrificed
days after inoculation. All procedures were performed in accor-

nce with the guidelines and approved by the animal care ethical
. Immunohistochemistry

Tumor xenografts were fixed in 10% (w/v) buffered formalde-
de, paraffin-embedded, cut at 4 lm thickness and applied on
perFrost� slides (Menzel-Glaser, Thermo Scientific). Histology

s assessed by staining tissues with Hematoxylin-Eosin. Auto-

158atic IHC was performed with an automated immunostainer (ES,
159ntana Medical System, Strasbourg, France) as described [20].
160munostainings in xenografts were carried out with anti-MUC1
1618 Mab (1/50) antibodies.

162. Gene Expression Omnibus microarray

163Public PC microarrays were analyzed from the NCBI Gene
164pression Omnibus (GEO) database (http://www.ncbi.nml.nih.
165v/geo/). A set of gene-expression profiles from GEO containing
166th normal pancreas and PC tissue were used: 45 tumors and
167jacent non-tumor tissues from PDAC cases (GSE28735). Data
168re analyzed using GEO2R software. The dataset GSE28735 used
169fymetrix GeneChip Human Gene 1.0 ST array.

170. Statistical analyses

171Statistical analyses were performed using Graphpad Prism 4.0
172ftware (Graphpad softwares Inc.). Data are presented as
173ean ± SD or ±SEM. Differences in the mean of samples were ana-
174ed by the student’s t test or one way ANOVA test with selected
175mparison using Tukey’s HSD post-hoc test. Differences less than
1765 considered significant and were indicated with a ⁄, ⁄⁄ indicates
1770.01, ⁄⁄⁄ indicates p < 0.001.

178Results

179. Silencing of MUC1 in Capan-2 PDAC cell line

180In order to study the functional role of MUC1 in PDAC we gen-
181ated two stable cell lines knocked-down for MUC1 by short-
182irpin RNA (Sh-RNA) approach. The MUC1 decreased expression
183MUC1-KD cells compared to control Mock cells was confirmed
184qRT-PCR (Fig. 1A) (p < 0.05) and by Western-blot (Fig. 1B).

pancreatic cancer cell biological properties and chemoresistance. Impli-
. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025

http://www.ncbi.nml.nih.gov/geo/
http://www.ncbi.nml.nih.gov/geo/
http://dx.doi.org/10.1016/j.bbrc.2014.12.025
Original text:
Inserted Text
™

Original text:
Inserted Text
®

Original text:
Inserted Text
®

Original text:
Inserted Text
™

Original text:
Inserted Text
®

Original text:
Inserted Text
’

Original text:
Inserted Text
’

Original text:
Inserted Text
’

Original text:
Inserted Text
’

Original text:
Inserted Text
’



185

186 t
187 o
188 f-
189 -
190 ll
191 d
192 t
193 e
194

195

196

197 -
198

199

200

201

202

203

204

205

206

207

208

209

210is
211

212-
213f
214r
215C
216-
217r
218f
219f
220)
221r
222n
223.
224g

S. Tréhoux et al. / Biochemical and Biophysical Research Communications xxx (2014) xxx–xxx 3

YBBRC 33131 No. of Pages 7, Model 5G

15 December 2014
3.2. Inhibiting MUC1 decreased PDAC cell growth in vitro

Cells knocked-down for MUC1 showed a statistically significan
decrease of cell proliferation (Fig. 1C), at 72 and 96 h (p < 0.001). T
identify the mechanisms underlying the alterations of cell proli
eration mediated by MUC1 knock-down, we measured the activa
tion of the major signaling markers/pathways in the three ce
lines. Accordingly to the decreased cell proliferation, we observe
a decrease of phospho p42–44 MAPK, cyclin D1 and b-catenin tha
was more pronounced in the MUC1-KD2 cell line than in th
MUC1-KD1 (Fig. 1D).

3.3. Inhibiting MUC1 decreased PDAC cell migration and invasion
in vitro

Next to cell proliferation, we decided to evaluate MUC1 proper

ties on migration and invasion capacity of PDAC cells. Using
Boyden chambers and DAPI staining we showed a statistically sig-
nificant decrease of cell migration in MUC1-KD2 cells (p < 0.01)
(Fig. 2A). Invasive capacities of MUC1-KD cells were statistically
decreased both in MUC1-KD1 (p < 0.05) and in MUC1-KD2
(p < 0.01) cells when compared to Mock cells (Fig. 2A). In order
to identify the molecular mechanisms involved in the alteration
of cell migration and invasion through MUC1 inhibition, we mea-
sured the expression level of metalloprotease MMP13. Accordingly
to the inhibition of cell migration and invasion, we observed a
decrease of MMP13 expression both in MUC1-KD1 and MUC1-
KD2 cells compared to Mock cells (Fig. 2B).

Fig. 1. Establishment of Capan-2 MUC1-KD cells. (A) Analysis of MUC1 mRNA express
normalized to control GAPDH. MUC1 expression in Mock cells was arbitrarily set to 1
of cell proliferation for 96 h by cell counting and trypan blue exclusion dye (p < 0.01⁄

and CDK6 expression by Western-blot. b-Actin was used as internal control.

Please cite this article in press as: S. Tréhoux et al., The MUC1 oncomucin reg
cation of p42–44 MAPK, Akt, Bcl-2 and MMP13 pathways, Biochem. Biophy
3.4. Inhibiting MUC1 decreased PDAC cell survival, increased apoptos
and gemcitabine and 5-Fu sensitivity in vitro

Investigation of the implication of MUC1 in survival and apop
tosis pathways using Western-blotting, indicated a decrease o
phospho-Akt expression and a decrease of anti-apoptotic marke
Bcl-2 in MUC1-KD cells compared to Mock cells (Fig. 2C). PDA
being an extremely chemoresistant cancer, we undertook to evalu
ate MUC1 effect on PDAC cell chemosensitivity to gemcitabine o
FOLFIRINOX drugs (5-Fu, oxaliplatin and SN-38). Measurement o
cell survival following drug treatment indicated that inhibition o
MUC1 led to a mild (MUC1-KD1) and a strong (MUC1-KD2
decrease of cell viability following treatment with gemcitabine o
5-Fu (p < 0.5 and p < 0.01) (Fig. 2D). We did not observe variatio
on sensitivity after treatment with oxaliplatin or SN-38
Altogether, these results indicate that PDAC cells down-expressin
225MUC1 harbor altered cell survival and apoptosis in vitro and are
226more sensitive to gemcitabine and 5-Fu chemotherapeutic
227drugs.

2283.5. In vivo biological properties of PDAC cells stably knocked-down for
229MUC1

230Having shown in vitro that MUC1 plays a role in Capan-2 cell
231growth, we undertook to evaluate their activity in vivo. To this
232aim, subcutaneous (SC) xenografts of Capan-2 MUC1-KD cells were
233performed in SCID mice. A significant decrease of tumor growth

ion in Capan-2 MUC1-KD1 and MUC1-KD2 cell lines by qRT-PCR. MUC1 expression was
(p < 0.05⁄). (B) Analysis of MUC1 protein expression by Western-blot. (C) Measurement
⁄). (D) Analysis of MUC1, b-catenin, cyclin D1, phospho-p42–44 MAPK, p42–44 MAPK,

ulates pancreatic cancer cell biological properties and chemoresistance. Impli-
s. Res. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025
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ca
< 0.01) was found 28 days post xenografts when compared to
ntrol Mock cells (Fig. 3A). Tumor weights were also significantly
creased for MUC1-KD1 (p < 0.05) and for MUC1-KD2 (p < 0.01)
g. 3B). We confirmed by IHC the down-expression of MUC1 in
xenografts (Fig. 3C). Altogether these results indicate that inhi-
ing MUC1 in vivo slow-down pancreatic tumor growth.

. Expression of MUC1 and MMP13 in human PDAC samples

To correlate our MUC1/MMP13 data obtained in PDAC cell lines
th human PDAC samples we used PDAC datasets of the NCBI
ne Expression Omnibus (GEO, GSE28735) database. MUC1 and

P13 mRNA expression was measured in 45 tumors (PDAC)
d adjacent non tumor tissues (Control). We observed that
C1 and MMP13 expression was significantly increased in PDAC

mors (p < 0.001) compared to control samples (Fig. 3D)
. 2. In vitro biological properties of Capan-2 MUC1-KD cells. (A) Results are expressed as
0%). The DAPI staining is shown (p < 0.05⁄ or p < 0.01⁄⁄). (B) Analysis of MMP13 protein ex
Western-blot. (D) Measurement of cell survival after 72 h of treatment of Capan-2 MUC1-K
SN-38 (p < 0.05⁄ or p < 0.01⁄⁄).

ease cite this article in press as: S. Tréhoux et al., The MUC1 oncomucin regulates
tion of p42–44 MAPK, Akt, Bcl-2 and MMP13 pathways, Biochem. Biophys. Res
dicating a correlation between MUC1 and MMP13 overexpres-
n in human PDAC.

Discussion

The oncomucin MUC1 is overexpressed in several epithelial
ncers [12] including PDAC in which MUC1 overexpression is
sociated with a short survival rate [11]. In this report we have
own that stable inhibition of MUC1 in Capan-2 human pancrea-
cancer cells decreased both their in vitro and in vivo behavior

cluding cell proliferation, migration and invasion, increased
optosis and gemcitabine sensitivity, and decreased tumor
owth.
Our results suggest that the inhibition of cell migration and

vasion may be mediated through the down-expression of
MP13 (collagenase 3) observed in PDAC cells. It was previously
a percentage of migration or invasion of cells compared to the control Mock cells
pression by Western-blot. (C) Analysis of P-Akt, Akt and Bcl-2 protein expression
D cells with 40 nM of gemcitabine or 1 lM of 5-Fu, 1 lM of oxaliplatin and 3 nM

pancreatic cancer cell biological properties and chemoresistance. Impli-
. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025

http://dx.doi.org/10.1016/j.bbrc.2014.12.025
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shown that the inhibition of MUC1 in esophageal carcinom
decreased MMP13 expression and cell proliferation and migratio
[18]. MUC1 is composed of two subunits MUC1-N and MUC1-C
MUC1-C is able in a tumorigenic context to be internalized an
translocated to the nucleus and act as a co-factor of gene expres
sion. Moreover, it was demonstrated that the MUC1-C subunit
able to bind with Runx-2 to the promoter of MMP13 and increase
its expression in esophageal cancer [21]. In human PDAC sample
we observed a similar expression profile of both MUC1 and MMP1
as observed in esophageal carcinoma suggesting that in PDA
MUC1 could also be an activator of MMP13 expression. Indeed, lik
MUC1, MMP13 overexpression was linked to increased metastas
capacity of several cancers. We thus propose that the simultaneou
overexpression of both MUC1 and MMP13 would increase PDA
aggressiveness.

The results of our study also suggest that inhibiting MUC
decreases both in vitro cell proliferation and in vivo tumor growth
Additionally, we observed a decrease of cell proliferation marker
such as cyclin D1, b-catenin and p42–44 MAPK. It was previousl
identified that MUC1 is able to co-activate the expression of cycli
D1 through its interaction with b-catenin on the promoter of cycli
D1 gene thus favoring cell proliferation [22]. Moreover, MUC1
Fig. 3. In vivo effects of MUC1 on PDAC tumor properties. (A) SC xenografts of Capan-2
during 28 days (p < 0.05⁄ and p < 0.01⁄⁄). (B) Tumor weight (g) was measured at the
carried out by IHC. Magnification �20. (D) MUC1 and MMP13 mRNA expression was
database (p < 0.001⁄⁄⁄).

Please cite this article in press as: S. Tréhoux et al., The MUC1 oncomucin reg
cation of p42–44 MAPK, Akt, Bcl-2 and MMP13 pathways, Biochem. Biophy
able to activate the p42–44 MAPK pathway through its interactio
with tyrosine kinase receptor [5]. Thus inhibiting MUC1 leads t
decreased cell proliferation through the Wnt/b-catenin and th
p42–44 MAPK pathways.

The mucin MUC1 is able to activate the PI3K/Akt survival path
way [7]. Thus the activation of this pathway may result from a
increase of cell chemoresistance through the up-regulation o
MDR-related Protein (MRP) detoxifying channels by the co-bindin
of MUC1 on the MRP1 promoter with an unknown factor [14]. Thu
the inhibition of MUC1 and the decrease of both Akt and gemcita
bine resistance in MUC1-KD cells confirms this hypothesis. We als
observed an increase of cell sensitivity to 5-Fu in MUC1-KD cells.
was previously shown that inhibition of mucin O-glycosylation b
benzyl-alpha-GalNAc is important for 5-Fu sensitization [23,24
However, for the first time we show a direct implication o
MUC1 protein in cancer cell sensitivity to 5-Fu. Additionally, ou
results showed that the down-expression of MUC1 is able t
increase cell apoptosis through the inhibition of anti-apoptot
Bcl-2 protein. Interestingly, it was previously shown that MUC
is able to interact with Bax to block its pro-apoptotic functio
[25] or to increase Bcl-xL anti-apoptosis protein level to increas
cell survival and apoptosis [7]. Thus, we propose that MUC
cells stably knocked-down for MUC1 in SCID mice. Tumor growth (mm3) was evaluated
sacrifice (p < 0.05⁄ and p < 0.01⁄⁄). (C) Analysis of MUC1 expression in SC tumors was
evaluated in PDAC datasets of the NCBI Gene Expression Omnibus (GEO, GSE28735)

ulates pancreatic cancer cell biological properties and chemoresistance. Impli-
s. Res. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025
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306 deficiency in Capan-2 pancreatic cancer cells leads to decreased
307 cell survival, increased cell apoptosis and gemcitabine and 5-Fu
308 sensitivity through Akt and Bcl-2 pathways.
309 In conclusion, our results show that inhibiting MUC1 in human
310 pancreatic cancer cells profoundly alters their behavior:
311 (i) decreased cell proliferation and tumor growth through the
312 Wnt/b-catenin and the p42–44 MAPK pathways; (ii) decreased cell
313 migration and invasion through MMP13; (iii) decreased cell survi-
314 val and increased apoptosis and gemcitabine and 5-Fu sensitivity
315 through the Akt and Bcl-2 pathways. Altogether, these results con-
316 firm the interest in inhibiting MUC1 expression in pancreatic can-
317 cer and to use MUC1 as a therapeutic target to slow-down PDAC
318 progression.

319 Grant support

320 Solange Tréhoux is a recipient of a PhD fellowship of the
321 University of Lille 2. Isabelle Van Seuningen is the recipient of a
322 ‘‘Contrat Hospitalier de Recherche Translationnelle’’ (AVIESAN/
323 CHRT 2010). This work was supported by grants from la Ligue
324 Nationale Contre le Cancer (Equipe Labellisée Ligue 2011–2013,
325 IVS), from SIRIC ONCOLille, Grant INCa-DGOS-Inserm 6041 (IVS)
326 and from ‘‘Contrat de Plan Etat Région’’ CPER Cancer 2007–2013
327 (IVS).

328 Conflicts of interest

329 Authors declare no conflict of interest.

330 Acknowledgments

331 We thank D. Swallow (MRC, London, UK) for providing MUC1
332 M8 antibody. We are grateful to M.H. Gevaert and R. Siminsky
333 (Department of Histology, Faculty of Medicine, University of Lille
334 2) for their technical help. We thank the IFR114/IMPRT (University
335 of Lille 2) animal facility (D. Taillieu).

336 References

337 [1] N. Jonckheere, I. Van Seuningen, The membrane-bound mucins: how large O-
338 glycoproteins play key roles in epithelial cancers and hold promise as
339 biological tools for gene-based and immunotherapies, Crit. Rev. Oncog. 14
340 (2008) 177–196.
341 [2] M.A. Hollingsworth, B.J. Swanson, Mucins in cancer: protection and control of
342 the cell surface, Nat. Rev. Cancer 4 (2004) 45–60, http://dx.doi.org/10.1038/
343 nrc1251.
344 [3] D.W. Kufe, Mucins in cancer: function, prognosis and therapy, Nat. Rev. Cancer
345 9 (2009) 874–885, http://dx.doi.org/10.1038/nrc2761.
346 [4] N. Jonckheere, I. Van Seuningen, The membrane-bound mucins: from cell
347 signalling to transcriptional regulation and expression in epithelial cancers,
348 Biochimie 92 (2010) 1–11, http://dx.doi.org/10.1016/j.biochi.2009.09.018.
349 [5] J.A. Schroeder, M.C. Thompson, M.M. Gardner, S.J. Gendler, Transgenic MUC1
350 interacts with epidermal growth factor receptor and correlates with mitogen-
351 activated protein kinase activation in the mouse mammary gland, J. Biol.
352 Chem. 276 (2001) 13057–13064, http://dx.doi.org/10.1074/jbc.M011248200.
353 [6] J.A. Schroeder, M.C. Adriance, M.C. Thompson, T.D. Camenisch, S.J. Gendler,
354 MUC1 alters beta-catenin-dependent tumor formation and promotes cellular
355 invasion, Oncogene 22 (2003) 1324–1332, http://dx.doi.org/10.1038/sj.onc.
356 1206291.

357[7] D. Raina, S. Kharbanda, D. Kufe, The MUC1 oncoprotein activates the anti-
358apoptotic phosphoinositide 3-kinase/Akt and Bcl-xL pathways in rat 3Y1
359fibroblasts, J. Biol. Chem. 279 (2004) 20607–20612, http://dx.doi.org/10.1074/
360jbc.M310538200.
361[8] R. Siegel, D. Naishadham, A. Jemal, Cancer statistics, 2013, CA Cancer J. Clin. 63
362(2013) 11–30, http://dx.doi.org/10.3322/caac.21166.
363[9] A. Vincent, J. Herman, R. Schulick, R.H. Hruban, M. Goggins, Pancreatic cancer,
364Lancet 378 (2011) 607–620, http://dx.doi.org/10.1016/S0140-6736(10)62307-
3650.
366[10] T. Conroy, F. Desseigne, M. Ychou, O. Bouché, R. Guimbaud, Y. Bécouarn, et al.,
367FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer, N. Engl. J.
368Med. 364 (2011) 1817–1825, http://dx.doi.org/10.1056/NEJMoa1011923.
369[11] J.M. Winter, L.H. Tang, D.S. Klimstra, M.F. Brennan, J.R. Brody, F.G. Rocha, et al.,
370A novel survival-based tissue microarray of pancreatic cancer validates MUC1
371and mesothelin as biomarkers, PLoS One 7 (2012) e40157, http://dx.doi.org/
37210.1371/journal.pone.0040157.
373[12] R.E. Beatson, J. Taylor-Papadimitriou, J.M. Burchell, MUC1 immunotherapy,
374Immunotherapy 2 (2010) 305–327, http://dx.doi.org/10.2217/imt.10.17.
375[13] L.D. Roy, M. Sahraei, D.B. Subramani, D. Besmer, S. Nath, T.L. Tinder, et al.,
376MUC1 enhances invasiveness of pancreatic cancer cells by inducing epithelial
377to mesenchymal transition, Oncogene 30 (2011) 1449–1459, http://dx.doi.org/
37810.1038/onc.2010.526.
379[14] S. Nath, K. Daneshvar, L.D. Roy, P. Grover, A. Kidiyoor, L. Mosley, et al., MUC1
380induces drug resistance in pancreatic cancer cells via upregulation of
381multidrug resistance genes, Oncogenesis 2 (2013) e51, http://dx.doi.org/
38210.1038/oncsis.2013.16.
383[15] J. Gao, M.J. McConnell, B. Yu, J. Li, J.M. Balko, E.P. Black, et al., MUC1 is a
384downstream target of STAT3 and regulates lung cancer cell survival and
385invasion, Int. J. Oncol. 35 (2009) 337–345.
386[16] P.K. Singh, Y. Wen, B.J. Swanson, K. Shanmugam, A. Kazlauskas, R.L. Cerny,
387et al., Platelet-derived growth factor receptor b-mediated phosphorylation of
388muc1 enhances invasiveness in pancreatic adenocarcinoma cells, Cancer Res.
38967 (2007) 5201–5210, http://dx.doi.org/10.1158/0008-5472.CAN-06-4647.
390[17] N. Skrypek, B. Duchêne, M. Hebbar, E. Leteurtre, I. van Seuningen, N.
391Jonckheere, The MUC4 mucin mediates gemcitabine resistance of human
392pancreatic cancer cells via the concentrative nucleoside transporter family,
393Oncogene 32 (2013) 1714–1723, http://dx.doi.org/10.1038/onc.2012.179.
394[18] C. Gronnier, E. Bruyère, F. Lahdaoui, N. Jonckheere, M. Perrais, E. Leteurtre,
395et al., The MUC1 mucin regulates the tumorigenic properties of human
396esophageal adenocarcinomatous cells, Biochim. Biophys. Acta (2014), http://
397dx.doi.org/10.1016/j.bbamcr.2014.06.021.
398[19] N. Jonckheere, N. Skrypek, J. Merlin, A.F. Dessein, P. Dumont, E. Leteurtre, et al.,
399The mucin MUC4 and its membrane partner ErbB2 regulate biological
400properties of human CAPAN-2 pancreatic cancer cells via different signalling
401pathways, PLoS One 7 (2012) e32232, http://dx.doi.org/10.1371/
402journal.pone.0032232.
403[20] C. Mariette, M. Perrais, E. Leteurtre, N. Jonckheere, B. Hémon, P. Pigny, et al.,
404Transcriptional regulation of human mucin MUC4 by bile acids in oesophageal
405cancer cells is promoter-dependent and involves activation of the
406phosphatidylinositol 3-kinase signalling pathway, Biochem. J. 377 (2004)
407701–708, http://dx.doi.org/10.1042/BJ20031132.
408[21] Q. Ye, Z. Yan, X. Liao, Y. Li, J. Yang, J. Sun, et al., MUC1 induces metastasis in
409esophageal squamous cell carcinoma by upregulating matrix
410metalloproteinase 13, Lab. Investig. J. Tech. Methods Pathol. 91 (2011) 778–
411787, http://dx.doi.org/10.1038/labinvest.2011.12.
412[22] H. Rajabi, R. Ahmad, C. Jin, M. Kosugi, M. Alam, M.D. Joshi, et al., MUC1-C
413oncoprotein induces TCF7L2 transcription factor activation and promotes
414cyclin D1 expression in human breast cancer cells, J. Biol. Chem. 287 (2012)
41510703–10713, http://dx.doi.org/10.1074/jbc.M111.323311.
416[23] A.V. Kalra, R.B. Campbell, Mucin overexpression limits the effectiveness of 5-
417FU by reducing intracellular drug uptake and antineoplastic drug effects in
418pancreatic tumours, Eur. J. Cancer 45 (2009) 164–173, http://dx.doi.org/
41910.1016/j.ejca.2008.10.008.
420[24] A.V. Kalra, R.B. Campbell, Mucin impedes cytotoxic effect of 5-FU against
421growth of human pancreatic cancer cells: overcoming cellular barriers for
422therapeutic gain, Br. J. Cancer 97 (2007) 910–918, http://dx.doi.org/10.1038/
423sj.bjc.6603972.
424[25] R. Ahmad, M. Alam, H. Rajabi, D. Kufe, The MUC1-C oncoprotein binds to the
425BH3 domain of the pro-apoptotic BAX protein and blocks BAX function, J. Biol.
426Chem. 287 (2012) 20866–20875, http://dx.doi.org/10.1074/jbc.M112.
427357293.

428

6 S. Tréhoux et al. / Biochemical and Biophysical Research Communications xxx (2014) xxx–xxx

YBBRC 33131 No. of Pages 7, Model 5G

15 December 2014

Please cite this article in press as: S. Tréhoux et al., The MUC1 oncomucin regulates pancreatic cancer cell biological properties and chemoresistance. Impli-
cation of p42–44 MAPK, Akt, Bcl-2 and MMP13 pathways, Biochem. Biophys. Res. Commun. (2014), http://dx.doi.org/10.1016/j.bbrc.2014.12.025

http://dx.doi.org/10.1038/nrc1251
http://dx.doi.org/10.1038/nrc1251
http://dx.doi.org/10.1038/nrc2761
http://dx.doi.org/10.1016/j.biochi.2009.09.018
http://dx.doi.org/10.1074/jbc.M011248200
http://dx.doi.org/10.1038/sj.onc.1206291
http://dx.doi.org/10.1038/sj.onc.1206291
http://dx.doi.org/10.1074/jbc.M310538200
http://dx.doi.org/10.1074/jbc.M310538200
http://dx.doi.org/10.3322/caac.21166
http://dx.doi.org/10.1016/S0140-6736(10)62307-0
http://dx.doi.org/10.1016/S0140-6736(10)62307-0
http://dx.doi.org/10.1056/NEJMoa1011923
http://dx.doi.org/10.1371/journal.pone.0040157
http://dx.doi.org/10.1371/journal.pone.0040157
http://dx.doi.org/10.2217/imt.10.17
http://dx.doi.org/10.1038/onc.2010.526
http://dx.doi.org/10.1038/onc.2010.526
http://dx.doi.org/10.1038/oncsis.2013.16
http://dx.doi.org/10.1038/oncsis.2013.16
http://dx.doi.org/10.1158/0008-5472.CAN-06-4647
http://dx.doi.org/10.1038/onc.2012.179
http://dx.doi.org/10.1016/j.bbamcr.2014.06.021
http://dx.doi.org/10.1016/j.bbamcr.2014.06.021
http://dx.doi.org/10.1371/journal.pone.0032232
http://dx.doi.org/10.1371/journal.pone.0032232
http://dx.doi.org/10.1042/BJ20031132
http://dx.doi.org/10.1038/labinvest.2011.12
http://dx.doi.org/10.1074/jbc.M111.323311
http://dx.doi.org/10.1016/j.ejca.2008.10.008
http://dx.doi.org/10.1016/j.ejca.2008.10.008
http://dx.doi.org/10.1038/sj.bjc.6603972
http://dx.doi.org/10.1038/sj.bjc.6603972
http://dx.doi.org/10.1074/jbc.M112.357293
http://dx.doi.org/10.1074/jbc.M112.357293
http://dx.doi.org/10.1016/j.bbrc.2014.12.025

	The MUC1 oncomucin regulates pancreatic cancer cell biological properties and chemoresistance. Implication of p42–44 MAPK, Akt,  Bcl-2 and MMP13 pathways
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and establishment of MUC1-KD stable cell lines
	2.2 Cell proliferation, migration and invasion assays
	2.3 Cytotoxicity assay
	2.4 Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	2.5 Protein extraction and Western-blot analysis
	2.6 Subcutaneous xenografts
	2.7 Immunohistochemistry
	2.8 Gene Expression Omnibus microarray
	2.9 Statistical analyses

	3 Results
	3.1 Silencing of MUC1 in Capan-2 PDAC cell line
	3.2 Inhibiting MUC1 decreased PDAC cell growth in vitro
	3.3 Inhibiting MUC1 decreased PDAC cell migration and invasion in vitro
	3.4 Inhibiting MUC1 decreased PDAC cell survival, increased apoptosis and gemcitabine and 5-Fu sensitivity in vitro
	3.5 In vivo biological properties of PDAC cells stably knocked-down for MUC1
	3.6 Expression of MUC1 and MMP13 in human PDAC samples

	4 Discussion
	Grant support
	Conflicts of interest
	Acknowledgments
	References




