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ABSTRACT:
MUC1 is a membrane-anchored mucin and its cytoplasmic tail (CT) can interact
with many signaling pathways and act as a co-transcription factor to activate genes
involved in tumor progression and metastasis. MUC1 is overexpressed in renal cell
carcinoma with correlation to prognosis and has been implicated in the hypoxic
pathway, the main renal carcinogenetic pathway. In this context, we assessed the
effects of MUC1 overexpression on renal cancer cells properties. Using shRNA strategy
and/or different MUC1 constructs, we found that MUC1-extracellular domain and
MUC1-CT are involved in increase of migration, cell viability, resistance to anoikis and
in decrease of cell aggregation in cancer cells. Invasiveness depends only on MUC1CT. Then, by using siRNA strategy and/or pharmacological inhibitors or peptides,
we showed that sheddases ADAM10, ADAM17 and gamma-secretase are necessary
for MUC1 C-terminal subunit (MUC1-C) nuclear location and in increase of invasion
property. Finally, MUC1 overexpression increases ADAM10/17 protein expression
suggesting a positive regulatory loop. In conclusion, we report that MUC1 acts in renal
cancer progression and MUC1-C nuclear localization drives invasiveness of cancer
cells through a sheddase/gamma secretase dependent pathway. MUC1 appears as
a therapeutic target by blocking MUC1 cleavage or nuclear translocation by using
pharmacological approach and peptide strategies.

INTRODUCTION

expression is cell- and tissue-specific and is altered
during carcinogenesis. The MUC1-N is an extracellular
domain containing extensively O-glycosylated tandem
repeat 20 amino acid (AA) sequence and protudes far
away from the apical side of the cell (200–500 nm). The
MUC1-C includes a 58-AA extracellular domain, a 28AA transmembrane domain and a 72-AA cytoplasmic tail

MUC1 is a large O-glycoprotein type I translated
as a single polypeptide that undergoes autocleavage
into N-terminal (MUC1-N) and C-terminal (MUC1-C)
subunits allowing the formation of a heterodimer through
a stable non-covalent association [1]. In adult, MUC1
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(CT) [1]. MUC1-N may be released from cell-surface by
a mechanism dependent on at least two sheddases, TACE/
ADAM17 [2] and MT1-MMP/MMP14 [3]. MUC1-C (i)
is also a substrate for γ-secretase [4] and several kinases
such as Src, GSK3β, PI3K [1], (ii) can interact with
tyrosine kinase receptors such as EGFR and (iii) plays a
role in signal transduction. Nuclear transport of MUC1CT is dependent on the CQC motif which is required for
its dimerization and direct interaction with importin β and
nucleoporin 62 [1]. MUC1-CT acts as a co-transcription
factor to activate genes involved in tumor progression and
metastasis [1].
Renal cell carcinoma corresponds to 5% of all
adult malignancies and originates from renal tubules. The
main histologic subtype is represented by clear renal cell
carcinoma (cRCC; [5]). Ninety percent of cRCC present
a biallelic inactivation of the von Hippel Lindau (VHL)
tumor suppressor gene resulting in constitutive activation
of hypoxia signaling pathway via the Hypoxia Inducible
Factor (HIF) -1 transcription factor that contributes to the
physiology of tumours [6, 7]. cRCC is typically highly
resistant to conventional systemic therapies. Previous
studies have shown that MUC1 is diffusely overexpressed
in cRCC [8, 9] and MUC1 overexpression has been found
to be associated with metastatic disease and a worse
prognosis [10, 11]. MUC1 is a target gene of HIF-1 [11]
but also a regulator of its activity [12, 13].
The purpose of this article was to better understand
(a) the roles of MUC1 overexpression on renal cancer
cells properties in vitro and in vivo and (b) the mechanism
involved in MUC1-C nuclear localization.

786-O lowered invasiveness by 80% (p<0.001; Fig. 1F).
MUC1FL ACHN cells presented significantly decreased
cell-cell aggregation levels compared to EV ACHN cells
(39% vs 79%, p<0.01; Fig. 1G) whereas a decreased of
MUC1 expression in sh1.1 MUC1 and sh1.2 MUC1 786O cells was associated with an increased cell aggregation
compared to control cells (59% vs 36%, p<0.01; Fig. 1H).

Figure 1: MUC1 increases migratory and invasive
properties and decreases cell-cell interaction in ACHN
and 786-O cells. Western blotting were performed with

RESULTS

anti–MUC1 targeting VNTR extracellular domain (M8) or
cytoplasmic tail (Ab-5), and anti–β-actin antibodies on whole
cell extracts obtained from (A) ACHN clones stably transfected
with different expression vectors: MUC1-Full Length
(MUC1FL), -deleted for its Tandem Repeat domain (MUC1∆TR)
or -deleted for its Cytoplasmic Tail (MUC1∆CT) or an empty
vector (EV) or (B) from 786-O clones stably transfected with
a shRNA control (scramble) or with shRNA targeting MUC1
(sh1.1 and sh1.2). Cell migration of ACHN (C) and 786-O (D)
clones was evaluated using 24-well migration chambers with
10% fetal calf serum as chemoattractant. The values obtained
in EV-ACHN and scramble 786-O control cells were referred to
as 100. The graphs show a percentage of control migration 24h
after seeding. Values are means s.e.m (standard error mean) and
represent five separate experiments (*** p<0.001). Cell invasion
((E) ACHN clones and (F) 786-O clones) was evaluated using
24-well Matrigel® invasion chambers with 10% fetal calf serum
as chemoattractant. The values obtained in EV-ACHN and
scramble 786-O control cells were referred to as 100. The graphs
show a percentage of control invasion 24h after seeding. Values
are means s.e.m and represent five separate experiments (***
p<0.001). ACHN (G) and 786-O (H) clones were seeded on
agarose 0.8% under shaking. After 1h, aggregated and isolated
cells were counted to determinate % of cell aggregation. Values
are means s.e.m and represent at least three separate experiments
(** p<0.01).

Roles of MUC1 in renal cancer cell properties
To assess MUC1 roles on kidney cancer cell
properties, we used renal cancer cell lines expressing
(786-O) or not (ACHN) MUC1 at protein levels. By
stable transfection, we first generated ACHN clones
expressing MUC1 full length (MUC1FL; Fig. 1A) and
(ii) 786-O clones knock-down for MUC1 expression
(MUC1-KD) using a shRNA strategy (sh1.1 MUC1 and
sh1.2 MUC1; Fig. 1B). The role of MUC1 in the migration
properties of renal cancer cells was assessed using Boyden
chambers (Fig. 1C) and wound healing assays (Fig. 1S);
we observed significant enhanced migration in ACHN
clones expressing MUC1 by 8.3- and 2-fold, respectively.
In contrast, in 786-O MUC1-KD clones, a reduced
migration was observed compared to control cells (85%
inhibition, p<0.001; Fig. 1D). Invasion assays showed that
MUC1 expression significantly enhanced invasiveness
properties of ACHN clones compared to EV control
cells (4.2 fold, p<0.001; Fig. 1E) whereas MUC1-KD in
www.impactjournals.com/oncotarget
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MUC1 increases tumor growth in vivo

The ability of different ACHN and 786-O clones to adhere
on type IV collagen, laminin, fibronectin, vitronectin
or type I collagen was also assessed but no significant
differences were observed for any clone (data not shown).
By using a MTS assay, we found that MUC1 expression
significantly increased cell viability in MUC1FL ACHN
and Scramble 786-O clones (p<0.05 and p<0.01; Fig.
2A and B). Anoikis, an apoptotic program induced by
loss of cell-matrix interaction, was finally investigated
using poly-HEMA coated plates. After five days, MUC1
expression significantly increased cell viability only in
MUC1FL ACHN and Scramble 786-O clones (p<0.01;
Fig. 2C and D). Altogether, these results indicate that
MUC1 (over)expression in renal cancer cells increases
migration, invasion, cell viability, resistance to anoikis
and decreases cell-cell interaction. In order to understand
the relative contributions of the MUC1 tandem repeat and
cytoplasmic tail domains in these properties, we generated
by stable transfection ACHN clones expressing MUC1
deleted for its Tandem Repeat domain (MUC1∆TR) or for
its Cytoplasmic Tail (MUC1∆CT) (Fig. 1A). We showed
that both of these domains were essential in migration
(Fig. 1C and 1S), cell viability (data not shown), resistance
to anoikis (Fig. 2C) and decreased of cell-cell interaction
(Fig. 1G) since no significant difference was observed
between MUC1∆TR, MUC1∆CT and EV-ACHN clones.
In sharp contrast, the impact of MUC1 on invasiveness
further depends only on MUC1-CT (Fig. 1E) since no
difference for invasiveness was observed between EV and
MUC1∆CT ACHN clones.

To further confirm these in vitro data of MUC1
effects on tumor cell properties, subcutaneous xenograft
experiments were carried out on SCID mice. From
week 9, the tumor volume was significantly higher in
xenografted mice with MUC1FL ACHN clones compared
to EV control (p<0.05; Fig. 3). At week 12, the relative
tumor volume was 420.3 ± 42.9 mm3 for MUC1FL clones
whereas in control EV-ACHN clones, tumor volume was
139.4 ± 5.7 mm3 (p<0.01; Fig. 3). No significant difference
was observed between MUC1∆TR, MUC1∆CT and EVACHN clones. These data show that both tandem repeat
domain and cytoplasmic tail of MUC1 are needed for
tumor growth in vivo.

Role of MUC1 in intracellular signaling
Having shown that MUC1 expression was
associated with an increase of cell viability, migration,
invasion, apoptosis resistance and tumor growth, we
studied the impact of MUC1 overexpression on the major
intracellular signaling pathways by Western blot (Fig. 4A).
Expression levels of c-Myc, p-Akt, p-ERK1/2, p-JNK,
phospho-p38, cyclin D1 and β-catenin known to be
involved in proliferation and tumorigenesis were increased
in MUC1 overexpressing MUC1FL ACHN and Scramble
786-O clones compared to EV-ACHN and MUC1-KD
786-O clones.
MUC1 (over)expression in ACHN and 786-O
clones was also associated with cell survival since Bax

Figure 2: MUC1 increases cellular viability and confers anoikis resistance. ACHN (A, C) and 786-O (B, D) clones were

seeded in 96-wells plate coated (C, D) or not (A, B) with PolyHema and incubated at 37°C. By a MTS assay, cellular viability was assessed
everyday for viability and after 5 days for anoikis. OD was read at 490nm. For anoikis assay, mean in EV-ACHN and 786-O scramble
clones was arbitrarily set to 100. Values are means s.e.m and represent five separate experiments (* p<0.05, ** p<0.01).
www.impactjournals.com/oncotarget
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pro-apoptotic marker expression was decreased whereas
Bcl-xL anti-apoptotic marker expression was increased
resulting in increased of Bcl-xL/Bax ratio suggesting
an increase of apoptosis resistance in MUC1 expressing
cells. It was also associated with decreased of caspase 9
expression and increased of p50 and p65 NF-κB subunits
nuclear localization along with activation of NF-κB antiapoptotic signaling pathway (Fig. 4B to D). Altogether,
these results show that MUC1 expression dramatically
increases proliferative, migratory, invasive and antiapoptotic signaling pathways in renal cancer cells.

not detected by Western blotting after 24h treatment (Fig.
5B). In contrast, ACHN cells treatment with epoxomicin
(a proteasomal inhibitor) or bafilomycin (a vesicular
proton pump inhibitor blocking the endosomal/lysosomal
activity) has no impact on MUC1-C nuclear level (data
not shown).
Thus, these results indicate that the MUC1-C
nuclear localization depends on sheddases (ADAM10 and
ADAM17) as well as γ-secretase activities.

Impact of MUC1-C on invasive properties is
dependent on ADAM10/γ-secretase activities

MUC1-C nuclear localization is dependent of
ADAM/γ-secretase pathway

Having shown previously that MUC1-C was
enough to increase invasive properties, we tested the
hypothesis that the sheddases/γ-secretase pathway
could alter the invasiveness of renal cancer cells. By a
siRNA approach, knockdown expression of PSEN1 and
ADAM10 significantly decreased invasiveness compared
to MUC1FL ACHN cells transfected with control siRNA
(70% and 65% of reduction, respectively; Fig. 5C)

In normal human epithelial endometrial HES
cells, Carson’s team has previously shown that (i)
MUC1 extracellular domain could be released by a
mechanism dependent on the activity of at least two
sheddases, TACE/ADAM17 [2] and MT1-MMP/
MMP14 [3], and then, (ii) MUC1 transmembrane
domain (MUC1-C) was a substrate of the γ-secretase
[4]. Herein, we demonstrated a nuclear localization
of MUC1-C in renal cancer MUC1 expressing cells
(Fig. 5A and 5B) and 786-O scramble clones (data not
shown). To test our hypothesis that MUC1-C nuclear
localization is dependent of sheddase/γ-secretase pathway,
we used a siRNA approach (Fig. 5A). Compared to ACHN
cells transfected with siRNA pool control, MUC1-C
nuclear level was strongly reduced in cells in which
ADAM10, ADAM17 and PSEN1 (catalytic subunit of
γ-secretase complex) expression was knocked-down (65%,
42% and 75% of reduction, respectively; Fig. 5A) whereas
siRNA pool targeting MMP14 has a weaker effect (22%
of reduction). The role of γ-secretase in MUC1-C nuclear
localization was confirmed when exposing ACHN cells
to L685,458, a γ-secretase inhibitor, since MUC1-C was

Figure 4: Impact of MUC1 expression on signaling
pathways. (A) Western blotting on whole cell extracts obtained

from EV- and MUC1FL-ACHN clones or from 786-O scramble,
sh1.1 and sh1.2 clones were performed. Antibodies against Bax,
Bcl-xL, caspase 9, c-Myc, Akt, phospho-Akt, p38, phospho-p38,
ERK, phospho-ERK, JNK, phospho-JNK, cyclin D1, β-catenin
and β-actin were used. (B) Expression of NF-κB p65 and p50
subunits in cytosolic and nuclear extracts was carried out by
western blot. (C-D) Luciferase activity of the κB-Luc synthetic
promoter was measured 48h after transfection. Luciferase
activity in EV-ACHN and scramble 786-O cells was set as 1.
Values are means s.e.m and represent five separate experiments
(*** p<0.001).

Figure 3: MUC1FL increases cell growth in vivo.

Subcutaneous injections with ACHN clones stably transfected
with an empty vector (EV;
), with MUC1FL- (
), with MUC1∆TR- (
) or with MUC1∆CT (
)-expression vectors were performed in SCID mice. Values are
means s.e.m and represent values obtained in 6 mice (* p<0.05,
** p<0.01).
www.impactjournals.com/oncotarget
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MUC1-C induces ADAM10 and ADAM17
expression

whereas depletion of MMP14 and ADAM17 has no effect.
Also, 24h treatment with L685,458 had no effect on basal
invasiveness of EV-ACHN clones whereas in MUC1FL
clones, increased invasion mediated by MUC1 expression
was almost totally abolished (p<0.001; Fig. 5C). Similar
results were observed in 786-O clones (Fig. 2S). However,
ADAM10 and γ-secretase have numerous substrates
such as Notch and c-Met known to play important roles
during renal cancer development [14]. To further define
the role of MUC1-C contribution to kidney cancer cell
invasiveness, we treated MUC1FL ACHN clones with
(i) the MUC1-C inhibitor GO-203, a cell-penetrating
D-amino acid peptide which blocks its dimerization and
nuclear translocation and (ii) CP-2, a control peptide [15].
Significantly, treatment with GO-203, but not with CP2, was associated with a 49% decrease of invasiveness
(p<0.01, Fig. 5D). Together, these findings indicate that
blockage of MUC1-C nuclear localization either through
inhibition of ADAM10 and PSEN1 expression or direct
MUC1-C inihibitor are enough to significantly decrease
renal cancer cell invasiveness.

Next, we checked expression levels of ADAM10
and ADAM17 in our different cellular clones and showed
that in ACHN cells, MUC1 expression was associated
with an increased expression of both sheddases by a
mechanism depending on nuclear MUC1-C since this
increase was lost when MUC1FL clones were treated
with GO-203 inhibitor (Fig. 6A). In 786-O cells,
MUC1 knocked-down expression mediated a decreased
expression of ADAM10 and ADAM17 (Fig. 6B). In
normal PTE cells, MUC1, ADAM10 and ADAM17
proteins were undetectable whereas all of them were
expressed in RCC4, RCC10 and 786-O renal cancer cell
lines (Fig. 6C). By immunohistochemistry, we tested
MUC1, ADAM10 and ADAM17 expression on samples
of human cRCC. A moderate to strong nuclear expression
of ADAM10 was noted in tumor cells presenting a
cytoplasmic expression of MUC1 (Fig. 7) while this was
faint or absent when MUC1 expression was restricted to
the membrane. Comparatively, ADAM17 expression was
slightly positive (Fig. 7). In normal renal parenchyma, an

Figure 5: Increase of invasive properties mediated by nuclear MUC1-C is dependent of ADAM10/ADAM17/γ-secretase
activities. (A) Western blotting was performed on nuclear fraction of ACHN cells after treatment by different siRNA. The intensities of

the signals were determined by densitometric scanning and are expressed as the relative signal intensity compared with that obtained
with control siRNA. (B) Expression of MUC1-CT in cytosolic and nuclear fractions was carried out by western blotting from EV- and
MUC1FL-ACHN clones treated or not with 10 ng/ml of L685,458, a γ-secretase inhibitor. (C) Cell invasion of ACHN cells transfected
with different siRNA or treated 24h with 10 ng/ml of L685,458 was evaluated using 24-well Matrigel® invasion chambers with 10% fetal
calf serum as chemoattractant. The graphs show the total number of invasive cells counted 24h after seeding. Values are means s.e.m and
represent five separate experiments. (D) Invasion experiment was also performed on ACHN cells treated with 5 µM of CP-2 (control) or
GO-203 peptides. Values are means s.e.m and represent five separate experiments (** p<0.01, *** p<0.001)
www.impactjournals.com/oncotarget
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apical membranous MUC1 staining was confined to distal
convoluted tubules. Immunochemistry for ADAM10
showed a membranous staining pattern in distal tubuli but
also in podocytes. No significant staining was observed
for ADAM17.

cRCC is the main histotype of kidney cancer,
which is typically highly resistant to common systemic
therapies. Deciphering molecular mechanisms that
lead to tumor progression is urgently needed in order
to develop new therapeutic strategies to cure cRCC. In
this context, we first focused our attention on MUC1
membrane-bound mucin since its overexpression has been
reported in epithelial tumours originating from different
tissues, especially in breast and pancreatic tumours [16,
17]. Our team and others have reported that MUC1
(i) is consistently overexpressed in cRCC with a high
expression correlated to worse prognosis [11, 18], (ii)
cytoplasmic immunostaining is associated with metastatic
status [11] and (iii) is a target gene of HIF-1 transcription
factor which is a master key of the hypoxia pathway, the
main renal carcinogenetic pathway [11].
In this study, to decipher the impact of MUC1
expression on renal cancer cell properties, MUC1 was
either ectopically expressed in ACHN cells or knockdown
in 786-O cells. We demonstrated that MUC1 significantly

increased migration, invasion, cell viability, resistance
to anoikis and decreased cell-cell interaction; properties
shared with other cancer cell lines such as gastric,
pancreatic and breast cancer cells which together suggest
a pivotal role of MUC1 to cancer cell phenotype [19-21].
However, little is known about the underlying mechanism.
Thus, we showed that both TR and CT domains of
MUC1 were necessary for these properties except for
invasiveness, which only depended on the CT domain.
Overexpression of MUC1 in different cell lines has been
shown to inhibit their aggregation by steric hindrance
due to its large, extended and rigid structure [22] but also
by inhibition of E-cadherin–mediated cell-cell adhesion
[23]. MUC1 has also been implicated in cytoskeletal
reorganization and cell motility through Src-CrkL-Rac1/
Cdc42 signaling cascade following ICAM-1/MUC1
interaction in breast cancer cells [24]. Our signaling
pathway studies revealed that MUC1 expression was
associated with an increase in the expression of proteins
known to be involved in proliferation and tumorigenesis
such as c-Myc, phospho-Akt, phospho-ERK1/2, phosphoJNK, phospho-p38, cyclin D1 and β-catenin. Previous
reports have shown that down-regulation of MUC1 was
followed by an up-regulation of E-cadherin and the
relocation of β-catenin from the nucleus to the cytoplasm
and a decrease of invasive properties [25, 26]. We also
observed that MUC1 overexpression is associated with
increased β-catenin protein levels. In fact, MUC1-CT is
also considered as a part of the Wnt/β-catenin signaling
pathway, which activation is associated to epithelialmesenchymal transition (EMT), proliferation, migration
and invasion in tumor context [1]. MUC1-CT can interact
directly with β-catenin through a SXXXXXSSL motif,
induces TCF7L2 transcription factor activation and
promotes cyclin D1 expression at transcriptional level
[27]. Furthermore, MUC1 and β-catenin interaction and
their nuclear translocation are able to initiate EMT process,

Figure 6: MUC1 is involved in increase of ADAM10
and ADAM17 expression. Western blot performed on cell

Figure 7: MUC1, ADAM10 and ADAM17 expression
in human tissue. Immunohistochemical expression of MUC1,

DISCUSSION

ADAM10 and ADAM17 assessed in human normal kidney
(up) and a human cRCC (down). In normal kidney, MUC1
staining restricted to apical surface (insert) of distal convoluted
tubules, membranous ADAM10 staining is (insert) on distal
convoluted tubules and negative ADAM 17 staining. In cCRCC,
diffuse cytoplamic MUC1 staining, nuclear ADAM10 staining
and focal and weak ADAM17 staining (insert) of tumor cells
(Magnification, × 200; x400 (insets)).

extracts obtained from EV- and MUC1FL-ACHN clones treated
or not by 5 µM of CP-2 and GO-203 peptides (A), scramble,
sh1.1 and sh1.2 786-O clones (B) or primary proximal tubular
epithelial cells (PTE), RCC4, RCC10 and 786-O cancer
cell lines (C). The density of each marker was measured and
ADAM10/actin and ADAM17/actin ratios were determined
and represented as histograms. Expression in control cells was
arbitrarily set to 1.
www.impactjournals.com/oncotarget
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in part by increasing SNAIL transcriptional activity, thus
confirming an oncogenic role of MUC1-CT [20, 28].
Roles of MUC1-CT as an intracellular signaling docking
molecule as well as a co-transcriptional factor have been
well documented since last decade. In sharp contrast, only
two recent studies reported that the MUC1 extracellular
domain (MUC1-ECD) was found in nuclear speckles and
associates with NF-κB p65 and spliceosomes [29, 30].
Further studies are clearly required to better understand
new roles of nuclear MUC1-ECD in cancer cells.
Our data also showed that MUC1 expression was
associated with cell survival since NF-κB anti-apoptotic
signaling pathway was activated and Bcl-xL expression
was increased. These results explain, in part, the resistance
to anoikis observed in MUC1 expressing cells. Both
MUC1-CT and MUC1-ECD were demonstrated to interact
with NF-κB p65, then, migrate to the nucleus to activate
NF-κB target genes such as Bcl-xL [29, 31]. Additionally,
MUC1-CT blocks the interaction between NF-κB p65 and
IκBα [31]. Like in Rat 3Y1 fibroblasts, we showed that
MUC1 expression activated the anti-apoptotic PI3K/Akt
and Bcl-xL pathways and decreased caspase 9 expression
[32]. These results combined to numerous published data
suggest that MUC1 could be involved in renal cancer
chemoresistance since MUC1-overexpressing cancer cells
have been pointed out to be unresponsive to chemotoxic
agents [33, 34] and to conventional radiotherapy, and that
chemotherapy is not effective in cRCC [35].
In the second part of our investigation, we showed
for the first time that MUC1-C nuclear localization is
instrumental to the invasiness property of renal cancer
cells. This mechanism is dependent on both sheddases
(ADAM10 and ADAM17) and γ-secretase activities, the
blockade of which abolishes the MUC1-C mediated renal
cancer cell invasiness. Moreover, as for other substrates of
the gamma-secretase pathway, we showed a feedback-loop
of sheddase gene expression control by MUC1-C itself.
In contrast, pharmacological inhibition of proteasomal
or endosomal/lysosomal degradation pathway, known as
proteolytic pathways which regulate the degradation of
intracellular domain release by the gamma-secretase, had
no effect on MUC1-C nuclear level. This result suggests
that this MUC1 pool is not in part targeted to degradation
but is exclusively dedicated to nuclear signaling. In
renal carcinoma context, studies have reported (i) an
increased expression of ADAM10 and ADAM17 in
renal cancer tissues and cell lines [36, 37] and (ii) that
renal cancer cells failed to develop tumours in vivo in the
absence of ADAM17 [38]. Furthermore, some authors
have demonstrated that miR-145 targeted ADAM17 and
Oct4 in kidney [37] but also MUC1 in breast cancer
cells [39]. MiR-145 expression was decreased in renal
carcinoma [37] and downregulated under hypoxic
conditions, the main signaling pathway involved in cRCC
[40]. Interestingly, cRCC is thought to arise specifically
from the epithelial cells of renal proximal tubules [41]
www.impactjournals.com/oncotarget

and we observed in PTE cells that miR-145 expression
is higher than in renal cancer cell lines (Fig. 3S). In
contrast, MUC1, ADAM10 and ADAM17 were absent
in PTE cells while they were expressed in renal cancer
cell lines (Fig. 7C). MiR-145 appears as a differentiation
marker and importantly, miR-145, ADAM17 and maybe
MUC1 seem to be regulated in a reciprocal negative
feedback loop [37]. ADAMs and γ-secretase are a family
of proteins that are upregulated in several cancers and
represent new therapeutic targets but clinical phase
studies of such inhibitors e.g. Batimastat, Marimastat
or Semagacestat were discontinued because of side
effects such as musculoskeletal toxicity, gastrointestinal
symptoms or infections [14, 42]. MUC1-C represents a
new attractive druggable target by using promising GO203 cell-penetrating peptide which blocks MUC1-C
dimerization and its nuclear translocation. In vitro and in
vivo studies have shown that GO-203 treatment increased
chemosensitivity of cancer cells [43, 44] by decreasing
their tumoral properties such as proliferation, resistance
to apoptosis [1] and decreased ADAMs expression (this
study). This peptide has entered in Phase I evaluation for
patients with refractory solid tumors.
In summary, we report, in kidney cancer, that MUC1
is involved in cancer progression and sheddases ADAM10,
ADAM17 and gamma-secretase are necessary for
MUC1-C nuclear location and in increase of invasiveness.
Therefore, we postulate that MUC1/ADAM10/ADAM17
expressions are co-regulated via a positive regulatory loop
and MUC1 appears as a therapeutic target by blocking
MUC1 cleavage or nuclear translocation by using
pharmacological approach and peptide strategies.

MATERIALS AND METHODS
Cell Culture, RNA interference and transfections
experiments
Renal cell lines ACHN and 786-O were obtained
from the American Type Culture Collection and cultured
in MEM or DMEM supplemented with 10% fetal bovine
serum (FBS). The cells were maintained at 37°C under a
5% CO2 atmosphere. Primary proximal tubular epithelial
(PTE) cells were obtained from human nephrectomy,
characterized and maintained as previously described
in [45]. Different MUC1 expressing vectors [46] and
pRetroSuper.Neo.GFP retroviral vectors encoding small
hairpin RNA (shRNA) directed against MUC1 [11] were
stably transfected with Effectene® (Qiagen, Courtaboeuf,
France) in ACHN and 786-O cells, respectively. Clones
were isolated by serial limit dilution. For siRNA
experiments, ACHN and 786-O cells were seeded the day
before transfection at a density of 1 × 106 cells per 75mm2
flask in antibiotic-free medium. Cells were transfected
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with 100 nM of PSEN1, ADAM10, MMP14, ADAM17
or siCONTROL™ Non-Targeting SMARTpool® siRNA
using 60μL of DharmaFECT™ transfection reagent
according to the manufacturer’s instructions (Dharmacon,
Perbio, France). In inhibition studies, ACHN and 786-O
cells were cultured to 70% confluence and exposed for
24 h to L685,458 (10ng/mL, Calbiochem) or 48 h to 5
µM of GO-203 or CP2 peptides (GenScript). Transient
transfection of κB-Luc synthetic promoter containing three
κB-binding sites was performed with Effectene® (Qiagen)
as previously described [47].

guidelines and approved by the animal care committee
(Comité Ethique Expérimentation Animale Nord Pas-deCalais, Permit/Protocol number: CEEA 172011).

Immunohistochemistry
Immunohistochemistry protocols for MUC1 (antihuman: 1/50, MUC1 clone M8; gift from D. Swallow,
Imperial Cancer Research, London; anti-rat: 1/500, Muc1
Ab-5, Lab Vision Corp), ADAM 10 (polyclonal antihuman: 1/200, Abcam) and ADAM17 (monoclonal antihuman: 1/200, Abcam) were performed as previously
described [11]. IgG control antibodies were used for
immunohistochemical analysis and did not show any
specific staining.

In vitro invasion, migration, viability and anoikis
assays
Invasion and migration assays carried out as
described previously [11]. ACHN and 786-O cells were
seeded in 96-well plates coated (anoikis) or not with 50μL
of PolyHema (12 mg/mL; Sigma Aldrich, France). For
viability and anoikis assays, 20μL of MTS/PMS solution
(Promega “Celltiter96® Aqueous Non Radioactive Cell
Proliferation Assay” kit) was added daily in each well and
placed at 37°C for 3 h. Then, the absorbance was read at
490 nm.

Statistical analysis
Statistical analysis of the data was performed
using a Student’s two-tailed t-test. P-values <0.05 were
considered as significant.
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Aggregation assay
ACHN and 786-O cells were seeded in 6-well plates
coated with 0.8% agar and incubated under agitation at
37°C for one hour. Then, isolated and aggregated cells
were counted and percentage of cell aggregation was
calculated (aggregated cells/ (Isolated cells + aggregated
cells) x100).

Western blotting
Total cellular and nuclear/cytosolic extracts
were prepared according to [11]. Western blotting
was performed as described previously [11] using
specific primary antibodies as detailed in Table S1. For
densitometric analysis, the expression level of each protein
was carried out using GelAnalyst-GelSmart software
(Clara Vision, Paris, France).
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REFERENCES

Subcutaneous injections of 2.106 cells were
performed in SCID Beige mice (Charles River, France),
bred and maintained under pathogen-free conditions.
Tumour growth was followed periodically. The tumour
volume (mm3) was determined by calculating V = W2×L/2
in which W corresponds to the width (in mm) and L to the
tumour length (in mm). Mice were killed 55 days after
inoculation. All procedures were in accordance with the
www.impactjournals.com/oncotarget

761

1.

Kufe DW. MUC1-C oncoprotein as a target in breast
cancer: activation of signaling pathways and therapeutic
approaches. Oncogene. 2013; 32: 1073-1081.

2.

Thathiah A, Blobel CP, Carson DD. Tumor necrosis factoralpha converting enzyme/ADAM 17 mediates MUC1
shedding. J Biol Chem. 2003; 278: 3386-3394.

Oncotarget

3.

Thathiah A, Carson DD. MT1-MMP mediates MUC1
shedding independent of TACE/ADAM17. Biochem J.
2004; 382: 363-373.

4.

Julian J, Dharmaraj N, Carson DD. MUC1 is a substrate for
gamma-secretase. J Cell Biochem. 2009; 108: 802-815.

5.

Nelson EC, Evans CP, Lara PN, Jr. Renal cell carcinoma:
current status and emerging therapies. Cancer Treat Rev.
2007; 33: 299-313.

6.

Kaelin, WG, Jr. The von Hippel-Lindau tumor suppressor
protein and clear cell renal carcinoma. Clin Cancer Res.
2007; 13: 680s-684s.

7.

Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li H,
Latif F, Liu S, Chen F, Duh FM, Lubensky I, Duan DR,
Florence C, et al. Mutations of the VHL tumour suppressor
gene in renal carcinoma. Nat Genet. 1994; 7: 85-90.

8.

Leroy X, Copin MC, Devisme L, Buisine MP, Aubert JP,
Gosselin B, Porchet N. Expression of human mucin genes
in normal kidney and renal cell carcinoma. Histopathology.
2002; 40: 450-457.

9.

Langner C, Ratschek M, Rehak P, Schips L, Zigeuner R.
Expression of MUC1 (EMA) and E-cadherin in renal cell
carcinoma: a systematic immunohistochemical analysis of
188 cases. Mod Pathol. 2004; 17: 180-188.

review of the literature. Cancer. 2001; 91: 1973-1982.
17. Monges GM, Mathoulin-Portier MP, Acres RB,
Houvenaeghel GF, Giovannini MF, Seitz JF, Bardou
VJ, Payan MJ, Olive D. Differential MUC 1 expression
in normal and neoplastic human pancreatic tissue. An
immunohistochemical study of 60 samples. Am J Clin
Pathol. 1999; 112: 635-640.
18. Leroy X, Zerimech F, Zini L, Copin MC, Buisine MP,
Gosselin B, Aubert JP, Porchet N. MUC1 expression is
correlated with nuclear grade and tumor progression in pT1
renal clear cell carcinoma. Am J Clin Pathol. 2002; 118:
47-51.
19. Costa NR, Paulo P, Caffrey T, Hollingsworth MA, SantosSilva F. Impact of MUC1 mucin downregulation in the
phenotypic characteristics of MKN45 gastric carcinoma
cell line. PLoS One. 2011; 6: e26970.
20. Roy LD, Sahraei M, Subramani DB, Besmer D, Nath S,
Tinder TL, Bajaj E, Shanmugam K, Lee YY, Hwang SI,
Gendler SJ, Mukherjee P. MUC1 enhances invasiveness
of pancreatic cancer cells by inducing epithelial to
mesenchymal transition. Oncogene. 2011; 30: 1449-1459.
21. Cascio S, Farkas AM, Hughey RP, Finn OJ. Altered
glycosylation of MUC1 influences its association with
CIN85: the role of this novel complex in cancer cell
invasion and migration. Oncotarget. 2013; 4: 1686-1697.

10. Kraus S, Abel PD, Nachtmann C, Linsenmann HJ, Weidner
W, Stamp GW, Chaudhary KS, Mitchell SE, Franke FE,
Lalani el-N. MUC1 mucin and trefoil factor 1 protein
expression in renal cell carcinoma: correlation with
prognosis. Hum Pathol. 2002; 33: 60-67.

22. Ligtenberg MJ, Buijs F, Vos HL, Hilkens J. Suppression of
cellular aggregation by high levels of episialin. Cancer Res.
1992; 52: 2318-2324.
23. Wesseling J, van der Valk SW, Hilkens J. A mechanism
for inhibition of E-cadherin-mediated cell-cell adhesion by
the membrane-associated mucin episialin/MUC1. Mol Biol
Cell. 1996; 7: 565-577.

11. Aubert S, Fauquette V, Hemon B, Lepoivre R, Briez N,
Bernard D, Van Seuningen I, Leroy X, Perrais M. MUC1, a
new hypoxia inducible factor target gene, is an actor in clear
renal cell carcinoma tumor progression. Cancer Res. 2009;
69: 5707-5715.

24. Shen Q, Rahn JJ, Zhang J, Gunasekera N, Sun X, Shaw
AR, Hendzel MJ, Hoffman P, Bernier A, Hugh JC. MUC1
initiates Src-CrkL-Rac1/Cdc42-mediated actin cytoskeletal
protrusive motility after ligating intercellular adhesion
molecule-1. Mol Cancer Res. 2008; 6: 555-567.

12. Chaika NV, Gebregiworgis T, Lewallen ME, Purohit V,
Radhakrishnan P, Liu X, Zhang B, Mehla K, Brown RB,
Caffrey T, Yu F, Johnson KR, Powers R, et al. MUC1
mucin stabilizes and activates hypoxia-inducible factor 1
alpha to regulate metabolism in pancreatic cancer. Proc Natl
Acad Sci U S A. 2012; 109: 13787-13792.

25. Kondo K, Kohno N, Yokoyama A, Hiwada K. Decreased
MUC1 expression induces E-cadherin-mediated cell
adhesion of breast cancer cell lines. Cancer Res. 1998; 58:
2014-2019.

13. Yin, L, Kharbanda S, Kufe D. Mucin 1 oncoprotein blocks
hypoxia-inducible factor 1alpha activation in a survival
response to hypoxia. J Biol Chem. 2007; 282: 257-266.

26. Yuan Z, Wong S, Borrelli A, Chung MA. Down-regulation
of MUC1 in cancer cells inhibits cell migration by
promoting E-cadherin/catenin complex formation. Biochem
Biophys Res Commun. 2007; 363: 740-746.

14. Saftig P, Reiss K. The “A Disintegrin And
Metalloproteases” ADAM10 and ADAM17: novel drug
targets with therapeutic potential? Eur J Cell Biol. 2011;
90: 527-535.

27. Rajabi H, Ahmad R, Jin C, Kosugi M, Alam M, Joshi
MD, Kufe D. MUC1-C oncoprotein induces TCF7L2
transcription factor activation and promotes cyclin D1
expression in human breast cancer cells. J Biol Chem. 2012;
287: 10703-10713.

15. Raina D, Kosugi M, Ahmad R, Panchamoorthy G, Rajabi
H, Alam M, Shimamura T, Shapiro GI, Supko J, Kharbanda
S, Kufe D. Dependence on the MUC1-C oncoprotein in
non-small cell lung cancer cells. Mol Cancer Ther. 2011;
10: 806-816.

28. Gnemmi V, Bouillez A, Gaudelot K, Hémon B, Ringot
B, Pottier N, Glowacki F, Villers A, Vindrieux D,
Cauffiez C, Van Seuningen I, Bernard D, Leroy X, et al.
MUC1 drives epithelial-mesenchymal transition in renal

16. Rahn JJ, Dabbagh L, Pasdar M, Hugh JC. The importance
of MUC1 cellular localization in patients with breast
carcinoma: an immunohistologic study of 71 patients and
www.impactjournals.com/oncotarget

762

Oncotarget

carcinoma through Wnt/β-catenin pathway and interaction
with SNAIL promoter. Cancer Lett. 2013. doi: 10.1016/j.
canlet.2013.12.029.

CD133+ progenitors through Oct4/miR-145 balance. Am J
Physiol Renal Physiol. 2012; 302: F116-F128.
41. Thoenes W, Storkel S, Rumpelt HJ. Histopathology
and classification of renal cell tumors (adenomas,
oncocytomas and carcinomas). The basic cytological and
histopathological elements and their use for diagnostics.
Pathol Res Pract. 1986; 181: 125-143.

29. Cascio S, Zhang L, Finn OJ. MUC1 protein expression
in tumor cells regulates transcription of proinflammatory
cytokines by forming a complex with nuclear factorkappaB p65 and binding to cytokine promoters: importance
of extracellular domain. J Biol Chem. 2011; 286: 4224842256.

42. Doody RS, Raman R, Farlow M, Iwatsubo T, Vellas
B, Joffe S, Kieburtz K, He F, Sun X, Thomas RG,
Aisen PS; Alzheimer’s Disease Cooperative Study
Steering Committee, Siemers E, et al. A phase 3 trial of
semagacestat for treatment of Alzheimer’s disease. N Engl
J Med. 2013; 369: 341-350.

30. Kumar P, Lindberg L, Thirkill TL, Ji JW, Martsching L,
Douglas GC. The MUC1 extracellular domain subunit is
found in nuclear speckles and associates with spliceosomes.
PLoS One. 2012; 7: e42712.
31. Ahmad R, Raina D, Joshi MD, Kawano T, Ren J,
Kharbanda S, Kufe D. MUC1-C oncoprotein functions
as a direct activator of the nuclear factor-kappaB p65
transcription factor. Cancer Res. 2009; 69: 7013-7021.

43. Raina D, Uchida Y, Kharbanda A, Rajabi H, Panchamoorthy
G, Jin C, Kharbanda S, Scaltriti M, Baselga J, Kufe D.
Targeting the MUC1-C oncoprotein downregulates HER2
activation and abrogates trastuzumab resistance in breast
cancer cells. Oncogene. 2013. doi: 10.1038/onc.2013.308.

32. Raina D, Kharbanda S, Kufe D. The MUC1 oncoprotein
activates the anti-apoptotic phosphoinositide 3-kinase/Akt
and Bcl-xL pathways in rat 3Y1 fibroblasts. J Biol Chem.
2004; 279: 20607-20612.

44. Kharbanda A, Rajabi H, Jin C, Raina D, Kufe D. Oncogenic
MUC1-C promotes tamoxifen resistance in human breast
cancer. Mol Cancer Res. 2013; 11: 714-723.

33. Nath S, Daneshvar K, Roy LD, Grover P, Kidiyoor A,
Mosley L, Sahraei M, Mukherjee P. MUC1 induces drug
resistance in pancreatic cancer cells via upregulation of
multidrug resistance genes. Oncogenesis. 2013; 2: e51.

45. Van der Hauwaert C, Savary G, Gnemmi V, Glowacki
F, Pottier N, Bouillez A, Maboudou P, Zini L, Leroy
X, Cauffiez C, Perrais M, Aubert S. Isolation and
Characterization of a Primary Proximal Tubular Epithelial
Cell Model from Human Kidney by CD10/CD13 Double
Labeling. PLoS One. 2013; 8: e66750.

34. Siragusa M, Zerilli M, Iovino F, Francipane MG, Lombardo
Y, Ricci-Vitiani L, Di Gesù G, Todaro M, De Maria R,
Stassi G. MUC1 oncoprotein promotes refractoriness to
chemotherapy in thyroid cancer cells. Cancer Res. 2007;
67: 5522-5530.

46. Hattrup CL, Bradley JM, Kotlarczyk KL, Madsen CS,
Hentz JG, Marler RJ, et al. The MUC1 Cytoplasmic Tail
and Tandem Repeat Domains Contribute to Mammary
Oncogenesis in FVB Mice. Breast Cancer (Auckl). 2008;
1: 57-63.

35. Ather M, Masood N, Siddiqui T. Current management of
advanced and metastatic renal cell carcinoma. Urol J. 2010;
7: 1-9.

47. Perrais M, Pigny P, Copin MC, Aubert JP, Van Seuningen
I. Induction of MUC2 and MUC5AC mucins by factors of
the epidermal growth factor (EGF) family is mediated by
EGF receptor/Ras/Raf/extracellular signal-regulated kinase
cascade and Sp1. J Biol Chem. 2002; 277: 32258-32267.

36. Gutwein P, Schramme A, Sinke N, Abdel-Bakky MS, Voss
B, Obermüller N, Doberstein K, Koziolek M, Fritzsche
F, Johannsen M, Jung K, Schaider H, Altevogt P, et al.
Tumoural CXCL16 expression is a novel prognostic marker
of longer survival times in renal cell cancer patients. Eur J
Cancer. 2009; 45: 478-489.

48. Lino Cardenas CL, Henaoui IS, Courcot E, Roderburg C,
Cauffiez C, Aubert S, Copin MC, Wallaert B, Glowacki
F, Dewaeles E, Milosevic J, Maurizio J, Tedrow J, et al.
miR-199a-5p Is upregulated during fibrogenic response to
tissue injury and mediates TGFbeta-induced lung fibroblast
activation by targeting caveolin-1. PLoS Genet. 2013; 9:
e1003291

37. Doberstein K, Steinmeyer N, Hartmetz AK, Eberhardt
W, Mittelbronn M, Harter PN, Juengel E, Blaheta R,
Pfeilschifter J, Gutwein P. MicroRNA-145 targets the
metalloprotease ADAM17 and is suppressed in renal cell
carcinoma patients. Neoplasia. 2013; 15: 218-230.

49. Glowacki F, Savary G, Gnemmi V, Buob D, Van der
Hauwaert C, Lo-Guidice JM, Bouyé S, Hazzan M, Pottier
N, Perrais M, Aubert S, Cauffiez C. Increased circulating
miR-21 levels are associated with kidney fibrosis. PLoS
One. 2013; 8: e58014.

38. Franovic A, Robert I, Smith K, Kurban G, Pause A,
Gunaratnam L, Lee S. Multiple acquired renal carcinoma
tumor capabilities abolished upon silencing of ADAM17.
Cancer Res. 2006; 66: 8083-8090.
39. Sachdeva M, Mo YY. MicroRNA-145 suppresses cell
invasion and metastasis by directly targeting mucin 1.
Cancer Res. 2010; 70: 378-387.
40. Bussolati B, Moggio A, Collino F, Aghemo G, D’Armento
G, Grange C, Camussi G. Hypoxia modulates the
undifferentiated phenotype of human renal inner medullary
www.impactjournals.com/oncotarget

763

Oncotarget

