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MUCL1 oncoprotein promotes autophagy in a survival response
to glucose deprivation
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Abstract

Tumor cells survive under conditions of nutrient deprivation by mechanisms that are not fully
understood. The MUCL oncoprotein is aberrantly overexpressed by most human carcinomas and
blocks oxidative stress-induced death. The present studies show that MUC1 inhibits the induction
of necrosis in response to the deprivation of glucose. MUC1 suppressed glucose deprivation-
induced increases in reactive oxygen species (ROS) and thereby depletion of ATP and cell death.
Cells respond to oxidative stress and energy depletion with the induction of autophagy. Our results
demonstrate that MUC1 blocks depletion of ATP and sustains growth of glucose-deprived cells by
a mechanism sensitive to the autophagy inhibitor, 3-methyladenine. Silencing expression of
ATG7, a protein essential for the formation of autophagic vacuoles, also attenuated the MUC1-
sustained increases in ATP and growth in response to glucose deprivation. Moreover, we found
that MUCL stimulates AMPK activation and thereby promotes lysosomal turnover of LC3-Il, a
marker of starvation-induced autophagic activity. These results indicate that MUC1 suppresses
glucose deprivation-induced increases in ROS and thereby promotes ATP production and survival.
The findings also indicate that the overexpression of MUCL1 as found in human cancers could
provide a survival advantage in micro-environments with low glucose levels.
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Introduction

Solid tumors are dependent on angiogenesis to sustain a supply of oxygen and nutrients. In
the absence of sufficient new blood vessel formation, tumor cells need to adapt to
environments that are hypoxic and deprived of nutrients. Activation of the hypoxia-
inducible transcription factor 1a signaling pathway is a well characterized response of tumor
cells to hypoxic conditions (1,2). As an integral part of the response to hypoxia, tumor cells
use glycolysis as a primary mechanism for ATP production (3,4). Paradoxically, however,
hypoxic environments are also often associated with depletion of glucose (5-7). Thus, like
that for hypoxia, adaptation to glucose deprivation is an essential response for tumor cell
survival. Glucose deprivation has been associated with increases in reactive oxygen species
(ROS) (8,9) and depletion of ATP (10-12). In turn, intracellular ATP depletion promotes the
induction of necrosis (13,14). These findings indicate that tumor cells can adapt to glucose
deprivation by suppressing ROS-dependent ATP depletion and death.
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Autophagy is a process in which intracellular proteins and organelles are targeted to
lysosomes for recycling and energy production (15). Nutrient deprivation is associated with
the activation of autophagy and, in turn, survival or the induction of cell death. Autophagy is
also activated in the cellular response to oxidative stress (16-19). Studies of cancer cells
deprived of nutrients have demonstrated that activation of autophagy is dependent on cell
context (20). In this regard, activation of the Akt—mTOR pathway, as found in diverse
cancers, is associated with suppression of autophagy (20). Conversely, inhibition of Akt
promotes activation of the AMP-activated protein kinase (AMPK) (21) and thereby
autophagy (22,23). Other studies have shown that Bcl-2, the BH3-only BINIP3 and the
Bcl-2-interacting HSPIN1 protein regulate the induction of autophagy in transformed cells
(24-26). However, little is known about what dictates whether autophagy results in survival
or death of cancer cells. Cells deficient in Beclin 1, a protein involved in autophagic vesicle
formation, are not resistant to cell death, consistent with autophagy being a survival pathway
(27,28). In addition, recent work has shown that survival of solid tumors is promoted by
autophagy and that inhibition of both autophagy and apoptosis results in necrosis (29).
These findings indicate that autophagy is activated by certain tumor cells as a survival
strategy in response to nutrient deprivation and depletion of ATP.

MUCL1 is a heterodimeric mucin-type glycoprotein that is aberrantly overexpressed by
diverse human carcinomas (30). The MUC1 N-terminal subunit (MUCZ1-N) is the mucin
component of the dimer that consists of variable numbers of O-glycosylated tandem repeats
(31,32). MUCI1-N is tethered to the cell membrane by the MUC1 C-terminal transmembrane
subunit (MUC1-C) (33). MUC1-C is also targeted to the nucleus and mitochondria of
transformed cells (34-38). MUC1-C includes a cytoplasmic domain that functions as a
substrate for c-Src, glycogen synthase kinase 3p, protein kinase Cd and c-Abl (33,39-42). In
addition, the MUC1-C cytoplasmic domain binds directly to and stabilizes the Wnt pathway
effector B-catenin (39,43,44). MUC1-C also interacts directly with the 1kB kinase  (IKKp)
and thereby activates the NF-xB p65 signaling pathway (45). Overexpression of MUC1-C
protects cells against increased intracellular oxidant levels and H,O5-induced cell death by a
mechanism involving in part activation of the FOXO3a transcription factor and the
upregulation of catalase (46,47). Moreover, the MUC1-C cytoplasmic domain is sufficient
for inducing transformation (34,44,48).

The present study demonstrates that MUC1 blocks the death response of human carcinoma
cells to glucose deprivation. We show that MUCL1 attenuates glucose deprivation-induced
increases in ROS and depletion of ATP. The results also demonstrate that MUC1 promotes
the induction of autophagy as a mechanism for maintaining ATP production and growth.

Materials and methods

Cell culture

Human HCT116/vector and HCT116/MUC1 colon cancer cells (35,49) were cultured in
Dulbecco’s modified Eagle’s medium containing 25 or 1 mM glucose, 10% heat-inactivated,
dialyzed fetal bovine serum, 100 U/ml penicillin, 100 xg/ml streptomycin and 2 mM L-
glutamine. The cells were treated with 500 U/ml catalase (Sigma), 10 mM N-acetyl cysteine
(NAC; Sigma), 10 mM 3-methyladenine (3-MA,; Sigma), 50 uM chloroquine (CQ; Sigma)
or 10 uM compound C (Calbiochem). Cell number was determined by trypan blue staining.

Immunoblot analysis

Cells were lysed as described (46) and analyzed by immunoblotting with anti-MUC1-C
(Ab5; NeoMarkers Inc., Fremont, CA), anti-p-actin (Sigma), anti-MAP1LC3 (NanoTools;
Freiburg, Germany), anti-phospho-Akt (anti-p-Akt) anti-Akt, anti-phospho-AMPKa
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(Thr-172) (p-AMPK) and anti-AMPKa (Cell Signaling Inc.). Antigen-antibody complexes
were visualized by enhanced chemiluminescence (ECL; Amersham Biosciences).

Measurement of H,O, levels

Cells were incubated with 5 uM DCFH-DA (Molecular Probes) for 20 min at 37°C.
Fluorescence of oxidized DCF was measured at an excitation wavelength of 480 nm and an
emission wavelength of 525 nm using a flow cytometer (BD Biosciences).

Measurement of ATP levels

ATP levels were measured using an ATP determination kit (Molecular Probes). Protein
concentration was determined by the Bio-Rad protein assay.

Assessment of necrosis

Cells were incubated in 1 ug/ml propidium iodide/phosphate-buffered saline for 5 min at
room temperature and then monitored by flow cytometry.

Reverse transcription polymerase chain reaction (RT-PCR)

Total cellular RNA was extracted in TRIzol dissolved in RNase-free water and incubated for
10 min at 55°C. ATG7 specific primers (5'-TTCACTAAAACAGATTGAAG-3') and (5'-
GTTTGAGATTTAGATCCACT-3') were designed to amplify a 500-bp fragment. Primers
for B-actin were used as a control (50). The RNA was reversed transcribed and amplified
using SuperScript One-Step RT-PCR with Platinum Tag (Invitrogen Inc.). Amplified
fragments were analyzed by electrophoresis in 2% agarose gels.

Silencing of ATG7

Cells were seeded at 2x10°/60 mm dish. After 24 h, the cells were transfected with control
SiRNA or ATG7 siRNA pools (siGenome Smart pool reagents; Dharmacon RNA
Technologies) in the presence of oligofectamine (Invitrogen).

Results

MUC1 protects against increases in ROS and loss of viability in response to glucose
deprivation

Glucose deprivation is associated with the induction of oxidative stress (8,9). Other studies
have demonstrated that MUC1 suppresses reactive oxygen species (ROS) levels
constitutively and in the response to H,O5 treatment (46,47). HCT116/vector and HCT116/
MUCI1 cells were thus studied to assess the effects of MUC1 on ROS levels as a
consequence of glucose deprivation. The results demonstrate that glucose deprivation is
associated with ROS accumulation in HCT116/vector cells and that this response is
suppressed in HCT116/MUCL cells (Fig. 1A). Quantification of the flow cytometry data in
the separately isolated clones confirmed that MUC1 suppresses glucose deprivation-induced
increases in ROS (Fig. 1B). To assess the effects of MUC1 on cell viability in the response
to glucose deprivation, HCT116/vector and HCT116/MUCL1 cells were cultured in the
presence of 25 or 1 mM glucose for 24 h. Analysis by Pl staining demonstrated that glucose
deprivation of HCT116/vector cells is associated with loss of cell membrane integrity as
found in the induction of necrosis (Fig. 1C). Notably, however, this response to glucose
deprivation was substantially decreased by MUCL1 expression (Fig. 1C). Similar results were
obtained in separately isolated HCT116/vector and HCT116/MUCL1 clones (Fig. 1C) and in
multiple experiments (Fig. 1D), indicating that the observed effects of MUCL are not due to
clonal selection. These findings indicate that glucose deprivation-induced oxidative stress
and necrosis is suppressed by a MUC1-dependent mechanism.
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MUC1 suppresses ROS-induced ATP depletion in the response to glucose deprivation

Glucose deprivation of HCT116/vector cells was associated with pronounced decreases in
ATP at 48 and 72 h (Fig. 2A). Significantly, however, ATP levels were decreased at 24 h
and then returned toward baseline by 72 h in the response of HCT116/MUCL cells to
glucose deprivation (Fig. 2A). Previous studies showed that MUC1 suppresses ROS levels
in part by upregulating catalase expression (46). To determine if increases in ROS are
responsible for the glucose deprivation-induced decreases in ATP, we treated the HCT116/
vector cells with catalase. Analysis of H,O» levels showed that catalase suppresses glucose
deprivation-induced increases in ROS (Fig. 2B) and these findings were confirmed in
repetitive experiments (Fig. 2C). Importantly, catalase also attenuated the glucose
deprivation-induced decreases in ATP (Fig. 2D).

MUC1 suppresses ROS-induced necrosis in the response to glucose deprivation

Depletion of ATP is associated with the induction of necrosis (13,14). In this regard,
catalase treatment also suppressed the necrotic response to glucose deprivation (Fig. 3A and
B). In further support for a ROS-mediated mechanism, treatment with the radical scavenger
NAC blocked glucose deprivation-induced necrosis of HCT116/vector cells (Fig. 3C and D).
These findings indicate that MUC1 suppresses ROS-induced ATP depletion and necrosis in
the response to glucose deprivation.

MUC1 promotes autophagy

Cells respond to oxidative stress and energy depletion with the induction of autophagy (16—
18). To determine whether the MUC1-dependent regulation of ATP levels is due to
autophagy, cells were deprived of glucose in the presence of 3-MA, an inhibitor of
autophagy (51). Treatment of glucose-deprived HCT116/MUC1 cells with 3-MA was
associated with a progressive decrease in ATP levels (Fig. 4A) and cell number (Fig. 4B).
ATGT7 is an essential protein for the formation of autophagic vacuoles (52). To determine
whether ATG7 is necessary for MUC1-induced increases in ATP levels, we transfected the
HCT116/MUC1 cells with non-specific (NS) siRNA or ATG7 siRNA pools. Analysis of the
transfectants confirmed that ATG7 expression is reduced by the ATG7 siRNA (Fig. 4C).
Moreover, consistent with involvement of autophagy, silencing ATG7 was associated with
attenuation of ATP levels (Fig. 4D, left) and proliferation (Fig. 4D, right) in the response of
HCT116/MUC1 cells to glucose deprivation. Microtubule-associated protein-1 light chain-3
(LC3), associates with autophagosomes, is activated in part by ATG7 and is cleaved to
generate the soluble LC3-I form (53,54). In turn, LC3-1 is modified to the membrane-bound
LC3-phospholipid conjugate (LC3-I1). Lysosomal turnover of LC3-I1 is thus used as a
measure of starvation-induced autophagic activity (55,56). To determine whether MUC1
affects the turnover of LC3-11, the HCT116 cells were treated with chloroguine (CQ), a
lysosomal acidification inhibitor, to block lysosomal proteolysis. LC3-11 levels were
substantially increased in CQ-treated HCT116/MUCL1 cells, as compared to that in HCT116/
vector cells (Fig. 4E). These results indicate that MUC1 promotes the induction of
autophagy and thereby ATP production and proliferation.

MUC1 promotes autophagy by a AMPK-dependent mechanism in the response to glucose

deprivation

Previous work showed that MUCL1 constitutively suppresses Akt activity in HCT116 (47).
Glucose deprivation of HCT116/vector cells was associated with increases in phospho-Akt
levels at 24 h before the onset of necrosis (Fig. 5A). By contrast, phospho-Akt levels were
suppressed in HCT116/MUCL cells that were deprived of glucose for 24 h (Fig. 5A). In
addition, compared to that found in HCT116/vector cells at 24 h, phospho-Akt levels
remained lower in HCT116/MUCL cells at 48 and 72 h of glucose deprivation (Fig. 5A).
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Akt inhibits activation of the AMPK (21) that has been shown to stimulate autophagy in
yeast and mammalian cells (22,23). Consequently, we asked if MUC1 affects activation of
AMPK by glucose deprivation. Consistent with the suppression of phospho-Akt, the results
show that AMPK is activated in HCT116 cells by a MUC1-dependent mechanism (Fig. 5B).
To determine whether the activation of AMPK confers the induction of autophagy, HCT116/
MUCL1 cells were deprived of glucose in the presence of CQ alone or CQ and compound C,
a specific AMPK inhibition (57). Activation of AMPK by glucose deprivation was
comparable in the absence and presence of CQ (Fig. 5C). As expected, the addition of
compound C was associated with inhibition of AMPK activity (Fig. 5C). The results also
demonstrate that inhibition of AMPK with compound C blocks glucose deprivation-induced
increases in LC3-11 levels in HCT116/MUC1 cells (Fig. 5D). These findings indicate that
MUC1 promotes the induction of autophagy in a survival response to glucose deprivation by
an AMPK-dependent mechanism.

Discussion

MUC1 blocks glucose deprivation-induced necrosis

MUCL1 is normally expressed on the apical borders of secretory epithelial cells (30).
Carcinoma cells that have lost polarity aberrantly express MUCL1 at high levels over the
entire cell surface (30). Overexpression of MUCL1 is associated with targeting of MUC1-C,
the C-terminal subunit, to the nucleus and mitochondria, and protection of cells against
stress-induced apoptosis (35,36,38,46,47). Cancer cells succumb by mechanisms of
apoptosis, necrosis and autophagy (58). The present studies demonstrate that MUC1 blocks
the induction of necrosis in the response of HCT116 cells to glucose deprivation. Necrosis is
the end result of ATP depletion that occurs with loss of nutrients (13,14,59). In this context,
like the induction of necrosis, glucose deprivation was associated with a marked depletion of
ATP in the absence, but not in the presence, of MUC1. Moreover, glucose deprivation of
cells expressing MUC1 was associated with increases in ATP, indicating that MUC1 has a
functional role in regulating energy balance. These findings also indicated that MUC1
blocks glucose deprivation-induced necrosis by attenuating ATP depletion.

MUC1 attenuates ROS-induced depletion of ATP and death in response to glucose

deprivation

Glucose deprivation is associated with increased mitochondrial generation of ROS and
oxidative stress-induced cell death (8,9,60,61). In turn, increases in ROS contribute to the
depletion of ATP by disrupting mitochondrial function. Notably, MUC1 suppresses basal
and H,0»-induced intracellular ROS levels in part by the upregulation of catalase (46,47).
Treatment of the MUC1-null HCT116/vector cells with exogenous catalase attenuated
glucose deprivation-induced increases in ROS. Catalase also attenuated glucose deprivation-
induced ATP depletion and necrosis, indicating that increases in ROS are in large part
responsible for these responses. These results thus support a model in which MUC1
upregulates catalase and potentially other enzymes, such as GPx1 and SOD (46), involved in
the defense against oxidative stress and thereby attenuates increases in ROS that deplete
ATP and induce necrosis. MUC1 may also suppress ROS production by other mechanisms.
For example, MUC1-C is targeted to the mitochondrial outer membrane and blocks stress-
induced decreases in the mitochondrial transmembrane potential (35,37,47). Thus, MUC1-C
may directly suppress mitochondrial dysfunction and the increased generation of ROS.

MUC1 promotes autophagy in the survival response to glucose deprivation

Autophagy is activated in the cellular response to nutrient deprivation (15). A fundamental
question for cancer cells is whether autophagy functions as a survival or death response.
Increasing evidence has linked oxidative stress to the induction of autophagy (16-19,62). In
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addition, autophagic cell death is induced by degradation of catalase and ROS accumulation
(63). Our findings that MUC1 protects against glucose deprivation-induced ROS
accumulation and depletion of ATP suggested that this response could be mediated in part
by autophagy. In this regard, we found that ATP levels are sustained by a MUC1-dependent
mechanism in glucose-deprived cells, supporting the involvement of a process, such as
autophagy, that generates ATP. Indeed, treatment with 3-MA or silencing ATG7 was
associated with abrogation of the effects of MUC1 on sustaining ATP levels and growth in
the response to glucose deprivation. We also found that MUC1 expression is associated with
increased lysosomal turnover of LC3-11, a marker of autophagic activity (55,56). Our results
indicate that the mechanism by which MUC1 promotes autophagy in the response to glucose
deprivation involves stimulation of AMPK activity. In this regard, MUCL1 suppresses
activation of the PI3K—phospho-Akt pathway in HCT116 cells (47). Suppression of
PI3K— Akt signaling is associated with activation of AMPK and thereby autophagy (20—
23). Consistent with these findings, the results show that MUC1 stimulates AMPK
activation in the response to glucose deprivation and that AMPK is necessary for the
induction of autophagy. Our findings also indicate that MUC1 promotes autophagy in a
survival, as opposed to a death, response to glucose deprivation. Autophagy induces cell
death by ROS accumulation (63). The present results support a model in which MUC1
suppresses glucose deprivation-induced increases in ROS and thereby promotes ATP
production and survival.

Does the MUC1-mediated response to glucose deprivation represent a physiologic
defense mechanism that is exploited by human tumors?

MUCL1 is part of the mucous barrier that physically protects epithelial cells from stress-
induced damage. With shedding of MUC1-N, the mucin component of the heterodimer, into
the mucous barrier, MUC1-C remains at the cell surface to signal stress to the interior of the
cell. The epithelial stress response is associated with loss of polarity and activation of a
repair and survival program (64). Thus, under physiologic conditions, targeting of MUC1-C
to the interior of the cell could contribute to protection of epithelial cells against depletion of
ATP by promoting autophagy in the presence of a decrease in availability of nutrients. In
carcinoma cells, MUC1-C is constitutively expressed at high levels in the cytosol, nucleus
and mitochondria. Human tumors that overexpress MUC1 may therefore have a survival
advantage to glucose deprivation by exploiting mechanisms, such as autophagy, that evolved
for the survival and repair of epithelia.
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Abbreviations

MUC1 mucin 1

MUC1-N MUC1 N-terminal subunit

MUC1-C MUC1 C-terminal subunit

ROS reactive oxygen species

AMPK AMP-activated protein kinase

NAC N-acetyl cysteine

3-MA 3-methyladenine

LC3 microtubule-associated protein-1 light chain-3
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Figure 1.

MUCL1 blocks increases in ROS and necrosis of HCT116 cells in response to glucose
deprivation. (A) HCT116/vector and HCT116/MUC1 cells were cultured in 25 or 1 mM
glucose for 24 h. The cells were incubated with DCFH-DA for 20 min. Fluorescence of
oxidized DCF was measured by flow cytometry. (B) The results are expressed as the relative
ROS level (mean + SD of three separate experiments) for cells in 1 mM glucose (open bars)
compared to that in 25 mM glucose (solid bars). (C) HCT116/vector (clones A and B) and
HCT116/MUC1 (clones A and B) cells were cultured in 25 or 1 mM glucose for 24 h. The
cells were stained with PI and analyzed by flow cytometry. (D) The results are expressed as
the percentage (mean £ SD of three separate experiments) necrotic cells for 25 mM (solid
bars) or 1 mM (open bars) glucose.
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Figure 2.

MUCL1 blocks ROS-induced depletion of ATP in the response to glucose deprivation. (A)
HCT116/vector (open bars) and HCT116/MUC1 (solid bars) cells were cultured in 1 mM
glucose for 0, 24, 48 and 72 h. Intracellular ATP levels are expressed as mean + SD of three
separate determinations relative to that at 0 h. (B—D) HCT116/vector cells were cultured in
25 mM glucose (solid bars), 1 mM glucose (open bars) or 1 mM glucose and 500 U/ml
catalase (shaded bars) for 24 h. The cells were incubated with DCFH-DA and analyzed by
flow cytometry (B). The results are expressed as the relative ROS level (mean + SD of three
separate experiments) compared to that obtained in 25 mM glucose (C). Intracellular ATP
levels are expressed as mean + SD of three experiments relative to that at 0 h (D).
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Figure 3.

MUC1 blocks ROS-induced necrosis in the response to glucose deprivation. (A and B)
HCT116/vector and HCT116/MUC1 cells were cultured in 25, 1 or 1 mM glucose and 500
U/ml catalase for 24 h. The cells were stained with P1 and analyzed by flow cytometry (A).
The results obtained with the HCT116/vector cells cultured in 25 mM glucose (solid bars), 1
mM glucose (open bars) or 1 mM glucose and catalase (shaded bars) are expressed as the
percentage (mean £ SD of three experiments) necrotic cells (B). (C and D) HCT116/vector
and HCT116/MUC1 cells were cultured in 25, 1 or 1 mM glucose and 10 mM NAC for 24
h. The cells were stained with Pl and analyzed by flow cytometry (C). The results obtained
with the indicated cells cultured in 25 mM glucose (solid bars), 1 mM glucose (open bars) or
1 mM glucose and NAC (shaded bars) are expressed as the percentage (mean + SD of three
experiments) necrotic cells (D).
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Figure 4.

MUC1 promotes autophagy in the response to glucose deprivation. (A and B) HCT116/
MUCL1 cells were cultured in 1 mM glucose and the absence (solid bars and squares) or
presence (open bars and squares) of 10 mM 3-MA for 0-72 h. Intracellular ATP levels are
expressed as mean + SD of three separate experiments relative to that at 0 h (A). Cell
number as assessed by trypan blue staining is expressed as the mean + SD of three separate
experiments (B). (C and D) HCT116/MUC1 cells were transfected with a non-specific (NS)
SiRNA or ATG7 siRNA for 5 days. Total cellular RNA was amplified with ATG7- and j3-
actin-specific primers (C). Intracellular ATP levels for ATG7 siRNA transfected cells (open
bars) relative to that obtained with the NS siRNA transfected cells (solid bars) are expressed
as mean + SD of three separate experiments (D, left). Numbers of NS siRNA (solid bars)
and ATG7 siRNA (open bars) transfected cells as assessed by trypan-blue staining is
expressed as the mean + SD of three separate experiments (D, right). (E) HCT116/vector
and HCT116/MUCL1 cells were cultured in 1 mM glucose for 24 h in the absence and
presence of 50 uM CQ for the last 10 h. Lysates were immunoblotted with the indicated
antibodies.
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MUC1 promotes autophagy in response to glucose deprivation by an AMPK-dependent
mechanism. (A and B) HCT116/vector-A and HCT116/MUC1-A cells were cultured in the
presence of 25 or 1 mM glucose for the indicated times. Lysates were immunoblotted with
the indicated antibodies. (C and D) HCT116/MUC1 cells were cultured in 1 mM glucose in
the absence or presence of 10 M compound C for 24 h. CQ was added as indicated during
the last 10 h. Lysates were immunoblotted with the indicated antibodies.
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