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Abstract

Background

Mucin1 (MUC1), a glycoprotein associated with chemoresistance and an aggressive cancer
phenotype, is aberrantly overexpressed in triple-negative breast cancer (TNBC). Recent stud-
ies suggest that MUC1 plays a role in modulating cancer cell metabolism and thereby supports
tumor growth. Herein, we examined the role of MUC1 in metabolic reprogramming in TNBC.

Methods

MUC1 was stably overexpressed in MDA-MB-231 TNBC cells and stably knocked down in
MDA-MB-468 cells. We performed liquid chromatography-coupled tandem mass spectrom-
etry-assisted metabolomic analyses and physiological assays, which indicated significant
alterations in the metabolism of TNBC cells due to MUC1 expression.

Results

Differential analyses identified significant differences in metabolic pathways implicated in
cancer cell growth. In particular, MUC1 expression altered glutamine dependency of the
cells, which can be attributed in part to the changes in the expression of genes that regulate
glutamine metabolism, as observed by real-time PCR analysis. Furthermore, MUC1 expres-
sion altered the sensitivity of cells to transaminase inhibitor aminooxyacetate (AOA), poten-
tially by altering glutamine metabolism.

Conclusions

Collectively, these results suggest that MUC1 serves as a metabolic regulator in TNBC, facili-
tating the metabolic reprogramming of glutamine utilization that influences TNBC tumor growth.
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Introduction

The subtype triple-negative breast cancer (TNBC) accounts for approximately 15%-25% of all
breast cancer cases, and patients with TNBC have an increased risk of both local and distant
recurrence and metastases compared to other breast cancers [1, 2]. Further, TNBC is charac-
terized by a recurrence within 1-3 years and a high mortality rate [3]. Unfortunately, to date,
treatment options for women with TNBC are limited. Therefore, it is important to identify key
factors that facilitate tumor growth and/or metastases and may have the strong potential to
serve as novel therapeutic targets to improve breast cancer treatment.

Mucins are a family of high molecular weight glycoproteins characterized by the pres-
ence of a heavily O-glycosylated tandem repeat region (TRR) that is rich in proline (P), thre-
onine (T), and serine (S) residues, termed PTS sequences. The human mucin (MUC) family
consists of members designated MUC1 to MUC21 that are typically expressed on the lumi-
nal surfaces of ductal epithelia. Under normal physiological conditions, mucins play a role
in lubricating and protecting the epithelia of ducts, chemical sensing, and molecular config-
uration of the local cellular microenvironment [4]. Substantial evidence shows that mucins
play a significant role in the progression of a variety of cancers in which their expression is
deregulated; these cancers include pancreatic, ovarian, breast, colon, lung, and prostate [5-
10].

Notably, among the several members of the mucin family, MUCI1, MUC2, MUC3,
MUC4, MUC5AC, and MUCES are expressed in breast cancer. MUC1 and MUC3 are sug-
gested as potential prognostic indicators, with MUCI having the strongest relationship to
patient outcomes [5]. Furthermore, MUCI can interact and contribute to the activation of
PI3K/AKT, ERK, and receptor tyrosine kinases (RTKs) to support the growth of breast can-
cer cells [11]. Importantly, MUCI is aberrantly overexpressed in over 90% of early TNBC
lesions, which can be attributed in part to genetic alterations as well as dysregulation of
transcription. Further, overexpression of MUCI is strongly associated with chemoresis-
tance in breast cancer [6, 12, 13]. Much of the oncogenic potential role of MUCI can be
attributed to the participation of the small, cytoplasmic tail of MUC1 (MUCI1.CT) in signal
transduction and transcriptional events, facilitating growth and metastasis [8, 13-15]. Stud-
ies have demonstrated that MUCL1.CT occupies multiple promoter elements in which
MUCI1.CT modulates the recruitment and activity of transcription factors, thus regulating
transcription of corresponding genes [16-19].

Altered cellular metabolism is one of the hallmarks of cancer, and recently a functional role
of MUC1 in tumorigenesis was highlighted by the observation that MUC1 plays a key role in
tumor metabolism [18, 19]. Metabolic reprogramming facilitates chemoresistance and gener-
ates energy and biomass components to support rapidly proliferating tumor cells [20, 21].
Therefore, metabolic targets responsible for reprogramming cancer metabolism have the
potential to serve as novel therapeutic targets. Recent studies indicate that MUC1 causes tran-
scriptional alterations that result in metabolic reprogramming in cancer cells [18]. For exam-
ple, our group demonstrated that MUCI acts as a facilitator of glucose uptake and reprograms
glycolytic metabolism in pancreatic cancer [18]. Our group also demonstrated that MUC1
physically occupies gene promoter regions and regulates expression of multiple genes involved
in metabolic processes [18]. In the present study, the role of MUCI expression was investi-
gated with respect to triple-negative breast cancer (TNBC) metabolism. Utilizing in vitro
modeling systems, results showed that altering MUCI expression in turn altered metabolism
in TNBC cell lines. Furthermore, results showed that MUCI expression was associated with
glutamine dependency in TNBC. Collectively the present study identifies MUCI as a novel
therapeutic target for breast cancer, particularly for the subtype TNBC.
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Material and methods
Cell culture

The TNBC cell lines MDA-MB-231 and MDA-MB-468 were purchased from American Type
Culture Collection (ATCC, Manassas, VA). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 pg/ml streptomycin in a humidified atmosphere at 37°C with 5% CO, under atmospheric
oxygen conditions (20%). Stable knockdown cells MDA-MB-468 were cultured in media sup-
plemented with 2.5 pg/ml puromycin (Sigma-Aldrich, St. Louis, MO). For stable knockdown,
cells were infected with shRNA lentiviral particles produced in HEK293T cells targeted to
human MUC1 mRNA, as previously described [18]. MUCI -specific lentiviral shRNA plasmids
were purchased from Sigma-Aldrich (St. Louis, MO).

Quantitative real-time polymerase chain reaction

Total RNA was lysed with Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA) accord-
ing to the manufacturer’s protocol. Total RNA (3 pg) was reverse transcribed by utilizing
Verso-cDNA synthesis kit (Thermo-Scientific, Waltham, MA) according to the manufactur-
er’s protocol. Real-time polymerase chain reaction (RT-PCR) was performed in 384-well Opti-
cal Reaction Plates (Applied Biosystems, Foster City, CA) using a SYBRGreen PCR Master
Mix (Roche, Dallas, TX). Reactions were performed on an ABI 7500 thermocycler (Applied
Biosystems, Foster City, CA). All samples were amplified in duplicate, and quantification of
the expression level of each gene was calculated using the delta-delta CT method and normal-
ized to B-actin. Non-template controls were included for each primer pair. Data is presented
by the fold change relative to the control.

Glucose uptake assay

Glucose uptake was determined as previously described [22, 23]. Briefly, 5 x 10* cells per well
were seeded in a 24-well plate and allowed to adhere overnight. Cells were labeled with [*H]-
2-deoxyglucose. The lysates were counted for [*H] using a scintillation counter. As a baseline
for nonspecific tritium uptake, control cells were treated with labeled and excess unlabeled glu-
cose. The results were normalized to the respective cell counts. Data are presented as the mean
value of quadruplicate values of glucose uptake normalized with control cells.

Glutamine uptake assay

Glutamine uptake was determined as previously described [22]. Briefly, 5 x 10* cells were
seeded per well in a 24-well plate and allowed to adhere overnight. Cells were labeled with
3uCi [*H]-glutamine. The lysates were counted for [*H] using a scintillation counter. As a
baseline for nonspecific tritium uptake, control cells were treated with labeled and excess unla-
beled glutamine. The results were normalized to the respective cell counts. Data are presented
as the mean value of quadruplicate values of glutamine uptake normalized with control cells.

Metabolite extraction and metabolomics

Metabolite extraction was performed as previously described [7, 24]. After confirming 80%
confluence of the cells, culture media was replaced with fresh media for 2 hours prior to
metabolite extraction. Media was aspirated, and the cells were washed twice with water to
remove media remnants before lysing the cells. The polar metabolites were then extracted with
a cryogenically cold, 80% methanol/water mixture. Metabolite extracts were analyzed using
LC-MS/MS and a single reaction monitoring (SRM) method by utilizing AB SCIEX 5500
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QTRAP® (Framingham, MA), as described previously [24]. Data acquisition was carried out
using Analyst™1.6 software (AB SCIEX, Framingham, MA), and peaks were integrated with
Multiquant™ (AB SCIEX, Framingham, MA). Peak areas were normalized to the respective
protein concentrations, and the resultant peak areas were subjected to relative quantification
analyses with MetaboAnalyst 3.0 [25].

Cell proliferation

For the cell proliferation assay, cells were seeded at a density of 5 x 10> cells/well in 96-well
plates in triplicate. After 72 hours, cells were incubated with 20 pl of 3-(4,5-dimethyltiazol-
2-yD)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO) (5 mg/ml) solu-
tion at 37°C for 4 hours, followed by the addition of 100 pl of dimethyl sulfoxide (DMSO). The
plates were read at 570 nm using a benchmark microplate reader (Biotek, Cytation 3, Winoo-
ski, VT).

Statistical analysis

Statistical comparisons between the two groups were performed utilizing the Student’s #-test
and comparison for the response to treatments was performed with ANOVA (one-way; Graph
Pad Prism, Version 4.03). Tukey’s post-hoc analysis was utilized for pair-wise comparisons.

Results
MUC1 expression induces metabolic alterations in TNBC cells

MUCI, a glycoprotein associated with chemoresistance, is known to be aberrantly overex-
pressed in over 90% of early TNBC lesions [6, 12, 13]. In the present study, to examine the role
that MUCI1 plays in metabolic alterations in TNBC, MUCI was ectopically overexpressed in
MDA-MB-231 cells and stably knocked down in MDA-MB-468 cells. Immunoblot analyses
(SIA Fig) confirmed that the resultant overexpression or knockdown significantly altered
MUCI1 protein expression compared to vector control transfected cells (Neo) or scrambled
control cells (shScr), respectively. The altered MUCI1 expression levels ranged from a 6-fold
increase in MDA-MB-231 cells and upto seventy percent decrease in MDA-MB-468 cells com-
pared to control cells, respectively (S1B Fig).

To determine if altered MUCI expression results in differential metabolism, we performed
metabolomics using an LC-MS/MS platform. We observed metabolic differences between con-
trol (Neo or shScr) and experimental (MUC1 or shMUCI) cells. Principle component analysis
(PCA) and hierarchical clustering analysis of the polar metabolites were utilized to determine
metabolic differences between control and experimental cells (Fig 1). As shown from the PCA
data, polar metabolite profiles distinctly separated cells in a MUCI expression-dependent
manner, suggesting that altered MUCI expression induced a significant change in the metabo-
lite profile of the TNBC cells (Fig 1A and 1C). Furthermore, heat maps of unsupervised hierar-
chical clustering indicated an overall metabolic distinction between control and experimental
cells, evidenced by cells segregating into tight clusters (Fig 1B, 1D and 1E).

Metabolite expression profiles in TNBC cells

To better understand the role of MUCI in TNBC metabolism, individual metabolites were sub-
jected to pathway impact analyses using metabolic pathways from the Kyoto Encyclopedia of
Genes and Genomes (KEGG). These analyses identified highly significant enrichment of multiple
pathways (Fig 2). A number of the pathways are identified as amino acid metabolism pathways,
indicating an alteration of amino acids biosynthesis and metabolism under conditions of MUC1
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Fig 1. MUC1 regulates TNBC metabolism. Analysis was performed using MetaboAnalyst 3.0 on differentially expressed
polar metabolites of the control (red) and experimental (green or blue) groups. Ovals represent 95% confidence interval for
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similarities in metabolite profiles. (A and C) Principle component analysis (PCA) plots generated from LC-MS/MS data of
cellular metabolites. (B and D-E) Heat map of metabolites generated from the normalized-mean peak intensities for each
metabolite identified from triplicate sets.

https://doi.org/10.1371/journal.pone.0176820.9001

expression. Arginine and proline metabolism, alanine, aspartate and glutamate and D-glutamine
and D-glutamate metabolism were amongst the most significantly altered pathways in MDA-
MB-231 cells (Fig 2A). Arginine and proline metabolism, glycine, serine and threonine metabo-
lism, cysteine and methionine metabolism, alanine, aspartate and glutamate and D-glutamine
and D-glutamate metabolism were among the redundant pathways identified in MDA-MB-468
cells (Fig 2B and 2C). D-Glutamine and D-glutamate metabolism pathway was filtered out as
potential target pathway for MDA-MB-231 and MDA-MB-468, with individual metabolites sig-
nificantly altered within each pathway (Fig 3A). Nitrogen metabolism was also filtered out which
has an influence on the biosynthesis/metabolism of some amino acids (Fig 3B). S1 and S2 Tables
identify the corresponding metabolite to the KEGG compound.

MUC1 regulates glutamine metabolism in TNBC cells

Glucose and glutamine have been shown to play a role in promoting cancer growth, participat-
ing in energy formation, and redox homeostasis [26]. Therefore, glucose and glutamine uptake
assays were utilized to determine the effect of altered MUCI expression on [’H]-2DG and [°H]-
glutamine uptake. As expected based on our previous data, MUCI altered glucose uptake [18] in
addition to glutamine uptake. Results showed that MUCI1 overexpression significantly increased
glucose and glutamine uptake in MDA-MB-231 cells, and MUC1 knockdown reduced glucose
and glutamine uptake in MDA-MB-468 cells (Fig 4A and 4B). These results indicate that MUCI
can facilitate the uptake of glucose and glutamine.

Evidence has shown that many cancer cells, including breast cancer, require glutamine for
cell proliferation, TCA cycle intermediates, lipid synthesis, and neutralization of reactive oxy-
gen species [27]. Therefore, the present study focused on D-glutamine and D-glutamate
metabolism. To examine the role of MUCI in glutamine metabolism, a panel of genes regulat-
ing glutamine metabolism was examined. Altered MUCI expression resulted in a significant
alteration in mRNA expression for SLCIA5, SLC38A2, GOT1, GLS2, GOT2, OGDH, and MYC
(Fig 4C). No change in mRNA levels of GLSI was observed in either cell line. The effect of
altered MUCI expression on glutamine dependence in TNBC was then investigated (Fig 5).
As previously reported, MDA-MB-231 cells exhibited glutamine dependence [28], but gluta-
mine deprivation had no effect on MDA-MB-468 control cells (Fig 5A). Cell viability assays
revealed that MUCI expression altered glutamine dependency compared to control cells. Fur-
ther, results showed that glutamine dependency increased with MUC1 overexpression in
MDA-MB-231 cells. Additionally, MUC1 knockdown decreased glutamine dependency in
MDA-MB-468 cells. Glutamine dependency was further examined using the aminotransferase
inhibitor aminooxyacetate (AOA). MUCI expression altered cell survival in a dose-dependent
manner, with increased cytotoxicity in the case of MUC1 overexpression in MDA-MB-231
cells and decreased cytotoxicity in the case of MUC1 knockdown in MDA-MB-468 cells (Fig
5B and 5C). Collectively, these results indicate that altered MUCI expression effects glutamine
dependency in TNBC.

Discussion

In the present study, in vitro data support the theory that MUCI serves as a metabolic regula-
tor in TNBC. Glucose and glutamine serve as primary carbon sources in proliferating cells,
and uptake of both of these nutrients is directed by growth factor signaling [29]. Further,

PLOS ONE | https://doi.org/10.1371/journal.pone.0176820 May 2, 2017 6/15


https://doi.org/10.1371/journal.pone.0176820.g001
https://doi.org/10.1371/journal.pone.0176820

o @
@ : PLOS | ONE MUC1 and breast cancer metabolism

A
MDA-MB-231
Arg, Pro metabaglism p = 7.9843E-4
7 Cys, Metimetabatism ‘
p= O.§1836
Purine Gln|metabglism p £ 0.0029141
6 ) metat&sm ‘ ntose phosphate gathway
e ©  p=o0
® p =0.002519P N
® Pyrimidine meta 3ollsm
5 p|= 0.0037847
8 °© 0@ .
= 4 U Ala, AS| ; Gla
S i 0] metabalism
o 3 © p =0.0[12189
O
o O
273
o D
1
o | O
02
|
0 0.1 0.2 0.3 0.4 0.5 0.6
Pathway Impact
B C
MDA-MB-468(1) MDA-MB-468(2)
(] ]
12 Purine 0’ $
metabolism
a Gly, Ser, Thr
10 p = 5.1285E-5 metabolism )
() =1 .0879E-4 ] 10 Nitrogen Gly, Ser, Thit metabolism
8 Arg, Pro metabolism @metabolism @ |p =7.3223E-5
) p =3.7037E-4 8.6537E-5
8 CysMetmetabotism . P A P
® pl= 1.6165E-5 8 Pyrimidine ys, Met ;g’b 0
a L . metabplism  metabolism metabolism
o Pentose phosphate ) — i = 0 0028094
D o s GIn metabolism c p =0.0023599p = 0.0029503 p =0.002
S 6199 @ pathway - d 023E-4 > 6 o ©O¢g @ [Sirmetabolism %
p = 0.0027347 p=3 ° & p £ 0.005 1654
4 @ ) 4 Q @) Ala, Asp, Glu
Ala, Asp, Glu o % metabolism
O o ~ metaboljsm ib C p=0006334
2 (é ® (U—p=06-615229 210
[ I I I
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Pathway Impact Pathway Impact

Fig 2. MUC1 alters TNBC metabolism. (A-C) Summary of pathway analysis, with circles representing matched pathways. The color and size of each circle
are based on the p-value and pathway impact value, respectively.

https://doi.org/10.1371/journal.pone.0176820.g002

metabolomics profiling identified metabolite alterations in which MUCI expression modu-
lates cancer cell metabolism to facilitate growth properties of TNBC cells (Fig 1). Using
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pathway impact analyses, the top altered pathways were identified and include the following:
the metabolism of arginine and proline, alanine, aspartate and glutamate, and D-glutamine
and D-glutamate (Fig 2). These pathways are all implicated in supporting cancer growth
[30-32].

Expression profiling of genes that regulate the metabolic processing of glutamine demon-
strates that MUCI can facilitate alterations of certain key genes in TNBC (Fig 4). Altered gluta-
mine metabolism is reported in several cancers [27, 33, 34]. Glutamine can be a nitrogen
donor for multiple essential biosynthetic reactions in the cell [32, 35]. MUCI facilitated
alterations in the expression of genes SLC1A5 and SLC38A2 thereby modifying glutamine
transportation. Once taken up by the cell, much of the glutamine is converted to glutamate by
mitochondrial glutaminase, an enzyme whose levels are often upregulated in cancer [36, 37].
Both glutamine and glutamate contribute to anabolic metabolism; glutamine supplies nitrogen
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for nucleotide and hexosamine synthesis, while glutamate is the nitrogen donor for the synthe-
sis of many nonessential amino acids. In our study, MUCI1 overexpression facilitated the
increase in the gene GLS2, but no alteration was observed in GLSI (Fig 4). Glutamate can

then be converted to a-ketoglutarate, which enters the TCA cycle to generate ATP through
production of nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH,). Glutamate is converted to o-ketoglutarate by glutamate-oxaloacetate transaminase
(GOT), which transfers nitrogen from glutamate to oxaloacetate to produce aspartate and
o-ketoglutarate, is encoded in humans by (1) GOT1 (cytoplasmic isoform) or (2) GOT2 (mito-
chondrial isoform). MUC1 overexpression significantly increased the expression of GOTI and
GOT2, while MUCI knockdown significantly decreased the expression of GOT1. Additionally,
we observed MUCI1-mediated changes in oxoglutarate dehydrogenase (OGDH). A recent
study demonstrated that inhibiting OGDH impairs cell viability [38]. Hence, MUC1-mediated
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Fig 6. Regulation of glutamine metabolism by MUC1 in TNBC. MUC1 regulates glutamine metabolism by increasing transcription of genes regulating
glutamine uptake, glutaminolysis, aminotransferases, and TCA cycle. As a result, glutamine carbon flux to glutaminolysis, amino acid metabolism, and TCA
cycle is enhanced. AOA interferes with glutaminolysis, thereby hindering cell growth. Abbreviations in the figure include the following: acetyl coenzyme A
(AcCoA), a-ketoglutarate (a-KG), solute carrier family 1 member 5 (SLC1A5), tricarboxyic acid cycle (TCA cycle), transcription factor (TF) and electron
transport chain (ETC).

https://doi.org/10.1371/journal.pone.0176820.9006

upregulation of OGDH might be responsible for the increased TCA cycle flux to promote
growth in TNBC cells. Furthermore, the observed alterations in glucose and glutamine uptake
(Fig 4) suggest that MUCI facilitates the utilization of both glucose and glutamine as carbon
sources to maximize ATP production.

Under reduced glutamine conditions, cell survival decreased significantly in MDA-MB-231
cells with MUC1 overexpression, but cell survival increased in MDA-MB-468 cells with
MUCI knockdown (Fig 5). The nitrogen obtained from glutamine is essential in fueling
amino acid pools in the cell through the action of aminotransferases. Studies have shown that
at least 50% of non-essential amino acids used in protein synthesis by cancer cells in vitro can
be directly derived from glutamine [39]. Considering that amino acids are the building blocks
of proteins and essential for cell growth, studies herein with the aminotransferase inhibitor
AOA showed that aminotransferases are required for glutamine to sustain cell survival. As
shown in Fig 5, altered MUC1 expression affected AOA-mediated cytotoxicity. MUCI
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overexpression increased cell sensitivity to AOA, while MUC1 knockdown decreased cell sen-
sitivity to AOA. These results suggest MUC1 expression regulates glutamine dependency, and
treatment with AOA or glutamine depletion sensitizes cells mainly by depleting pools of
amino acids (Fig 6).

In conclusion, our study evidences a vital role for MUCI in TNBC and a potential mecha-
nism by which MUCI contributes to the metabolic process involved breast cancer. Our data
identify MUCI as essential for cell proliferation and survival, which is mediated, at least in
part, by glutamine metabolism. The data also support a potential therapeutic role for targeting
aminotransferases, particularly in MUC1-overexpressing TNBC. Finally, our data suggest
that MUCI represents a potential novel therapeutic target to reduce tumor growth in breast
cancer.
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