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ABSTRACT

Distinct metabolic transformation is essential for cancer cells to sustain a high
rate of proliferation and resist cell death signals. Such a metabolic transformation
results in unique cellular metabolic phenotypes that are often reflected by
distinct metabolite signatures in tumor tissues as well as circulating blood. Using
a metabolomics platform, we find that breast cancer is associated with significantly
(p = 6.27E-13) lowered plasma aspartate levels in a training group comprising
35 breast cancer patients and 35 controls. The result was validated with 103 plasma
samples and 183 serum samples of two groups of primary breast cancer patients. Such
a lowered aspartate level is specific to breast cancer as it has shown 0% sensitivity
in serum from gastric (n = 114) and colorectal (n = 101) cancer patients. There was
a significantly higher level of aspartate in breast cancer tissues (n = 20) than in
adjacent non-tumor tissues, and in MCF-7 breast cancer cell line than in MCF-10A cell
lines, suggesting that the depleted level of aspartate in blood of breast cancer patients
is due to increased tumor aspartate utilization. Together, these findings suggest that
lowed circulating aspartate is a key metabolic feature of human breast cancer.

with the sensitivity of the method ranging from 54% to
77% [4]. Despite the fact that image resolution continues
to improve through the use of digital technology, tumors
less than 5 mm are difficult to detect [5]. Other imaging
methods such as thermography and magnetic resonance
imaging are frequently used, but equally insensitive [6].
As the need for a screening test that would ideally be
noninvasive, highly sensitive and specific continues to
increase, considerable efforts have been devoted to search

INTRODUCTION

Breast cancer remains to be one of the most
commonly diagnosed and death-related cancers in women
in the United States, resulting in an estimated 40,730 new
deaths in 2015 [1-3]. The long-term survival of women
with breast cancer depends on the stage of disease at
the time of diagnosis: the 5-year survival rate is 99%
for localized disease, 85% for regional stage, and 25%

for distant-stage tumor [2]. Attempts to reduce breast
cancer deaths have therefore relied greatly on early
cancer detection and treatment. The most widely used
screening method for breast cancer is mammography,

for biomarkers for early diagnosis of breast cancer.
Metabolomics has recently become a new driving

force in cancer biology research shown some promise

in identifying key metabolic pathways in various types
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of cancers [7—13]. Recent metabolomic studies of breast
cancer have provided important metabolic signatures in
serum, plasma [14—17], and tissue [18] that differentiate
breast cancer from healthy controls. However, the
significantly differential pathways and metabolites
identified are not consistent among these studies, primarily
due to the inter-individual variability of patients and the
different analytical and clinical protocols used in various
studies [16, 19, 20]. Moreover, none of the previous
studies have evaluated selectivity of panels for breast
cancer versus other malignancies.

Here, we report a metabolomics study aimed
to identify distinct metabolite signatures of breast
cancer patients. Plasma and sera samples from breast
cancer patients and healthy controls were profiled using
liquid chromatography time of flight mass spectrometry
(LC-TOFMS) and gas chromatography-time of flight mass
spectrometry (GC-TOFMS) coupled with bioinformatics
tools. The initial training study was conducted with the use
of 35 primary breast cancer plasma samples and 35 control
samples, and validated with 103 primary breast cancer
plasma samples and 183 primary breast cancer serum
samples. Breast cancer tissue specimens and cell lines
were also used to support the unique metabolic feature
identified in the study.

RESULTS

Plasma metabolite profiling of breast cancer
patients

Supplementary Figure S1 schematically shows the
design and the data flow for discovery and validation
of important metabolic signatures of breast cancer.
A total of 225 metabolites were annotated from the
detected spectral features of samples from Training
Set (Table 1 and Supplementary Table S1), of which
102 metabolites (45.3%, 69 metabolites from GC-MS
and 33, from LC-MS) were validated with reference
standards while the others were annotated by comparing
with the available databases including the NIST
library and Human Metabolome Database (HMDB)
(Supplementary Table S2). PCA was performed to assess
the separation tendency between groups based on the
225 annotated metabolites in the Training Set samples
including 35 breast cancer patients and 35 age-matched
(but not ethnicity-matched) healthy controls from City of
Hope National Medical Center (City of Hope). As shown
in Supplementary Figure S2, there was a separation
between healthy controls and breast cancer. Further,
an OPLS-DA model with one predictive component
and two orthogonal component (R2X(cum) = 0.140,
R2Y(cum) =0.861, Q2Y(cum) = 0.717) was constructed
with satisfactory discriminating ability (Figure 1A). To
account for metabolite variation due to age and racial

differences between study participants, age and race were
included as independent variables in the OPLS-DA model.
A permutation test was performed 200 times on the OPLS-
DA model including correlation coefficient between the
original Y and the permuted Y versus the cumulative R2
and Q2, with the regression line shown in Supplementary
Figure S3. The intercept (R2 and Q2 when the correlation
coefficient is zero), which represents the extent of
overfitting, is rather small (R2 =0.51 and Q2 =0.19) and
the model is satisfactory. The performance of this OPLS-
DA model was further tested in another group of 103
breast cancer patients and 41 healthy controls (Validation
Set 1) and all test samples were correctly classified by the
OPLS-DA model established with the 70 training samples.
Moreover, the OPLS-DA model of 225 metabolites
showed distinct metabolite profiles of breast cancer
patients at Stages I - II and the patients at stages III - IV,
from the healthy controls, with satisfactory modeling and
predictive abilities using one predictive component and
three orthogonal components (Supplementary Figure S4).

Using the VIP values (VIP > 1) derived from
the OPLS-DA model and the p values (p < 0.05) from
the Mann-Whitney test , a total of 31 metabolites were
selected as differential variables between breast cancer
patients and controls from the Training Set with detailed
statistics of the area under the ROC curves (AUC), and
the corresponding sensitivity and specificity (Table 2).
Participants’ age and race, with VIP values of 0.98 and
0.33, respectively, did not pass the VIP threshold.

Using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, key metabolic pathways
dysregulated in breast cancer patients were identified as
the TCA cycle, amino acid metabolism, lipid metabolism
and nucleotide metabolism (Table 2). Among these, the
amino acid metabolic pathway had the most differential
metabolites and showed a profound change.

In addition case vs. control comparisons, breast
cancer cases were compared between early (I-11) and late
(III-1V) stage of the disease, with a list of differential
metabolites given in Supplementary Table S3.

Circulating metabolite signatures of breast
cancer

Among the above 31 candidate metabolites, aspartate
is the most significant differential metabolite that markedly
decreased in breast cancer samples with a fold change of
0.34 (p = 6.27E-13) in the Training Set (Figure 1C and 1D).
The ROC curve analysis revealed that aspartate has the
highest value of the area under the curve (AUC) of 1.000,
and specificity and sensitivity (Table 2), which showed
excellent discriminating power in distinguishing breast
cancer cases from healthy controls. A logistic regression
analysis of the 31 metabolites conducted using the Training
Set also showed that aspartate had the strongest association
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Figure 1: Metabolite profiles of breast cancer patients and healthy controls are significantly different. A. The scores plot
of the OPLS-DA model of the training group. The OPLS-DA model was constructed using the plasma data from 35 patients (red dots) and
35 healthy controls (blue dots). B. The OPLS-DA prediction model of breast cancer. An OPLS-DA model was constructed using the plasma
data from 35 breast cancer patients (red dots) and 35 healthy controls (blue dots) (the “training set”); this model was then used to predict
breast cancer of a group of 144 samples including 103 breast cancer patients (green dots) and 41 healthy controls (purple dots) that were
not used in the construction of the model (Validation Set 1, the “testing set”). C. Bar plot of metabolite differences between breast cancer
patients (n = 35 in the Training Set) and healthy controls (n = 35 in the Training Set). A fold change (FC) value was calculated for each
metabolite by taking the ratio of the mean intensities in breast cancer patients and the healthy controls. Each bar representing an FC value
was colored to indicate its corresponding p -value and thereby specify the statistical significance in all subjects (see color scale). D. Box
plot of aspartate in distinguishing breast cancer (n = 35) from healthy control (n = 35).

with a decrease in the risk of breast cancer in Training
set (p = 5.3E-05). The box plot established with plasma
aspartate levels (Supplementary Figure S5) showed that
breast cancer patients at all four stages had a significantly
lower aspartate abundance than the healthy controls.

Validation of aspartate with different patient
cohorts

The 31 candidate metabolites were further tested for
differences and cancer risk association using Validation
sets 1, 2 and 3. Five of these 31 metabolites, aspartate,

glycerolphosphate, 5-oxoproline, arachidonate, and
isoleucine were all significantly decreased in breast
cancer patients in Validation Set 1, 2 and 3, among which
aspartate was the most significant (Table 3). A logistic
regression analysis of the 31 metabolites was conducted
using the three Validation Sets and showed that aspartate
had the strongest association with a decrease in the risk
of breast cancer in Validation set 1 (p = 1.7E-02, odds
ratio: 0.77; 95% confidence interval (CI): 0.625 to 0.955),
Validation Set 2 (p = 2.0E-03, odds ratio: 0.163; 95%
CI: 0.053 to 0.501), and Validation Set 3 (p = 2.5E-05,
odds ratio: 0.895; 95% CI: 0.850 to 0.943).
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In order to explore the potential of aspartate as
a key differential metabolite, blood samples from the
Training Set and Validation Sets 1, 2 and 3 were subjected
to quantitative metabolic analysis. Bar plots constructed
using the aspartate levels from plasma (Validation
Set 1, Figure 2A) and sera (Validation Set 2 and 3,
Supplementary Figure S6 and S7), show a marked decrease
in cancer patients. ROC analysis reveals that aspartate has
the highest accuracy (AUC = 1.000) with sensitivity of
100% and specificity of 100% (Table 4) at a cutoff value
of 1.27 pug/mL using the quantitative data of aspartate

being diagnosed breast cancer patients for the independent
Validation Sets. In the ROC analysis (Figure 2B), the AUC
of aspartate in plasma samples from Validation set 1 was
0.998 (95% CI: 0.993-1.000), with a sensitivity of 100%
and a specificity of 98.7%. The AUC of serum aspartate
from Validation set 2 was 0.993 (95% CI: 0.984—1.000),
with a sensitivity of 100% and a specificity of 94.9%,
while for the serum samples from Shanghai (validation
set 3), the AUC was 0.996 (95% CI: 0.990—1.000), with
a sensitivity of 100% and a specificity of 97.5%. Notably,
the ability of the aspartate to differentiate between early

in the Training set. The parameters estimated from the

stage breast cancer patients and healthy controls is also
Training set were also used to predict the probability of

significant (Figure 2C), with an overall accuracy of 99%
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Figure 2: Lowered circulating aspartate is a metabolic feature of human breast cancer. A. Distributions of aspartate
concentration in different samples. P-value over a group denotes statistical significance of differences between each group member and
healthy controls. B. The ROC curves in the breast cancer samples from the Validation Set 1, Validation set 2, and Validation Set 3 using
aspartate. C. The ROC curves in the breast cancer samples of Stage I+II from the Validation Set 1, Validation set 2, and Validation Set
3 using aspartate. D. Plasma aspartate levels in patients at Stages I and II (n = 69) are significantly different from the patients at Stages III
and IV (n = 69) from the Training Set and validation Set 1. E. ROC curves in the breast cancer samples (n= 138) from the Training Set and
validation Set 1 and in the gastric (n = 114) and colorectal (n = 101) cancer samples using aspartate.
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for early-stage tumors. Moreover, the levels of plasma
aspartate are significantly different between patients at
Stages I-11 and at Stages III-IV (p = 7.90E-04, Figure 2D).

Selectivity of aspartate for breast cancer versus
other cancers

Aspartate was used to classify a set of cases with
other two common cancers, colorectal (n =101, Test Set 1)
and gastric (n = 114, Test Set 2). Aspartate correctly
differentiated all of colorectal cancers and gastric cancers
from the breast cancer (Figure 2E).

Aspartate in breast cancer tissue samples and
breast cancer cell lines

To determine whether the aspartate decrease
in blood of breast cancer patients has any biological
relevance, we profiled 20 pairs of breast tumor tissue
and the adjacent non-tumor tissue (Sample Set 1) using
GC-TOFMS and LC-TOFMS. Aspartate was found
elevated by 1.92 fold in the tumor tissue with a p value
of 7.4E-06 (Figure 3A), and the levels of aspartate-related
metabolites, such as asparagine and several nucleosides
and nucleobases including uridine, uracil, guanosine,
orotidine, dihydrouracil, hypoxanthine, and 8-hydroxy-
deoxyguanosine, were all elevated in breast tumor tissues
(Supplementary Table S4).

We also measured aspartate levels in breast cancer
cell lines of MCF-7 (n = 5) and the control cell line of
MCF-10A (n 5). Significantly increased aspartate
concentration was found in the MCF-7 cells relative to the
MCF-10A cells (p = 1.12E-05, Figure 3B). Additionally,
the AST activity in the MCF-7 cells was lower than in the
MCEF-10A cells (n = 3, p = 1.00E- 05, Figure 3C).

DISCUSSION

Breast cancer is the most common cancer in
women. While genetic alterations have been extensively
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characterized in breast cancer, the changes in metabolism
that occur downstream from genomic and proteomic
alterations have not been characterized in detail to date.
Since blood is in contact with virtually all tissues in the
human body and is considered to reflect in a dynamic way
the pathophysiological status, serum/plasma metabolomic
changes are of particular importance with diagnostic value
for early cancer detection [21].

We used combined LC-TOFMS and GC-TOFMS to
profile serum, plasma and breast cancer tissue metabolites
[12, 22], providing an unprecedented number of identified
metabolites for explaining the biological variations
associated with pathophysiological conditions [23] and
obtaining cross-validated results as well. The current study
revealed a lowered blood (plasma or serum) aspartate level
in breast cancer patients, and an increased level in breast
tumor tissues compared to adjacent non-tumor tissues and
in breast cancer cells (MCF-7) as compared to MCF-10A
cells. Since the characteristic metabolite expressions may
be associated with age and race, we performed logistic
regression analysis after adjustment of age and race and
the aspartate was sensitive at detecting breast cancer
that were adjusted for age and race. We also compared
the levels of aspartate among breast cancer patients with
different races, and found that aspartate is at the similar
level among the groups.

Two of the most commonly diagnosed cancers, gastric
and colorectal cancers, were used to evaluate the selectivity
of aspartate for breast cancer. Aspartate was highly selective
for breast cancer when compared with gastric and colorectal
cancer, suggesting that aspartate can be breast cancer
specific. Due to the fact that not all the gastric and colorectal
cancer patients are gender- and age-matched, we carefully
selected 35 age-matched female patients with gastric cancer
and colorectal cancer, respectively, to test the specificity of
aspartate again. As a result, aspartate was able to correctly
differentiate all of the colorectal cancers and gastric cancers
from the breast cancer (Supplementary Figure S8).

Aspartate is a non-essential amino acid, produced
from oxaloacetate by a transamination process. It

(9]
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o
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AST Activity (U/l)
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MCEF-7 MCF-10A MCF-7

Figure 3: Analysis of aspartate in breast cancer tissue and adjacent non-tumor tissue and in MCF-7 and MCF-10A
cells. A. Aspartate level in breast cancer tissue and adjacent non-tumor tissue (mean + SEM, n = 20). B. Aspartate level in MCF-7 and MCF-10A
cells (mean + SEM, n = 5). C. Aspartate aminotransferase (AST) activity in MCF-7 cells was lower than in MCF-10A cells (mean + SEM, n =3).
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participates in urea cycle to facilitate the removal of
ammonia, functions as a substrate of de novo biosynthesis
of pyrimidine, plays a role in translocating nicotinamide
adenine dinucleotide (NADH) (produced from glycolysis)
into mitochondria across inner mitochondria membrane
for oxidative phosphorylation by aspartate-malate shuttle,
and can be converted to alanine and then undergoes
gluconeogenesis. The de novo pyrimidine biosynthesis
activity was found elevated by 4.4 folds in the MCF-7
cells compared to that in the MCF-10A cells [24], which
may account for the higher aspartate levels in the MCF-7
cells. The high rate of tumor growth requires increased
biosynthesis of nucleic acids [25], and thus, increased
utilization of aspartate by tumor cells, leading to the
decreased level of aspartate and oxaloacetate in blood.
It was consistent with the results obtained by Proenza
et al. that the plasma, blood and blood cell aspartate
were all decreased in 16 female breast cancer patients
[19]. However, our results were inconsistent with several
other reports. It was reported that the serum aspartate
level was increased in breast cancer patients (n = 41)
without significance compared to healthy controls (n = 9)
(FC =1.50) [16]. The plasma total amino acids, essential
amino acids, branched chain amino acids, aromatic
amino acids and gluconeogenic amino acids were also
increased in breast cancer patients (7 = 22) compared to
healthy controls (z = 6) [20]. However, all these results
were obtained with small number of participants without
validation.

The high aspartate level in breast cancer cell
line and low level in human breast epithelial cell line
demonstrate its close association with the down-
regulated AST activity (Figure 3C), an enzyme involved
in the transfer of an amino group from aspartate to
a-ketoglutarate to produce oxaloacetate and glutamate.
AST, essential for the transformation and growth of
mammary epithelial cells, was proposed as a valid target
for the anti-breast cancer agents [26], supporting the
biological relevance of aspartate as a metabolic feature
of breast cancer. In addition to AST, aspartate level is
regulated by asparagine synthetase, an enzyme that
generates asparagine from aspartate [27]. It has been
found that asparagine synthetase was overexpressed
under glucose-deprived condition in the pancreatic
cancer cells with a protective capability against apoptosis
for the cancer cells [27]. It has been observed that
overexpression of insulin-like growth factor (IGF) 1 and
2 (an essential regulator of breast cancer development) in
the MCF-7 breast cancer cells also leads to an increased
expression of asparagine synthetase [28]. The elevated
asparagine and decreased aspartate observed in this
breast cancer metabolomics study may be a result of an
overexpression of asparagine synthetase.

The metabolite signature obtained in this study
cannot readily stratify breast cancer patients at each

stage, although it can differentiate breast cancer patients
at Stages | and II from the patients at Stages III and
IV. The heterogenic background of breast cancer such
as estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor (HER2),
didn’t seem to complicate the metabolite profile of breast
cancer. It is likely that different molecular subtypes
may share a common metabolite signature, resulting
in a unique metabolic feature of human breast cancer
regardless of its heterogeneity. The fact that the aspartate
offered high accuracy in a heterogeneous validation set
that contained different molecular subtypes underscores
the potential utility of this metabolic feature of breast
cancer.

In summary, we used mass spectrometry-based
metabolomics approach to characterize the serum and
plasma metabolite signature of breast cancer patients.
The results reveal a potentially important metabolic
feature of breast cancer characterized by a depleted
circulating aspartate and elevated aspartate levels in
tumor tissue and cells.

MATERIALS AND METHODS

Patient populations

The population used in this study comprised
321 breast cancer patients, 114 gastric cancer patients,
101 colorectal cancer patients and 177 healthy controls
(Table 1) and were obtained from multiple sources
(Supplementary Table S1). The breast cancer patients
were newly diagnosed and were not recurrent or on
any medication prior to sample collection. Patient
characteristics, staging of disease and other parameters
are shown in Table 1. Control samples were collected
from a total of 177 healthy volunteers using the same
sample collection protocol. Supplementary Figure S1
schematically shows the design and the data flow for
identifying important metabolic signatures of breast
cancer.

This study was approved by the institutional review
boards of Shanghai Jiao Tong University Affiliated Ruijin
Hospital and City of Hope National Medical Center, and
all participants signed an informed consent before they
participated in the study.

Collection and storage of blood serum and
plasma

Fasting blood samples were collected in the morning
before breakfast from all the participants. Plasma and
serum specimens were obtained and placed into clean
tubes and immediately stored within two hours of
collection at —80°C until analysis.
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Tissue samples

Twenty pairs of frozen breast cancer tissues of Stage
[ (n=1), Stage II (n = 10), Stage III (n = 8), and Stage IV
(n = 1) were purchased from Biochain Institute in CA,
USA. Each pair of tissues consisted of breast tumor tissue
and the adjacent non-tumor tissue from the same patient.
Tissues were collected under an IRB approved protocol
(Biochain Institute) and tissues used in study did not need
additional ethical approval.

Metabolite profiling

LC-TOFMS and GC-TOFMS were used for the
metabolomics profiling of all samples in the study. The
profiling procedure (sample preparation, metabolite
separation and detection, metabolomic data preprocessing,
metabolite annotation, and statistical analysis) was
performed following our previously published protocols
with minor modifications [12, 22, 29-33]. Details of
plasma, serum and tissue sample preparation and LC/GC-
MS analysis are provided in Supplementary Methods.

Results obtained in our study revealed that aspartate
is the most significant key differential metabolite; we
then quantified aspartate in all samples using an ultra-
performance liquid chromatography (UPLC) coupled with
an ACQUITY TQ tandem mass spectrometry (Waters,
Milford, MA, USA).

Data analysis and statistics

All annotated metabolites from GC-TOFMS and
LC-TOFMS datasets were combined and exported
to SIMCA-P+ 12.0 software (Umetrics, Umea,
Sweden) for multivariate statistical analysis [22, 34].
Principal component analysis (PCA, an unsupervised
multivariate statistical analysis) and orthogonal
partial least squares-discriminant analysis (OPLS-DA,
a supervised multivariate analysis for identification of
key variances between different datasets) [35] were
performed to discriminate between the breast cancer
patients and healthy controls. Using the training
dataset and the threshold of variable importance in
the projection (VIP, value >1) from the 7-fold cross-
validated OPLS-DA model and the p-value (<0.05) from
Mann-Whitney test, a panel of metabolites responsible
for the difference in the metabolic profiles of cancer
cases and controls were obtained. These differential
metabolites were then evaluated in Validation sets
1-3 to test metabolite differences between cancer
cases and controls, and logistic regression adjusted for
participants’ race and age at blood draw to examine
the association between metabolites and breast cancer
risk. The corresponding fold change was calculated
to show how these selected differential metabolites

varied in the cancer samples relative to the healthy
controls. In addition, receiver operating characteristic
(ROC) curve analysis was conducted using the SPSS
software (IBM SPSS Statistics 19, USA) [11, 36]. This
analysis was performed to identify the optimal threshold
values for key differential metabolites. Bar plots of
the metabolites were constructed using the R software
package (http://www.r-project.org). We regarded
p values of < 0.05 as significant.

Aspartate levels in MCF-10A and MCF-7 cells

MCEF-7 breast adenocarcinoma cells and MCF-10A
non-tumorigenic epithelial cells used as the control cell
line were obtained from the American Type Culture
Collection (ATCC) in VA, USA and had been
authenticated by STR profiling. The aspartate levels in
the MCF-7 and MCF-10A were quantitatively measured
by UPLC coupled with an ACQUITY TQ tandem mass
spectrometry (Waters, Milford, MA). Briefly, cell samples
were homogenized in a bullet blender (Next Advance)
in 500 pl mixture of chloroform, methanol and water
(1:2.5:1, v/v/v) containing *C-labeled aspartate used as
internal standard. The samples were then centrifuged at
13,000 rpm for 10 min at 4°C, and a 150-pl aliquot of the
supernatant was transferred to an LC sampling vial. The
deposit was re-homogenized with 500 puL of methanol, and
after centrifuging, a 150-pL aliquot of supernatant was
added to the same vial for drying prior to reconstitution
with acetonitrile/H20 (6:4, v/v) to a final volume of
100 pl. A volume of 10 puL sample extraction was injected
onto an Atlantis HILIC silica column (50 X 4.6 mm,
5 um). The samples were analyzed with mobile phase
A (10% acetonitrile in water) and mobile phase B (10%
water in acetonitrile), both containing 10 mM ammonium
formate and 0.125% formic acid. The flow rate was
I mL/min and the column temperature was 40°C. The
gradients were 0 min, 95% B; 0.05 min, 95% B; 0.4 min,
90% B; 1.5 min, 90% B; 1.55 min, 35% B; 3.5 min,
35% B; 3.55 min, 95% B; and 6 min, 95% B. The mass
spectrometry was operated in the positive electrospray
mode using a capillary voltage of 3 kV and an extractor
voltage of 3 V. The source and desolvation temperatures
were maintained at 120°C and 250°C, respectively. The
gas flow rates of cone, desolvation and collision were
set to 60 L/h, 500 L/h and 0.1 mL/min, respectively.
The multiple reaction monitoring (MRM) transitions for
aspartate and *C-labeled aspartate were optimized and
shown in the Supplementary Table S5. UPLC-MS raw
data obtained with positive mode were analyzed using
QuanLynx applications manager version 4.1 (Waters,
Manchester, UK). The concentrations of metabolites were
expressed in pg per 10° cells. A Student’s #-test was used
to investigate differences between the groups in aspartate
measurement.
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Aspartate aminotransferase activity assay

The enzyme activity of aspartate aminotransferase
(AST) in the cell samples were measured and analyzed
using AST activity assay kit (BioVision, Milpitas, CA)
according to the manufacturer’s instructions.

ACKNOWLEDGMENTS AND FUNDING

This work was funded by the International Science &

Technology =~ Cooperation  Program  of  China
(2014DFA31870), Drug Innovation Program
of National Science and Technology of China

(2011Z2X09307-001-02) and Shanghai Science and
Technology of China (12DZ2295004). We also thank the
participants and their families.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. American Cancer Society . Breast Cancer Facts & Figures
2013-2014. Atlanta: American Cancer Society, Inc.

2. American Cancer Society . Cancer Facts & Figures 2015.
Atlanta: American Cancer Society, Inc.

3. U.S. Cancer Statistics Working Group. United States
Cancer Statistics: 1999-2007 Incidence and Mortality
Web-based Report. Atlanta (GA): Department of Health
and Human Services, Centers for Disease Control and
Prevention, and National Cancer Institute2010; Available
athttp://www.cdc.gov/usc.

4. Skaane P. Studies comparing screen-film mammography
and full-field digital mammography in breast cancer screen-
ing: updated review. Acta Radiol. 2009; 50:3—14.

5. Boehm D, Keller K, Wehrwein N, Lebrecht A, Schmidt M,
Koelbl H. Serum proteome profiling of primary breast
cancer indicates a specific biomarker profile. Oncology
Reports. 2011; 26:1051-1056.

6. Sree SV, Ng EYK, Acharya R, Tan W. Breast imag-
ing systems: a review and comparative study. Journal of
Mechanics in Medicine and Biology. 2010; 10:5-34.

7. Chen J, Zhang XY, Cao R, Lu X, Zhao SM, Fekete A,
Huang Q, Schmitt-Kopplin P, Wang YS, Xu ZL,
Wan XP, Wu XH, Zhao NQ, Xu CJ, Xu GW. Serum
27-nor-5 beta-Cholestane-3, 7, 12, 24, 25 Pentol Glucuronide
Discovered by Metabolomics as Potential Diagnostic
Biomarker for Epithelium Ovarian Cancer. Journal of
Proteome Research. 2011; 10:2625-2632.

8. Garcia E, Andrews C, Hua J, Kim HL, Sukumaran DK,
Szyperski T, Odunsi K. Diagnosis of Early Stage Ovarian
Cancer by (1)H NMR Metabonomics of Serum Explored

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

by Use of a Microflow NMR Probe. Journal of Proteome
Research. 2011; 10:1765-1771.

Qiu Y, Cai G, Su M, Chen T, Liu Y, Xu Y, Ni Y,
Zhao A, Cai S, Xu LX, Jia W. Urinary metabonomic
study on colorectal cancer. J Proteome Res. 2010;
9:1627-1634.

Cai Z, Zhao JS, Li JJ, Peng DN, Wang XY, Chen TL,
Qiu YP, Chen PP, Li WJ, Xu LY, Li EM, Tam JP, Qi RZ,
Jia W, Xie D. A combined proteomics and metabolomics
profiling of gastric cardia cancer reveals characteristic dys-
regulations in glucose metabolism. Mol Cell Proteomics.
2010; 9:2617-2628.

Wei J, Xie GX, Zhou ZT, Shi P, Qiu YP, Zheng XIJ,
Chen TL, Su MM, Zhao AH, Jia W. Salivary metabolite
signatures of oral cancer and leukoplakia. International
Journal of Cancer. 2011; 129:2207-2217.

Chen T, Xie G, Wang X, Fan J, Qiu Y, Zheng X, Qi X,
Cao Y, SuM, Xu LX, Yen Y, Liu P, Jia W. Serum and
urine metabolite profiling reveals potential biomarkers of
human hepatocellular carcinoma. Mol Cell Proteomics.
2011; 10:M110. 004945.

Pasikanti KK, Esuvaranathan K, Ho PC, Mahendran R,
Kamaraj R, Wu QH, Chiong E, Chan EC. Noninvasive
urinary metabonomic diagnosis of human bladder cancer.
J Proteome Res. 2010; 9:2988-2995.

Asiago VM, Alvarado LZ, Shanaiah N, Gowda GAN,
Owusu-Sarfo K, Ballas RA, Raftery D. Early Detection of
Recurrent Breast Cancer Using Metabolite Profiling. Cancer
Research. 2010; 70:8309-8318.

Qiu'Y, Zhou B, Su M, Baxter S, Zheng X, Zhao X, Yen Y,
Jia W. Mass spectrometry-based quantitative metabolomics
revealed a distinct lipid profile in breast cancer patients. Int
J Mol Sci. 2013; 14:8047-8061.

Poschke I, Mao Y, Kiessling R, de Boniface J. Tumor-
dependent increase of serum amino acid levels in breast
cancer patients has diagnostic potential and correlates with
molecular tumor subtypes. J Transl Med. 2013; 11:290.
Nagata C, Wada K, Tsuji M, Hayashi M, Takeda N,
Yasuda K. Plasma amino acid profiles are associated with
biomarkers of breast cancer risk in premenopausal Japanese
women. Cancer Causes Control. 2014; 25:143-149.

Sitter B, Bathen TF, Singstad TE, Fjosne HE, Lundgren S,
Halgunset J, Gribbestad IS. Quantification of metabolites
in breast cancer patients with different clinical prognosis
using HR MAS MR spectroscopy. NMR Biomed. 2010;
23:424-431.

Proenza AM, Oliver J, Palou A, Roca P. Breast and lung
cancer are associated with a decrease in blood cell amino
acid content. The Journal of nutritional biochemistry. 2003;
14:133-138.

Maurizio Muscaritoli, Michael M. Meguid, Carlos
Cangiano, Antonia Cascino, Rossi-Fanelli F. Plasma
Amino Acid Profile in Cancer Patients: Moving Toward

a New Set of Tumor Markers? Rifat Latifi, Merrell RC.

www.impactjournals.com/oncotarget

33380

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

Nutritional Support in Cancer and Transplant Patients:
Landes Bioscience. 2001.

Maurya P, Meleady P, Dowling P, Clynes M. Proteomic
approaches for serum biomarker discovery in cancer.
Anticancer Res. 2007; 27:1247-1255.

Qiu Y, Cai G, Su M, Chen T, Zheng X, Xu Y, Ni Y,
Zhao A, Xu LX, Cai S, Jia W. Serum metabolite profiling
of human colorectal cancer using GC-TOFMS and UPLC-
QTOFMS. J Proteome Res. 2009; 8:4844—4850.

Williams R, Lenz EM, Wilson AJ, Granger J, Wilson ID,
Major H, Stumpf C, Plumb R. A multi-analytical platform
approach to the metabonomic analysis of plasma from
normal and Zucker (fa/fa) obese rats. Mol Biosyst. 2006;
2:174-183.

Sigoillot FD, Sigoillot SM, Guy HI. Breakdown of the regu-
latory control of pyrimidine biosynthesis in human breast
cancer cells. Int J Cancer. 2004; 109:491-498.

Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB.
Brick by brick: metabolism and tumor cell growth. Curr
Opin Genet Dev. 2008; 18:54—61.

Thornburg JM, Nelson KK, Clem BF, Lane AN,
Arumugam S, Simmons A, Eaton JW, Telang S, Chesney J.
Targeting aspartate aminotransferase in breast cancer.
Breast Cancer Res. 2008; 10:R84.

Cui H, Darmanin S, Natsuisaka M, Kondo T, Asaka M,
Shindoh M, Higashino F, Hamuro J, Okada F,
Kobayashi M, Nakagawa K, Koide H. Enhanced expres-
sion of asparagine synthetase under glucose-deprived
conditions protects pancreatic cancer cells from apoptosis
induced by glucose deprivation and cisplatin. Cancer Res.
2007; 67:3345-3355.

Pacher M, Seewald MJ, Mikula M, Ochler S, Mogg M,
Vinatzer U, Eger A, Schweifer N, Varecka R,
Sommergruber W, Mikulits W, Schreiber M. Impact of
constitutive IGF1/IGF2 stimulation on the transcriptional
program of human breast cancer cells. Carcinogenesis.
2007; 28:49-59.

30.

31.

32.

33.

34.

35.

36.

Fordahl S, Cooney P, Qiu Y, Xie G, Jia W, Erikson KM.
Waterborne manganese exposure alters plasma, brain, and
liver metabolites accompanied by changes in stereotypic
behaviors. Neurotoxicol Teratol. 2012; 34:27-36.

Bao Y, Zhao T, Wang X, Qiu Y, Su M, Jia W. Metabonomic
variations in the drug-treated type 2 diabetes mellitus
patients and healthy volunteers. J Proteome Res. 2009;
8:1623-1630.

Pan L, Qiu YP, Chen TL, Lin JC, Chi Y, Su MM, Zhao AH,
Jia W. An optimized procedure for metabonomic analy-
sis of rat liver tissue using gas chromatography/time-of-
flight mass spectrometry. J Pharmaceut Biomed. 2010;
52:589-596.

Xie G, Zhong W, Zheng X, Li Q, Qiu Y, Li H, Chen H,
Zhou Z, Jia W. Chronic Ethanol Consumption Alters
Mammalian Gastrointestinal Content Metabolites. Journal
of Proteome Research. 2013; 12:3297-3306.

Fordahl S, Cooney P, Qiu Y, Xie G, Jia W, Erikson KM.
Waterborne manganese exposure alters plasma, brain,
and liver metabolites accompanied by changes in stereo-
typic behaviors. Neurotoxicology and teratology. 2012;
34:27-36.

Xie G, Ye M, Wang Y, Ni Y, Su M, Huang H, Qiu M,
Zhao A, Zheng X, Chen T, Jia W. Characterization of pu-
erh tea using chemical and metabolic profiling approaches.
J Agric Food Chem. 2009; 57:3046-3054.

Trygg J, Wold S. Orthogonal projections to latent structures
(O-PLS). J Chemometr. 2002; 16:119—128.

Qi Y, Li P, Zhang Y, Cui L, Guo Z, Xie G, Su M, Li X,
Zheng X, Qiu'Y, Liu Y, Zhao A, Jia W. Urinary metabolite
markers of precocious puberty. Mol Cell Proteomics. 2012;
11:M111.011072.

www.impactjournals.com/oncotarget

33381

Oncotarget



