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Metabolic characteristics
of the various incision
margins for breast cancer
conservation surgery

Fang Wang', Zongze Gu', Xunan Zhao, Zhuo Chen,
Zhe Zhang, Shihao Sun and Mingli Han*

Department of Breast Surgery, The First Affiliated Hospital of Zhengzhou University,
Zhengzhou, China

Background: Breast cancer (BC) has recently become the most prevalent
malignancy in women. There are many alternative treatments for BC, and for
aesthetic and postoperative quality of life concerns, breast-conserving surgery
and corresponding adjuvant therapy have become the predominant treatment
for early invasive BC. Currently, the main method used to assess the margins for
breast-conserving surgery is intraoperative pathological diagnosis. However,
the designation of surgical margins is controversial, and metabolomics may be
a novel approach to evaluate surgical margins.

Methods: We collected specimens from 10 breast cancer patients and samples
from its surrounding tissues and divided them into cancerous tissue and 1 mm,
2 mm, 3mm, 5 mm and 10 mm cutting edge tissues, with a total of 60 samples.
The samples were analyzed by mass spectrometry on an ultra-performance
liquid chromatography-quadrupole/Orbitrap high resolution platform. The
data were then statistically analyzed to detect metabolic changes in the
different cutting edges and to identify possible surgical cutting edges with
statistically significant findings. Abnormal metabolic pathways were identified
by Kyoto Encyclopedia of Genes and Genomes (KEGG), which elucidated
potential markers.

Results: Statistical analysis indicated that there were substantial differences
between the 1 mm margin tissue and the cancer tissue, while there were no
statistically significant differences between the 1 mm tissue and tissues from
the other margins. The levels of 6 metabolites in the 1 mm tissue were
significantly different from those in the cancer tissue and were not
significantly different from those in the 2 mm tissue. The six metabolites
were pyruvate, N-acetyl-L-aspartate, glutamic acid, y-aminobutyric acid,
fumaric acid, and citric acid. Metabolic pathways such as amino acid
metabolism and amino t-RNA synthesis in the margin tissue were
significantly distinct from those in cancer tissues based on KEGG analysis.
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Conclusion: There was a significant difference between the 1 mm margin tissue
and the cancerous tissue. Based on metabolomic analysis, the 1 mm negative
margin is sufficient for surgery, and the six metabolites that we identified as
abnormal, including pyruvic acid, N-acetyl-L-aspartic acid, glutamic acid,
gamma-aminobutyric acid, fumaric acid and citric acid, may serve as
biomarkers for a negative margin and help surgeons select an appropriate

breast cancer, breast-conserving surgery, surgical margin, metabolomics,

Wang et al.
surgical margin.
KEYWORDS
potential biomarker
Introduction

Among the malignancies to occur in women in recent years,
breast cancer is the most common malignancy in terms of
incidence (1), which has exhibited a slow increase of
approximately 0.5% per year since 2000; this increase is related
to the current decline in fertility and the increasing prevalence of
overweightness in society (2), and breast cancer is the leading
cause of death from malignancies in women aged 20 to 59 years
(1). There are many treatment options available for breast
cancer, with surgery, radiotherapy, chemotherapy, endocrine
therapy and immunosuppressive agents all offering a good
chance of survival. Breast-conserving surgery and the
corresponding adjuvant treatment are now the accepted
treatment for early invasive breast cancer, providing patients
with better quality of life and cosmetic results and more
psychological benefits than traditional radical surgery. It has
been demonstrated through various trials that breast-conserving
surgery does have acceptable morbidity and mortality rates (3,
4). There are many factors that influence the recurrence and
prognosis of breast cancer, such as pathological classification,
tumor size, presence of distant metastases and depth of
infiltration; additionally, regarding breast-conserving surgery,
the impact of the surgical margins should not be underestimated
(5, 6).

The designation of surgical margins for breast-conserving
surgery has long been controversial, with a wider margin
affecting the patient’s postoperative aesthetics and a narrower
margin increasing the risk of reoperation and local recurrence.
Some studies have shown that most surgeons currently prefer a
2 mm margin (7). However, guidelines suggest that with good
preoperative diagnostic and ancillary techniques, excessive
excision of healthy tissue is of no better benefit, leading to the
“no tumor ink” guideline (8). Currently, the main method used
to diagnose negative margins is intraoperative freezing as judged
by the pathologist, but this technique has limitations and can
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also increase the duration of the procedure, with a considerable
physical and financial impact on the patient. In recent years, new
techniques have also emerged, such as microcomputed
tomography for intraoperative assessment (9). However, this
technique has not been widely used in clinical practice. We
applied metabolomics to analyze and assess the surgical margins
and identify possible surgical margins and potential markers.
However, metabolomics has certain limitations that are not
associated with traditional intraoperative rapid frozen
pathology and other detection methods. The preprocessing of
tissue specimens and the processing of data after mass
spectrometry analysis take a longer time and do not provide
timely feedback to clinicians; additionally, the technology is
more costly, which increases the financial pressure on patients.

A distinctive feature of cancer is metabolic reprogramming,
whereby cancer tissues exhibit altered metabolic pathways to
adapt to their environment and meet their own growth
requirements; for example, cancer tissues can preferentially
undergo anaerobic glycolysis under aerobic conditions (10),
which is a phenomenon known as the “Warburg effect”.
Metabolomics has been extensively used to study breast
cancer, offering novel approaches to its diagnosis, treatment
and prognosis. Triple-negative breast cancer, which is a
substantial challenge, is characterized by a high recurrence
rate, few treatment options and a poor prognosis (11, 12).
Jiang et al. (13, 14) have provided new possibilities for triple-
negative breast cancer through metabolomics studies. Research
has shown that triple-negative breast cancer can be classified
into three types, namely, the lipogenic subtype, glycolytic
subtype and mixed subtype, based on the main abnormal
metabolic pathways (13), with various subtypes exhibiting
different sensitivities to different treatments. This typing can
provide new therapeutic tools; studies investigating these
approaches are unlike the numerous studies aiming to identify
a more precise method for pathological subtyping (15, 16).
Metabolomics has been understudied in the context of breast-
conserving surgery; thus, we used metabolomics techniques to
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analyze different incision margins to provide the possibility for a
negative incision margin for breast-conserving surgery.

In this study, we used ultrahigh-performance liquid
chromatography-quadrupole/Orbitrap high-resolution mass
spectrometry (UHPLC-Q-Orbitrap HRMS) to metabolically
analyze 60 specimens that were collected and then statistically
analyzed the data to identify tissue at cut edges with significant
differences from the tumor tissue and to identify potential
markers that might be present.

Materials and methods
Sample collection

After obtaining informed consent from patients, we
collected cancer tissue specimens from 10 breast cancer
patients at the First Affiliated Hospital of Zhengzhou
University and samples from the surrounding tissue in 2021
and maintained them in a -80°C refrigerator until they were
machine-processed and examined. We separated each
specimen into six groups of cancer tissues, tissues with a
1 mm cut edge, tissues with a 2 mm cut edge, tissues with a
3 mm cut edge, tissues with a 5 mm cut edge and tissues with a
1 cm cut edge, for a total of 60 samples for UHPLC-MS/
MS processing.

Sample preparation

First, we weighed each specimen, added 100 pl of pure
methanol solution to 10 mg of tissue, added small steel beads
and placed the samples into a grinder (SCIENTZ-48 high
throughput tissue grinder) for 30 minutes. After removal, each
sample was placed in a centrifuge (Centrifuge CF16RN
HITACHI Tokyo, Japan) and centrifuged at 3000 rpm for 30
minutes at 4°C. After extraction of the supernatant, the
specimens were concentrated in a concentrator, removed and
added to 300 pl of pure methanol solution and placed in a
redissolution machine (Mutil-Tube Vortexer) at 2500 rpm for 3
minutes. Then, we placed the samples in a centrifuge at 3000
rpm for 30 minutes at 4°C. One hundred microliters of
supernatant was extracted from each sample and transferred
to an autosampler vial for in-machine UHPLC-MS/MS
processing. The reproducibility and reliability of the UHPLC-
MS/MS system was assessed by means of quality control
(QC) samples.

UHPLC-Q-Orbitrap HRMS analysis

We used an ultra-performance liquid chromatography
system (Thermo Fisher Scientific Dionex, Waltham,

Frontiers in Oncology

03

10.3389/fonc.2022.959454

Massachusetts, USA) and an Acquity UHPLC BEH Cl18
column (2.1 mm x 100 mm, 1.7 um, Waters, USA) to achieve
chromatographic separation and gradient elution. We used
acetonitrile as mobile phase A and water containing 0.1%
formic acid as mobile phase B at a flow rate of 0.2 mL/min.
The elution gradient was employed as follows: 0-0.5 min, 5% A,
0.5-2 min, 5-40% A; 3-8 min, 40-60% A; 9-11 min, 80-90% A,
12-13 min, 90-100% A, 14-15 min, 100% A.

*  We performed MS separations in full scan mode using a
Q-Orbitrap mass spectrometer equipped with
thermoelectric spray ionization (HESI) (Thermo
Scientific, San Jose, USA). We used a mass
spectrometer in full scan mode to obtain positive and
negative mode mass spectra. Substances in the mass
range of 80 to 1200 m/z could be scanned by the
instrument. The speed of the auxiliary gas was set to
10 arb, and the temperature was set to 300°C. The
capillary temperature was set to 320°C. The spray
voltages in positive and negative mode were set to 3.5
kV and 2.8 kV, respectively.

Data processing

We used Compound Discoverer 3.1 software (version 3.0,
Thermo Scientific) to extract metabolites from the raw data file
to generate a comprehensive peak table containing retention
times (RT), molecular weights and peak areas. The data were
then visualized using Xcalibur ™ (Version 3.0, Thermo Fisher
Scientific) software and compared to the Human Metabolomics
Database (HMDB, http://hmdb.ca/) to identify metabolites from
different sources. The metabolites screened by the HMDB were
then subjected to enrichment analysis using the KEGG database
to identify pathways with p <0.05 and a false discovery rate
(FDR) <0.05.

Statistical analysis

Each sample corresponding to a metabolite contains m/z
values, ion peak areas and RT. We used SIMCA software
(Version 14.0 Umetrics, Umea, Sweden) to perform principal
component analysis (PCA) and orthogonal partial least squares
(OPLS-DA) and to obtain projected variable importance (VIP)
values. Fold change and t test (p value < 0.05, FDR < 0.05)
results were obtained by MetaboAnalyst (https://www.
MetaboAnalyst.ca/). Receiver operating characteristic (ROC)
curves and area under the curve (AUC) were used to assess the
sensitivity and accuracy of analyses performed using
the metrics.
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Results

Clinical characteristics of the breast
cancer patients

We collected tissue samples from 10 clinical breast cancer
patients and the adjacent tissue and divided the 60 samples into
6 groups, including tumor tissue and tissues located 1 mm,
2 mm, 3 mm, 5 mm and 10 mm from the tumor margin, for
analysis by UHPLC-MS/MS. The clinical characteristics of the
10 patients are shown in Supplementary Table 1.

Metabolomic analysis

To identify a possible negative cut edge, we performed
UHPLC-MS/MS analysis on the tumor tissue and tissues from
different cut edges, analyzed and processed the data, and
imported the analyzed data into SIMCA version 14.0 for
statistical analysis. First, we performed PCA on the data
obtained from the 1 mm cut edge and data obtained from
cancer tissue in negative ion mode (Figure 1A). Immediately
afterward, we performed OPLS-DA (Figure 1B) with an R2Y of
0.96 and a Q2 of 0.801. Significant detachment was found
between the cancerous tissue and the 1 mm incision margin
tissue, with the same result observed in the positive ion mode;
these data are shown in Supplementary Table 2 and
Supplementary Figure S1. There was also apparent separation
between other margin tissues and cancerous tissues (Figure 2).
The variation among the different cut edge tissues was analyzed
by PCA (Figure 3). The data showed no statistically significant
difference between the tissue at the 1 mm margin and the tissue
at the other margins, so we designated the margin closest to the
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cancerous tissue with a statistically significant difference as the
possible negative margin, which was the 1 mm margin. We
identified over 50 endogenous differentially expressed
metabolites from a set of metabolites, with P <0.05, VIP>1.0
and fold change>1.5 as the cutoff. We screened the metabolites
with statistically significant differences in levels between the
1 mm cut margin tissue and cancer tissue by KEGG, and the
results of the statistically significant aberrant metabolic
pathways found to be enriched are shown in Table 1; the
results indicated that 18 differential metabolites were enriched
in statistically significant aberrant metabolic pathways. The
statistically significant abnormal metabolic pathways included
those for amino acids such as glutamate, alanine, aspartate,
histidine, arginine, proline, glutamine, tyrosine and
phenylalanine, abnormal synthesis of aminyl-tRNA, and
abnormal pantothenic acid biosynthesis. We generated a
heatmap of the levels of metabolites capable of being enriched
in statistically significant aberrant metabolic pathways by
MetaboAnalyst to demonstrate the differences in metabolite
levels between 1 mm cut edge tissue and cancerous tissue
(Figure 4). The topological analysis of the aberrant metabolic
pathways indicated that amino acid metabolism was the main
deviant metabolic pathway in cancerous tissues (Figure 5).

Identification of potential markers

We selected six metabolites from a large number of
metabolites with statistically significant differences in levels (p
value <0.05, VIP >1.0 and included in all statistically significant
differences between margin tissue and cancer tissue). The OPLS-
DA of N-acetyl-aspartate, alanine, glutamic acid, aminobutyric
acid, citric acid and fumaric acid values were found to be
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Multivariate statistical analysis of two groups. Principal component analysis (PCA) plot comparing between 1 mm cut edge tissue and cancer
tissue in (A) negative ion mode; orthogonal partial least squares discriminant analysis (OPLS-DA) score plots comparing between 1 mm cut edge

tissue and cancer tissue in (B) negative ion mode.
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(A-D) Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots comparing between tissue located at other surgical margins

and cancer tissue.

separated between the 1-mm cut edge tissue and the cancer
tissue (Figure 6A). We also performed OPLS-DA of these six
metabolites using the 1-mm cut edge tissue and the 2-mm cut
edge tissue and found no significant difference between them

(Figure 6B). The information for these six metabolites is shown
in Table 2. We then analyzed the differences in the levels of each
of these six metabolites between the cancerous tissue and the 1-
mm cut edge tissue (Figure 7). As expected, each metabolite had
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(A-D) Principal component analysis(PCA) plot comparing between tissue located at the 1mm surgical margin and other surgical margins.
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TABLE 1 Statistically significant metabolic pathways that differed between 1 mm cut margin tissue and cancer tissue identified by KEGG analysis.

Metabolite Set Total Hits Expect P Value FDR
Alanine, aspartate and glutamate metabolism 28 7 1.34 2.31E-4 0.0127
Aminoacyl-tRNA biosynthesis 48 9 2.3 2.31E-4 0.0127
Pantothenate and CoA biosynthesis 19 4 0911 0.0109 0.269
Phenylalanine, tyrosine and tryptophan biosynthesis 4 2 0.192 0.0128 0.269
D-Glutamine and D-glutamate metabolism 6 2 0.288 0.03 0.451
Arginine and proline metabolism 38 5 1.82 0.0322 0.451
Histidine metabolism 16 3 9.767 0.0378 0.451
class class
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FIGURE 4
Heatmap indicating the relative levels of statistically significant differential metabolites in 1-mm cut edge tissue and cancerous tissue.

°
Aminoacyl-tRNA
biosynthesis P
Alanine, aspartate and

glutamate metabolism

g
g
- [
i Arginine and proline metabolism
. [
‘e ® Phenylalanine, tyrosine and
N- o 0@ tryptophan biosynthesis
* @)
§ © O
8 O
T T T T T 1
0.0 0.2 0.4 0.6 08 1.0
Pathway Impact
FIGURE 5
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margin and cancerous tissue.
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significantly different levels between the cancerous tissue and the
I-mm cut edge tissue. This finding was consistent with our
expectations, suggesting that these differential metabolites may
be potential markers of negative cut margins. We tested the
ability of these six metabolites to distinguish between cancer and
negative margins by plotting ROC curves using the levels of five
metabolites, which resulted in an AUC > 0.9 and one metabolite
with an AUC > 0.8 (Figure 8), demonstrating the good sensitivity
and specificity of these indicators.

Discussion

Breast cancer is already the most prevalent cancer in women
in today’s society (1); although there are many treatments
available, breast-conserving surgery is one of the accepted
treatments for early invasive breast cancer, with most surgeons
preferring a 2-mm margin (7). The Society of Surgical Oncology
(SSO) and the American Society of Radiation Oncology
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Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots of 6 potential biomarkers in tissue located at 1 mm surgical margin
and cancerous tissue (A), showing a clear separation. Orthogonal partial least squares discriminant analysis (OPLS-DA) score plots of 6 potential
biomarkers in tissue located at the 1 mm surgical margin and 2 mm surgical margin (B), with no significant difference.

(ASTRO)-American Society of Clinical Oncology (ASCO)
consensus guidelines state that the principle of “no tumor ink”
is reccommended for breast-conserving surgical margins in stage
I and II invasive breast cancer, which can also achieve a
reduction in local recurrence rates (8). The main method used
to diagnose cut margins is currently intraoperative rapid
cytopathology; however, this method has limitations and is
less sensitive than conventional pathology using paraffin
blocks (17). Other techniques are also used in the diagnosis of
cut edges, such as mammography, intraoperative breast
ultrasound, the adjunctive use of magnetic resonance imaging
(MRI) techniques and, in recent years, optical techniques and
isotope methods. Macroscopic margin assessment is also a
diagnostic method used to evaluate cutting edges (18-20);
however, these methods have limitations and have
developed slowly.

TABLE 2 Statistical analysis of potential metabolic biomarkers.

Metabolomics is a field that has experienced rapid growth in
recent years and has a promising future as a complement to
genomics, proteomics and other “downstream” omics
approaches. Metabolomics has great potential for use in
relatively noninvasive liquid tests that can be used in the
diagnosis and prognosis of cancer (21). In this study, we
investigated the metabolism of different cut edge tissues and
cancer tissues using 10 breast cancer samples by UHPLC-MS/
MS and found statistically significant differences between 1 mm
cut edge tissues and cancer tissues and no statistically significant
differences between 1 mm cut edge tissues and other tissues from
the remaining cut edges. We also identified six metabolites
involved in abnormal metabolism (P<0.05, VIP>1.0, AUC>0.8)
that could be potential markers for identifying negative incision
margins. However, metabolomics has certain limitations that are
not associated with traditional intraoperative rapid frozen

No. Metabolities Lon mode RT(min) Molecular VIP P Value
1 Pyruvic acid N 1.407 88.01493 1.80 0.001385
2 N-Acetyl-L-aspartic acid N 1.432 175.0479 1.57 0.005883
3 L-Glutamic acid N 0.938 147.052 1.80 0.000828
4 gamma-Aminobutyric acid N 0.963 103.0637 1.85 0.000196
5 Fumaric acid N 1.630 116.0098 1.94 0.0000652
6 Citric acid N 1.433 192.0262 1.97 0.000104

RT, retention time; VIP, variable importance in projection.
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(A-F) The peak areas of citric acid, gamma-aminobutyric acid, fumaric acid, L-glutamic acid, N-acetyl-L-aspartic acid and pyruvic acid in tissue
located at the 1 mm surgical margin and tumor tissue, with significant differences (P < 0.05)."*" stands for the p < 0.05,"**" stands for the p <

0.01, "™***" stands for the p < 0.001

pathology and other detection methods. The preprocessing of
tissue specimens and the processing of data after mass
spectrometry analysis take a longer time and do not provide
timely feedback to clinicians; additionally, the technology is
more costly, which increases the financial pressure on patients.

In the present study, amino acid metabolism was
significantly abnormal in the tumor tissue, and many diseases
are known to be associated with abnormal amino acid
metabolism (22, 23). We found significantly higher
concentrations of glutamate, which plays an important
physiological role in the body as a nonessential amino acid
and excitatory neurotransmitter, in the cancer tissues in this
study. It has been shown that glutamate levels are significantly
elevated in cancer tissues (24). Glutamate is produced from
glutamine by the action of glutaminase, an enzyme found in the
internal mitochondrial membrane, and it has been shown that
glutaminase activity is increased by its overexpression in cancer
tissues (25, 26), leading to increased levels of glutamate in cancer
tissues, which is consistent with our findings.

Aspartate metabolism was found to be significantly active in
the cancer tissues in this study, and concentrations were
significantly increased in the cancer tissues. It has been
suggested that aspartate, asparagine and asparagine synthase
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may be potential markers for surgical cutting edges in oral
squamous cell carcinoma (27), and studies have found
significantly higher concentrations of aspartate and
significantly increased activity of asparagine synthase in cancer
tissue; the exact mechanism underlying this phenomenon is
unclear, as indicated by our experimental results.

In addition to abnormal amino acid metabolism, abnormal
aminyl-tRNA biosynthesis in cancer tissues was a distinctive
feature of the results in this study. Aminyl-tRNA biosynthesis
has been found to be significantly elevated in metabolomic studies
of gastric cancer (28), in which metabolomic and bioinformatics
analysis of gastric and paracancerous tissues revealed that aminyl-
tRNA biosynthesis exhibited abnormally increased activation in
gastric cancer tissues, the expression level of phenylalanine-tRNA
synthetase was associated with poor survival, and the expression
level of threonine-tRNA synthetase was associated with tumor
grade. In addition, amyl-tRNA synthetase and its interacting
proteins play an important role in tumorigenesis (29, 30),
suggesting that the amyl-tRNA biosynthetic pathway offers a
new possibility for limiting tumor growth in the future.

In conclusion, by using UHPLC-MS/MS to investigate the
metabolism of different marginal tissues and cancerous tissues
from 10 breast cancer specimens, we identified the 1-mm margin
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FIGURE 8

Receiver operating characteristic (ROC) curves using the levels of pyruvic acid (A), citric acid (B), fumaric acid (C), gamma-aminobutyric acid (D),
L-glutamic acid (E) and N-acetyl-L-aspartic acid (F). The AUCs obtained using the levels of pyruvic acid, citric acid, fumaric acid, gamma-
aminobutyric acid, L-glutamic acid and N-acetyl-L-aspartic acid were 1 (95% Cl=1-1), 1 (95% Cl=1-1), 1 (95% Cl=1-1), 0.938 (95% Cl=0.773-1),
0.906 (95% Cl=0.679-1) and 0.969 (95% Cl=0.812-1), respectively. The box plots show the median, quartiles, and whole range of peak areas of

the levels of these metabolites.

as a possible margin for breast-conserving surgery. The results of
this study are limited in that we collected specimens from only
10 breast cancer patients, which is a small sample size. This study
is a preliminary study that performed an initial examination of
the surgical margins of breast-conserving surgery from a
metabolomics perspective to provide possibilities for clinicians.
We have also identified six potential markers, but the value of
these markers has yet to be further validated, and we will recruit
more clinical patients in the future for further research and to
validate the results. Therefore, the method is still experimental
and has certain limitations. The pretreatment of tissues and data
processing after mass spectrometry analysis require a longer
time, and the expensive cost is also a nonnegligible problem, so
the method may take a long time to enter clinical practice.

Frontiers in Oncology

09

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee of Scientific Research Project of
The First Affiliated Hospital of Zhengzhou Unive. The patients/
participants provided their written informed consent to
participate in this study.

frontiersin.org


https://doi.org/10.3389/fonc.2022.959454
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

Author contributions

MH and FW designed the study. ZG and SS carried out the
experiments. ZG and XZ undertook the data analysis and wrote
the manuscript. ZC and ZZ assisted in Data curation and editing
the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

The study was supported by the Henan Provincial Medical
Science and Technology Tackling Program Project (201702016).

Acknowledgments

We thank professor Zhi Sun (Pharmacy Department of the
First Affiliated Hospital of Zhengzhou University) and the
Pharmacy Department of the First Affiliated Hospital of
Zhengzhou University for helpful bioinformatic analysis of
data and UHPLC-MS analysis. The authors thank all the
participants who contributed to this study and the clinical
patients who agreed to participate in contributing to our study.

References

1. Sigel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics. CA Cancer ] Clin
(2021) 71(1):7-33. doi: 10.3322/caac.21654

2. Sigel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics. CA Cancer ] Clin
(2022) 71(1). doi: 10.3322/caac.21708

3. Fisher B, Anderson S, Bryant ], Margolese RG, Deutsch M, Fisher ER, et al.
Twenty-year follow-up of a randomized trial comparing total mastectomy,
lumpectomy, and lumpectomy plus irradiation for the treatment of invasive
breast cancer. N Engl ] Med (2002) 347(16):1233-41. doi: 10.1056/NEJMo0a022152

4. Margenthaler JA, Gao F, Klimberg VS. Margin index: a new method for
prediction of residual disease after breast-conserving surgery. Ann Surg Oncol
(2010) 17(10):2696-701. doi: 10.1245/s10434-010-1079-z

5. Fleming FJ, Hill ADK, Mc Dermott EW, O’Doherty A, O’Higgins NJ, Quinn
CM. Intraoperative margin assessment and re excision rate in breast conserving
surgery. Eur J Surg Oncol (2004) 30(3):233-7. doi: 10.1016/j.¢js0.2003.11.008

6. Silverstein MJ, Lagios MD, Groshen S, Waisman JR, Lewinsky BS, Martino S,
et al. The influence of margin width on local control of ductal carcinoma in situ of
the breast cancer. CancerRes (1999) 340(19):1455-61. doi: 10.1056/
NEJM199905133401902

7. Blair SL, Thompson K, Rococco J, Malcarne V, Beitsch PD, Ollia DW.
Attaining negative margins in breast-conservation operations: Is there a consensus
among breast surgeons? J Am Coll Surg (2009) 209(5):608-13. doi: 10.1016/
jjamcollsurg.2009.07.026

8. Moran MS, Schnitt SJ, Giuliano AE, Harris JR, Khan SA, Horton J, et al.
Society of surgical oncology-American society for radiation oncology consensus
guideline on margins for breast-conserving surgery with whole-breast irradiation
in stages I and II invasive breast cancer. J Clin Oncol (2014) 32(14):1507-15.
doi: 10.1200/JC0O.2013.53.3935

9. Qiu SQ, Dorrius MD, de Jongh SJ, Jansen L, de Vries J, Schroder CP, et al.
Micro-computed toography (micro-CT) for intraoperative surgical margin
assessment of breast cancer. a feasibility study in breast conserving surgery. Eur
J Surg Oncol (2018) 11;44(11):1708-13. doi: 10.1016/j.€js0.2018.06.022

10. Warburg O. On the origin of cancer cells. Science (1956) 123:309-14. doi:
10.1126/science.123.3191.309

Frontiers in Oncology

10

10.3389/fonc.2022.959454

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.959454/full#supplementary-material

11. Denkert C, Liedtke C, Tutt A, von Minckwitz G. Molecular alterations in
triple-negative breast cancer-the road to new treatment strategied. Lancet (2017)
389(10087):2430-22. doi: 10.1016/S0140-6736(16)32454-0

12. Dignam JJ, Dukic V, Anderson SJ, Mamounas EP, Wickerham DL,
Wolmark N. Hazard of recurrence and adjuvant treatment effects over time in
lymph node-negative breast cancer. Breast Cancer Res Treat (2009) 116(3):595—
602. doi: 10.1007/s10549-008-0200-5

13. Gong Y, Ji P, Yang YS, Xie S, Jiang YZ, Xiao Y, et al. Metabolic-Pathway-
Based subtyping of triple-negative breast cancer reveals potential therapeutic
targets. Cell Metab (2021) 33(1):51-64. doi: 10.1016/j.cmet.2020.10.012

14. Xiao Y, Ma D, Yang YS, Yang F, Jiang YZ, Shao ZM, et al. Comprehensive
metabolomics expands precision medicine for triple-negative breast cancer. Cell
Res (2022) 32(5):477-90. doi: 10.1038/s41422-022-00614-0

15. Bareche Y, Venet D, Ignatiadis M, Aftimos P, Piccart M, Rothe F, et al.
Unravelling triple-negative breast cancer molecular heterogeneity using an
integrative multiomic analysis. Ann Oncol (2018) 29(4):895-902. doi: 10.1093/
annonc/mdy024

16. Garrido-Castro AC, Lin NU, Polyak K. Insights into molecular classification
of triple-negative breast cancer: Improving patient selection for treatment. Cancer
Discovery (2019) 9(2):176-98. doi: 10.1158/2159-8290.CD-18-1177

17. Nowikiewicz T, Srutek E, Glowacka-Mrotek I, Tarkowska M, Zyromska A,
Zegarski W. Clinical outcomes of an intraoperative surgical margin assessment
using the fresh frozen section method in patients with invasive breast cancer
undergoing breast-conserving surgery - a single center analysis. Sci Rep (2019) 9
(1):13441. doi: 10.1038/541598-019-49951-y

18. Butler-Henderson K, Lee AH, Price RI, Waring K. Intraoperative
assessment of margins in breast conserving therapy: A systematic review. Breast
(2014) 23(2):112-9. doi: 10.1016/j.breast.2014.01.002

19. Nowikiewicz T, Nowak A, Zegarski W, Wisniewska M, Wisniewski M.
Diagnostic value of preoperative axillary lymph node ultrasound assessment
in patients with breast cancer qualified for sentinel lymph node biopsy.
Wideochir Inne Tech Maloinwazyjne (2015) 10(2):170-7. doi: 10.5114/
wiitm.2015.52264

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.959454/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.959454/full#supplementary-material
https://doi.org/10.3322/caac.21654
https://doi.org/10.3322/caac.21708
https://doi.org/10.1056/NEJMoa022152
https://doi.org/10.1245/s10434-010-1079-z
https://doi.org/10.1016/j.ejso.2003.11.008
https://doi.org/10.1056/NEJM199905133401902
https://doi.org/10.1056/NEJM199905133401902
https://doi.org/10.1016/j.jamcollsurg.2009.07.026
https://doi.org/10.1016/j.jamcollsurg.2009.07.026
https://doi.org/10.1200/JCO.2013.53.3935
https://doi.org/10.1016/j.ejso.2018.06.022
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/S0140-6736(16)32454-0
https://doi.org/10.1007/s10549-008-0200-5
https://doi.org/10.1016/j.cmet.2020.10.012
https://doi.org/10.1038/s41422-022-00614-0
https://doi.org/10.1093/annonc/mdy024
https://doi.org/10.1093/annonc/mdy024
https://doi.org/10.1158/2159-8290.CD-18-1177
https://doi.org/10.1038/s41598-019-49951-y
https://doi.org/10.1016/j.breast.2014.01.002
https://doi.org/10.5114/wiitm.2015.52264
https://doi.org/10.5114/wiitm.2015.52264
https://doi.org/10.3389/fonc.2022.959454
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

20. Rubio IT, Ahmed M, Kovacs T, Marco V. Margins in breast conserving
surgery: Apractice- changing process. Eur ] Surg Oncol (2016) 42(5):631-40.
doi: 10.1016/j.€js0.2016.01.019

21. Hart CD, Tenori L, Luchinat C, Leo AD. Metabolomics in breast cancer: current status
and perspectives. Adv Exp Med Biol (2016) 882:217-34. doi: 10.1007/978-3-319-22909-6_9

22. Nagao K, Kimura T. Use of plasma-free amino acids as biomarkers for
detecting and predicting disease risk. Nutr Rev (2020) 78(12 Suppl 2):79-85.
doi: 10.1093/nutrit/nuaa086

23. Kok G, Tseng L, Schene IF, Dijssehof ME, Salomons G, Mendes MI, et al.
Treatment of ARS deficiencies with specific amino acids. Genet Med (2021) 23
(11):2202-7. doi: 10.1038/s41436-021-01249-z

24. Koochekpour S, Majumdar S, Azabdaftari G, Attwood K, Scioneaux R,
Subramani D, et al. Serum glutamate levels correlate with Gleason score and
glutamate blockade decreases proliferation, migration, and invasion and induces
apoptosis in prostate cancer cells. Clin Cancer Res (2012) 18(21):5888-901.
doi: 10.1158/1078-0432.CCR-12-1308

25. Cluntun AA, Lukey M]J, Cerione RA, Locasale JW. Glutamine metabolism in
cancer: Understanding the heterogeneity. Trends Cancer (2017) 3(3):169-80.
doi: 10.1016/j.trecan.2017.01.005

Frontiers in Oncology

11

10.3389/fonc.2022.959454

26. Katt WP, Cerione RA, Ramachandran S, Erickson JW.
Dibenzophenanthridines as inhibitors of glutaminase ¢ and cancer cell proliferation.
Mol Cancer Ther (2012) 11(6):1269-78. doi: 10.1158/1535-7163.MCT-11-0942

27. Yang XH, Zhang XX, Jing Y, Ding L, Fu Y, Wang S, et al. Amino acids
signatures of distance-relatedd surgical margins of oral squamous cell carcinoma.
EBioMedicine (2019) 48:81-91. doi: 10.1016/j.ebiom.2019.10.005

28. Gao X, Guo R, Li Y, Kang G, Wu Y, Li Z, et al. Contribution of
upregulated aminoacyl-tRNA biosynthesis to metabolic dysregulation in
gastric cancer. ] Gastroenterol Hepatol (2021) 36(11):3113-26. doi: 10.1111/
jgh.15592

29. Kwon NH, Lee JY, Ryu YL, Kim C, Kong J, Oh S, et al. Stabilization of
cyclin-dependent kinase 4 by methionyl- tRNA synthetase in p16 "™*** — negative
cancer. ACS Pharmacol Transl Sci (2018) 1(1):21-31. doi: 10.1021/acsptsci.8b00001

30. Ko YG, Kim EY, Kim T, Park H, Park HS, Choi EJ, et al. Glutamine-
dependent antiapoptotic interaction of human glutaminyl- tRNA synthetase with
apoptosis signal-regulating kinase 1. J Biol Chem (2001) 276(8):6030-6.
doi: 10.1074/jbc.M006189200

frontiersin.org


https://doi.org/10.1016/j.ejso.2016.01.019
https://doi.org/10.1007/978-3-319-22909-6_9
https://doi.org/10.1093/nutrit/nuaa086
https://doi.org/10.1038/s41436-021-01249-z
https://doi.org/10.1158/1078-0432.CCR-12-1308
https://doi.org/10.1016/j.trecan.2017.01.005
https://doi.org/10.1158/1535-7163.MCT-11-0942
https://doi.org/10.1016/j.ebiom.2019.10.005
https://doi.org/10.1111/jgh.15592
https://doi.org/10.1111/jgh.15592
https://doi.org/10.1021/acsptsci.8b00001
https://doi.org/10.1074/jbc.M006189200
https://doi.org/10.3389/fonc.2022.959454
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Metabolic characteristics of the various incision margins for breast cancer conservation surgery
	Introduction
	Materials and methods
	Sample collection
	Sample preparation
	UHPLC-Q-Orbitrap HRMS analysis
	Data processing
	Statistical analysis

	Results
	Clinical characteristics of the breast cancer patients
	Metabolomic analysis
	Identification of potential markers

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


