iSCience ¢? CellP’ress

OPEN ACCESS

Largescale multicenter study of a serum metabolite
biomarker panel for the diagnosis of breast cancer

BC HC BENIGN Yanzhong Wang,
Rui An, Haitao Yu,

Serum —__\ ..., Yuzhen Gao,

Xinyou Xie, Jun

w w ﬁ Zhang
Untargeted metabolomics

jameszhang2000@zju.edu.cn

WAL A

Highlights

S A T
Tﬁt | MMJ‘“ Metabolomic features of

e breast cancer patients are

profiled

Metabolite biomarker
Diagnostic panel establishment panel is established for
100 breast cancer detection

80

2 .
2 60 ’ Shows potential as a
H ~ . .
ool veienow Biomarker selection supplement to current
04| AuC=054 screening methods
(0.931-0.976) |A T T T
ol P <0001 1 1nn 1. 1
T T T T T T 11 1 i
0 20 40 60 80 100 !

1 - Specificity%

Targeted metabolomics

Relative abundance

\
i
i

Wang et al., iScience 27,
110345

July 19, 2024 © 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/
J.isci.2024.110345



mailto:jameszhang2000@zju.edu.cn
https://doi.org/10.1016/j.isci.2024.110345
https://doi.org/10.1016/j.isci.2024.110345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110345&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Largescale multicenter study of a serum
metabolite biomarker panel
for the diagnosis of breast cancer

Yanzhong Wang, %€ Rui An,"?€ Haitao Yu,"?® Yuehong Dai," Luping Lou," Sheng Quan,® Rongchang Chen,?
Yanjun Ding,"-? Hongcan Zhao,* Xuanlan Wu,® Zhen Liu,® Qinchuan Wang,” Yuzhen Gao,"? Xinyou Xie,"?
and Jun Zhang'"%%*

SUMMARY

Breast cancer (BC) is currently the most prevalent malignancy worldwide, and finding effective non-inva-
sive biomarkers for routine clinical detection of BC remains a significant challenge. Here, we performed
non-targeted and targeted metabolomics analysis on the screening, training and validation cohorts of
serum samples from 1,947 participants. A metabolite biomarker model including glutamate, erythronate,
docosahexaenoate, propionylcarnitine, and patient’s age was established for detecting BC. This model
demonstrated better diagnostic performance than carbohydrate antigen 15-3 (CA15-3) and carcinoem-
bryonic antigen (CEA) alone in discriminating BC from healthy controls both in the training and validation
cohorts [area under the curve (AUC), 0.954; sensitivity, 87.1% and specificity, 93.5% for the training
cohort and 0.834, 68.3%, and 85.2%, respectively, for the validation cohort 1]. This study has established
a noninvasive approach for the detection of BC, which shows potential as a suitable supplement to the
clinical screening methods currently employed for BC.

INTRODUCTION

Breast cancer (BC) is the most frequently diagnosed malignancy and the leading cause of cancer-related mortality in women worldwide.'
China currently has the largest number of BC cases and related deaths in the world,” and new BC cases accounted for 15.59% (357,200) of
all new female cancer cases in 2022.° Early stage BC is usually asymptomatic, approximately 20% of BC patients were diagnosed with
advanced BC when diagnosed,” and China had more patients at the advanced stage compared to the U.S.” Tumor stage at diagnosis is
closely associated with BC survival. Specifically, the 5-year survival rate for stage | tumor patients is almost 100%, but it drops dramatically
for patients who have developed distant metastases.® No effective preventive strategies are clinically available for BC, making early diagnosis
of BC crucial in allowing patients to undergo potentially curative treatments in time, thereby reducing BC mortality.

The National Comprehensive Cancer Network (NCCN) recommends breast mammography, breast ultrasonography, and breast MRI for
early breast cancer diagnosis.” Since the sensitivity of mammography in the high-risk population is low at 55%,° breast MRI typically supple-
ments mammography to increase screening sensitivity.” Additionally, interpretation and analysis of the images often rely heavily on the exper-
tise of clinicians, leading to inherent deviations.'® For noninvasive screening, carbohydrate antigen 15-3 (CA15-3) and carcinoembryonic an-
tigen (CEA) are currently the most widely used serum clinical tumor markers.'" However, both have low sensitivity, especially in early stage BC
patients, increasing the urgency of finding more sensitive and noninvasive biomarkers for the screening and diagnosis of BC at the early stage.

New biomarkers of BC, such as circulating miRNAs, circulating tumor DNA, and exosomes, have been reported.’” Many studies have
confirmed that metabolites may be effective biomarkers for BC."® For example, high levels of histidine, glycerol, N-acetyl glycoproteins,
and ethanol are reported to be associated with higher risk of BC in premenopausal woman.'* Metabolic characteristics could also help in
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Figure 1. Study design of this study

identifying BC subtypes and guiding personalized treatment. Yue Gong et al. classified triple negative breast cancer into three different meta-
bolic subtypes (MPS1, MPS2, and MPS3) and proposed corresponding treatment protocols for each metabolic subtype.' Metabolites, the
downstream products of genes and proteins, are more intuitive predictors of phenotypic changes compared to genes and proteins.'® An
increasing number of studies have utilized metabolomics to explore diagnostic biomarkers for BC."”'® However, these studies have certain
limitations, including, for example, (1) small sample size; (2) lack of validation of the discovered potential biomarkers; and (3) validated studies
not conducted on a large scale or tested using samples from a single clinical location.

This study aimed to identify and validate new metabolite biomarkers of BC in a large-scale multicenter study and establish a diagnostic
model incorporating the selected metabolite biomarkers to detect BC.

RESULTS

Demographic characteristics of study cohorts

The workflow of this study is shown in Figure 1. To define potential metabolite biomarkers, 217 participants in the screening set were re-
cruited. 279 participants containing 202 BC patients and 77 healthy control (HC) individuals were recruited in the training cohort to determine
the metabolite model to be used for the diagnosis of BC. The model was further evaluated for its diagnostic performance in two independent
validation cohorts (375 BC, 337 BENIGN, 270 HC, and 210 other cancer patients in validation cohort 1; 109 BC and 150 BENIGN in validation
cohort 2). Most BC patients (75.79%) were in the early stages of tumor [Tumor Node Metastasis (TNM) | + II]. Importantly, post-operative
serum samples from 57 BC patients were also collected to evaluate the change in trend of candidate biomarkers before and after operation.
Moreover, serum samples of seven other cancers, including lung cancer (LC), thyroid cancer (TC), gastric cancer (GC), colorectal cancer (CC),
rectal cancer (RC), liver cancer (LIC), and pancreatic cancer (PC) were collected to evaluate the specificity of the metabolite biomarkers panel
for BC. Detailed demographic and clinical characteristics of all participants were summarized in Table ST1.

Selection of potential metabolite biomarkers for BC

Non-targeted ultrahigh performance liquid chromatography-tandem mass spectrometry analysis (UPLC-MS/MS) metabolomics analysis was
performed in the screening phase of 217 serum samples to define potential metabolite biomarkers of BC. Principal component analysis (PCA)
did not show significant separation among the three groups (Figures STA and S1B). Samples from the BC, BENIGN, and HC groups showed
trends of separation in the partial least squares discriminant analysis (PLS-DA) score plot (Figures 2A and 2B), and validation of the PLS-DA is
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Figure 2. UPLC-MS/MS based nontargeted metabolomic analysis

(A and B) Score plots of PLS-DA models showing the separation among the BC, BENIGN, and HC groups in the screening cohort 1 and screening cohort 2,
respectively. Each point represents a sample, red: BC patients, green: benign patients, blue: HC controls.

(C) Veen diagram showing the 50 differential metabolites that were selected as potential biomarkers from the group comparisons in the screening cohort 1 and
screening cohort 2.

(D) Heatmap showing the relative levels of these six candidate metabolites in the screening cohort 2.

suggestive of an excellent model (Figures S1C and S1D). Model parameters for the explained ability (R2) and predictive ability (Q2) for the two
models were acceptable (R2Y = 0.548, Q2 = 0.054 and R2Y = 0.865, Q2 = 0.048, respectively). Potential metabolite biomarkers were screened
from the Welch's t test and Random forest (RF) analysis. 50 metabolites were identified in both group comparisons in the two screening co-
horts (Figure 2C). After removing xenobiotics, small peptides, vitamins, and metabolites with more than 30% missing values, 41 metabolites
remained. These 41 metabolites were then ranked according to their average effect sizes between BC vs. non-BC and BC vs. BENIGN vs. HC
(Table S2). The final list of candidate BC-related metabolite biomarkers was selected based on (1) their ranking among the top 35 in the RF
analysis (Tables S3 and S4) and (2) high mean effect size in each metabolite super-pathway. Ultimately, six metabolites were retained: gluta-
mate, erythronate, docosahexaenoate, N?,N?-dimethylguanosine, propionylcarnitine, and N-acetylneuraminic acid. The detailed compara-
tive fragmentation spectra for the six candidate metabolites were shown in Table S5. And the figures that juxtapose our experimentally ob-
tained fragmentation spectra against the corresponding spectra from the reference library were shown in Figure S2. The relative levels of
these six candidate metabolites in screening cohort 1 and screening cohort 2 were presented in heatmaps (Figure S1E; Figure 2D).

Development and validation of targeted LC-MS/MS assays of the six metabolites

After rounds of continuous method optimization, three LC-MS/MS detection methods (A, B, and C) for the six candidate metabolites were
established. Docosahexaenoate, N-acetylneuraminic acid, propionylcarnitine, and N2,N2-dimethy|guanosine were detected with Method A,
while erythronate was detected with method B, and glutamate was detected with method C. The chromatograms of the standard solutions of
the six target metabolites in LC-MS/MS were shown in Figure S3.

Seven levels of standards were used to generate calibration curves for the six metabolites, and the calibration curves showed good linearity
and excellent coefficients (7 > 0.999) for all six metabolites. The limit of quantification (LOQ) for glutamate, erythronate, docosahexaenoate,
N2, N?-dimethylguanosine, propionylcarnitine, and N-acetylneuraminic acid were 0.1 pg/mL, 50 ng/mL, 0.25 pg/mL, 1 ng/mL, 5 ng/mL, and
20 ng/mlL, respectively (Table 1). As shown in Table 1, intra-batch precision and inter-batch precision were both less than 15% for all six metab-
olites at each concentration level. Specifically, intra-batch precision for the six metabolites ranged from 1.2% to 5.19%, and inter-batch precision
ranged from 2.42% to 9.26%. Accuracy values (in relative bias, bias%) for the six metabolites ranged from —10.14% to 16.06%. Thus, both pre-
cision and accuracy were within acceptable limits, laying a foundation for accurate quantification of the six metabolites in human serum.

Stability was evaluated at different storage or processing conditions expressed as accuracy. As shown in Table S9, the short-term stability
for 6 h at room temperature, 4°C for 1 day and 4°C for 3 days was recorded as —2%-6.13%, —0.72%-5.15%, and —1.40%-8.83%, respectively.
Mid-term stability at —20°C for 1 week and —20°C for 2 weeks was recorded as —2.43%-9.18% and —2.35%-14.24%, respectively. Serum sam-
ples were stable over two freeze-thaw cycles at —20°C with an accuracy between —3.62% and 13.66% for the six metabolites. These bias values
were acceptable and demonstrated that serum samples were stable under the tested storage or processing conditions.

Metabolite biomarker panel for the identification of BC patients

Binary logistic regression was conducted to explore the optimum serum metabolite combination for the detection of BC patients. In univar-
iate binary logistic regression analysis, all six candidate metabolites and age, body mass index (BMI), menopause status, CA15-3, and CEA
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Table 1. Targeted metabolomics methodology validation (n = 6)

Intra-batch Inter-batch
Quantification  Regression  precision (CV precision (CV Accuracy
Metabolites LOQ Range coefficient %) %) (Bias%) Recovery S/N
Docosahexaenoate 0.25pg/mL 0.25-25 pg/mL 0.9999 1.20-1.84 4.76-9.26 —10.14~- 82.5- 28.3
7.37 100.5
Erythronate 50 ng/mL 50-5000 ng/mL 0.9991 1.58-3.65 4.17-4.39 2.89-16.06 83.6— 2816.2
103.9
N-Acetylneuraminic 20 ng/mL  20-2000 ng/mL  0.9998 2.24-3.60 6.33-8.75 —5.54~3.29 87.1- 13.5
Acid 115.1
Propionylcarnitine 5ng/mL 5-500 ng/mL 0.999 1.84-4.01 2.42-4.45 0.11-2.87 88.5- 447 .1
109.3
N?,N?- 1 ng/mL 1-100 ng/mL 0.9998 1.69-5.19 2.58-4.97 —3.09~-0.56 92.1- 69
dimethylguanosine 110.9
Glutamate 0.1 pg/mL  0.1-10 pg/mL 0.9999 2.48-4.76 2.63-3.72 0.21-1.77 87.6— 90.1
108.7

LOQ, limit of quantification; S/N, Signal/Noise.

were associated with BC (Figure 3A). Age, glutamate, erythronate, docosahexaenoate, and propionylcarnitine remained significantly corre-
lated with BC in multivariate binary logistic regression analysis (Figure 3B). Thus, the combination of glutamate, erythronate, docosahexae-
noate, and propionylcarnitine and age was finally determined to be the optimum panel for the identification of BC, and the model was con-
structed as:

[P — BC} -1 / [1 + e(f 10.982 +0.274 x Glutamate +0.007 x Erythronate + 0.839 X Docosahexaenoate — 0.529 x Propionylcarnitine+0.121 x Age):|

In this equation, [P = BC] was the predicted probability of BC using the developed panel. Glutamate, erythronate, docosahexaenoate, and
propionylcarnitine were the measured serum concentrations of each metabolite. The serum levels of these four metabolites in the training
cohort were presented in Figures 3C-3F. Compared to HC, glutamate, erythronate, and docosahexaenoate were upregulatedin BC, whereas
propionylcarnitine was downregulated. The cut-off value of [P = BC] was 0.768, and values greater than this cut-off were determined to be BC.
The diagnostic performance of this metabolite panel was evaluated by examining AUC, specificity, and sensitivity in receiver-operating char-
acteristics curve (ROC) analysis of the panel. The diagnostic accuracy of this metabolite panel was higher than that of individual metabolites
alone (Figures 4A-4D). When comparing this model against CA15-3 and CEA for the ability to discriminate BC from HC in the training cohort,
the panel had an AUC of 0.954, while the AUCs of CA15-3 and CEA were 0.604 and 0.721, respectively (Figures 4E-4G). The sensitivity of this
metabolite panel in BC diagnosis was obviously higher than that of either CA15-3 or CEA (with a clinical cut-off of 25 U/mL and 5 ng/mL,
respectively), which were 87.1%, 6.2%, and 7.7%, respectively. The specificity of the metabolite model for BC (93.5%) was slightly lower
than that of CA15-3 (97.4%) and CEA (100.0%) (Table 2).

The panel was further evaluated in validation cohort 1, which included 1,192 participants from multiple clinical centers. Notably, 337
BENIGN patients were enrolled in this cohort to enrich the clinical background of the controls. Consistent with the results of the training
cohort, the metabolite panel showed a better diagnostic performance than that of either CA15-3 or CEA not only for BC but also for early
stage BC. The AUCs for BC detection using the metabolite panel, CA15-3, and CEA were 0.834, 0.641, and 0.733, respectively. The AUCs
for early stage BC detection were 0.832, 0.609, and 0.713, respectively. Similarly, the sensitivity of the metabolite panel was also better
than that of either CA15-3 or CEA for the detection of BC and early stage BC in validation cohort 1 (Table 2). Although the diagnostic ability
of this metabolite model decreased when incorporating BENIGN patients, it still outperformed CA15-3 and CEA with AUCs of 0.741, 0.605,
and 0.681, respectively). In addition, we managed to collect both pre-operative and post-operative serum samples from 57 BC patients.
Compared with their pre-operative serum levels, post-operative levels of propionylcarnitine were significantly elevated, and post-operative
levels of glutamate and docosahexaenoate were significantly decreased, while the levels of erythronate were comparable between pre-oper-
ative and post-operative (Figures S4A-S4D).

Comparison of diagnostic performance of metabolite model and ultrasound

Validation cohort 2, consisting of 259 participants, was used to further evaluate the constructed metabolite model. 259 breast lesion patients
with breastimaging-reporting and data system (BI-RADS) grading information were prospectively recruited in validation cohort 2. All 259 pa-
tients underwent pathological examination, and 109 patients were breast cancer, while 150 patients were breast benign disease. Meanwhile,
these 259 patients were also judged as breast cancer or breast benign disease according to the cut-off value of the metabolite model (0.768)
and IVA classification of ultrasound results, showing category 1-IVA as benign, and category IVB-6 as malignant. These results were then
compared with the pathology results. Specifically, based on the metabolite model, 143 and 116 patients were judged as breast cancer
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Figure 3. ldentification of biomarker candidates for the diagnosis of BC

(A and B) Univariate and multivariate binary logistic regression analysis of the risk factors for the incidence of BC. “Menopause (1)" indicates that “post-
menopause” was used as a reference.

(C—F) Serum concentrations of the glutamate, erythronate, docosahexaenoate, and propionylcarnitine in the training cohort. Data are presented as mean + SD,

comparisons were performed using Student’s t test, *: p < 0.05, **: p < 0.01, ***: p < 0.001. BMI, body mass index; CA15-3, carbohydrate antigen 15-3; CEA,
carcinoembryonic antigen; BC, breast cancer; HC, health controls.

and breast benign disease, respectively. 106 were breast cancer and 153 were breast benign disease according to ultrasound. Based on the
combination of metabolite model and ultrasound, 79 were breast cancer and 180 were breast benign disease (Table S10).

As shown in Table 3, standalone ultrasound showed higher accuracy (85.7% vs. 76.8%), specificity (88.7% vs. 68.7%), and positive predictive
value (PPV) (84.0% vs. 67.1%) than the metabolite model. However, metabolite model had better negative predictive value (NPV) and sensi-
tivity than those of ultrasound (88.8% vs. 86.9% and 88.1% vs. 81.7%, respectively). Importantly, the metabolite model combined with ultra-
sound was superior to ultrasound alone in PPV (96.2% vs. 84.0%) and specificity (98.0% vs. 88.7%), but inferior in sensitivity (69.7% vs. 81.7%)
and NPV (81.7% vs. 86.9%). Thus, the diagnostic performance of the metabolite model alone is inferior to that of ultrasound. Nonetheless, the
combination of metabolite model and ultrasound can obviously improve PPV and specificity, which would reduce unnecessary breast
biopsies.

Specificity of the metabolite panel for BC

The four candidate metabolites were also measured in seven other cancers, including LC, TC, GC, CC, RC, LIC, and PC, to evaluate their
specificity for BC. Overall, the levels of glutamate, propionylcarnitine, and erythronate were significantly different between BC patients
and other cancer patients (Figures 5SA-5C). Compared to GC, CC, RC, LIC, and PC patients, the serum levels of glutamate and propionylcar-
nitine were significantly decreased in BC patients, whereas the levels of erythronate were increased in BC subjects (Figures 5E-5G). Docosa-
hexaenoate levels were comparable in BC patients and other cancer patients (Figures 5D and 5H). Thus, the combination of these four me-
tabolites discriminated patients with BC from patients with GC, CC, RC, LIC, and PC with AUC of 0.848, 0.823, 0.777, 0.857, and 0.807,
respectively (Figures 51-5M), indicating good specificity of these four metabolite biomarkers for BC.

DISCUSSION

BC has become one of the biggest health threats to women worldwide, and early detection and intervention are crucial for BC patients. The
identification of effective biomarkers for the diagnosis of BC remains a daunting challenge, especially for early stage BC. Metabolomics, the
comprehensive assessment of metabolites, has emerged as a powerful tool for cancer diagnosis, including BC. Metabolomics could detect
subtle changes in metabolite levels that may be indicative of early stage disease, which offers a promise for earlier detection than current
imaging techniques. In addition, new metabolomics technology like nanomaterial-based metabolomics provides enhanced selectivity and
sensitivity,'””° Huang et al. used fast nanoparticle-enhanced laser desorption/ionization mass spectrometry (NPELDI-MS) to record serum
metabolic fingerprints of BC in seconds, achieving high reproducibility and low consumption of direct serum detection without treatment.”’
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Figure 4. Diagnostic performance of the metabolic panel

(A-D) ROC curves of the four metabolic biomarkers in the training cohort.

(E) ROC curves of the metabolic model in the training cohort.

(F and G) ROC curves of CA15-3 and CEA in the training cohort. AUC, area under the curve; CA15-3, carbohydrate antigen 15-3; CEA, carcinoembryonic antigen.

Moreover, metabolite biomarkers can be monitored non-invasively through blood tests, providing a convenient and patient-friendly
approach to disease surveillance.

In this study, we developed and validated a serum metabolite model for BC detection in a total of 1,947 participants. Six metabolite
biomarkers potentially related to BC were first selected by Welch's t test and RF from a non-targeted UPLC-MS/MS analysis in the
screening phase. Then, three targeted LC-MS/MS methods for the absolute quantification of these six metabolites were established.
The developed targeted LC-MS/MS methods had good test linearity, precision, and accuracy. After further univariate and multivariate bi-
nary logistic regression analysis incorporating the six metabolites and other clinical factors, a panel consisting of glutamate, erythronate,
docosahexaenoate, propionylcarnitine, and age was finally determined. Compared to CA15-3 and CEA, this panel performed better in
discriminating BC from HC with higher sensitivity in both training cohort and validation cohort 1 (Table 2). When applied in the identifi-
cation of early stage BC, this panel also performed better than CA15-3 and CEA (Table 2). However, the diagnostic performance of this
metabolite model decreased when incorporating BENIGN patients, indicating that the current model cannot effectively distinguish BC
patients from BENIGN patients. The diagnostic performance of this metabolite model alone is inferior to that of ultrasound; however,
the combination of metabolite model and ultrasound obviously improved PPV and specificity, which would reduce unnecessary breast bi-
opsies. Furthermore, the serum levels of glutamate, erythronate, and propionylcarnitine in BC patients were significantly different from
other cancer patients, and the panel of four candidate metabolites showed good performance in discriminating BC patients and other
cancer patients, indicating good specificity of these four metabolite biomarkers for BC. Thus, this metabolite panel has high sensitivity
and accuracy for the diagnosis of BC, and when it is combined with ultrasound, PPV and specificity are even improved, making it a prom-
ising panel for noninvasive screening of BC and a potential supplement to the currently available clinical screening methods for BC. Be-
sides, the serum levels of glutamate and docosahexaenoate were significantly downregulated, propionylcamitine were significantly upre-
gulated, after effective surgical treatment, indicating that these three metabolites may also be a valuable biomarker for the assessment of
therapeutic effect on BC patients.

Metabolic reprogramming is a hallmark of tumors,”” suggesting that the dysregulation of metabolic pathways and metabolites may play
an important role in the development of BC. Among the four metabolites in the panel, glutamate is widely reported to be closely associated
with cancer through the glutamine-glutamate metabolic pathway.”*" In addition to our study, many metabolomic studies have also identi-
fied glutamate as a metabolic biomarker of BC.?>/ Rapidly proliferating cancer cells have a high demand for energy, and in addition to the
Warburg effect,”® “glutamine addiction” is another important metabolic feature of tumor cells.”? Glutamine metabolism refers to the process
whereby cells convert glutamine into tricarboxylic acid cycle (TCA cycle) metabolites through various enzymes. Specifically, glutamine is first
converted into glutamate by cytosol glutaminase (GLS/GLS2), followed by the conversion of glutamate into a-ketoglutarate (a-KG) by
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Table 2. Results of measurement of serum metabolites panel, CEA, and CA15-3 in the diagnosis of BC and early stage BC

Training cohort Validation cohort 1

AUC (95% Cl) Sensitivity (%) Specificity (%) p values® AUC (95% CI) Sensitivity (%) Specificity (%) p values®

BC vs. HC

Metabolic 0.954 (0.931- 87.1(80.2-94.6) 93.5 (90.9- 0.834 (0.803- 68.3 (66.1-77.1) 85.2 (73.7-89.6)

model 0.976) 100.0) 0.864)

CA15-3 0.604 (0.531- 6.2 (1.0-21.8) 97.4 (93.5- <0.001 0.641 (0.598- 8.6 (3.5-13.7) 98.9 (97.0-100.0) <0.001
0.677) 100.0) 0.684)

CEA 0.721 (0.656— 7.7 (3.3-24.2) 100.0 (100.0—- <0.001 0.733 (0.695- 8.0 (5.1-22.0) 99.6 (98.9-100.0) <0.001
0.786) 100.0) 0.772)

Early stage BC vs. HC

Metabolic model - - - 0.832 (0.796- 71.4 (63.4-77.2) 80.8 (67.4-88.5)
0.868)

CA15-3 - - - 0.609 (0.546- 6.2 (1.2-14.2) 98.6 (93.8-100.0) <0.001
0.672)

CEA - - - 0.713 (0.657- 5.6 (2.5-22.2) 99.3 (98.0-100.0) 0.001
0.770)

BC vs. NonBC

Metabolic model - - - 0.741 (0.709- 70.9 (65.3-76.0) 66.6 (59.1-73.3)
0.772)

CA15-3 - - - 0.605 (0.569- 8.6 (5.6-13.1) 97.3 (94.8-99.0)  <0.001
0.641)

CEA - - - 0.681 (0.647- 8.0 (4.3-13.4) 98.8 (97.2-99.7)  0.003
0.714)

BC, breast cancer; HC, health controls; AUC, Area Under Curve; Cl, Confidence interval; CA15-3, carbohydrate antigen 153; CEA, carcinoembryonic antigen.”: p
values for the comparison of diagnostic performance between the metabolic model and CA153/CEA.

glutamate dehydrogenase (GLUD) or amino-transaminase, finally, a-KG enters the TCA cycle as a replenishing substrate to maintain the
normal mitochondrial function.”® This process can rapidly produce a large amount of ATP to meet the energy needs of tumor cells. Prolifer-
ating tumor cells, including pancreatic cancer, ovarian cancer, and breast cancer, rely on glutamine as the main energy source to meet the
requirements of TCA cycle. Once these cells are deprived of glutamine, cell growth arrest and even cell death soon follow.””~*" Under normal
physiological conditions, glutamate can convert to other non-essential amino acids through transamination.”**” Glutamate is also the pre-
cursor for glutathione, an antioxidant that acts as a free radical scavenger and antidote in cells.®® Glutamate is an excitatory neurotransmitter
that transmits signals in the central nervous system by binding to different types of receptors.® In fact, glutamate signaling was initially
thought to be specific to the nervous system, but growing evidence supports the idea that glutamate signaling, through its receptors, plays
an important role in modulating cancer cell development, proliferation, and metastasis.***>*® For example, dysfunction of excitatory amino
acid transport proteins and the cystine-glutamate exchanger (Xc-system) caused excessive glutamate concentrations in extracellular space,
which, in turn, activated glutamate receptors on cancer cells, leading to malignant cell growth.>” These features make glutamate an attractive
therapeutic target for anticancer drug development.

Propionylcarnitine is a compound composed of carnitine and propionyl groups. Propionylcarnitine is transported across the cell mem-
branes by the carnitine system and serves as mitochondrial fuel for fatty acid oxidation, providing energy and metabolic intermediates.*®*’
Besides, carnitine plays an important role in modulating carbohydrate and lipid metabolism by regulating acyl-CoA/CoA balance.*® Carnitine
supply is necessary for fatty acid B-oxidation via mitochondria, which is one of the most productive energy-producing pathways in cells.’® Tu-
mor cells need a large amount of energy for rapid proliferation and progression to malignancy.”” Therefore, we speculate that most carnitine
is mobilized to tumor tissues for energy production, which decreases the serum carnitine pool. Docosahexaenoate is an omega-3 polyunsat-
urated fatty acid. In the present study, docosahexaenoate was found to be elevated in the serum of BC patients and positively associated with
the risk of BC. Besides, Park et al. also identified docosahexaenoate as a candidate biomarker for BC.*! Erythronate is an erythronic acid and a
breakdown product of threonine metabolism, hyaluronic acid metabolism, and oxidative stress.*”*? In the present study, erythronate was
higher in the serum of BC patients, and the levels showed a downward trend after surgery. Studies have found that erythronate was strongly
associated with hepatorenal dysfunction.”**> Unfortunately, there are few reports on the association between docosahexaenoate and erythr-
onate with cancer, and the exact molecular mechanism of the involvement of docosahexaenoate and erythronate in cancers is unclear. How-
ever, these two indicators are indispensable for the diagnostic metabolite model established by the current research, and more investigations
in this area are needed.

iScience 27, 110345, July 19, 2024 7




¢? CellPress iScience
OPEN ACCESS

Table 3. Diagnostic performance of metabolic model, ultrasound, and metabolic model combined ultrasound

Accuracy% PPV% NPV% Sensitivity% Specificity% FPR% FNR%
Metabolic model 76.8 67.1 88.8 88.1 68.7 31.3 1.9
Ultrasound 85.7 84.0 86.9 81.7 88.7 11.3 18.4
Metabolic model+Ultrasound 86.1 96.2 81.7 69.7 98.0 2.0 30.3

PPV, positive predictive value; NPV, negative predictive value; FPR, false positive rate; FNR, false negative rate.

In summary, a metabolite panel consisting of glutamate, erythronate, docosahexaenoate, propionylcarnitine, and age was developed
and validated for its ability to detect BC in a large-scale and multicenter setting. The results indicated that this panel could discriminate BC
and early stage BC from HC with better performance and higher sensitivity when compared to traditional markers such as CA15-3 and
CEA. Additionally, by integrating our metabolite panel with ultrasound, we propose an effective diagnostic approach that could enhance
the specificity of breast cancer screening and reduce the rate of unnecessary biopsies. Therefore, the panel offers a practical BC diagnostic
method by using only small amounts of serum samples, making it a promising suitable supplement to current clinical screening and diag-
nostic methods for BC.

Limitations of the study

The current study has several limitations. First, the subjects of this study were all from the Zhejiang region of China and did not include par-
ticipants from other regions, such as northern China and western China; so, it is impossible to determine the adaptability of this panel to
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Figure 5. Specificity of the metabolite panel for BC

(A-D) Serum concentrations of glutamate, propionylcarnitine, erythronate, and docosahexaenoate in serum of BC patients and other cancer patients.

(E-H) Serum concentrations of glutamate, propionylcarnitine, erythronate, and docosahexaenoate in the BC, LC, TC, GC, CC, RC, LIC, and PC groups,
respectively.

(I-M) ROC curves of the four metabolites combined for BC patients versus patients with GC, CC, RC, LIC, and PC, respectively. Data are presented as mean + SD,
comparisons were performed using Student's t test, *: p < 0.05, **: p < 0.01, ***: p < 0.001. BC, breast cancer; GC, gastric cancer; CC, colorectal cancer; RC, rectal
cancer; LIC, liver cancer; PC, pancreatic cancer.
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regional differences. Therefore, before applying this metabolite model to clinical practice, populations from other regions should also be
included for comprehensive evaluation. Second, this study did not include a prospective cohort to evaluate the ability of this metabolite
model to screen preclinical BC from high-risk populations. Nested case-control studies in prospective cohorts are needed in the future to
further validate this metabolite model. Finally, the molecular mechanism of these four metabolite biomarkers relative to BC needs to be
further investigated.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

serum samples This paper N/A

Chemicals, peptides, and recombinant proteins

Methanol Sigma Cat#106035
Acetonitrile Sigma Cat#100029
Formic acid Sigma Cat#533002
Ammonia Sigma Cat#543830
Ammonium formate Sigma Cat#70221

Perfluoropentanoic acid Sigma Cat#68542

Ammonium bicarbonate Sigma Cat#533005

Deposited data

Results for mass spectrometry of This paper MetabolLights: MTBLS10205

metabolomics

Software and algorithms

SPSS 26.0 IBM N/A
R language, 3.5.2 The Comprehensive R Archive Network N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Zhang
(jameszhang2000@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The polar metabolomic data of our cohorts are provided in Supplemental information, Tables S11-S15. Raw metabolomics data
derived from human samples have been deposited at Metabolights (www.ebi.ac.uk/metabolights/MTBLS10205), and accession
numbers are listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and cohorts

Atotal of 1947 participants, including patients with breast cancer (BC), breast benign diseases (BENIGN), lung cancer (LC), thyroid cancer (TC),
gastric cancer (GC), colorectal cancer (CC), rectal cancer (RC), liver cancer (LIC), and pancreatic cancer (PC), as well as healthy controls (HC),
were recruited from four hospitals from January 2018 to December 2022. In the screening and training sets, 496 serum samples were collected
from Sir Run Run Shaw Hospital, Zhejiang University School of Medicine (Hangzhou, China). Validation cohort 1 included 1192 participants
enrolled from Sir Run Run Shaw Hospital, Zhejiang University School of Medicine (Hangzhou, China), Ningbo Medical Center Lihuili Hospital
(Ningbo, China), and Sir Run Run Shaw Hospital Xiasha Campus (Hangzhou, China). Independent validation cohort 2 comprised 259 partic-
ipants enrolled from the Affiliated Hangzhou First People’s Hospital, Westlake University School of Medicine (Hangzhou, China) to further
compare the diagnostic performance between metabolite model and ultrasound (Figure 1). Clinical characteristics, including age, body
mass index (BMI), menstrual history, and tumor markers (CA15-3 and CEA), were collected from each participant. Tumor pathology, such
as molecular type and tumor node metastasis (TNM) stage, were also recorded for BC patients. All BC, BENIGN, and HC subjects were
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female. Detailed demographic and clinical characteristics of all participants were summarized in Table S1. All participants provided signed
informed consent. The study was conducted in compliance with the Helsinki Declaration (revised in 2013). The study protocol was approved
by the Ethics Committee of each clinical center (20180601-006).

Physical examination and laboratory test results of HC were normal. All BC and BENIGN patients were enrolled based on the diagnosis of
"breast lesions”, as determined by ultrasound or mammography, and confirmed by pathology. Samples were collected on the day of admis-
sion or the morning of the second day. The median period between sample acquisition and final diagnosis based on pathological examina-
tion was seven days. No treatment (surgery, chemotherapy, or radiotherapy) was administered before sample acquisition. Exclusion criteria
included the following: (1) history of breast disease or tumor for HC; (2) history of other tumor besides breast cancer for BC; (3) history of sys-
temic chronic diseases, such as hypertension or diabetes, metabolism-related diseases, such as phenylketonuria or hepatic encephalopathy,
and mental illness; (4) female individual in menstruation, pregnancy, or lactation.

METHOD DETAILS
Serum sample collection and pretreatment

Peripheral blood samples were collected from each participant in the morning after overnight fasting. The samples were centrifuged at
3000 rpm for 10 min. The supernatant (serum) was collected and immediately stored at —80°C until further analysis. For non-targeted ultrahigh
performance liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS) analysis, samples were prepared using the automated
MicroLab STAR system from Hamilton Company. Proteins were precipitated with methanol under vigorous shaking for 2 min followed by
centrifugation. The resulting extract was divided into five fractions: two for analysis by two separate reverse phase (RP)-UPLC-MS/MS methods
with positive ion mode electrospray ionization (ESI), one for analysis by RP-UPLC-MS/MS with negative ion mode ESI, one for analysis by
HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample was reserved for backup. Samples were placed briefly on a TurboVap (Zy-
mark) to remove the organic solvent. The sample extracts were stored overnight under nitrogen before preparation for analysis. For targeted
LC-MS/MS, 100 pL of each thawed serum sample were extracted by adding 300 uL methanol, vortexed and mixed for 5 min, and then centri-
fuged at 4000 rpm for 10 min. The supernatant was stored at 4°C for further use.

Non-targeted UPLC-MS/MS metabolomics analysis

UPLC-MS/MS analysis was performed by the Metabolon-Dian Joint Metabolomics Laboratory (Hangzhou, China). Briefly, the UPLC-MS/MS
system consisted of the Waters ACQUITY UPLC and Thermo Scientific Q-Exactive high-resolution mass spectrometer interfaced with a heat-
ed electrospray ionization (HESI-I) source and Orbitrap mass analyzer operated at 35,000 mass resolution. UPLC was performed on a C18
column (Waters UPLC BEH C18 2.1 x 100 mm, 1.7 pm) and hydrophilic interaction liquid chromatography column (Waters UPLC BEH Amide
2.1 x 150 mm, 1.7 pm), respectively, and linked to the mass spectrometer operated under positive or negative ESI mode. Quality control (QC)
process was applied in the non-targeted metabolomic analysis which included using multiple internal standards and a pooled quality control
(PQC) sample. The PQC sample was prepared by mixing together a small volume of each experimental sample. The PQC sample were in-
serted into the experimental samples periodically throughout the metabolomics run. The signals of the internal standards in both PQC sam-
ples and experimental samples were monitored to check overall process and platform variability. The MS analysis alternated between MS and
data-dependent MS" scans using dynamic exclusion. The scan range varied slighted between methods but covered 70-1000 m/z.

Raw data was extracted, peak-identified and QC processed using Metabolon's hardware and software. Compounds were identified by
comparison to a self-built library. Metabolon maintains a library based on authenticated standards that contains the retention time/index
(RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) on all molecules present in the library. Further-
more, biochemical identifications are based on three criteria: retention index within a narrow Rl window of the proposed identification, ac-
curate mass match to the library +/— 10 ppm, and the MS/MS forward and reverse scores between the experimental data and authentic
standards.

Peaks were quantified using area under the curve. Each compound was corrected in run-day blocks by setting the median equal to 1 and
normalizing each data point proportionately. Then, the data were log transformed for statistical analysis. In the univariate analysis phase, fold
change threshold (FC) of each metabolite was calculated, and Welch's t test or one-way ANOVA analysis was applied to measure the differ-
ences in metabolites between groups. In the multivariate analysis stage, partial least squares discriminant analysis (PLS-DA) score plot was
used to show the overall differences among groups.

Targeted LC-MS/MS methods development and validation

Targeted LC-MS/MS analysis was established on the AB SCIEX 6500+ Triple Quadrupole mass spectrometer coupled to an ultrahigh perfor-
mance liquid chromatography system (AB SCIEX, USA) to obtain the absolute quantities of candidate metabolite biomarkers. Glutamate,
N?,N?-dimethylguanosine, and propionylcarnitine were quantified by the internal standard method. Erythronate, docosahexaenoate, and
N-Acetylneuraminic Acid were quantified by the external standard method. Docosahexaenoate, N-Acetylneuraminic Acid, propionylcarni-
tine, and N2, N?-dimethylguanosine were assayed in Method A using an Agilent Eclipse XDB 4.6 x 150 mm C18 column, 5 um. Erythronate
was assayed in Method B using the Waters ACQUITY UPLC BEH 2.1 x 150 mm Amide column, 1.7 um. Glutamate was assayed in Method C
using an Agilent Eclipse XDB 4.6 x 150 mm C18 column, 5 um, which used a separate internal standard and required a 10-fold dilution of the
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serum samples before running. The chromatography and mass spectrometer programs, along with instrument parameters corresponding to
the three methods, were specified in Tables S6 and S7.

According to the Clinical and Laboratory Standards Institute (CLSI) C62-A document,*® the developed targeted LC-MS/MS methods were
further validated for linearity, limit of quantification, precision, accuracy, and stability.

Linearity and limit of quantification

A mixed standard solution of five metabolites (docosahexaenoate, N-Acetylneuraminic Acid, propionylcarnitine, erythronate, and N?,N?-di-
methylguanosine) was serially diluted 5%, 10x, 20x, 50x, 100%, 200x, and 500 to construct calibration curve A. For the glutamate assay, a
50 ng/mL standard solution was further diluted t0 0.1, 0.2, 0.5, 1, 2, 5, and 10 pg/mL to construct calibration curve B. Each concentration of the
standard curve was measured three times, and linearity was evaluated by calculating the regression coefficient r? of the linear regression
curve and deviation between measured and theoretical values (Bias%). The limit of quantification (LOQ) was determined based on a
signal/noise (S/N) ratio of 10:1, and the LOQ was also determined with acceptance criteria of +20% precision and accuracy.

Precision and accuracy

To determine precision and accuracy, quality control (QC) samples at three concentration levels (LQC, MQC, HQC, Table S8) were analyzed.
QC samples at these three levels were analyzed in six replicates on the same day and over three consecutive days, respectively. Accuracy is
expressed as relative bias (Bias%), which represents the deviation between the average of measured values and theoretical values. Precision
was expressed in RSD (CV%) of experimentally measured concentrations. Intra-batch precision was the RSD of six replicates of each concen-
tration on the same day. Inter-batch precision was the RSD of the daily average of six replicates over three days.

Stability

Stability of the six target metabolites was evaluated using pooled serum samples under different storage or processing conditions. For short-
term stability, pooled serum samples were stored at room temperature for 6 h, 4°C for 1 day and 4°C for 3 days. For mid-term stability, pooled
serum samples were stored at —20°C for 1 week and —20°C for 2 weeks. Freeze-thaw stability of the pooled serum samples was assessed for
two cycles. For each freeze-thaw cycle, samples were frozen at —20°C overnight and subsequently thawed at room temperature. The average
values of 6 repeated tests of fresh pooled serum samples (stored at room temperature for 0 h) were used as the theoretical values. The
measured values of pooled serum samples were compared with the corresponding theoretical values, and the CVs% under each storage
or processing condition should be less than 15%.

QUANTIFICATION AND STATISTICAL ANALYSIS

For demographic characteristics, numerical variables were expressed as mean =+ standard deviation (mean + SD), and categorical variables
were expressed as percentages. Comparisons between numerical variables were performed using Student’s t test, Mann-Whitney U test, or
one-way ANOVA analysis. Categorical variables were analyzed using chi-square test. For non-targeted metabolomics analysis, Welch’s t test
or Mann-Whitney U test was applied to measure the differences in metabolite level among groups. Random forest analysis (RF) was conduct-
ed to identify important metabolites according to the Mean Decrease Accuracy plot. Binary logistic regression analysis was used to further
select biomarkers and build the metabolite model. The receiver-operating characteristic (ROC) curve was constructed to determine the area
under the curve (AUC) of the model. These statistical analyses were performed using SPSS 26.0 (Statistical Product and Service Solutions, IBM,
USA) and R language, version 3.5.2 (R Foundation for Statistical Computing, Austria). The original p-values of multiple tests were adjusted by
FDR (Benjamin—Hochberg). P-values were two-sided, and statistical significance was achieved when p < 0.05.
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