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ABSTRACT

Purpose: Currently, the standard screening tool for breast cancer is screening mammography. 
There have been many efforts to develop a blood-based diagnostic assay for breast cancer 
diagnosis; however, none have been approved for clinical use at this time. The purpose of this 
study was to determine the accuracy of a novel blood-based proteomic test for aiding breast 
cancer diagnosis in a relatively large cohort of cancer patients.
Methods: A blood-based test using multiple reaction monitoring (MRM) measured by mass 
spectrometry to quantify 3 peptides (apolipoprotein C-1, carbonic anhydrase 1, and neural 
cell adhesion molecule L1-like protein) present in human plasma was investigated. A total of 
1,129 blood samples from 575 breast cancer patients, 454 healthy controls, and 100 patients 
with other malignancies were used to verify and optimize the assay.
Results: The diagnostic sensitivity, specificity, and accuracy of the MRM-based proteomic 
assay were 71.6%, 85.3%, and 77%, respectively; the area under the receiver operating 
characteristic curve was 0.8323. The proteomic assay did not demonstrate diagnostic 
accuracy in patients with other types of malignancies including thyroid, pancreatic, lung, and 
colon cancers. The diagnostic performance of the proteomic assay was not associated with 
the timing of blood sampling before or after anesthesia.
Conclusion: The data demonstrated that an MRM-based proteomic assay that measures 
plasma levels of three specific peptides can be a useful tool for breast cancer screening and its 
accuracy is cancer-type specific.
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INTRODUCTION

Breast cancer is a rapidly growing disease worldwide, with a 20% increase in 2012 compared 
with 2008 [1]. It is the second most common cancer among women in Korea after thyroid 
cancer. According to the Ministry of Health and Welfare's National Cancer Registration 
Project, breast cancer accounted for 18.9% of all women's cancers in 2015 [2]. Trends 
in female age-standardized cancer incidence from 1999 to 2014 revealed that the annual 
percentage change in most carcinomas tended to decrease except for breast cancer [3]. 
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Breast cancer mortality is strongly influenced by increased rates of early detection and, to 
achieve this goal, most countries provide screening programs for breast cancer. Breast cancer 
screening is usually performed using mammography with or without clinical examination. In 
the West, breast cancer screening was implemented in the 1960s in response to the mortality 
reduction observed in randomized trials. A previous study by Humphrey et al reported that 
screening could reduce breast cancer mortality by 15%–30% [4].

However, screening mammography also has many drawbacks. First, it is associated with 
hazards associated with radiation exposure, especially in younger populations [5,6]. 
Additionally, in women with dense breasts, due to the mammary gland, lesions such as 
breast cancer may be masked [7-10]. Furthermore, breast density among Korean women is 
different from their counterparts in the West. Up to 70% of Koreans and 40% of Westerners 
have dense breasts, and younger women tend to exhibit higher density [8]. Most studies 
addressing breast cancer screening have been conducted in the West. Therefore, it has been 
stressed that sufficient information about the benefits and risks of testing should be provided 
to make informed decisions for screening mammography [11,12].

To summarize previous studies, early screening is important to improve the survival rate 
of individuals with breast cancer; however, current standard mammography has several 
limitations. Thus, we developed a blood test that can detect breast cancer using mass 
spectrometry to determine quantitative values of three specific proteins in the blood and 
substitute them into a proprietary algorithm [13]. The purpose of this study was to determine 
whether the blood-based diagnostic techniques we developed in previous studies are suitable 
for breast cancer screening and useful in clinical practice.

METHODS

The 3 proteins selected in the previous study (carbonic anhydrase 1 [CAH 1], neural cell 
adhesion molecule L1-like protein [NCHL1], and apolipoprotein C-1 [APOC1]) exhibited 
differences in concentration between breast cancer patients and healthy individuals [13]. 
Changes in blood concentration of the three proteins in breast and other cancers are 
presented in Supplementary Table 1 [14-21] and the characteristics of each protein are 
mentioned in Supplementary Table 2. Algorithm optimization and validation using new 
samples were performed using these three markers. Analysis was performed to confirm the 
stability of these proteins, their association with other cancers, and anesthesia.

Patients and study design
A total of 1,129 blood samples (575 breast cancer patients, 454 healthy controls, 100 other 
cancers) were examined, including an assessment of their association with other types of cancer, 
and anesthesia. The number of samples in the validation set was calculated by the Medical 
Research Collaborating Center (MRCC) of Seoul National University Hospital (Seoul, Korea).

All previous experiments were performed using plasma samples, and additional tests were 
performed with 460 new serum samples (228 breast cancer, 232 healthy controls) not used in 
the experiments to assess the validity of using serum. At the same time, a total of 64 samples 
from patients who were prospectively recruited before and after anesthesia were used to 
confirm associations with anesthesia. The samples were obtained from individuals who 
visited the Seoul National University Hospital for treatment. Among these patients, those 
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who agreed to have tissues sampled before treatment were approved by the Institutional 
Review Board (IRB) of Seoul National University Hospital (IRB No. 1603-053-748); the study 
protocol adhered to the principles of the Declaration of Helsinki. Blood samples from healthy 
individuals who visited the Seoul National University Hospital Healthcare System Gangnam 
Center for routine health check-ups were also obtained. The three proteins selected as early 
breast cancer biomarkers at this institution are presented in Supplementary Table 1 and 
further described in Supplementary Table 2. These three biomarkers exhibited changes in 
concentration in those with breast cancer; however, no specific changes were observed in 
those with other cancers. Previous studies have identified changes in the blood levels of these 
three markers in other cancers.

Quantitative protein analysis
Quantitative analysis of the three proteins was performed using commercially available 
software (Analyst version 1.6, AB SCIEX, Framingham, USA) and reagent solutions 
(dithioerythritol [DTT], iodoacetamide [IAA], urea, and trypsin). A mass spectrometer (API 
5000, AB SCIEX [medical device license No. Seoul, Korea: 10-1245]) was used to perform 
liquid chromatography with tandem mass spectrometry (LC-MS/MS) in multiple reaction 
monitoring (MRM) mode.

Blood sample pretreatment preparation
In a tube with 2 mg of synthesized standard peptide, 1 mL of 20% acetonitrile and 0.1% 
formic acid solution were added, the sample was vortexed for 5 minutes, and centrifuged 
for 30 seconds. The stock solution (2 mg/mL) was prepared by sonication in an ultrasonic 
grinder for 5 minutes and centrifuged at 12,000 rpm for 5 minutes. The working solution 
was diluted 1:50 from the stock solution and stored at −80°C or lower before use. The 
sample was lysed in lysis buffer (8M urea, 75 mM NaCl, 50 mM alkylation buffer [ABC]), and 
protein was quantified using the bicinchoninic acid assay to calculate the volume needed 
for 200 μg of protein (2.5–4 μL). To reduce cysteine disulfide bonds, 100 mM DTT was 
added. After the reaction, the sample was alkylated with 200 mM IAA to prevent disulfide 
bonding. The test sample was diluted 1:10 with 50 mM ABC. Trypsin (20 μg/400 μL) was 
added at a concentration of 1:50, and a digestion reaction was performed in a 37°C incubator 
for 16 hours. After trypsinization, the sample was centrifuged at 4°C for 5 minutes, and 
10% TFA was added to the sample to prevent further trypsinization. After the sample was 
cleaned using a spin column (C18), the sample was lyophilized and stored at -80°C or lower 
before use. To generate a standard calibration curve, 10 pooled samples were mixed with 10 
synthetic peptides (0.05–500 ng/mL), 5% acetonitrile (ACN), and 0.1% formic acid (FA). 
The mixture was pulverized in an ultrasonic mill for 5 min and centrifuged at 12,000 rpm at 
4°C for 5 minutes. After transferring 80 μL to a vial, 2 μL of the solution was injected into the 
LC-MS/MS instrument. Data were analyzed using peak integration in the Analyst program. 
Calibration curves were generated using spreadsheet software (Excel, Microsoft Corporation, 
Redmond, USA).

Analytical performance tests
Analytical performance tests were performed using pooled plasma samples before sample 
analysis. The calibration curve was generated using the pooled plasma samples and linearity 
was evaluated. Quality control of the sample (low, mid, or high) and the lower limit of 
quantification (LLOQ) concentrations were then determined. From this concentration value, 
the specificity, precision, and accuracy were determined. Data were analyzed using peak 
integration and analyst software (AB SCIEX).
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Sample analysis
Plasma samples from each group were subjected to a plasma pretreatment method and 
analyzed using MRM and analyst software. Subsequently, data were evaluated using the 
breast cancer biomarker algorithm.

RESULTS

Optimization of the proteomic assay
The diagnostic accuracy of the proteomic assay used to quantify levels of three proteins (i.e., 
CAH1, APOC1 and NCHL1) was optimized using plasma samples from 100 breast cancer 
patients and 100 healthy controls. After optimization, the sensitivity, specificity, and accuracy 
of the proteomic assay were 67.0% and 82.0%, and the area under the receiver operating 
characteristic curve (AUC) was 0.771, respectively (Supplementary Table 3). Based on this, 
the number of samples needed for the final confirmatory experiment was determined. This 
result from the optimization process was used as a basis for sample calculation in further 
validation studies.

Validation of the proteomic assay in an independent cohort
A total of 305 plasma samples, 183 from breast cancer patients and 122 from healthy controls, 
was used to validate the optimized algorithm. Using the proteomic assay, 131 of 183 breast 
cancer patients (71.6%) were classified with cancer, and 104 of 122 healthy controls (85.3%) were 
classified as normal. The positive predictive value was 82.9% and the negative predictive value 
was 75.0%. The statistic assumption of sensitivity and specificity for validation was satisfied.

Whether the diagnostic accuracy of the proteomic assay varied according to disease severity 
was also investigated. Among the 183 breast cancer patients, 45 exhibited axillary lymph 
node metastasis, all of which were pN1. The sensitivity of the proteomic assay in patients 
without lymph node metastasis was 71.7% and 73.3% in those with metastasis (Table 1). 
Regarding the molecular subtypes of breast cancer, the sensitivity for luminal A, luminal B, 
human epidermal growth factor receptor 2, and triple-negative breast cancers were 72.1%, 
57.1%, 60.0%, and 73.9%, respectively (Table 1). In addition, the diagnostic accuracy of 
the proteomic assay when using serum samples from patients was investigated using an 
additional cohort of 460 serum samples (cancer 228, normal 232). The diagnostic accuracy of 
the proteomic assay was maintained, with an AUC of 0.8831.

Performance of the proteomic assay in patients with other types of 
malignancies and its association with anesthesia
To determine whether the performance of the proteomic assay described above was specific 
to breast cancer or applicable to other types of cancer, blood samples from patients who were 
diagnosed with other types of malignancies were collected. A total of 100 plasma samples 
from patients with thyroid, lung, colon, pancreatic, or ovarian cancers were analyzed using 
the proteomic assay. The proteomic assay failed to identify patients with other types of 
malignancies, suggesting that the accuracy of the assay was organ-specific and unique to 
patients with breast cancer (Table 2).

Because samples from the breast cancer patients were collected during the perioperative 
period, it is possible that the induction of general anesthesia may have affected the 
circulating levels of the three target proteins. To address this, the levels of the three proteins 
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before and after anesthesia were compared. Only CAH1 demonstrated a significant difference 
according to the use of anesthesia; the levels of the other two proteins (i.e., NCHL1, APOC1) 
were not significantly altered (Table 3).
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Table 1. Clinicopathologic characteristics of the final confirmatory test
Characteristics Cancer (n = 183) Diagnosis of cancer by 

biomarkers (n = 132)
Diagnosed as normal by 

biomarkers (n = 51)
p-value

Age (yr) 51.92 ± 10.54 51.57 ± 10.77 52.82 ± 9.97 0.386
AJCC stage 0.035

0 17 (9.3) 13 (9.8) 4 (7.8)
1 91 (49.7) 60 (45.5) 31 (60.8)
2 73 (39.9) 57 (43.2) 16 (31.4)
3 1 (0.5) 1 (0.7) 0 (0.0)

LN 0.638
pN0 137 (74.9) 98 (74.2) 29 (56.9)
pN1 45 (24.6) 33 (25.0) 12 (23.5)

ER 0.334
Negative 54 (29.5) 40 (30.3) 14 (27.5)
Positive 126 (68.9) 89 (67.4) 37 (72.5)

PR 0.340
Negative 72 (39.3) 50 (37.9) 22 (43.1)
Positive 108 (59.0) 79 (59.8) 29 (56.9)

HER2 0.045
Negative 134 (73.2) 97 (73.5) 37 (72.5)
Positive 12 (6.6) 7 (5.3) 5 (9.8)

Subtypes 0.975
HR+/HER2− 111 (60.7) 80 (60.6) 31 (60.8)
HR+/HER2+ 7 (3.8) 4 (3.0) 3 (5.9)
HR−/HER2+ 5 (2.7) 3 (2.3) 2 (3.9)
TNBC 23 (12.6) 17 (12.9) 6 (11.8)

Ki-67 (%) 0.980
≥ 10 49 (26.8) 36 (27.3) 13 (25.5)
< 10 129 (97.7) 92 (69.7) 37 (72.5)

CAH1 13.05 ± 16.25 16.10 ± 18.24 5.21 ± 1.97 0.001
NCHL1 1.15 ± 0.74 1.19 ± 0.74 1.07 ± 0.74 0.972
APOC1 19.38 ± 10.27 18.60 ± 10.16 21.38 ± 10.40 0.465
Values are presented as mean ± standard deviation or number (%).
AJCC = American Joint Committee on Cancer; LN = lymph node; ER = estrogen receptor; PR = progesterone 
receptor; HR = hormone receptor; HER2 = human epidermal growth factor receptor 2; TNBC = triple negative 
breast cancer; CAH1 = carbonic anhydrase 1; NCHL1 = neural cell adhesion molecule L1-like protein; APOC1 = 
apolipoprotein C-1.

Table 2. Association with other type of malignancies
Biomarker result by cancer type AJCC stage

0 1 2 3 4
Thyroid cancer (n = 20)

Normal 0 11 0 6 1
Cancer 0 1 0 1 0

Pancreatic cancer (n = 20)
Normal 0 1 11 3 5
Cancer 0 0 0 0 0

Lung cancer (n = 20)
Normal 0 2 2 7 9
Cancer 0 0 0 0 0

Colon cancer (n = 20)
Normal 1 4 5 6 2
Cancer 0 0 0 1 1

Ovarian cancer (n = 20)
Normal 0 2 2 12 0
Cancer 0 1 0 3 0

AJCC = American Joint Committee on Cancer.
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DISCUSSION

The proteomic assay used in the present study is based on MRM of LC-MS/MS optimized for 
a multi-marker test. Mass spectrometry (i.e., LC-MS/MS) was used to determine quantitative 
values of the 3 markers (APOC1, CAH1, and NCHL1) present in human plasma and input them 
into a unique algorithm to determine the presence of breast cancer. Results revealed that 
the proteomic assay was an effective method for detecting breast cancer and demonstrated 
reproducibility, with minimal overlapping sensitivity to other types of malignancies.

It has been widely reported that ethnicity-related factors contribute to very large differences 
in the diagnosis rates of breast cancer. The diagnostic accuracy of mammography is low in 
women with dense breasts, which makes it a less effective screening tool for breast cancer 
[7]. Weigel et al. [22] reported the sensitivity of mammography performed in a screening 
program to be 79.9%, while the sensitivity for grade 1 was 100%, and 83.2% and 80.7% in 
grades 2 and 3, respectively. For grade 4 cancers, mammography demonstrated only 50% 
sensitivity. Carney et al. [23] found that the sensitivity of mammography in, 2223 confirmed 
cancers in mammograms of 463,672 patients tended to decrease as the breast tissue 
became more dense. In another large study by Rafferty et al. [24], involving 452,320 cases, 
approximately one-half of all women were classified with dense breasts. For breasts with low 
density, the positive predictive value of digital mammography is 5.1% compared with 3.8% 
for women with dense breasts. Because breast density is influence by ethnicity, the role of 
mammography is further limited in Korean women [25].

Prompted by the current limitations of screening mammography, there have been 
extensive efforts to develop novel diagnostic markers for breast cancer that can improve 
the effectiveness of mammography [26]. To date, however, no blood-based test has been 
validated in a large independent cohort. In this study, we demonstrated that simple, 
objective, and reproducible blood tests based on proteomic technology can be applied to 
Korean women to improve the early detection of breast cancer.

Our study, however, had several limitations. First, blood samples were collected at a single 
institution. Furthermore, we used samples stored in a biorepository, which effectively makes 
our study retrospective in nature and, as such, vulnerable to the inherent limitations of such a 
design. To assess the efficacy of the assay, therefore, a larger-scale prospective study is required.

In conclusion, a proteomic assay using plasma or serum samples from women can be an 
effective tool in aiding the early diagnosis of breast cancer in Korean women.
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Table 3. Assessment of correlation with anesthesia
Protein Before anesthesia After anesthesia Expression after anesthesia 

compared to before anesthesia
p-value

APOC1 4.24 ± 1.42 4.18 ± 1.21 0.99 0.126
CAH1 0.41 ± 0.19 0.56 ± 0.41 1.37 0.002
NCHL1 0.29 ± 0.13 0.30 ± 0.18 1.04 0.551
Data are presented as mean ± standard deviation.
APOC1 = apolipoprotein C-1; CAH1 = carbonic anhydrase 1; NCHL1= neural cell adhesion molecule L1-like protein.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1
Changes in protein concentration in different types of cancer

Click here to view

Supplementary Table 2
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