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ABSTRACT
Women with triple-negative breast cancer (TNBC) have poor prognosis because of the aggressive nature of
the tumor, delayed diagnosis and non-specific symptoms in the early stages. Identification of novel specific
TNBC serum biomarkers for screening and therapeutic purposes therefore remains an urgent clinical
requirement.We obtained serum samples from a total of 380 recruited individuals split into mining and
testing sets, with the aim of screening for reliable protein biomarkers from TNBC and non-TNBC (NTNBC)
sera. Samples were assessed using mass spectrometry, followed by receiver operating characteristic (ROC),
survival and hazard function curve as well as multivariate Cox regression analyses to ascertain the
potential of the protein constituents as diagnostic and prognostic biomarkers for TNBC.We identified
upregulated apolipoprotein C-I (apoC-I) with a validated positive effect on TNBC tumorigenesis, with
confirmation in an independent test set and minimization of systematic bias by pre-analytical parameters.
The apoC-I protein had superior diagnostic ability in distinguishing between TNBC and NTNBC cases.
Moreover, the protein presented a more robust potential prognostic factor for TNBC than NTNBC. The
apoC-I protein identified in this study presents an effective novel diagnostic and prognostic biomarker for
TNBC, indicating that measurement of the peak intensity at 7785 Da in serum samples could facilitate
improved early detection and estimation of postoperative survival prognosis for TNBC.

Abbreviations: ApoC-I, apolipoprotein C-I; TNBC, triple-negative breast cancer; NTNBC, non- triple-negative breast
cancer; MS, mass spectrometry; SELDI-TOF-MS, surface-enhanced laser desorption/ionization time-of-flight mass
spectrometry; MALDI-TOF/TOF MS, matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass
spectrometry; ROC, receiver operating characteristic; ELISA, Enzyme-Linked Immunosorbent Assay; WB, protein gel
blot; Sq-PCR, semi-quantitative polymerase chain reaction; QRT-PCR, quantitative real-time polymerase chain
reaction
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Introduction

Breast cancer (BC), the second most common cancer type after
lung cancer, is the most frequently occurring malignancy and
the leading cause of cancer-related mortality in women.1,2 Tri-
ple-negative BC (TNBC), which accounts for 12–17% of all
BCs,3 is associated with higher risk of early development of vis-
ceral metastasis and local recurrence, compared to other breast
cancer subtypes.4 In Asia, the burden of TNBC is substantial,
partly due to the younger age at diagnosis of breast cancer.5–7

TNBC is characterized by lack of estrogen receptor/progester-
one receptor (ER/PgR) expression and absence of human epi-
dermal growth factor receptor 2 (HER2) overexpression or
amplification, resulting in insensitivity to hormone or trastuzu-
mab treatment.8 Currently, the most common treatment option
for TNBC patients is cytotoxic chemotherapy.9 However, high
rate of early relapse 10 and poor long-term outcomes 11 are

reported, even for patients who initially respond well to therapy.
Since the early stages of BC are nearly asymptomatic, the major-
ity of cases are diagnosed at the later stages when it is often too
late for curative treatment due to the absence of specific and
sensitive tests that may facilitate early screening and monitoring
of cancerous states.12 Hence, early accurate diagnosis and timely
treatment are critical for improving long-term survival of
TNBC patients. The current screening methods to detect breast
tumors include clinical examination, ultrasound, and mam-
mography.13 Although mammography screening has made a
substantial contribution to reducing BC mortality, this tech-
nique has several limitations, including poor diagnosis in dense
breast tissue and insufficient screening facilities.14–16 In addi-
tion, for mammography detection, breast tumors should be at
least a few millimeters in size.17 However, a tumor of this size
already contains several hundred thousand cells, and given that
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a single cell can lead to the development of a whole tumor, the
stage is likely to be advanced at the time of detection with mam-
mography. Alternatively, magnetic resonance imaging (MRI)
for BC detection may be particularly applicable in young
women for whom mammographic screening is less effective
due to lower sensitivity.18

Genomic expression profiling is a highly reliable method for
cancer classification and prognostication.19,20 However, genes
lack catalytic and signaling capabilities, and instead exert their
effects through translation into active proteins. Moreover, key
natural biological processes, such as RNA alternative splicing
and post-translational modification of proteins, lead to inherent
limitations in genomic discovery studies. Consequently, post-
genomic “proteomic” projects correlating protein expression
profiles with cancer progression are essential for complemen-
tary and comprehensive elucidation of BC biology. Proteins
secreted from tumor tissues have a greater likelihood of reach-
ing the systemic circulation and may therefore serve as poten-
tial biomarkers for early detection.21 Serum proteomics is an
important tool that can facilitate comprehensive and systematic
elucidation of the serum proteome under both healthy and dis-
ease conditions as well as identification of serum protein
markers used for disease diagnosis and prognosis. While serum
is generated by coagulation, its proteome is vulnerable to the
proteases involved in this cascade as well as the complement
cascade activated upon blood clotting. Examination of various
pre-analytical parameters, such as the sampling device used,
clotting temperature and time, storage duration and tempera-
ture, and incubation temperature and handling, has confirmed
the importance of uniform handling to exclude systematic pre-
analytical inconsistencies. False discovery can exert a distinct
influence on the serum proteome, potentially leading to signifi-
cant differences between results, even with comparable patient
populations and sample types under study.22–26 New proteomic
technologies that promote large-scale sample screening and
facilitate identification of proteins associated with disease and
treatment are developing rapidly.27,28 Mass spectrometry (MS),
a powerful proteomics tool, has evolved to a high-throughput
level, allowing rapid and accurate analysis of several thousand
proteins in a single study.29–31 Gel-free MS-based "shotgun"
quantitative proteomics, a commonly used approach, is more
sensitive and accurate, compared to 2-dimensional gel electro-
phoresis-based techniques.32 Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by in-gel
digestion, is a protein separation technique based on molecular
weight.33 Surface-enhanced laser desorption/ionization time-of-
flight MS (SELDI-TOF-MS), based on selective binding of pro-
teins with different physicochemical properties on protein chip
arrays, has been successfully applied to uncover crucial molecu-
lar events in many tumor types, such as liver,34–36 lung,37–39

prostate 40–42 and ovarian cancers.43 Recently, a new high-
throughput workflow with matrix-assisted laser desorption/ion-
ization time-of-flight/time-of-flight MS (MALDI-TOF/TOF
MS) based on magnetic beads with different chemical chro-
matographic surfaces instead of protein chip arrays was estab-
lished for the effective discovery and identification of serum
peptides,44 whereby proteins selectively bound to magnetic
beads are eluted and analyzed with MALDI-TOF MS. Several
studies have addressed the possibility of applying MS proteome

analysis to diagnostics of TNBC, revealing protein patterns spe-
cific for patients with TNBC at either early or late clinical
stages.45–49 The peptide markers identified with differentiating
patterns include glycolytic enzymes, cytokeratins, vimentin,
fibronectin, L-plastin, galectin-3-binding protein, cathepsin
D preproprotein, melanoma-associated antigen 4, vimentin,
peroxiredoxin 5, keratins, heat-shock proteins and human leu-
kocyte antigen-class proteins. Using this system, we have

Table 1. Demographics of triple-negative breast cancer (TNBC) and non-triple-
negative breast cancer (NTNBC) patients enrolled in the study.

Patient Characteristics TNBC NTNBC x2 or t value P

No. of patients 165 105 – –
Age (years)
� 35/35 30/135 9/96 4.796 0.029
BMI(kg m¡2)
� 24/ 24 91/74 50/55 1.459 0.227
Family history
Yes/No/ Missing 9/150/6 3/100/2 1.753 0.416
Menarche(years)
� 12/ 12 43/122 35/70 1.652 0.199
Abortion
Yes/No/ Missing 14/146/5 12/89/4 0.796 0.671
Childbirth
� 2/ 2 81/84 53/52 0.049 0.824
Menstruation
Pre-/Peri-

/Post-menopausal
71/17/77 55/11/39 2.559 0.278

Oral contraception
Yes/No/ Missing 37/68/60 20/44/41 0.478 0.788
Tumor size(cm)
� 5/ 5 130/35 94/11 5.233 0.022
Side
Left/Right/Both 84/78/3 50/50/5 2.018 0.365
Tumor location
LIQ/ LOQ 15/17 10/9 4.774 0.573
UIQ/ UOQ 24/80 13/49
NA/Others/ Missing 6/20/3 7/11/6
Depth of tumor invasion
T1/T2/ 69/81 54/37 5.570 0.135
T3/T4C Missing 7/8 5/9
Lymph node metastasis
N0/N1 104/37 59/24 2.049 0.562
N2/N3C Missing 12/12 11/11
Distant metastasis
M0/M1CMissing 162/3 100/5 1.046 0.307
Clinical stage
I/II 48/83 36/41 3.894 0.421
III/IV/ Missing 25/3/6 19/2/7
Histological grade
Grade 1/ Grade 2 4/36 24/46 59.428 <0 .0001
Grade 3/ Missing 112/13 26/9
Tumor type
IDC/ ILC/ Others 148/6/11 92/4/9 0.351 0.839
Surgery
Mastectomy/ Breast

conserving/No
95/53/17 68/33/4 4.037 0.133

Neoadjuvant systemic
therapy

Yes/No 97/68 69/36 1.300 0.254
Adjuvant systemic therapy
Yes/No 62/103 50/55 2.666 0.102
Radiation therapy
Yes/No 115/50 61/44 3.806 0.051
Relapse
Yes/No 14/151 6/99 0.718 0.397
Median survival(months) 58.9 63.9 4.431 0.035

BMI body mass index, LIQ lower-inner quadrant, LOQ lower-outer quadrant, UIQ
upper-inner quadrant, UOQ upper-outer quadrant, NA nipple-areola, IDC infiltrat-
ing ductal carcinoma, ILC infiltrating lobular carcinoma. For statistical analysis of
survival, the log-rank test was used. For other variables, Pearson’s chi-square test
was used.
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identified novel biomarkers for papillary thyroid carcinoma,
Wilms tumor, and BC.50–52 However, all the earlier studies
employed MS-based screening and did not include completely
independent test sets to examine substantial heterogeneity in
data with regard to standardized pre-analytical sample handling
protocols. Moreover, the utility of biomarkers in relation to
early detection and prognostic evaluation was not assessed.
Therefore, the identification of novel and specific TNBC serum
biomarkers for screening and therapeutic purposes remains an
urgent clinical requirement. In the current study we included
an independent test set from a second hospital and minimiza-
tion of systematic bias impact by the above pre-analytical
parameters, with the aim of screening for reliable protein bio-
markers from serum samples using SELDI-TOF-MS, followed
by protein identification using MALDI-TOF/TOF MS, poly-
merase chain reaction (PCR)-and immunoassay-based assess-
ment using receiver operating characteristics (ROC), survival
and hazard function curve as well as multivariate Cox regres-
sion analyses to ascertain their potential utility as diagnostic
and prognostic biomarkers for TNBC.

Results

Serum protein profiles and data processing

Serum samples from the mining set were analyzed and com-
pared using SELDI-TOF-MS with the WCX2 chip. All MS data
were baseline-subtracted and normalized using total ion cur-
rent, and peak clusters generated with Biomarker Wizard soft-
ware. Wilcoxon rank sum tests used to determine relative
signal strength disclosed 11 differentially expressed proteins,
including 5 upregulated and 6 downregulated protein peak
intensities from preoperative NTNBC patient samples, com-
pared with controls (Table 2). Nine differentially expressed
proteins, including 4 upregulated and 5 downregulated protein
peak intensities, were observed for TNBC patients, compared
with controls (Table 3), and 7 differentially expressed proteins,
including 3 upregulated and 4 downregulated protein peak
intensities, for TNBC, compared with NTNBC patients
(Table 4). From the random combination of protein peaks with
remarkable variations, the support vector machine (SVM)
screened out the model with maximum Youden index of pre-
dicted value, leading to the identification of a marker posi-
tioned at 7785 Da with continuous dynamic presence in
NTNBC and TNBC patient sera in addition to control sera.

The 7785 Da protein peak was significantly higher in TNBC
patient sera, compared with NTNBC and control sera (TNBC,
1979.565 § 110.836; NTNBC, 1404.859 § 383.252; control,
1306.598 § 319.451; F D 133.2, p < 0.0001; Fig. 1C, D), while
no significant differences were evident between NTNBC and
control sera (p D 0.053). In addition, the 7785 Da protein peak
in TNBC progressively increased through clinical stages I, II,
III and IV (stage I, 1713.011 § 163.911; stage II, 2003.282 §
109.985; stage III, 2260.943 § 150.214; stage IV, 2552.328 §
181.292; F D 115.4, p < 0.0001; Fig. 2A, B). In contrast, while
no significant differences in the peak level were observed in
NTNBC samples (stage I, 1437.489 § 386.085; stage II,
1683.986 § 453.388; stage III, 1645.736 § 431.287; stage IV,
1280.696 § 199.760; F D 2.7, p D 0.052; Fig. 2C, D). Using
leave-one-out cross-validation, the 7785 Da fragment was used
to effectively distinguish TNBC from NTNBC with an accuracy
of 76.7% (115/150), sensitivity of 77.8% (70/90), and specificity
of 75.0% (45/60).

Protein peak validation

The remaining 75 preoperative TNBC, 45 NTNBC and 50
control serum samples were analyzed as a blind testing set to
validate the accuracy and validity of the 7785 Da protein
marker identified from the mining set. The peak intensity of
the 7785 Da protein in TNBC patients was consistently
higher than that of NTNBC and control samples (TNBC,
1836.517 § 171.128; NTNBC, 1495.170 § 406.430; control,
1376.238 § 360.759 ;F D 37.9, p < 0.0001; Fig. 3A, B), while
no significant differences were detected between NTNBC
and control sera (p D 0.062). The 7785 Da marker distin-
guished TNBC from NTNBC with 75.0% accuracy (90/120),
73.3% sensitivity (55/75), and 77.8% specificity (35/45).

In-gel digestion and MALDI-TOF/TOF-MS identification
of the candidate protein biomarker

Protein spots positioned at 7785 Da were excised from the gel
with the Ettan Spot Picker, followed by digestion with trypsin
and MALDI-TOF/TOF analysis (Fig. 3C). The sequence of pro-
teins and peptide segments with m/z of 7785 Da was identified
as E.LFLSLPVLVG PAPAQGTPDLDKLKEFGNTLEDKAREL-
SELSAK.G (complete sequences are not listed owing to patent
pending status). Subsequent analysis using the MASCOT
search program and NCBI database led to identification of the

Table 2. Comparison of protein peak intensities between controls and NTNBC patients in the mining set.

Mass(m/z) Control NTNBC P value Fold peak intensity

2669.585 3446.029 § 1880.870 13883.995 § 6136.716 7.777e–006 4.029"
2872.233 722.671 § 519.721 3143.633 § 1529.684 9.456 e–005 4.350"
3202.138 1048.364 § 622.714 622.714 § 353.148 2.455e–002 1.684#
3963.649 1285.484 § 420.758 751.560 § 284.316 9.678e–003 1.710#
4081.089 383.342 § 123.544 609.831 § 226.062 2.672e–005 1.591"
4308.357 2211.499 § 403.517 1435.851 § 280.538 2.704e–007 1.540#
4407.868 523.374 § 229.246 312.821 § 144.265 1.634e–004 1.673#
4635.747 301.288 § 122.545 216.781 § 92.096 1.181e–002 1.390#
4965.388 166.033 § 105.345 249.674 § 66.902 3.423e–002 1.504"
5878.966 340.690 § 125.702 424.029 § 125.782 4.741e–004 1.245"
9363.312 677.715 § 179.629 478.130 § 124.097 3.752e–004 1.417#

":increased intensity compared with control; #: reduced intensity compared with control.
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apolipoprotein C-I (apoC-I) peptide segment with a matching
rate of 83.4% and matching score of 108.3 points (Table 5).

Confirmation of candidate protein biomarker expression
using sq-PCR, qRT-PCR, ELISA and WB

To further determine expression of the apoC-I deduced from
the results of SELDI-TOF and MALDI-TOF/TOF MS,
sq-PCR, qRT-PCR, ELISA and WB analyses were performed
to examine apoC-I mRNA and protein expression using
serum specimens from the testing set. Representative sq-PCR
products from control, NTNBC and TNBC samples are shown
in Fig. 3D. Increased apoC-I mRNA expression was observed
in TNBC, compared with NTNBC and control sera. Addition-
ally, qRT-PCR was employed to examine apoC-I transcript
levels in the 75 TNBC, 45 NTNBC and 50 control samples
(Fig. 3E, F, G). ApoC-I expression was significantly increased
in TNBC, compared to NTNBC and control samples (control,
0.579 § 0.295; NTNBC, 0.655 § 0.316; TNBC, 0.929 § 0.284;
F D 24.4, p < 0.0001; Fig. 3H), but no significant differences
were evident between NTNBC and control sera (p D 0.213)
whereby DDCt expression values were normalized to endoge-
nous control b-actin gene and calculated relative to amplifica-
tion of selected serum samples of TNBC patients, consistent
with sq-PCR findings. Since full-length human apoC-I is
9.3 kDa, the m/z 7785 Da biomarker peptide with total
sequence coverage > 83% represents the large fragment of
apoC-I. Immunological analysis of this apoC-I was performed
using an available antibody specific for the identified
sequence. ELISA was additionally conducted to explore the
apoC-I protein level in sera from the testing set. This bio-
marker was remarkably elevated in TNBC, compared with
NTNBC and control sera (control, 0.302 § 0.108; NTNBC,
0.404 § 0.287; TNBC, 0.943 § 0.575; F D 43.6, p < 0.0001;
Fig. 4A), whereas no significant differences were observed

between NTNBC and control sera (p D 0.232) whereby optical
density (OD) ratios of apoC-I following normalization to a
selected TNBC serum source were calculated and used as the
vertical scale. WB data on apoC-I levels from the same serum
samples with b-actin used as the loading control were consis-
tent with ELISA findings (control, 0.299 § 0.127; NTNBC,
0.343 § 0.174; TNBC, 0.765 § 0.204; F D134.3, p < 0.0001;
Fig. 4B, C). As expected, no significant differences in the
apoC-I band intensity were observed between NTNBC and
control serum samples (p D 0.234).

Diagnostic and prognostic value of the candidate protein
biomarker

The relative intensity of the apoC-I peak in the testing set was
used to determine its diagnostic and prognostic value. Sensitivi-
ties were determined from the results of 75 patients with TNBC
and specificities from 45 NTNBC cases. Taking the histologi-
cally verified results in patients as the golden standard, the
diagnostic value of apoC-I for TNBC, compared to that for
NTNBC, was assessed by means of ROC curve, the AUC value
of which was calculated as 0.908 (95% CI, 0.845–0.970;
p < 0.0001; Fig. 4D).

Conventional prognostic factors were selected based on a
priori knowledge of their associations with breast cancer
survival, age at diagnosis, depth of tumor invasion, lymph
node metastasis, distant metastasis, clinical stage, histologi-
cal grade, tumor size and neoadjuvant chemotherapy. Multi-
variate Cox regression analysis including conventional
prognostic variables and apoC-I peak intensity disclosed
that the latter supports the utility of this protein as a strong
independent prognostic factor for survival in TNBC (HR
4.326, 95% CI 1.176 – 15.918; x2 D 4.857, p D 0.028), while
the data did not reach statistical significance for NTNBC
(HR 2.780, 95% CI 0.471 – 16.403; x2 D 1.275, p D 0.259).

Table 3. Comparison of protein peak intensities between controls and TNBC patients in the mining set.

Mass(m/z) Control TNBC P value Fold peak intensity

1473.161 588.371 § 278.889 214.683§ 136.129 1.071e-002 2.741#
1624.686 601.897 § 236.215 255.049§ 118.903 6.001 e-003 2.360#
1787.273 183.336 § 211.944 921.454§ 476.765 1.179e-004 5.026"
2053.957 1058.559 § 425.996 375.615§ 142.258 2.761e-003 2.818#
3087.951 387.601 § 132.947 224.078§ 92.682 2.092e-002 1.730#
4172.474 5431.039 § 1563.614 3122.838§ 392.527 4.827e-003 1.739#
4235.163 1640.201 § 294.381 2182.205§ 605.673 1.405e-002 1.330"
5078.674 517.968 § 224.493 943.350§ 199.598 1.440e-003 1.821"
7785.434 1268.395 § 333.213 1861.595§ 103.653 7.603e-005 1.468"

":increased intensity compared with control; #: reduced intensity compared with control.

Table 4. Comparison of protein peak intensities between NTNBC and TNBC patients in the mining set.

Mass(m/z) NTNBC TNBC P value Fold peak intensity

1873.804 2242.665 § 651.075 1100.676§ 351.898 2.102e-004 2.038#
2778.258 691.931 § 392.992 156.278§ 83.756 6.471e-004 4.428#
2962.472 2009.358 § 384.749 3605.323§ 623.372 1.017e-005 1.794"
3273.525 885.903 § 498.479 2065.944§ 546.883 2.277e-004 2.332"
5241.387 458.448 § 72.351 74.069 § 54.645 7.489e-010 6.189#
5647.906 1622.803 § 299.822 877.649§ 315.386 1.094e-004 1.849#
7784.932 1420.196 § 395.921 2097.534§ 118.484 9.882e-005 1.477"

":increased intensity compared with NTNBC; #: reduced intensity compared with NTNBC.
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No significant differences in survival time were evident
between NTNBC patients with apoC-I peak intensities
greater than or equal to the average relative intensity values,
compared to those with apoC-I peak intensities lower than
the average relative intensity values (apoC-I-higher, 60.0 m,
95% CI 52.8 – 67.2 m vs. apoC-I -lower, 64.7 m, 95% CI
59.6 – 69.7 m; HR 1.760, 95% CI 0.397 – 7.915; x2 D
0.563, p D 0.453; Fig. 4E, F), based on Kaplan-Meier sur-
vival and hazard function analyses. In contrast, survival
time for TNBC patients with apoC-I peak intensities greater
than or equal to average relative intensity values were
shorter than those of TNBC patients with peak intensities
lower than the average relative intensity values (apoC-I-
higher, 52.7 m, 95% CI 47.3 – 58.1 m vs. apoC-I-lower,
63.4 m, 95% CI 59.7 – 67.1 m; HR 3.778, 95% CI 1.133 –
10.010; x2 D 4.744, p D 0.029; Fig. 4G, H), clearly

indicating that higher apoC-I peak intensity is an unfavor-
able prognostic factor for TNBC.

Discussion

Patient blood, a dynamic reflection of physiological and patho-
logical status, is a readily accessible matrix in which proteomes
of multiple tissues can be analyzed. To date, several studies
have identified potential candidates, but few have overcome
validation and reproducibility issues to achieve clinical applica-
tion.53,54 To our knowledge, this is the first study to characterize
apoC-I as a potential diagnostic and prognostic biomarker for
TNBC based on MS across a broad spectrum of TNBC sera
with further validation using an independent test set from a
second hospital and minimization of systematic bias by pre-
analytical parameters with a major impact on serum protein

Figure 1. Follow-up of all enrolled triple-negative breast cancer(TNBC) and non-triple-negative breast cancer(NTNBC) patients from the mining and blind testing sets and
representative expression map from surface-enhanced laser desorption/ionization time-of-flight mass spectrometry(SELDI-TOF-MS) analysis of sera from control, NTNBC
and TNBC patients in the mining set. (A) Kaplan-Meier survival curves for NTNBC and TNBC patients from the mining and blind testing sets. (B) Graph of Hazard Function
analysis between NTNBC and TNBC cases in the mining and blind testing sets. (C) The peak at 7785 Da was significantly elevated in TNBC patient sera, compared with
NTNBC and control sera in the mining set (p < 0.0001). (D) Representative expression of the peak at 7785 Da (left panel,arrow) and gel views(right panel, arrow)from con-
trol, NTNBC and TNBC patient sera in the mining set.����p � 0.0001.
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profiles. Protein chip MS led to the identification of a unique
serum protein positioned at 7785 Da with continuous dynamic
presence in NTNBC and TNBC patient sera in addition to con-
trol sera that effectively discriminated between TNBC and
NTNBC patients with high sensitivity and specificity in the
mining set. The 7785 Da protein panel screened using SVM

was significantly upregulated in preoperative TNBC samples,
compared with NTNBC and control sera, while no significant
differences were evident between NTNBC and control sera, as
validated in an independent testing set from a second hospital.
While the specificity of the candidate protein biomarker was
somewhat higher in the testing set than the mining set,

Figure 2. Typical expression map of SELDI-TOF-MS analysis of sera from different stages of TNBC and NTNBC. (A)Typical expression of the 7785 Da peak (left panel, arrow)
and gel views (right panel, arrow) at different stages of TNBC (TNBC-I: patient with stage I TNBC; TNBC-II: patient with stage II TNBC; TNBC-III: patient with stage III TNBC;
TNBC-IV: patient with stage IV TNBC). (B)The 7785 Da protein peak progressively increased with clinical stage in TNBC(p< 0.0001). (C) Typical expression of the 7785 Da
protein (left panel, arrow) and gel views (right panel, arrow) at different stages of NTNBC (NTNBC-I: patient with stage I NTNBC; NTNBC-II: patient with stage II NTNBC;
NTNBC-III: patient with stage III NTNBC; NTNBC-IV: patient with stage IV NTNBC). (D) The 7785 Da peak displayed no significant changes with increasing clinical stage in
NTNBC(p D 0.052).�� p � 0.01,����p � 0.0001.
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sensitivity was slightly lower in the testing set. In addition to
dynamic changes, the intensity of the 7785 Da protein peak in
TNBC progressively increased at higher clinical stages but dis-
played no significant changes among all NTNBC stages, sup-
porting the theory that excessive levels contribute to tumor

progression. Using a combination of MALDI-TOF/TOF MS,
PCR and immunological methods, the protein was identified as
apoC-I secreted by the liver, the smallest member of the apoli-
poprotein family that forms a component of very low density
lipoprotein (VLDL), chylomicrons (CM) and high density

Figure 3. Validation, identification and polymerase chain reaction (PCR) confirmation of the peak at 7785 Da. (A) Validation of the peak at 7785 Da in the blind testing set.
(B)The intensity of the 7785 Da peak was higher in TNBC patient sera, compared with NTNBC and control sera in the blind testing set. (C)Representative matrix-assisted
laser desorption/ionization time-of-flight/time-of-flight mass spectrometry(MALDI-TOF/TOF MS) map of peptide segments obtained after enzymatic digestion of protein
and peptide segments with m/z of 7785 Da. (D) Ethidium bromide-stained semi-quantitative reverse transcription-PCR(RT-PCR) products of apoC-I mRNA in control,
NTNBC and TNBC sera.Lanes 1–2: control; lanes 3–4: NTNBC; lanes 5–6: TNBC; ApoC-I gene expression (121bp) was analyzed via semi-quantitative RT-PCR, with b-actin
(100 bp) as the internal control. (E)Representative quantitativereal-time PCR amplification plot of apoC-I in different serum samples; Rn, normalized report fluorescence.
((F) and G) Representative melting curves of apoC-I and b-actin during quantitative real-time PCR. (H) Relative apoC-I expression normalized to b-actin in different serum
samples.����p � 0.0001.
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lipoprotein (HDL),55 and promotes inhibition of lipoprotein
lipase activity by factors, such as angiopoietin-like protein 4.56

Despite the rapid evolution of MS-based proteomics methods,
in terms of resolution power, mass accuracy, accurate quantifi-
cation, and sequencing speed, together with parallel improve-
ments in bioinformatics tools for analysis of large amounts of
data, SELDI-TOF-MS we referred, popularly used in the first
decade of 2000, still has a great impact on cancer proteomics to
uncover crucial molecular events that drive malignant cells pro-
gression or response to therapy in recent years, and could pave
the way for the identification of new therapeutic targets with
higher sensitivity and resolving power.57-60

Apolipoproteins (Apo-) bind lipids to form lipoproteins that
transport these lipids through the lymphatic and circulatory
systems. Serum and plasma lipoprotein metabolism are regu-
lated and controlled by specific Apo- constituents of various
lipoprotein classes, such as apoA-I, apoC-I, apoC-III, apo-H (b
2 glycoprotein), and others. ApoA-I, a regulator of tumor
growth and metastasis, is involved in antiproliferative and proa-
poptotic activities via regulation of cancer cell differentiation,
61–63 supporting its potential not only as a biomarker but also a
therapeutic agent in cancer. Hsu and coworkers recently dem-
onstrated correlation of the dyslipidemia-associated apoA-I
minor allele with unfavorable baseline characteristics in Chi-
nese BC patients, and a 10-year follow-up study revealed poor-
est survival in patients carrying both minor alleles in the lymph
node-negative group.64 Emerging roles of apoC-III synthesized
in the liver, and to a minor degree, small intestine, include
directing the atherogenicity of high-density lipoprotein, intesti-
nal dietary triglyceride trafficking and modulating insulin-
secreting pancreatic b-cell survival and apoptosis via activation
of the mitogen-activated protein kinase (MAPK) p38 and extra-
cellular signal regulated protein kinases 1 and 2 (ERK1/2),65,66

resulting in hyperglycemia, positive effects on proliferation and
colony formation ability of BC cells, and high mammographic
density-induced BC risk due to hypoinsulinemia.67,68 An earlier
study by Moore and colleagues provided evidence that common
functional variations at the APOC1 gene locus increase suscep-
tibility to renal cell carcinoma.69 Takano et al.70 compared pre-
and postoperative serum protein profiles obtained from pancre-
atic cancer patients subjected to curative pancreatectomy using
SELDI-TOF-MS, and identified 6420 and 6630 Da proteins as
apoC-I, which correlated with poor prognosis. These results are
relatable to our current findings. In this study, the authors fur-
ther confirmed abundant expression of apoC-I in pancreas neo-
plastic epithelium and culture medium of the pancreatic cancer
cell line in vitro, suggesting that cancer cells secrete apoC- I.
Moreover, inhibition of apoC-I with short interfering RNA

suppressed proliferation and induced apoptosis of pancreatic
cancer cells, indicating that apoC-I contributes to the aggressive
nature of pancreatic cancer through avoidance of spontaneous
apoptotic cell death and should therefore serve as a useful novel
therapeutic target. ApoC-I has additionally been reported to
promote human aortic smooth muscle cell apoptosis by stimu-
lating expression of caspase-3, a crucial executioner in the path-
way leading to DNA fragmentation and apoptosis,71,72 and
identified as a putative BC biomarker using proteomic techni-
ques, including SELDI-TOF-MS, MALDI-TOF/TOF-MS, iso-
baric tags for relative and absolute quantification (iTRAQ) and
2-dimensional nano-liquid chromatography coupled with tan-
dem MS (2D-nanoLC-MS/MS).57,73 However, in addition to
systematic bias by pre-analytical parameters, these earlier
reports employed MALDI-based screening and did not verify
the results obtained with PCR- and immunoassay-based assays.
PCR, ELISA and WB data from the current study confirmed
that the apoC-I is dynamically regulated in NTNBC and TNBC
sera, consistent with proteomic findings, suggesting that lipo-
protein metabolism is dysregulated in TNBC. Remarkably, in
our pilot experiment, apoC-I and apoC-I mimetic peptides
enhanced growth of MDA-MB-231 cell cultures representing a
‘triple -negative’ breast cancer cell line subtype that is aggressive
and has few treatment options, promoted proliferation in vitro
and improved tumor growth in a MDA-MB-231 xenograft
nude mouse model in vivo, in contrast to the MCF-7 (non-
TNBC) cell line (data not shown). These data not only support
the potential of apoC-I as a biomarker but also its therapeutic
utility in TNBC, consistent with the viewpoint of Takano
et al.70 Further studies to determine whether apoC-I is secreted
from TNBC cells and the molecular mechanisms underlying
apoC-I-mediated inhibition of apoptosis in TNBC cells are
warranted.

The diagnostic ability of the apoC-I determined based on
ROC analysis revealed that the candidate protein biomarker
has distinctly superior ability to distinguish patients with
TNBC from those with NTNBC. Consistent with this result,
Kaplan-Meier survival and hazard function as well as multivari-
ate Cox regression analyses disclosed that the apoC-I presents a
novel stronger prognostic factor for TNBC than NTNBC.
Thus, measurement of the peak intensity at 7785 Da in serum
should improve estimation of postoperative survival for TNBC
patients. However, the identity of only a small proportion of
detected peaks has been confirmed, and the roles of many of
the identified proteins in TNBC development are not known as
yet. Reliable validation of this potential TNBC biomarker in a
larger, prospective clinical setting is necessary for translation to
clinical application. In fact, previous experience suggests an
expected timeline for biomarker succession to bedside transla-
tion averaging around 2 decades, a maturity phase which cur-
rent proteomic efforts has not reached yet. Clearly, there is a
lag between proteomic biomarker discovery and clinical use.
Biomarker development runs through 5 step wise stages involv-
ing preclinical discovery, clinical assay development, retrospec-
tive longitudinal validation studies, prospective screening
studies and finally randomized controlled studies. Current BC
proteomics lie within the first 3 stages. In addition to the afore-
mentioned pre-analytical factors contributing to this delay, clin-
ical utility of any biomarker remains the biggest challenge.

Table 5. Peptide sequences obtained after enzymatic digestion of protein and
peptide segments with m/z of 7785 Da. Peptide sequences identified using the
NCBI database are in bold.

m/z(Da)
Protein
name Peptides identified Sequence

7785 ApoC-I K.LKEFGNTLEDK.A MRLFLSLPVLVG PAPAQGTPDLDKLKEF
GNTLEDKARELSEL SAKMREWFSEK.EFGNTLEDK.A

K.EFGNTLEDKAR.E
K.ARELISRIK.Q
R.ELISRIKQSELSAK.M
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Clinical utility necessitates markers that will lead to
improved patient outcomes and cost-effective care with
minimal harm, which is best assessed by clinical trials.
Additionally, further investigation is essential to determine
whether this peptide is altered in cancers other than those

of the liver. The issue of whether a causal link exists
between TNBC and abnormal lipid metabolism is yet to be
established, and complicated by the fact that the detected
peak may be associated with inflammation rather than
being specific for TNBC.

Figure 4. Immunoassay-based confirmation of the diagnostic and prognostic value of the candidate protein biomarker based on Kaplan-Meier Survival and Hazard Func-
tion curve analyses. (A) Qualitative enzyme-linked immunosorbent assay (ELISA) confirmed SELDI-TOF and MALDI-TOF/TOF MS findings on the apoC-I protein biomarker
in 50 control, 45 NTNBC and 75 TNBC samples. Expression of the apoC-I protein was significantly elevated in TNBC patient sera, compared with NTNBC and control sera.
OD ratios of apoC-I following normalization to a selected TNBC serum source were calculated and used as the vertical scale. (B) Representative western blot analysis of
the apoC-I protein biomarker in the same serum samples. Lanes 1–2: control; Lanes 3–4: NTNBC; Lanes 5–6: TNBC. b-Actin was used as a reference. (C) Grayscale scanning
of protein gel blot bands, in which the ratio of the grayscale values of apoC-I to b-actin was used as the analyzed scale, revealed a similar trend to ELISA results. (D) Diag-
nostic value of apoC-I, determined using ROC curve, compared with NTNBC. (E) Kaplan-Meier survival curve for the 7785 Da peak in NTNBC patients divided into apoC-I-
lower and apoC-I-higher groups from the testing set. (F) Graph of Hazard Function analysis between the apoC-I-lower and apoC-I-higher groups of NTNBC patients from
the testing set. (G) Kaplan-Meier survival curve for the 7785 Da peak in TNBC patients divided into apoC-I-lower and apoC-I-higher groups from the testing set. (H) Graph
of Hazard Function analysis between the apoC-I-lower and apoC-I-higher groups of TNBC patients from the testing set, supporting increased apoC-I peak intensity as a
risk factor for poor prognosis.
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Materials and methods

Patients and serum samples

The study had been approved by the Zhengzhou University
Ethics Committee, and written patient consent was obtained
where appropriate from all participants. Serum samples
from 380 individuals were included from the Division of
Breast Surgery, the First Affiliated Hospital of Zhengzhou
University, China, from July 2008 to April 2015 (mining
set) and the Third Affiliated Hospital of Zhengzhou Univer-
sity, China, from September 2008 to June 2015 (testing set).
The mining set consisted of preoperative serum samples
from 90 patients with TNBC, 60 patients with non-TNBC
(NTNBC) and 60 control subjects, including 25 with benign
breast disease and 35 healthy donors. The blind testing set
consisted of preoperative serum samples from 75 patients
with TNBC, 45 patients with NTNBC and 50 control sub-
jects, including 37 with benign lesions and 13 healthy
donors, for the second study step. Patients were graded
according to the modified Bloom–Richardson scoring sys-
tem and staged based on the Union for International Can-
cer Control (UICC) TNM staging system (2010 edition).
Tumors were classified as T1, tumor sizes � 2 cm; T2,
tumor sizes > 2 and � 5 cm; T3, tumor sizes > 5 cm; T4,
direct invasion into the chest wall (a) or skin (b) regardless
of tumor size; T4c D T4a C T4b; T4d, inflammatory BC;
N1, ipsilateral 1–3 lymph node-positive; N2, ipsilateral 4–9
lymph node-positive; N3, ipsilateral � 10 lymph node-posi-
tive or ipsilateral supraclavicular lymph node metastases,
and M1, distant metastasis. Patients with metastatic BC and
axillary lymph node metastasis from other primary tumors
were excluded. Clinicopathological data are summarized in
Table 1. Patients with TNBC tended to be younger with
higher tumor grade and larger tumor size, compared with
the NTNBC group (p < 0.05). The large majority of post-
operative patients received anthracyclines § taxane-based
adjuvant chemotherapy. Modified radical mastectomy was
the most common type of mastectomy and was accompa-
nied by at least a level II axillary dissection. Postmastec-
tomy radiotherapy was indicated for patients presenting
with 4 or more positive axillary lymph nodes, those with
tumors measuring 5 cm or more in size, women with T4
disease and patients with positive surgical margins. Radia-
tion was given to the chest wall and supraclavicular fossa
(if nodespositive disease) using mega-voltage X-rays, deliv-
ering 50 Gy in 25 fractions over 5 d a week, for a period of
5 weeks. Patients treated with breast-conserving surgery
received adjuvant chemotherapy followed by whole breast
radiotherapy in which patients received 50 Gy in 25 frac-
tions to the whole breast. Treatment was administered 5 d
a week for a duration of 5 weeks followed by a 10 Gy boost
to the tumor bed (5 fractions, daily over 1 week). All
patients were treated with megavoltage photons and mostly
planned using 3D conformal radiotherapy.The ipsilateral
supraclavicular fossa was treated if patients had node-posi-
tive disease. Follow-up visits were performed at the outpa-
tient clinic or via telephone interview every 3 months for
the first 2 years, followed by every 6 months thereafter.
Complete periodic follow-up of all BC patients from the

mining and testing sets was recorded as of May 2015
(TNBC, 58.9 m, 95% CI 56.3–61.6 m vs. NTNBC, 63.9 m,
95% CI 61.3–66.6 m; x2 D 4.431, p D 0.035; Fig. 1A, B).

In addition, patients did not have concomitant primary can-
cers and received no therapeutic intervention (including sur-
gery, chemotherapy or hormone therapy) prior to sample
collection. All participants were pre- or postoperatively histo-
logically verified with BC or benign lesions via ultrasound-
guided core needle biopsy or pathological examination by more
than 2 senior pathologists. Data on estrogen receptors(ER),
progesterone receptors(PR), and HER2/neu were obtained
through standard clinical testing using immunohistochemistry
(IHC) for ER and PR and the HerceptTest for HER2/neu. Pre-
surgery fasting peripheral blood samples were collected in
vacutainer tubes. Pre-analytical parameters, such as sampling
device, clotting temperature and time, storage temperature and
duration, incubation temperature and handling, were con-
trolled by following an identical standard protocol for cases
and controls. Normal, benign breast disease and BC serum
samples were depleted of high molecular weight proteins via
acetonitrile precipitation. Sera were incubated at room temper-
ature for 1 h, centrifuged at 3000 rpm for 10 min, and stored at
–80�C. For immunological confirmation of apolipoprotein C-I
(apoC-I) and b-actin, a similar procedure using rabbit anti-
apoC-I and anti-b-actin antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA) at a dilution of 1:400 overnight at 4�C, respec-
tively, was employed. Details of SELDI-TOF-MS, bioinformat-
ics, fractionation through tricine-sodium dodecyl sulfate-PAGE
(TRICINE-SDS-PAGE), identification via MALDI-TOF/TOF
MS and confirmation of candidate protein biomarkers with
semi-quantitative polymerase chain reaction (sq-PCR), quanti-
tative real-time polymerase chain reaction (qRT-PCR),
enzyme-linked immunosorbent assay (ELISA) and western blot
(WB) are presented in online Supplementary File 1.

Statistical analysis

Data were analyzed using the Zhejiang University Cancer Insti-
tute-Protein Chip Data Analysis System (ZUCIPDAS). The
undecimated discrete wavelet transform (UDWT) method was
applied to denoise the signals using Rice Wavelet Toolbox v.
2.4. Baseline correction was achieved by aligning spectra with a
monotone local minimum curve, and mass calibration carried
out by adjusting the intensity scale to 3 peaks present in all
spectra. Peaks were filtered to maintain a signal-to-noise ratio
(SNR) > 3, whereby SNR was defined as the ratio of the height
of the peak above baseline to the wavelet-defined noise. To dis-
tinguish data from different groups, we used a nonlinear SVM
classifier originally developed by Vladimir Vapnik with a
radial-based function kernel, parameter Gamma of 0.6, and
cost of constraint violation of 19. The leave-one-out crossing
validation approach was applied to estimate the accuracy of
this classifier. Quantitative variables, presented as means § SD,
were analyzed with unpaired Student’s t-test and one-way
ANOVA. Categorical variables were assessed using Pearson’s
x2 test. ROC curves were utilized to assess the diagnostic value
of candidate protein biomarkers. The prognostic value of con-
ventional prognostic factors and 7785 Da peak intensity were
assessed in multivariate analysis with the Cox proportional

644 D. SONG ET AL.



hazards model. Survival and hazard function curve analyses
were performed using the Kaplan-Meier method, and signifi-
cant levels assessed with the log-rank test. P-values were 2-
sided and statistical significance set at p � 0.05.
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