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Abstract

Backgrounds Triple negative breast cancer (TNBC) is a heterogeneous disease with more aggressive clinical courses than
other subtypes of breast cancer. In this study, we performed high-resolution mass spectrometry-based quantitative proteom-
ics with TNBC clinical tissue specimens to explore the early and sensitive diagnostic signatures and potential therapeutic
targets for TNBC patients.

Methods We performed an iTRAQ labeling coupled LC-MS/MS approach to explore the global proteome in tumor tis-
sues and corresponding para-tumor tissues from 24 patients with grade I-II and grade III primary TNBC. Relative peptide
quantification and protein identification were performed by Proteome Discoverer™ software with Mascot search engine.
Differentially expressed proteins were analyzed by bioinformatic analyses, including GO function classification annotation
and KEGG enrichment analysis. Pathway analyses for protein—protein interactions and upstream regulations of differentially
expressed candidates were performed by Ingenuity Pathway Analysis (IPA) software.

Results Totally, 5401 unique proteins were identified and quantified in different stage of TNBCs. 845 proteins were changed
in patients with grade I or I TNBC, among which 304 were up-regulated and 541 were down-regulated. Meanwhile, for
patients with grade III TNBC, 358 proteins were increased and 651 proteins were decreased. Comparing to para-cancerous
tissues, various signaling pathways and metabolic processes, including PPAR pathways, PI3K-Akt pathway, one-carbon
metabolism, amino acid synthesis, and lipid metabolism were activated in TNBC cancer tissues. Death receptor signaling
was significantly activated in grade I-II TNBCs, however, remarkably inhibited in grade III TNBCs. Western blot experi-
ments were conducted to validate expression levels of CYCS, HMGA1 and XIAP with samples from individual patients.
Conclusions Overall, our proteomic data presented precise quantification of potential signatures, signaling pathways, regula-
tory networks, and characteristic differences in each clinicopathological subgroup. The proteome provides complementary
information for TNBC accurate subtype classification and therapeutic targets research.
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TNF Tumor necrosis factor

FADD Fas-associating protein with death domain
Background

Triple negative breast cancer (TNBC) is defined as a subtype
of breast cancer, which does not express estrogen receptor
(ER) or progesterone receptor (PR) and lacks human epi-
dermal growth factor receptor 2 (HER2) overexpression or
amplification [1]. TNBC accounts for 15-23.8% of all breast
cancer and occurs more frequently in younger women [2].
The pathological type of TNBC is usually invasive ductal
carcinoma, characterized by higher degree of malignancy
as well as higher rate of early distant recurrence than other
subtypes of breast cancer. Surgery combined with radia-
tion and chemotherapy are the current strategies for TNBC
treatment, and targeted therapeutic treatments are still chal-
lenging due to the absence of well-defined molecular targets
[3]. Hence, there is an urgent need for in-depth molecular
characterization to stratify patients with early diagnosis and
personalized therapy.

In the preceding decades, numerous efforts have been
focused on characterizing breast cancer heterogeneity in a
clinicopathological relevant manner [4-6]. Recently, Jiang
et al. [7] created the genomic and transcriptomic landscape
of a Chinese cohort of 465 primary TNBCs and subtyped
them into four transcriptome-based subtypes, which high-
lighted the substantial genomic heterogeneity of TNBC and
paved the potential approaches for anticancer therapeutics.
However, none of the newly developed molecular classifica-
tions, to date, has demonstrated clinical utility [8].

Proteins, as the ultimate performer of life activities, the
quantitative changes can more directly reflect the occurrence
and development of disease. Protein-based researches lag
far behind relative to genomics, but recent breakthroughs
of mass spectrometry have offered a glimpse of the prot-
eomic achievements on precision medicine. Liu et al. [9]
reported an 11-protein prognostic signatures via comparative
proteome analysis to predict TNBC patients who develop a
distant metastasis in order to reduce unnecessary adjuvant
systemic therapy. Lawrence et al. [10] showed the proteomic
landscape of TNBC by performing label-free deep proteome
analysis of 24 human breast specimens which could help
to identify breast cancer subtypes at the protein level. In
brief, the unbiased analysis of thousands of protein expres-
sion signatures has identified a subset of tumors, as being
associated with a high degree of tumor differentiation and
improved patient outcome.

Quantitative proteomics has distinct advantages, such
as low abundance proteins can be identified and quantified,
and multiple samples can be quantitatively analyzed simul-
taneously under the same experimental conditions without
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complicating MS data analysis [11, 12]. Herein, we per-
formed high-resolution mass spectrometry-based quantita-
tive proteomics, using early and locally advanced TNBC
clinical tissue specimens, to explore the early and sensitive
diagnostic signatures and potential therapeutic targets for
TNBC patients.

Materials and methods
Ethics statement

This study and consent procedure were approved by the Eth-
ics Committee of Fujian Medical University Union Hospital
(Fujian, China). All the participants provided their written
informed consent to be included in the study.

Patients and clinical specimens

The paired TNBC samples used in this study were obtained
from patients who underwent breast surgery (total mastec-
tomy or breast conserving surgery) from the department of
breast surgery, Fujian Medical University Union Hospital.
Patients were randomly selected from May 2015 to April
2017 upon their first hospital visit and did not undergo any
neoadjuvant chemotherapy or radiotherapy prior to surgery.

Surgically resected primary tumor tissues and paired non-
cancerous adjacent tissues (>3 cm apart from tumor edge)
were collected from 12 patients with grade I-II as well as
12 patients with grade III. All patients were histopathologi-
cally diagnosed with TNBC (ER, PR, and HER?2 negative,
HER?2 status was strictly defined according to the ASCO
guidelines). The overall tumor grade was determined by
tubule formation, pleomorphism and mitoses via postopera-
tive hematoxylin and eosin (H&E) staining. To ensure the
accuracy, all grade scoring was performed by two experi-
enced pathologists independently. Clinical information was
collected, including gender, age, histological grade, Ki-67
labeling index, tumor number, diameter of tumor, status of
axillary lymph node metastasis, status of cancer recurrence,
and status of survival. After surgical resection, the tissue
samples for the proteomic analysis were frozen in liquid
nitrogen for storage before use.

Immunohistochemistry staining

Formalin-fixed, paraffin-embedded tissues were cut into
4-pm sections. Following deparaffinization, sections were
rehydrated and subjected to antigen retrieval. Sections were
incubated at 4 °C overnight with anti-CD68, anti-CD4
and anti-CD8 antibodies. Immunostaining was performed
using EnVision™ Detection Kit, Peroxidase/DAB, Rabbit/
Mouse (DakoCytomation) according to the manufacturer’s
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instructions. Protein staining was evaluated under a light
microscope at 100 x and 200 X magnification respectively
(Leica).

Western blot assay

To extract the proteins from the tissues, 11 paired TNBC
tumor tissues and paired non-cancerous adjacent tissues
stored in a liquid nitrogen tank were thawed, and then cut
into pieces, grinded in liquid nitrogen with a mortar and pes-
tle, lysed on ice using 2% SDS-lysis buffer (pH 8.0) supple-
mented with protease and phosphatase inhibitors (Thermo
Fisher Scientific, USA) and then sonicated for 3 min (5 s on
and 5 s off, amplitude 25%). Protein concentrations were
determined using the BCA protein assay (Thermo Fisher
Scientific). Equal amounts of the protein lysates (25 pg)
were separated on 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride (PVDF) membranes (Merck Mil-
lipore, Germany). Membranes were then blocked in 5% fat-
free milk and immunoblotted at 4 °C overnight with the
following primary antibodies: Cytochrome ¢ (CST, USA,
1:1000), HMGAT1 (CST, 1:1000), ERO1A (Abcam, USA,
1:1000), XIAP(CST, 1:1000), and B-actin (Proteintech,
China, 1:5000). The membranes were then incubated with
the appropriate secondary antibody for 1 h at room tem-
perature. The specific bands were detected using an ECL
detection kit (GE Healthcare, USA). Relative expression was
determined by normalizing with p-actin using the Imagel
software (NIH, USA).

Protein extraction and digestion

Minced breast tissues were grinded in liquid nitrogen with
a mortar and pestle, lysed in 2% SDS-lysis buffer (pH 8.0)
containing protease and phosphatase inhibitors (Thermo
Fisher Scientific, USA), then sonicated for 3 min (5 s on
and 5 s off, amplitude 25%). The lysate was centrifuged at
16,000 g for 30 min, and the supernatant was collected as
whole-tissue extract. Protein concentration was determined
using the BCA protein assay (Thermo Fisher Scientific).
Each aliquot of 100 pg of breast proteins was diluted to
100 pl with 100 mM TEAB solution (Sigma-Aldrich, USA).
Each sample was reduced with 10 mM TCEP for 30 min at
56 °C, followed by alkylation with 20 mM iodoacetamide for
30 min in the dark at room temperature. Then, proteins were
precipitated overnight at—20 °C using analytical grade ace-
tone (Sigma-Aldrich). The recovered proteins after pelleting
by centrifugation at 8000 g for 5 min were resuspended with
100 pl 100 mM TEAB solution. Sequencing-grade rLys-C
(Promega, USA) was added to a final protease:protein ratio
of 1:100 (w/w) and incubated for 3 h at 37 °C. Samples
were then digested by sequencing-grade modified trypsin
(Promega) at ratio of 1:50 (w/w) for 16 h at 37 °C. Peptides

were collected by centrifugation at 16,000 g for 20 min, and
the supernatants were collected for further iTRAQ labeling.

iTRAQ labeling

Four groups of peptides were labeled with iTRAQ4-plex
reagent respectively according to manufacturer’s protocol.
The labeled peptides were combined and vacuum-dried. The
dried peptides were desalted using a Sep-Pak C18 cartridge
(Waters) and the eluted peptides were also dried in a vacuum
concentrator.

Peptide fractionation

Peptides were separated on an ACQUITY UPLC BEH C18
column (130 A, 1.7 pum, 2.1 x 150 mm) (Waters, USA).
Briefly, buffer A (315 mg ammonium formate and 10 mL
25% NH;-H,O in 1 L deionized water, pH 10) and buffer
B (315 mg ammonium formate and 10 mL 25% NH;-H,0O
in 90% ACN) were prepared. Lyophilized peptides were
resuspended with 30 pl buffer A. Gradient was developed
over 60 min ranging from 0 to 90% buffer B at a flow rate of
0.25 ml/min. Twelve fractions were collected then dried for
further analysis by LC-MS/MS.

LC-MS/MS analysis

The dried iTRAQ-labeled peptides were dissolved in 0.1%
formic acid and fractionated on an Eksigent UPLC system
by low pH reversed-phase chromatography at a flow rate
of 250 nl/min for a 90 min gradient elution. Peptides were
injected into the Q Exactive Orbitrap mass spectrometry
system and the ion source parameters were operated with
the following parameters: ISVF=2300 V and Temp=275C.
The data acquisition mode in the information-dependent
acquisition (IDA) experiments was set to obtain a MS scan
range 350-1600 m/z, followed by 100 to 1250 m/z for MS/
MS scans of top 40 ion candidates per cycle. The instru-
ment was operated in high sensitivity mode with MS1 AGC
3e® and MS2 AGC 5¢°. The total LC-MS running time for
each IDA injection was 120 min. Each fractionation was
performed in triplicate LC-MS/MS runs.

Data analysis

Relative peptide quantification and protein identification
were performed using Proteome Discoverer™ software
with Mascot search engine. Search parameters were set as
follows: (i) Species, Homo Sapiens; (ii) Protein database,
UniProtKB/Swiss-Prot (including 20,264 sequences); (iii)
Quantification Method, iTRAQ 4-plex (Peptide Labeled);
(iv) Digestion, Trypsin, allowing up to two missed cleavage;
(v) Static Modifications, Carbamidomethyl, iTRAQ4plex;
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(vi) Dynamic Modifications, Methionine Oxidation; (vii)
Precursor mass tolerance = 10 ppm, fragment mass toler-
ance =0.05 Da. Quantification is based on the relative inten-
sities of reporter ions which appear in the low mass range
(114—117) of MS/MS spectra. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [13] partner repository with the
dataset identifier PXD020867 (https://www.ebi.ac.uk/pride
/archive/projects/PXD020867).

Proteins with FDR <0.01 on both protein and peptide
level and matching > 1 unique peptide were considered
as positively identified proteins. Proteins with quantifica-
tion p-value <0.05 (115:114, 117:116, 117:115) and with
fold change > 1.5 or <0.67 (the average fold change of
three repeat experiments) were considered as differentially
expressed proteins.

The gene ontologies (biological processes and molecular
functions) of all IDs were searched against the Gene Ontol-
ogy database using Blast2GO—Functional Annotation and
Genomics (www.blast2go.com/) as well as KEGG Mapping

— GenomeNet (www.genome.jp/kegg/). Pathway analyses for
protein—protein interactions and upstream regulations of dif-
ferentially expressed candidates were performed using Inge-
nuity Pathway Analysis (IPA) software (QIAGEN, USA).

Results

Identification and quantification of proteins
from primary TNBC tissue samples

Twenty-four TNBC patients, ranging in age from 35 to
65 years, fulfilled the clinical criteria for inclusion in this
study. The clinical characteristics of these patients are sum-
marized in Supplementary Table S1. Histologically normal
tissues adjacent to the tumor tissues were used as a con-
trol here. Representative images of H&E staining presented
tumor tissues and adjacent non-tumor tissues from different
stage of TNBC patients (Supplementary figure S1a). Micro-
scopic tumor foci from TNBC patients with stage III were
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Fig.1 iTRAQ-based quantitative proteomic analysis for TNBC tis-
sues. a Diagram for preparation and iTRAQ-labeled analysis of
paired tumor tissues and corresponding non-cancerous adjacent tis-
sues (NATs) from 24 TNBC patients. b Volcano plots displayed
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Fig.2 GO enrichment and IPA analysis of DEPs. a Top 15 GO
enrichment terms in down-regulated and up-regulated proteins from
different stage of TNBCs. The dot plot showed the number of signifi-
cant genes associated with the first 15 terms (size) and the p-adjusted
values for these terms (color). The top 20 canonical pathways
enriched in grade I-1I b or grade III ¢ TNBCs determined by IPA. The

left y-axis displayed the-log of the Fischer’s exact test p-value. The
right y-axis displayed the ratio of number of genes derived from our
dataset, divided by the total number of genes in the pathway. The blue
or orange bars depicted the significant pathways which were inhibited
or activated based on p-value
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«Fig. 3 Functional analyses of DEPs from TNBCs with grade I-II. a
Pie chart represented the distribution of KEGG pathways which were
obtained by enrichment analysis of DEPs in TNBCs with grade I-I1I.
The enrichment of quantified DEPs against all KEGG database pro-
teins were used to identify enriched pathways via two-tailed Fisher’s
exact tests. Pathways with corrected p values <0.05 were considered
significantly enriched. b Upstream analyses by IPA predicted which
transcription factors were activated or inhibited, based on DEPs in
tumor vs. para-tumor tissues from grade I-Il TNBCs. Gene products
were represented as nodes. The red nodes were up-regulated proteins
and the green nodes were the reduced ones when compared tumor
with para-tumor tissues from grade I-II TNBCs. The inner ring theme
colors of orange and blue, with orange indicating “activated” and
blue reflecting “inhibited”. The inset image showed the prediction
legend

indicated by yellow arrows, lymphocytic infiltration was
detected surrounding tumor foci, and tumor angiogenesis
was found to support the rapid growth of tumor foci (Supple-
mentary figure S1b). A representative case of TNBC tissue
from stage II showed the absence of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER?2) expression via [HC staining (Sup-
plementary figure S2).

To obtain the proteomic profile, the paired tumor and
corresponding para-tumor tissues (>3 cm apart from
tumor edge) from 24 TNBC patients were divided into four
groups and trypsin into peptides respectively (Fig. 1a),
12 clinical specimens from grade I-II tumor tissues were
pooled and labeled with iTRAQ115, while specimens from
the corresponding non-cancerous adjacent tissues (NATS)
were pooled and labeled with iTRAQ114. As for grade III
patients, 12 specimens from tumor tissues were pooled and
labeled with iTRAQ117, while specimens from the corre-
sponding NATSs were pooled and labeled with iTRAQ116.
Four group iTRAQ-labeled peptides were combined and
separated by high pH reversed-phase chromatography, then
analyzed via LC-MS/MS approach. Scatter plots exhibited
good reproducibility of the repeat experiments with the same
samples (Supplementary figure S3a). A total of 5401 protein
groups were identified and quantified through off-line high-
pH fractionation followed by triplicate low pH LC-MS/MS
runs (1% FDR rate on both protein and peptide level). Venn
diagram depicted the number of identified proteins for the
three replicates (Supplementary Fig. 3b). In detail, 845pro-
teins changed in patients with Grade I or Il TNBCs, among
which 304 were up-regulated (fold change yuor/para-tumor
>1.5, p<0.05) and 541 were down-regulated (fold change
tumor/para-umor < 0-67, p <0.05). For patients with Grade I1I
TNBCs, 358 proteins were increased and 651 proteins were

decreased. Volcano plots in R were utilized to visualize dif-
ferential expressions with proteomic results (Fig. 1b). Venn
diagram comparing the number of differential expressed
proteins (DEPs) quantified in different stage of TNBCs was
presented in Supplementary Fig. 3c. Gene ontology (GO)
analysis for cellular component of all the changed proteins
interpreted that both up-regulated and down-regulated pro-
teins significantly enriched in plasma membrane as well as
cytoplasm (Fig. 1c). Differentially expressed proteins were
listed in Supplementary Table S2 & S3.

Proteomics features in TNBC tumor tissues
compared with NATs

GO enrichment analyses of the DEPs were performed
using clusterProfiler. The top 15 most significant GO terms
(p <0.05) in down-regulated and up-regulated proteins were
shown in Fig. 2a. The color represented the p-adjusted val-
ues for these terms, and brighter red was more significant.
The size of the plot displayed the significant genes by gene
ratio from Supplementary Table S4 (# genes related to GO
term / total number of sig genes). The protein activation
cascade was the most significant enriched GO term, followed
by acute inflammatory response, complement activation, and
so forth in down-regulated proteins from both Grade I-1I
and Grade III TNBCs. As for up-regulated proteins, ER to
Golgi vesicle-mediated transport and antimicrobial humoral
response were significant enriched in Grade I-II TNBCs,
while SRP-dependent cotranslational protein targeting
to membrane and establishment of protein localization to
endoplasmic reticulum were significant enriched in Grade
IIT TNBC:s (Fig. 2a). IPA functional analysis revealed the top
20 canonical pathways in which DEPs participated. Canon-
ical pathway analysis in tumor vs. NATs from grade I-II
TNBCs showed that the significant pathways (Iz-scorel > 2)
were metabolic process (LXR/RXR activation and FXR/
RXR activation) or immunity-related (acute phase response
signaling, complement system and GP6 signaling pathway)
(Fig. 2b). Figure 2c displayed the top 20 canonical pathways
enriched from grade III TNBCs, among which coagulation
system, EIF2 signaling and mTOR signaling were activated
(z-score>2).

Functional analyses of differentially expressed
proteins from TNBCs

DEPs were further analyzed by KEGG enrichment analy-
ses. DEPs from grade I-II TNBCs were significantly
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«Fig.4 Functional analyses of DEPs from TNBCs with grade III. a
KEGG enrichment of quantified DEPs against all KEGG database
proteins were used to identify enriched pathways via two-tailed Fish-
er’s exact tests. Pathways with corrected p values <0.05 were consid-
ered significantly enriched. b Upstream analyses of DEPs in tumor
vs. para-tumor tissues from grade III TNBCs were performed, and the
statistically significant transcription factors were visualized in a net-
work. The red nodes and the green nodes in the outer ring represented
the up-regulated and down-regulated proteins respectively, and the
orange nodes and blue nodes in the inner ring represented the acti-
vated and inhibited transcription factors respectively

associated with PPAR signaling pathway (p =3.47¢-05),
PI3K-Akt signaling pathway (p =4.51e-04) and tyrosine
metabolism (p =2.32e-03) (Fig. 3a). Whereas genes related
to ECM-receptor interaction (p =1.39e-12), focal adhesion
(p=3.19¢-06), PPAR signaling pathway (p =6.04e-04) and
glutathione metabolism (p =8.14e-04) were significantly
enriched from DEPs in grade III TNBCs (Fig. 4a).

Upstream analyses of DEPs with different stage were run
by IPA respectively. The most statistically significant tran-
scription factors were quickly prioritized and then visualized
in networks. Transcription regulators including SMARCA4,
NEUROGI1, CPXM1 and SOCS1 were predicted inhibi-
tion while MAP3K?7, IL27, HOXD10 and TFEB were pre-
dicted activation in tumor vs. NATs from grade I-Il TNBCs
(Fig. 3b). Regulators including TP53, BTK, BCL6, SMAD3
and MAPK1 were predicted inhibition while TLR9, NUPR1,
JUN and IFNL1 were predicted activation in tumor vs. NATSs
from grade IIT TNBCs (Fig. 4b).

Next, we took a glance at the changed proteins when
compared tumors from grade III with tumors from grade
I-II TNBCs. KOG function classification of the signifi-
cant changed proteins was predicted and categorized into
20 subcategories, indicating cell cycle control, amino acid
transport, lipid metabolism, protein turnover and so on were
involved when TNBC progression (Supplementary figure
S4a). Upstream analysis of the changed proteins from tumor
tissues with different stage was performed by IPA. Tran-
scription regulators including SOCS1, SMARCA4, SAFB,
NEUROGI1, CPXM1 and CD3 were predicted inhibition
while TFEB, SPDEF, RARB, RABL6, MAP3K?7, IL27,
IL15, HOXD10 and CXCL12 were predicted activation in
grade III vs. grade I-II tumor tissues (Supplementary figure
S4b). The upstream regulators shared partial overlap when
we checked the list of regulators which were altered using
DEPs in tumor vs. NATSs from grade I-1I or grade IIT TNBCs.

Comparison analyses of differentially expressed
proteins from TNBCs

Further cross-dataset comparison analyses were used to
delineated trends and similarities in the different datasets,
as well as differences in their effects on signaling pathways.

Cross-dataset comparison analyses demonstrated that death
receptor signaling was activated in grade I-II TNBCs while
inhibited in grade III TNBCs. For grade I-II TNBCs, the
up-regulated levels of death ligands BID, TBID and CYCS
mediated the activation of caspase-9, which then accelerated
apoptosis by activating other caspases (Fig. 5a). Conversely,
MKK4/7, CASP8/10 and XIAP were down-regulated in
tumor tissues compared with NATs for grade III TNBCs,
led to NF-xB signaling pathway inactivation and apoptosis
signal transduction inhibition (Fig. 5b).

Nest, these TNBC progression related DEPs were vali-
dated via western blot analysis. We selected 5 independent
grade IT TNBC patient samples and 12 independent grade I1I
TNBC patient samples from 24 iTRAQ-labeled TNBCs, and
conducted western blot experiment to examine the expres-
sion levels of cytochrome ¢ (CYCS), high mobility group
protein A1 (HMGA1), ERO1-like protein alpha (ERO1A)
and E3 ubiquitin-protein ligase XIAP (Fig. 6a-d). Our pro-
teomic results showed that CYCS was expressed much
higher in tumors than in NATSs from grade III TNBCs (T/N
ratio=2.24, p <0.05), while a bit higher in tumors than in
NATSs from grade I-II TNBCs (T/N ratio=1.55, p <0.05).
Western blot analysis confirmed proteomic features in grade
IT TNBCs as well as in grade III TNBCs that CYCS was
extremely increased in tumor tissues compared with NATS.
Proteomic results presented that HMGA1 was expressed
much higher in tumors than in NATSs from grade III TNBCs
(T/N ratio=2.59, p <0.05), while remained unchanged both
in tumors and in NATs from grade I-II TNBCs. Western
blot analysis exhibited HMGA1 were significantly up-regu-
lated in both grade II and grade IIl TNBCs when compared
tumor tissues with NATs. Our proteomic results demon-
strated that ERO1A was expressed higher in tumors than
in NATs from grade III TNBCs (T/N ratio=1.84, p<0.05),
while a bit higher in tumors than in NATSs from grade I-11
TNBCs (T/N ratio=1.59, p <0.05). However, western blot
analysis showed EROIA expression was not significantly
up-regulated in grade II TNBCs or grade III TNBCs when
compared tumor tissues with NATs. As for XIAP, proteomic
results exhibited XIAP in tumors from grade III TNBCs was
decreased compared with the paired NATs (T/N ratio=0.59,
p <0.05), which was confirmed by western blot analysis.
These findings highlighted the important molecular events
involved in TNBC progression.

Human immune system fights against tumor and sends
various immune cells to the tumor tissue to induce antitu-
mor immune response. Macrophages are the most common
type of tumor-infiltrating immune cells. Here we conducted
IHC experiments to examine the expression of CD68 from
TNBC tissues with different stage. TNBC tissues from stage
IIT showed more CD68-positive macrophages infiltrations
surrounding tumor foci compared with TNBC tissues from
stage I-1I (Fig. 6e). IHC staining for CD4 and CDS8 positive
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Fig.5 Comparison analyses of
DEPs in different stage TNBCs.
a Death receptor signaling was
significantly enriched and acti-
vated in TNBCs with grade I-11
(z-score >2). b XIAP inhibited
effector caspase activation,

led to death receptor signaling
cascade inhibition in TNBCs
with grade III (z-score <-2).
Gene products were represented
as nodes and the red nodes
were the up-regulated proteins
while the green nodes were the
reduced ones
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Fig.6 Representative DEPs in tumors and NATs from different stage
of TNBCs. Western blot analysis of CYCS, HMGAI1, EROIA and
XIAP in 5 independent grade II TNBC patient samples a and 12 inde-
pendent grade IIT TNBC patient samples b-c collected with tumor (T)
and their matched NATs (N). d Densitometry analysis by Quantity

One shows quantitation of CYCS, HMGA1, ERO1A and XIAP lev-
els, normalized against B-actin (*** p<0.001). e Immunohistochem-
istry staining for CD68 in tumor tissues from different grade TNBCs
(Left panel: magnification X 100; Right panel: magnification x 200)
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T cells infiltrations surrounding tumor foci from different
stage of TNBCs were examined (Supplementary figure S5).

Additionally, networks developed by IPA integrated
DEPs when compared tumor tissues with NATs from TNBC
patients. For grade I-II TNBCs, IPA top score networks were
predicted, one showed numerous immune related genes
around two central hubs (NF-xB and Creb), the other with
three central hubs (APOA1, CAV1 and P38 MAPK) associ-
ated with lipid metabolism and molecular transport (Sup-
plementary figure S6a). For grade III TNBCs, one with two
central hubs (CASP8 and CYCS) associated with inflam-
matory disease, and the other was focused on 30 DEPs also
associated with lipid metabolism (Supplementary figure
S6b). IPA top score networks indicated inflammatory dis-
order and abnormality of lipid metabolism were involved in
different stage of TNBCs.

Discussion

The clinical behavior of TNBC is remarkably complex and
heterogeneous. Due to the poor prognosis of patients with
TNBC, great efforts have been fostered to discover specific
molecular signatures and actionable therapeutic targets for
TNBC early diagnosis and personalized treatment. Targeted
agents, such as PI3K inhibitors, PARP inhibitors, HSP 90
inhibitors and HDAC inhibitors, are currently under clinical
investigation in TNBC patients [14—16]. To data, functional
proteomics provide a rich resource for unique information
and knowledge mining toward the clinicopathological char-
acteristic differences as well as the accurate classification for
cancer subtypes [17, 18].

In the present study, we applied the unbiased analysis
of protein expression signatures in tumor and NATSs from
TNBC patients with the early and advanced stages. A total
of 5401 unique proteins were identified and quantified in dif-
ferent stages of TNBC. For the KEGG pathway enrichment
analysis (Fig. 3a and Fig. 4a), the regulated proteins found to
be enriched in various signaling pathways, including PPAR
pathway, PI3K-Akt pathway, carbon metabolism, amino acid
synthesis, and lipid metabolism, which indicate that these
pathways were highly relevant to the pathogenesis of TNBC.
Especially, IPA canonical pathway as well as regulatory net-
work analyses depicted that lipid metabolism deregulation
and inflammatory response disorder were closely involved
in different stages of TNBC (Fig. 2b-c and Supplementary
figure S6).

PPAR pathway has emerged as unavoidable links between
lipid metabolism, inflammation and cancer [19, 20]. PPARs
regulate gene expression by binding with RXR, and the
PPAR-RXR heterodimer are activated by fatty acids and
their derivatives. PPARs also connect lipid metabolism
to inflammation under certain pathological conditions
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including cancer, and breast tissues are prone to inflamma-
tion when lipid homeostasis is disturbed [21]. Besides, the
activity of PPAR is also regulated by phosphorylation events
which we could investigated later in our system.

Here, four group iTRAQ-labeled peptides were combined
and analyzed via LC-MS/MS approach. The pooling step
combined 12 patients into 1 sample for each group which
would eliminate the patient variations, therefore we per-
formed western blot experiment to validate the proteomics
results (Fig. 6a-d). In both grade II and grade III TNBCs,
CYCS and HMGA1 were extremely increased in tumor tis-
sues compared with NATs. XIAP expression was signifi-
cantly reduced in grade III TNBCs when compared tumor
tissues with NATSs, but remained unchanged in grade II
TNBCs. All above were consistent with proteomics results,
however, western blot analysis showed ERO1A expression
was not significantly up-regulated in grade II TNBCs or
grade III TNBCs when compared tumor tissues with NATS.
These findings highlighted the important molecular events
involved in TNBC progression.

Notably, cross-dataset comparison analyses delineated
that death receptor signaling was activated in grade I-II
TNBCs while inhibited in grade III TNBCs (Fig. 5). The
death receptor family which is part of the tumor necrosis
factor (TNF) receptor superfamily can be triggered by death
ligands to result in apoptotic or survival signals [22]. The
ligands mediate the apoptotic effects via their respective cell
membrane death receptors, and the most well-characterized
death receptors are TNFR-1 and Fas. Upon the recruitment
of Fas-associating protein with death domain (FADD),
caspase-8 is activated through self-cleavage, leading to the
initiation of the caspase cascade, which is critical for trans-
duction of the apoptotic signal [23, 24]. In our dataset, the
death ligands BID, TBID and CYCS mediated the activation
of caspase cascade, which then transduced apoptotic signals
for grade I-II TNBCs. Conversely, effector caspase activa-
tion was inhibited in tumor tissues compared with NATSs for
TNBCs with grade III, led to NF-kB signaling pathway inac-
tivation and apoptosis signal transduction inhibition. This
inhibition of the death receptor signaling transduction events
provides a regulatory mechanism of the TNBC progression.

Conclusion

In summary, we performed a highly sensitive quantitative
proteomic approach to explore the global proteome in tumor
and corresponding non-cancerous adjacent tissues from
patients with grade I-1I and III TNBC and lay the founda-
tion of precise targeted therapy for TNBC.
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