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Abstract: Background: LCL161, a SMAC’S small molecule mimetic, can bind to a variety of IAPs and acti-
vate Caspases. We found that on its own, LCL161induces apoptosis of drug-resistant breast cancer cells by
binding to a variety of IAPs and activating Caspases. However, when LCL161 is used in combination with
Caspase Inhibitors (CI), its capacity to induce apoptosis of breast cancer cells is enhanced.

Objective: To carry out proteomic and bioinformatics analysis of LCL161 in combination with CI. We aim to
identify the key proteins and mechanisms of breast cancer drug-resistant apoptosis, thereby aiding in the breast
cancer drug resistance treatment and identification of drug targeting markers.

ARTICLE HISTORY Methods: Cell culture experiments were carried out to explore the effect of LCL161 combined with CI on the
proliferation of breast cancer drug-resistant cells. Proteomic analysis was carried out to determine the protein
expression differences between breast cancer drug-resistant cells and LCL161 combined with CI treated cells.

Received: August 03,2019 Bioinformatics analysis was carried out to determine its mechanism of action. Validation of proteomics results
Revised: November 07,2019 . . . .
Accepted: December 05, 2019 was done using Parallel Reaction Monitoring (PRM).
Results: Cell culture experiments showed that LCL161 in combination with CI can significantly promote the
11)(?2[1 4/1871520620666200213102849 apoptosis of breast cancer drug-resistant cells. Up-regulation of 92 proteins and down-regulation of 114 proteins
protein were noted, of which 4 were selected for further validation.
@ CrossMark Conclusion: Our results show that LCL161 combined with CI can promote the apoptosis of drug-resistant breast

cancer cells by down-regulation of RRM2, CDK4, and ITGBI expression through Cancer pathways, p53 or
PI3K-AKT signaling pathway. In addition, the expression of CDK4, RRM2, and CDC20 can be down-regulated
by the nuclear receptor pathway to affect DNA transcription and replication, thereby promoting apoptosis of
breast cancer drug-resistant cells.

Keywords: Breast cancer, proteomics, smac mimetics, Caspase Inhibitors (CI), p53, PI3k-AKT.

1. INTRODUCTION Uninhibited IAPs can inhibit apoptosis and promote cell cycle pro-
gression [6]. The activity of pro-apoptotic factors against anti-
apoptotic proteins are hindered in cancer cells, e.g., there is an inhi-
bition in the up-regulation of apoptosis protein, resulting in uncon-
trolled cell division [7]. In a variety of tumor cells, the high expres-
sion level of apoptosis inhibitory factor is positively correlated with
poor prognosis, metastasis, and tumor resistance. Studies have
shown that interference of siRNA can reduce the expression of
IAPs, promote tumor cell apoptosis, and can make tumor-resistant
cells regain sensitivity to chemotherapy drugs [8]. These studies
suggest that apoptosis inhibitors are a novel approach to treat tumor
resistance. Despite the novelty of these inhibitors, studies have
shown their effectiveness in promoting apoptosis [9]. The ability of
tumor cells to acquire the ability to undergo apoptosis resistance is
Inhibitor of Apoptosis Proteins (IAPs) are proteins that are vital among the main markers of cancer. Therefore, endogenous IAPs are
in controlling Programmed Cell Death (PCD) [5]. The expression promising targets for anticancer therapy.
of IAPs is significantly elevated in cancer cells, thereby increasing
cell viability, enhancing tumor growth and subsequent metastasis.

According to the 2018 global cancer statistics, the diagnosis of
lung cancer is most commonly accompanied by the highest mortal-
ity rate among men and women. With regard to women, in particu-
lar, the prevalent cause of death is Breast Cancer (BC), followed by
lung and colorectal cancer [1]. The most effective first-line chemo-
therapy drugs for the treatment of BC are: cisplatin, paclitaxel, and
cyclophosphamide [2]. However, its efficacy is limited and its side
effects are severe. Multidrug resistance of tumor cells is the primary
reason chemotherapy fails in clinical BC cases [3]. In addition,
drug-resistant cells can also lead to tumor treatment failure by pro-
moting tumor progression [4]. Therefore, it is imperative to develop
a highly effective strategy for multi-drug resistant BC treatment.

Apart from their anti-apoptotic activity, IAPs are capable of
regulating many other cellular functions, like differentiation, prolif-
eration, and migration. They also contribute to pro-inflammatory

*Address correspondence to this author at the Department of Surgical Oncol- and immune responses. The potential therapeutic agents, Second
ogy, The First Affiliated Hospital of Bengbu, Medical University, 287 Mitochondria-derived Activator of Caspases (SMAC) mimetics
Changhuai Road, Bengbu, Anhui 233030, P.R. China; have recently been in the spotlight as synthetic IAP antagonists.
E-mail: jgs2007@qq.com The (SMAC) mimetic LCL161 acts as a synthetic IAPs antagonist,
*These authors contributed equally to the work. which binds and participates in the down-regulation of various

1875-5992/20 $65.00+.00 © 2020 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/1871520620666200213102849&domain=pdf

688 Anti-Cancer Agents in Medicinal Chemistry, 2020, Vol. 20, No. 6

IAPs, and then activates caspase to induce apoptosis [10]. Studies
have shown that LCL161 significantly inhibits proliferation and
promotes apoptosis in multiple solid tumors and cell lines such as
multiple myeloma [11], hepatocellular carcinoma [12], and leuke-
mia [13]. Synergism in radiotherapy or targeted therapy may en-
hance their therapeutic effect [14]. Studies have shown that when
CI are combined with LCL161, they can further promote BC cell
apoptosis [15], which is contradictory as theoretically the apoptosis
should be reduced during caspase enzyme inhibition. Therefore, we
investigated the efficacy of LCL161-CI combination on the prolif-
eration of BC resistant cell line MCF-7/DDR. Comparison of the
protein expression differences in the control group and the
LCL161-CI combination experimental group was done by pro-
teomics. The possible mechanism action was predicted to provide a
theoretical basis and support for future studies with LCL161.

Our aim was to elucidate the effect of LCL161 combined with
CI on the proteome of MCF-7 BC resistant cells, to explore its pos-
sible mechanism of action at a molecular level. We also wished to
explore the therapeutic potential of LCL161 in combination with
CIs. This study first demonstrated the effect of LCL161 combined
with CI on the proliferation of drug-resistant BC cells by cell ex-
periments. Proteomic analysis to select potential target proteins was
then carried out followed by the selection of differential proteins by
PRM (Parallel Reaction Monitoring) verification. We found 206
significantly differentially expressed proteins that play a role in
various cellular signaling pathways, as well as cancer pathways:
PI3-Akt and p53 signaling pathways. CDC20, IGTB1, RRM2, and
CDK4 were identified as key proteins that may be associated with
LCL161 in combination with CI to promote drug-resistant cells
death in breast cancer. With the help of proteomic analysis, we wish
to explore the molecular mechanism involved when LCL161 com-
bined with CI promotes the apoptosis of BC drug-resistant cells.
We also wish to provide new ideas to subsequently treat BC resis-
tance.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents

LCL161, as well as z-VAD-fmk, were purchased from MCE
Corporation (US). RMPI 1640 medium was purchased from Hy-
clone Company (US). Fetal bovine serum was produced by Pan
Company (Germany). Cell Counting Kit-8 Cell Proliferation Assay
Kit and ATP Assay Kit were purchased from Biosharp Company,
(China). 96 and 6-well cell culture plates were obtained from
Sigma-Aldrich, USA. 60mm, 75, 100mm cell culture dishes were
purchased from Corning (USA).

2.2. Cell Lines and Cell Culture

Human BC cell line MCF-7 cells were obtained from Nanjing
Kaiji cell bank and gradually induced into cisplatin-resistant MCF-
7/DDP by low concentration cisplatin culture. MCF-7/DDR cells
were cultured in an RMPI 1640 medium that contained 10% fetal
bovine serum, 100 U/ml penicillin, 100pg/ml streptomycin, and
placed in a cell incubator at 37°C, 5% CO, saturated humidity.

2.3. Detection of Drug Resistance Index in Cisplatin-Resistant
MCF-7/DDP Cells of Breast Cancer

The low-concentration gradual induction method allows BC
resistant strains to grow stably in high concentrations of cisplatin.
BC cisplatin-resistant cell line was cultured in complete medium in
the absence of cisplatin for 2 weeks, and the parental cells and
drug-resistant cells grown in log I})hase were inoculated into 96-well
culture plates, respectively. 5x10° cells were seeded into each well,
and after 24 hours of incubation, different concentrations of cis-
platin drugs were added to the corresponding 96-well plates in the
parental cells and drug-resistant cells. 5 parallel holes were set for
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each concentration. The half-inhibitory concentration (ICsg) of cis-
platin in various parental and drug-resistant cells was calculated
using SPSS22.0. Drug Resistance Index (RI) was calculated using
the formula below. The experiment was done in triplicates.

RI = semi-lethal concentration of drug-resistant cells / semi-
lethal concentration of parental cells

2.4. CCK-8 Assays Detects Cell Viability

Cells plating (density 6x10° cells/well) in 96-well plates were
carried out and incubated for 24h, following treatment with varying
concentrations of LCL161 (0 to 5uM) and different concentrations
of docetaxel (0 to 2.4mg/L). 5 duplicate wells per group were main-
tained and the drug was allowed to act for 24 to 72h. In addition,
the experiment was divided into 4 groups: docetaxel group,
LCL161 group (2uM), LCL161 with docetaxel group and blank
control group. The drug was allowed to act for 48h followed by the
addition of 10uL CCK-8. After incubation for one hour at 37°C,
absorbance was measured at 450nm with a plate reader.

2.5. Detection of Mitochondrial Membrane Potential

Seeding of cells was done into the wells of a 6-well plate
(2x10° cells/well). After the cells were attached to the plates, dif-
ferent treatments were added to the medium. The cells were then
collected after S5h of incubation. A luminometric-based ATP assay
kit was used to detect intracellular ATP levels for the different
treatments, as per manufacturer’s protocol. Measurement of absor-
bance was done using a microplate reader and ATP levels were
calculated as a percentage of the blank group.

2.6. Methods of Proteomics Experiments
2.6.1. Sample Preparation for 2-DE and iTRAQ Analysis

Seeding of MCF-7/DDP cells in 75¢cm* flasks was done and
placed in a humidified incubator at 37°( with 5% CO,. At 70% con-
fluency, treatment with 2uM LCL161 and 10uM z-VAD-zmk or
DMSO (control cells) was carried out. Following 24 hours of incu-
bation, the drug group and the control group underwent three wash-
ings with pre-cooled PBS, centrifuged to obtain a cell pellet. Stor-
age at -80°C was maintained till required for further analysis by
mass spectrometry based on TMT/iTRAQ.

2.6.2. Protein Extraction

Sonication was carried out thrice on ice with a high-intensity
ultrasonic processor (Scientz) in lysis buffer (8M urea, 1% Protease
Inhibitor Cocktail). (Note: For PTM experiments, the addition of
inhibitors to lysis buffer was made, e.g. 3uM TSA and 50mM
NAM for acetylation) It was centrifuged to remove the debris at
12,000g for 10 minutes at 4°C. This was followed by collection of
the supernatant and determination of protein concentration was
carried out with the BCA kit as per the manufacturer’s protocol.

2.6.3. Trypsin Digestion

Reduction of protein solution was done by adding SmM dithio-
threitol for 30 minutes at 56°C. This was followed by alkylation
with 11mM iodoacetamide for 15min at RT (room temp) in dark-
ness. Dilution of the sample by addition of 100mM TEAB to urea
concentration less than 2M was then done. For the first digestion
overnight, the addition of trypsin at 1:50 trypsin-to-protein mass
ratio was maintained and for the second 4 h-digestion 1:100 tryp-
sin-to-protein mass ratio was maintained.

2.6.4. TMT/iTRAQ Labeling

Peptide desalting was done with the Strata X C18 SPE column
(Phenomenex) followed by vacuum-drying. Reconstitution of pep-
tides in 0.5M TEAB was done as per the manufacturer’s instruction
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for TMT /ATRAQ kit. One unit of TMT/iTRAQ reagent was al-
lowed to thaw followed by reconstitution in acetonitrile. This was
followed by incubation for 2 hours at RT. Following this, pooling,
desalting, and drying by vacuum centrifugation were carried out.

2.6.5. LC-MS/MS Analysis

The tryptic peptides were allowed to dissolve in 0.1% formic
acid (solvent A), followed by loading onto a home-made reversed-
phase analytical column (15c¢m length, 75um i.d.). The gradient was
made of an increase from 6% to 23% solvent B (0.1% formic acid
in 98% acetonitrile) over 26min, 23% to 35% in 8min and climbing
to 80% in 3min then holding at 80% for the last 3min, all at a
constant flow rate of 400nL/min on an EASY-nLC 1000 UPLC
system.

The peptides were exposed to NSI source and then tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled
online to the UPLC. The application of 2.0kV of electrospray volt-
age was maintained. The m/z scan range was 350 to 1800 for a full
scan, and intact peptides were detected in the Orbitrap at a resolu-
tion of 70,000. Peptides were then selected for MS/MS using the
NCE setting as 28 and the fragments were detected in the Orbitrap
at a resolution of 17,500. A data-dependent procedure that alter-
nated between one MS scan followed by 20 MS/MS scans with
15.0s dynamic exclusion was carried out. Automatic Gain Control
(AGC) was set at SE4. The fixed first mass was set as 100 m/z.

2.6.6. Database Search

Processing of MS/MS data was done by the Maxquant search
engine (v.1.5.2.8). Tandem mass spectra were searched against the
human UniProt database concatenated with the reverse decoy data-
base. Trypsin/P was indicated as a cleavage enzyme that allowed up
to 4 missing cleavages. The setting for the mass tolerance for pre-
cursor ions was 20 ppm in the primary search followed by 5 ppm
for the main search. The setting for the mass tolerance for fragment
ions was 0.02 Da. Carbamidomethyl on Cys was stated as fixed
modification and acetylation modification and oxidation on Met
were set as variable modifications. FDR was changed to <1% with
the minimum score for modified peptides set at > 40.

2.7. Bioinformatics Methods
2.7.1. Annotation Methods
2.7.1.1. GO Annotation

The Gene Ontology, or GO, is a major bioinformatics initiative
to unify the representation of gene and gene product attributes
across all species. More specifically, the project aims to cover three
domains: Cellular component, Molecular function, and Biological
process. Gene Ontology (GO) annotation proteome was derived
from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). The
first step was to convert the identified protein ID to UniProt ID and
then map it to GO IDs by protein ID. The identified proteins that
the UniProt-GOA database was unable to identify were annotated
using the InterProScan soft based on the protein sequence align-
ment method. Classification of proteins was then done by Gene
Ontology annotation on the basis of three categories: biological
process, cellular component, and molecular function.

2.7.1.2. KEGG Pathway Annotation

KEGG has the ability to collect known information on molecu-
lar interaction networks, such as pathways and complexes (the
“Pathway” database), gene and protein information generated by
genome projects (including the gene database) and information
about biochemical compounds and reactions (including compound
and reaction databases). These databases are different networks,
known as the “protein network™ and the “chemical universe”,
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respectively. There are efforts in progress to add to the knowledge
of KEGG, including information regarding ortholog clusters in the
KEGG Orthology database. Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) database was used for annotation of the protein
pathways. KEGG online service tools KAAS was used for annota-
tion of protein’s KEGG database description. Then the annotated
result was mapped on the KEGG pathway database by KEGG on-
line service tools KEGG mapper.

2.7.2. Functional Enrichment

2.7.2.1. Enrichment of Gene Ontology Analysis

Using GO annotation, classification of proteins in the following
three categories was done: biological process, cellular compart-
ment, and molecular function. For each, a two-tailed Fisher’s exact
test was carried out for testing the enrichment of the differentially
expressed protein against all identified proteins. The GO with a
corrected p-value <0.05 is considered significant.

2.7.2.2. Enrichment of Pathway Analysis

Encyclopedia of Genes and Genomes (KEGG) database was
utilized for the identification of enriched pathways using two-tailed
Fisher’s exact test to test the enrichment of the differentially ex-
pressed proteins against all identified proteins. The pathway with a
corrected p-value <0.05 was considered significant. Classification
of these pathways into hierarchical categories was done based on
the KEGG website.

2.7.3. Protein-Protein Interaction Network

Differential protein database numbers or protein sequences
screened in different comparison groups were compared with the
STRING (v.10.5) protein network database, and the differential
protein interaction relationship was extracted according to the con-
fidence score >0.7 (high confidence). The differential protein inter-
action network was visualized using the R package “networkD3” tool.

2.8. PRM Analysis

Confirmation of the protein expression levels by LC-MS/MS
analysis was done by quantification of the expression levels of four
selected proteins by PRM analysis carried out at the “Hangzhou
Jinjie Bioscience Co., Ltd (Hangzhou, China)”. Signature peptides
for the target proteins were defined according to the LC-MS/MS
data, and only unique peptide sequences were selected for PRM
analysis. The tryptic peptides were first dissolved and then directly
loaded onto a home-made reversed-phase analytical column. The
peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled
online to the UPLC. A data-independent procedure that consisted of
alternation between one MS scan followed by 20 MS/MS scans was
run. Automatic Gain Control (AGC): 3E6 (full MS) and 1E5
(MS/MS) and maximum IT: 20 ms (full MS) and auto (MS/MS)
were maintained. The setting for the isolation window for MS/MS
was 2.0m/z.

The processing of MS data was done with Skyline (v.3.6). The
following peptide settings were maintained: enzyme- Trypsin
[KR/P], Max missed cleavage- 2, Peptide length: 8-25, Variable
modification: Carbamidomethyl on Cys and oxidation on Met, max
variable modifications: 3.

2.9. Statistical Analysis

Student's t-test was used to compare the two groups and One-
way analysis of variance was used for comparison between groups.
SPSSv.22.0 software was used for data Process. All analyses were
statistically significant with p values < 0.05. *P <0.05, **P <0.01,
***P <0.001.
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Fig. (1). LCL161 in combination with Caspase inhibitors can inhibit growth and induces cell death in human breast cancer MCF-7/DDP cells. (A) MCF-
7/DDP cells were treated with various concentrations of LCL161 (from 0 to 16uM) for 24, 48, and 72h. Cell viability was measured using a CCK-8 assay after
treatment. (B) Reduction in ATP production after LCL161 in combination with Caspase inhibitors treatment. Cellular levels of ATP were measured after 5h.
Results represent means + SD of three independent experiments. *P<0.05, **P < 0.01, ***P < 0.001.

3. RESULTS

3.1. Effects of LCL161 Combined with z-VAD-fmk on the
Proliferation of Drug-Resistant Cells

McF-7/DDP cells were exposed to LCL161 for 48h at various
concentrations. By cck-8 assay, it was found that LCL161 com-
bined with z-VAD-fmk resulted in significant inhibition of their
growth (Fig. 1A).

3.2. LCL161 Combined with z-VAD-FMK Decreased Intracel-
lular ATP Levels in Drug Resistant Cells

ATP plays an important role in numerous physiological and
pathological processes. During apoptosis and necrosis, cell mem-
brane rupture leads to a decrease in cell membrane potential as well
as a decrease in ATP levels. Compared with the control group,
LCL161 reduced the ATP level of MCF-7/DDP cells following S5h
incubation (P<0.01), but a more significant reduction of ATP was
when combined with caspase inhibitors (Fig. 1B). This suggests
that when caspase is inhibited, LCL161 interferes with cellular
energy metabolism by reducing intracellular ATP levels, leading to
cell death.

3.3. Quantitative Intracellular Proteome Analysis and GO
analysis of MCF-7/DDP Cells after Treatment with LCL161- z-
VAD-FMK Combination

In order to identify the cell biological changes and mechanisms
of LCL161 combined with CI, proteomics analysis was done to find
the difference in protein expression of McF-7/DDP cells before and
after LCL161- z-VAD-zmk combination treatment. From LC-
MS/MS, 5220 intracellular proteins were identified between the
control (untreated) and LCL161-z-VAD-zmk combination-treated
MCF-7/DDP cells across the three sets of biological replicates. It
was seen that 206 proteins were at least 1.2 times different (p<0.05)
between the control group and before and after the LCL161-z-
VAD-zmk combination treatment group. Among them, up-
regulation of 92 proteins and down-regulation of 114 proteins were
seen (Fig. 2 A, B).

The differentially expressed proteins were categorized accord-
ing to three aspects: Cellular component, Molecular function, and
Biological process by GO analysis based on the UniProt-GOA da-
tabase. Among the proteins whose expression was up-regulated, the
differential proteins of the cellular component are mostly concen-
trated in cells and organelles. The molecular function was mainly

related to binding. In the biological process, the differential proteins
are concentrated in the cellular process, the single-organism proc-
ess, and the biological regulation (Fig. 2C). Among the down-
regulated proteins, differential proteins have the same tendency to
up-regulate proteins in both the Cellular component and the Mo-
lecular function, while in the biological process, the differential
proteins are more concentrated in the cellular process and the sin-
gle-organism process, followed by the metabolic process and bio-
logical Regulation (Fig. 2D).

3.4. Bioinformatic Information for Differentially Expressed
Proteins

In the GO-based functional enrichment analysis, according to
the three categories it was found that the proteins that underwent
upregulation were: concentrated in the acute inflammatory response
(biological process), had peptide antigen-transporting ATPase ac-
tivity (molecular function), and was mainly in the extracellular
space (cellular component) (Fig. 3A). The down-regulated proteins
played a role in migration and DNA metabolic processes (biological
processes), played a role in anaphase-promoting complex binding
and DNA-directed DNA polymerase activity (molecular function),
and were located in cells and nucleus (cellular component) (Fig.
3B). This shows that the proteins that underwent upregulation pri-
marily play a role in the acute stress response of cells while the
down-regulation of proteins are involved in cell migration and regu-
lation of nuclear transcription and replication of components.

KEGG pathway enrichment analysis was then carried out. It
was seen that the up-regulated proteins were primarily enriched in
disease-related pathway, ECM-receptor interaction, pathways in
cancer, and AGE-RAGE signaling pathway (Fig. 3C). The proteins
that underwent downregulation were primarily enriched in disease-
related pathway, PI3K-Akt signaling pathway, p53 signaling path-
way, pathways in cancer, nucleotide excision repair, and DNA rep-
lication (Fig. 3D).

3.5. Cluster Analysis

The KEGG pathway enrichment of the differentially changed
proteins disclosed pathways of importance. Specifically, we de-
tected changes in the following signal pathways: Data through the
cancer pathway (Fig. 4A), PI3K-AKT signaling pathway (Fig. 4B),
and p53 signaling pathway (Fig. 4C). We found that key proteins
after treatment with breast cancer-resistant cells via LCL161 in
combination with z-VAD-zmk are mainly concentrated in the above
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Fig. (2). (A) The p-value was calculated using the two-sample T-test method. When p-value<0.05, the difference expression amount changed by more than 1.2
as a significantly up-regulated change threshold, and less than 1/1.2 as a significantly down-regulated change threshold. The histogram shows aggregated data
for all differential proteins, with red dots indicating significant differential expression of up-regulated proteins and blue dots indicating significant differential
expression of down-regulated proteins. (B) The horizontal axis of the volcano plot is the logarithmically converted value of the relative quantitative value of the
protein, and the vertical axis is the value of the logarithmically converted p-value after the log-log conversion. The red dot in the figure indicates a significant
differential expression of the up-regulated protein, and the blue dot indicates a significant differential expression of the down-regulated protein. (C and D) The
biological processes, molecular function and cellular components of the Gene Ontology (GO)-annotation distribution of the differential proteins in McF-
7/DDP cells before and after LCL161 combined with z-vad treatment. The bars represent the numbers of proteins involved in the processes. The two figures
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Fig. (3). Functional enrichment analysis of up-regulated and down-regulated proteins. A and B, GO-based enrichment analysis of up-regulated (A) and down-
regulated (B) proteins. (C and D) KEGG pathway-based enrichment analysis of up-regulated (C) and down-regulated (D) proteins. Red indicates up-regulated

differential protein and green indicates down-regulated differential protein.

pathways. At the same time, many intranuclear protein expression
differences are also seen in the cancer pathway and the PI3K-AKT
pathway to regulate cell proliferation.

3.6. PPI Analysis

The differential protein interaction network is visually dis-
played by searching the PPI database to verify the interaction of the
identified or differentially expressed protein. In the PPI network,
different colors represent a differential expression of proteins (blue
are the down-regulated proteins and red are the up-regulated pro-
teins). The circle size denotes the number of proteins interacting
with each other. The larger the circle, the more proteins it interacts
with, indicating the increased importance of the protein in the net-
work. Through inter-group analysis and comparison, it was found
that there are 4 important nodule proteins between the two groups;
namely, ITGB1 (connectivity degree of 17), CDC20 (connectivity
degree of 6), CDK4, and RRM2 (connectivity degree of 5) (Fig. 5).

3.7. PRM Verification

For verification of the MS results, PRM analysis was carried
out for 4 differentially expressed proteins (CDC20, RRM2, ITGB1,
and CDK4). They were selected based on the following criteria: 1)

they could potentially have biological functions and significance; 2)
They had peptide fragments >1 as per LC-MS/MS; and 3) they are
associated with cell proliferation and have potential for further re-
search. Based on the relative expression levels of the corresponding
peptides of the varied target groups in the different sample groups,
PRM quantification was carried out on the selected 4 target proteins
of the 6 samples. Table 1 represents the PRM data. The TMT and
PRM results were found to be consistent. According to our results,
some of the proteins like RMM2, CDK4, ITGB1, and CDC20 un-
dergo down-regulation upon LCL161-z-VAD-zmk combination
treatment (Table 1).

4. DISCUSSION

For malignant tumors, the resistance of tumor cells to drugs is
often the main cause of treatment failure [16]. The mechanism of
cancer drug resistance is a complex process with many influencing
factors. The abnormal regulation of the apoptosis process is also the
cause of tumor cell resistance. Currently, the hot spot for anti-tumor
research is to determine how to inhibit tumor growth by promoting
tumor cell apoptosis [17-19]. In previous studies, Smac protein is
an endogenous regulatory molecule of the mitochondrial apoptotic
pathway, which can specifically bind to IAPs to abolish its anti-
apoptotic effect and induce apoptosis. As a synthetic IAP antagonist,
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. Up-regulated proteins

. Down-regulated proteins

L

Fig. (5). Protein-protein network. The circles in the figure indicate differentially expressed proteins, and different colors represent a differential expression of
proteins (blue is the down-regulated protein and red is the up-regulated protein). The number of lines represents the number of different proteins and their inter-
acting proteins. The more proteins that interact with each other, the more important the protein is in the network.

Table 1. PRM protein quantification results.

Protein Accession Protein Gene LZ/C Ratio LZ/C p-value LZ/C Ratio(TMT)
Q12834 CDC20 0.68 0.0148 0.69
P31350 RRM2 0.67 0.0130 0.82
P05556 ITGBI 0.63 0.00000273 0.81
P11802 CDK4 0.48 0.0000588 0.78

The PRM results in the table are consistent with the TMT quantitative results, and the p—values are less than 0.05.

Smac mimetic LCL161 binds and participates in the down- cated that LCL161 significantly reduced XIAP activity and cIAP
regulation of various IAPs due to high affinity with IAPs. It then levels in multiple myeloma cell lines and their resistant cell lines
activates caspase to initiate apoptosis [20]. Vijay et al. (2014) indi- while promoting TNF-a-mediated apoptosis [21]. In our study,
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when LCL161 was used alone, it could promote the apoptosis of
BC resistant cells. When the downstream caspase was inhibited,
contradictory to expected inhibition, it was found that apoptosis
was promoted. To further understand the mechanism by which
LCL161 in combination with CI promotes apoptosis in BC drug-
resistant cells, further experiments were carried out. A TMT-based
high-throughput proteomics strategy was used for direct screening
of differentially expressed proteins in BC drug-resistant cells before
and after exposure to LCL161 and CI. These proteins were ana-
lyzed using bioinformatics tools. Moreover, vital proteins were
identified.

RRM2 (Ribonucleotide reductase M2) is a protein-
translationally modified enzyme in most eukaryotic cells. It is also a
key rate-limiting enzyme that promotes DNA synthesis and repair
[22]. Studies have shown that RRM2 is not expressed or under-
expressed in normal human cells, and is overexpressed in malignant
tumors such as cancer of the liver, pancreas, colon, non-small cell
lung cancer, melanoma, hydatidiform mole malignant tumor, and
trophoblastic tumor [23-29]. The high expression of RRM2 is
closely related to the growth, invasion, metastasis, angiogenesis,
tumor resistance, and prognosis of malignant tumors [30-35].
Breast cancer cell resistance is the main cause of poor therapeutic
effect, and the improvement of DNA repair level is one of the rea-
sons for drug resistance. Chemotherapy drugs mainly kill tumors by
destroying or inhibiting tumor cell DNA or RNA. However, tumor
cells improve anti-injury ability through multiple pathways during
tumor evolution, and RRM2 is associated with DNA synthesis me-
tabolism. Increased expression in cancer drug resistance cells in-
creases resistance to DNA damage as well as anticancer drugs [36-
40]. On the other hand, inhibition of RRM2 expression reduces the
anti-injury ability of tumor cell DNA and may restore sensitivity to
chemotherapeutic drugs [41-44]. Therefore, we speculated that
when the caspase enzyme was inhibited, AIF (Apoptosis-Inducing
Factor) and Endo located in the middle of the mitochondrial bilayer
membrane G (endonuclease G) can be transferred therefrom. Upon
entering the nucleus, it can cause chromatin condensation and large
fragment DNA degradation (50kb), and these effects of AIF and
Endo G are not related to caspase [45-48].

In breast cancer, cyclin D1 amplification and CDK4 copy in-
crease are common in luminal and Her2 enriched subtypes, but in
basal-like tumors, Rb deletions or mutations and cyclin E1 amplifi-
cations [49] are very rare. A large number of preclinical studies
have shown that cyclin D1-CDK4/6 is an essential factor in main-
taining the tumorigenic potential of breast cancer cells [50-53]. The
cell cycle is an important regulator of cell proliferation, growth, and
division after DNA damage. It controls the transition from the qui-
escent state (G, phase) to cell proliferation and passes the check-
point [54]. In order to enter DNA synthesis (S phase), all cells must
activate Cyclin-Dependent Kinases (CDKs), which need to bind to
cyclin subunits to exert catalytic activity. The d-type cyclin and its
chaperones, CDK4 and CDK6, play an important role in the cell
cycle [55, 56]. In breast cancer resistant cells, the activity of CDK4
is increased, thereby restoring the DNA replication ability of tumor
cells, and making breast cancer cells resistant to chemotherapeutic
drugs. In addition, studies have shown that the CDK4/6 pathway
crosses numerous vital mitotic signaling pathways which provides a
powerful theoretical basis for using a combination of CDK4/6 in-
hibitors along with targeted therapies. A typical example is its com-
bination with endocrine therapy (e.g. tamoxifen, aromatase inhibi-
tor, and fulvast) in er-positive BC [57-59]. The synergy between
these drugs can be partially explained as a double-strike mechanism
in which endocrine therapy limits CCNDI1 transcription and
CDK4/6 inhibitors directly block kinase activity. Therefore, CDK4
can be considered as a target protein for BC resistant cells, and
combined with LCL161 to treat BC resistance. This indicates that
when the apoptosis pathway induced by LCL161 is blocked by
caspase, the expression of CDK4 protein can be down-regulated to
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promote drug-resistant cell death, indicating that CDK4 is a target
protein that promotes drug-resistant cell death in breast cancer.

The B-cell lymphoma 2 (Bcl-2) family plays a key role in con-
trolling cell apoptosis, which can be divided into two functionally
distinct types: the anti-apoptotic protein group and the pro-
apoptotic protein group [60]. It is a key protein in the mitochondrial
pathway during programmed cell death [61, 62]. The Bcl-2 protein
is a family of anti-apoptotic proteins that were originally identified
as a primitive in cell follicular lymphoma. The oncogene Bax pro-
tein acts as a pro-apoptotic protein during apoptosis and death [63,
64]. In many tissues, the expression ratio of Bcl-2 and Bax protein
is used to study cell apoptosis [65]. The balance between Bcl-2 and
Bax protein expression determines cell survival and death. Our
results showed that the down-regulation of ITGB1 promoted the
decrease of anti-apoptotic protein Bcl-2 expression, while the pro-
apoptotic protein Bax increased and activated Caspase protein [66-
69]. These results suggest that combating the high expression of
ITGBI1 in breast cancer resistant cells could be a potential method
of treatment. It is possible to inhibit the expression of Bax through
the mitochondrial signaling pathway, thereby inhibiting the apopto-
sis of tumor cells.

CDC20 (Cell-Division Cycle 20) is an important regulatory
molecule of cell cycle checkpoints that has a vital role in the regula-
tion of cell mitosis by direct binding and activation of APC (Ana-
phase Promoting Complex) [70]. Previous research has shown that
the high expression of CDC20 is likely to be an important factor in
promoting the abnormal proliferation of tumor cells and resisting
apoptosis [71]. Bim is a pro-apoptotic molecule in the Bcl-2 family
[72], and CDC20 disrupts its protein stability by ubiquitination of
Bim, which in turn inhibits apoptosis [73]. Studies have found that
down-regulating the expression level of CDC20 can significantly
increase the expression of Bim protein in BC cells, indicating that
the E3 ubiquitin ligase activity targeting CDC20 increases the apop-
tosis sensitivity of tumor cells by up-regulating the expression level
of Bim [74-76]. In summary, we believe that CDC20 is highly ex-
pressed in breast cancer resistant cells, which in turn inhibits the
expression level of Bim, thereby reducing the apoptosis sensitivity
of tumor cells. This suggests that drug resistance in the BC cells
may be due to increased expression of CDC20. LCL161- z-VAD-
zmk combination can induce the apoptosis of BC drug-resistant
cells by inhibiting the expression of CDC20 protein, which may be
caused by mitosis and apoptosis signals. Therefore, CDC20 can be
used as a target protein for promoting apoptosis of BC resistant
cells.

CONCLUSION

In summary, our research was the first to use proteomics to
analyze the protein changes of Smac mimetic combined with CI on
drug-resistant BC cells. The GO analysis of differentially expressed
proteins in our study indicates that they could play a role in the
cellular and the single-organism process and are mostly located on
the extracellular space, organelles, and nucleus. This indicates that
these differential proteins are transmitted intracellularly through
signaling pathways, and then induce nuclear replication and tran-
scriptional disorders which lead to cell death. This result is in ac-
cordance with the enrichment of KEGG pathway. Through the
KEGG pathway, a variety of classical pathways related to cell de-
velopment, proliferation, and metabolism can be found. The path-
ways in cancer, PI3-Akt and p53 signaling pathways are the most
noteworthy changes among numerous signal pathways. Through
PPI analysis, 4 important differentially expressed proteins were
identified, which played a role in exploring the mechanism of ac-
tion of LCL161 in combination with CI and drug targeting for the
subsequent treatment of BC drug-resistance. They were highly con-
sistent with TMT results. CDC20 is mainly located in the nucleus,
and IGTB1, RRM2, and CDK4 are mainly localized in the cyto-
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plasm and organelles. IGTB1 is localized extracellular, and they
help regulate tumor cell apoptosis through different pathways. The
results of this research may be helpful in understanding the molecu-
lar mechanisms by which Smac mimics induce apoptosis in BC
drug-resistant cells when caspase is inhibited. It can help to identify
its potential as a target protein for promoting drug-resistant apopto-
sis and even reverse the possibility of drug resistance, thereby pro-
viding a new method for clinical treatment of BC drug-resistance.
More importantly, our study provides a novel methodology that can
be used for future research to reverse BC drug-resistance. Further
studies are required to identify the association of differentially ex-
pressed proteins with Smac mimics in combination with CI, and the
exact molecular mechanisms of action like post-translational modi-
fication.
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