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Abstract

Background: This study aimed to screen sensitive biomarkers for the efficacy evaluation of neoadjuvant
chemotherapy in breast cancer.

Methods: In this study, Illumina digital gene expression sequencing technology was applied and differentially
expressed genes (DEGs) between patients presenting pathological complete response (pCR) and non-pathological
complete response (NpCR) were identified. Further, gene ontology and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis were then performed. The genes in significant enriched pathways were finally
quantified by quantitative real-time PCR (qRT-PCR) to confirm that they were differentially expressed. Additionally,
GSE23988 from Gene Expression Omnibus database was used as the validation dataset to confirm the DEGs.

Results: After removing the low-quality reads, 715 DEGs were finally detected. After mapping to KEGG pathways, 10
DEGs belonging to the ubiquitin proteasome pathway (HECTD3, PSMB10, UBD, UBE2C, and UBE2S) and cytokine–
cytokine receptor interactions (CCL2, CCR1, CXCL10, CXCL11, and IL2RG) were selected for further analysis. These 10
genes were finally quantified by qRT-PCR to confirm that they were differentially expressed (the log2 fold changes of
selected genes were − 5.34, 7.81, 6.88, 5.74, 3.11, 19.58, 8.73, 8.88, 7.42, and 34.61 for HECTD3, PSMB10, UBD, UBE2C,
UBE2S, CCL2, CCR1, CXCL10, CXCL11, and IL2RG, respectively). Moreover, 53 common genes were confirmed by the
validation dataset, including downregulated UBE2C and UBE2S.

Conclusion: Our results suggested that these 10 genes belonging to these two pathways might be useful as sensitive
biomarkers for the efficacy evaluation of neoadjuvant chemotherapy in breast cancer.
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Background
Breast cancer is one of the most common malignancies,
with the highest incidence in females among all cancers.
Recently, neoadjuvant chemotherapy has attracted sig-
nificant attention as a new treatment for patients with
early and/or locally advanced breast cancer [1, 2]. It can
reduce the size of the primary tumour, thereby confer-
ring an operable status on a substantial proportion of
patients with advanced tumours that were previously
considered unresectable. In addition, this treatment
helps patients become eligible for breast-conserving sur-
gery and avoid mastectomy. It is well established that a
pathological complete response (pCR) serves as an inter-
mediate marker of a better long-term survival [3, 4].
According to postoperative pathological report, pCR is
defined as the absence of invasive tumour cells in the
surgical specimens of axillary lymph node and the pri-
mary lesion of breast cancer.
Nevertheless, neoadjuvant chemotherapy is not benefi-

cial for all patients. Identification of predictive factors of
neoadjuvant chemotherapy response would therefore be
of great value to patients as these will help avoid side ef-
fects and unnecessary expenses. To date, the identifica-
tion of clinical parameters for the prediction of pCR,
such as tumour size, tumour grade, histology, and lymph
node status, has been widely reported [3]. Additionally,
hormone receptor, human epidermal growth factor re-
ceptor 2 (HER2), and Ki-67 [5, 6] have been extensively
studied and are shown to be associated with pCR. How-
ever, the accuracy of these clinical and molecular param-
eters remains unsatisfactory. Thus, more accurate and
clinically useful predictive factors need to be developed.
Recent evidence suggests that some genes involved in

certain pathways may be important predictors of the
neoadjuvant chemotherapy response. Witkewicz et al.
discovered that deregulation of the retinoblastoma
tumour suppressor pathway is associated with improved
response to neoadjuvant chemotherapy [7]. Other
studies also reported that the peroxisome proliferator-
activated receptor signalling pathway plays an important
role in the mechanism of action of neoadjuvant chemo-
therapy [8].
In this study, pathways susceptible to neoadjuvant

chemotherapy were investigated in detail. Digital gene
expression sequencing (DGE-seq) [9, 10] is a sensitive
method that is useful for developing and refining the
molecular taxonomy of breast cancer as well as investi-
gating molecular heterogeneity [11]. Using this technol-
ogy complemented with a novel, powerful, analytical
method, we compared gene expression profiles of sam-
ples from patients presenting pCR with those of samples
from patients with non-pathological complete response
(NpCR). This study was designed to identify gene groups
that could be used to distinguish primary breast cancers

that are sensitive to neoadjuvant chemotherapy from
those that are resistant to it and to identify the molecu-
lar pathways involved in the mechanism of action of
neoadjuvant chemotherapy.

Methods
Sample collection
All pre-chemotherapy samples were collected from the
tumour bank at Zhejiang Cancer Hospital, Hangzhou,
China, using standard procedures. Before neoadjuvant
chemotherapy, all patients underwent a tumour biopsy with
a vacuum-assisted core biopsy instrument (Mammotome
8G; HH Ethicon Endosurgery/Johnson and Johnson
Company, Langhorne, PA, USA) with ultrasonographic
guidance for histological examination and gene expression
analysis. Patients were treated with one cycle of docetaxel
at 120 mg/m2 and epirubicin at 100 mg/m2, followed by
four cycles of cyclophosphamide at 700 mg/kg. This study
was approved by the Zhejiang Provincial Experimental
Animal Management Committee, which has the authority
to approve studies involving human samples under
Contract 2014-3039 (ZEAC 2014-3039). Additionally, all
patients provided written informed consent prior to the be-
ginning of this study and were provided with an explan-
ation of the principles of privacy of information that
prevailed in this study. Twenty fine-needle aspirate (FNA)
biopsies from 7 patients with pCR and 13 patients without
pCR were collected.

RNA extraction
RNA was extracted from FNA biopsy samples using
the E.Z.N.A.™ DNA/RNA/Protein Isolation Kit (Omega, CA,
USA), in accordance with the manufacturer’s instructions.
The RNA pellet was dissolved in diethylpyrocarbonate
(DEPC) H2O. RNA concentration and sample quality were
assessed with a Nanodrop (ND2000 Spectrophotometer;
Thermo Scientific, Wilmington, DE, USA). Samples were
considered adequate for further analysis if the optical density
260/280 ratio was ≥1.8. RNA samples were stored at − 80 °C
until use.

Profiling library preparation for DGE-seq
Ten micrograms of total RNA from pooled RNA sam-
ples, including three pCR and NpCR samples each, was
used for the digital gene expression profiling sequencing.
In accordance with the manufacturer’s instructions, total
RNA was purified using oligo-dT magnetic beads to
yield poly(A+) mRNA and subsequently fragmented into
short sequences in the presence of sodium hydroxide.
Sequence library construction was performed in accord-
ance with the instructions of the ScriptSeq™ mRNA-Seq
Library Preparation Kit (Illumina®-compatible; Illumina,
San Diego, CA, USA). Briefly, the fragmented RNA was
reverse-transcribed into cDNA using the SuperScript

Liu et al. World Journal of Surgical Oncology  (2018) 16:82 Page 2 of 8

http://e.z.n.a.tm


Double-stranded cDNA Synthesis kit (Invitrogen, Carls-
bad, CA, USA) with the addition of SuperScript III re-
verse transcriptase (Invitrogen) and random primers
with a tagging sequence at the 3′ ends. This procedure
was followed by RNase A (Roche, Basel, Switzerland)
treatment, phenol–chloroform extraction, and ethanol
precipitation. The 5′ DNA/DNA adaptor was ligated to
the resulting cDNAs, and the di-tagged cDNA was puri-
fied with polyacrylamide gel electrophoresis (PAGE) gel.
The insert fragment size was approximately 150–250 bp.
The resulting sequences were PCR-amplified for 18 cy-
cles using a high-fidelity DNA polymerase, and the
products were purified on a 6% Tris/Borate/EDTA
PAGE gel. DGE libraries were sequenced using a single
flow cell on an Illumina Hiseq2000.

Identification and functional analysis of differentially
expressed genes
Next, DGE-seq results were compared between the pCR
and non-pCR groups to identify changes in gene expres-
sion. The false discovery rate was used to determine the
critical P value in multiple tests. We used a P value of ≤
0.05 and an absolute value of the log2 (fold change) > 1
as the thresholds to identify significant differences in
gene expression [12, 13]. We aimed to identify changes
in gene expression between pCR and NpCR samples and
to determine the molecular pathways transcriptionally
affected by these changes. The fold change between
reads of sequenced genes was used to identify genes with
statistically significant changes in expression [14].
To characterise the functional consequences of changes

in gene expression, Gene Ontology (GO) analysis,
which provides a coherent annotation of differentially
expressed gene (DEG) products, and pathway analysis
of the DEGs, based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database, were per-
formed [10].

Gene quantification by quantitative real-time PCR
mRNA expression levels of the 10 selected candidate
genes were validated by reverse transcription PCR (RT-
PCR). Gene-specific primers were designed using Primer
5.0 software (data not shown). Each reaction was per-
formed in a final volume of 10 μL containing 1 μg of
total RNA, 1 μL of random primer (10 μM), 2 μL of 5×
M-MLV buffer, 1 μL of dNTPs (10 mM; Takara, Tokyo,
Japan), 0.5 μL of M-MLV reverse transcriptase (Takara),
0.5 μL of RNase inhibitor (Takara), and DEPC H2O. The
mixture was incubated at 42 °C for 60 min and then at
70 °C for 15 min. All reverse transcription reactions
were performed in a PCR S1000 Thermocycler (Bio-Rad,
Hercules, CA, USA).
Gene quantification was performed using an SYBR

green quantitative real-time PCR (qRT-PCR) array. qRT-

PCR analysis was performed on an ABI PRISM 7500
Real-Time System (Applied Biosystems, Foster City, CA,
USA) with 20-μL reaction volumes containing 1 μL of
reverse transcription product as a template, 10 μL of
Platinum SYBR Green qPCR SuperMix-UDG (Invitro-
gen, C11744-100), 0.4 μL of forward primer (10 μM),
0.4 μL of reverse primer, and DEPC H2O. The reac-
tions were performed in 96-well plates at 50 °C for
2 min, 95 °C for 5 min, 40 cycles of 95 °C for 15 s,
60 °C for 31 s, and then 60–95 °C to obtain the melt-
ing curve. β-actin was stably expressed in the tissue
and has been widely used as a standard control for nor-
malisation [15]. Thus, it was also used as the reference
gene in this study. For all genes, triplicate analyses were
completed. After the run, amplification dissociation curves
were assessed to exclude primer–dimer amplification. The
relative expression of genes was calculated using the fold
change of gene expression method. The fold changes of
gene expression in each pCR sample relative to the ex-
pression in the NpCR sample were calculated using the
following formula [16]:

ΔΔCT ¼ CT geneð Þ−CT β−Actinð Þ
� �

pCR

− CT geneð Þ−CT β−Actinð Þ
� �

NpCR

The cycle threshold (CT) is defined as the number of
cycles required for the fluorescent signal to cross the
threshold in qRT-PCR [15].

Validation of DEGs
To confirm the differential expression of the screened
DEGs, the validation dataset GSE23988 was downloaded
from Gene Expression Omnibus (GEO, https://www.
ncbi.nlm.nih.gov/geo/) database. There were 41 residual
disease (RD) samples and 20 pCR samples under
GSE23988. Using limma package (http://www.biocon-
ductor.org/packages/2.9/bioc/html/limma.html) [17] in
R, the DEGs in RD vs. pCR comparison group were ana-
lysed. The P value < 0.05 was set as the threshold.

Results
Analysis of DGE-seq results
In the key gene screening step, DGE-seq based on
gene expression profiles was performed to identify
genes from tissues obtained from patients presenting
pCR and NpCR that were differentially expressed between
these two groups. To gain insight into the transcriptome
relevant to breast cancer, we used the Illumina Hiseq2000
platform to perform high-throughput DGE-seq [9, 11, 18]
analysis on poly(A)-enriched RNAs from six breast cancer
libraries, namely, NpCR1, NpCR2, NpCR3, pCR1, pCR2,
and pCR3. Images generated by the sequencer were con-
verted into nucleotide sequences using a base-calling pipe-
line. The raw reads were saved in the FASTQ format, and
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low-quality reads were removed prior to analysing the
data, as previously reported [19]. After removal of the
low-quality reads, we obtained a total of 10,690,546;
6,365,594; 5,792,665; 8,402,125; 8,830,451; and 6,619,228
clean reads from the libraries NpCR1, NpCR2, NpCR3,
pCR1, pCR2, and pCR3, respectively. All subsequent ana-
lyses were based on the clean reads. The high-quality
reads were selected and exclusively used in the mapping
using TopHat. No more than two mismatches were
allowed in the alignment for each read, and unique map-
ping reads were used in the latter analysis. DGE-seq data
are summarised in Fig. 1.

Identifying DEGs
Using a twofold difference in expression as the cut-off
level, we identified 715 genes that were differentially
expressed between pCR and NpCR samples (Fig. 2).
Among the 715 DEGs, 342 were upregulated in NpCR
samples, whereas 373 were downregulated in them (data
not shown).
GO and KEGG [20] were used to identify the func-

tional categories and pathways that were particularly as-
sociated with the DEGs. The 715 genes were categorised
into the three main GO classification categories (bio-
logical process, cellular component, and molecular func-
tion). They were particularly associated with the
subcategories of ‘regulation of biological process’, ‘bind-
ing and catalytic activity’, and ‘metabolic process’ (Fig. 3).
The 715 genes were also mapped to the reference ca-

nonical pathways using KEGG. Genes upregulated in
pCR samples were enriched for several pathways, includ-
ing cytokine–cytokine receptor interactions [21, 22] and
the ubiquitin proteasome pathway [23, 24]. In contrast,
pathways involved in focal adhesion [25] and extracellu-
lar matrix (ECM) [26, 27] receptor interactions were

enriched in NpCR samples. These findings are useful for
investigating specific processes, functions, and pathways
involved in breast cancer.

DGE-seq data validation using qRT-PCR analysis
Considering its precise quantification and high sensitiv-
ity, qRT-PCR was used for a detailed analysis of the ex-
pression of these genes [28]. To investigate whether the
ubiquitin proteasome and cytokine–cytokine receptor
interaction pathways are sensitive to neoadjuvant
chemotherapy, we measured the expression of genes in-
volved in these pathways in tissues from pCR and NpCR
samples. Twenty samples were analysed, including 7
from patients presenting pCR and 13 from patients pre-
senting NpCR. qRT-PCR analysis of 10 representative
genes, namely, five representative genes from the ubiqui-
tin proteasome pathway (HECT domain E3 ubiquitin
protein ligase 3, HECTD3; proteasome subunit beta 10,
PSMB10; ubiquitin D, UBD; ubiquitin-conjugating
enzyme E2C, UBE2C; and ubiquitin-conjugating enzyme
E2S, UBE2S) and five genes from the cytokine–cytokine
receptor interaction pathway (chemokine (C-C motif )
ligand 2, CCL2; chemokine (C-C motif ) receptor 1,
CCR1; chemokine (C-X-C motif ) ligand 10, CXCL10;
chemokine (C-X-C motif ) ligand 11, CXCL11; and inter-
leukin 2 receptor, gamma, IL2RG), was conducted to
verify the transcriptome sequencing expression profile
data. Regarding the ubiquitin proteasome pathway, re-
sults indicated that the expression of PSMB10, UBD,
UBE2C, and UBE2S was consistently upregulated more
than twofold in samples from pCR patients compared
with those from NpCR patients. In contrast, the expres-
sion level of HECTD3 was lower in the group of pCR
patients than in the group of NpCR patients (Fig. 4a).
Regarding the cytokine–cytokine receptor interaction

Fig. 1 Gene expression distribution between pathological complete response (pCR) and non-pathological complete response (NpCR) samples.
Summary of the digital gene expression sequencing (DGE-seq) mapping data. a A scatter plot comparing the gene expression levels between
pCR and NpCR samples. b A box plot for the number of reads uniquely mapped to a transcript
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pathway, CCL2, CCR1, CXCL10, CXCL11, and IL2RG
were significantly overexpressed in samples from pCR
patients when compared with those from NpCR patients
(Fig. 4b). The qRT-PCR analysis was consistent with the
results obtained with the DGE-seq analysis.

Validation of DEGs
Compared with pCR samples, a total of 1068 DEGs (506
upregulated and 562 downregulated) were obtained in
the RD samples. There were 53 common genes between
the 715 DEGs and the 1068 DEGs, including 26 upregu-
lated genes and 27 downregulated genes (such as UBE2C
and UBE2S).

Discussion
The aim of this study was to assess gene expression differ-
ences between pCR and NpCR patients to identify patients
who are sensitive to neoadjuvant chemotherapy. We con-
ducted gene expression profiling using pre-chemotherapy
FNA. The development of high-throughput deep sequen-
cing technology provides almost complete views of DGE
profiles. This highlights the potential of new large-scale par-
allel sequencing strategies to profile gene expression in ma-
lignant tumours [12]. The results provide experimental
evidence supporting the authenticity of 715 genes found to
be differentially expressed between pCR and NpCR pa-
tients, including 373 upregulated and 342 downregulated
genes in pCR patients. Especially, UBE2C and UBE2S were
confirmed to be significantly downregulated by the valid-
ation dataset GSE23988. Upon mapping the corresponding
genes to biological pathways, various interesting observa-
tions emerged. For example, pathways involved in focal ad-
hesion and ECM receptor interactions were particularly
associated with NpCR samples, whereas genes involved in
cytokine–cytokine receptor interactions, the ubiquitin pro-
teasome pathway, and cell adhesion showed lower activity
than those in pCR samples.
Two prominent pathways emerged from this analysis.

Among the DEGs, those involved in cytokine–cytokine
receptor interactions and the ubiquitin proteasome path-
way were particularly prominent in pCR patients. In our
analyses, we assessed biologically relevant gene pathways
and categories rather than individual genes. Previous
studies demonstrated that increased expression of an
immune-related gene cluster is associated with the

Fig. 2 Cluster analysis of gene expression based on digital gene
expression sequencing (DGE-seq) data. The heat map reveals the
results from the cluster analysis of the DGE-seq data. Each column
represents one of the 715 differentially expressed genes identified in
our study. Each row represents a sample. For each gene, red indi-
cates a high level of expression relative to the mean, whereas green
indicates a low level. The scale bar below indicates the number of
standard deviations from the mean
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beneficial effects of neoadjuvant chemotherapy. Denkert
et al. recently reported that the presence of tumour-
associated lymphocytes in breast cancer is a new
independent predictor of response to neoadjuvant
chemotherapy [29]. Here, we observed that genes in-
volved in cytokine–cytokine receptor interactions exhib-
ited increased expression levels in samples from pCR
patients. Cytokines act through receptors and are espe-
cially important in the immune system, health, and dis-
ease, specifically in the host response to cancer [21]. We
believe that the host immune response enhances the

ability of neoadjuvant chemotherapy to eliminate cancer
cells. For example, mesenchymal stem cells (MSCs) may
increase the population of breast cancer stem cells
(CSCs) and promote the growth of breast tumour via
generating cytokine networks [30, 31]. Enrichment ana-
lysis indicated that CCL2, CCR1, CXCL10, CXCL11, and
IL2RG were enriched in cytokine–cytokine receptor
interaction pathway. CCL2-induced chemokine cascade
in macrophages contributes to the metastasis of breast
cancer, and CCR1 inhibition may be utilised to treat
metastatic disease [32]. CXCL10 may function as an

Fig. 3 Histogram of the Gene Ontology (GO) functional analysis for the differentially expressed genes obtained from the digital gene expression
sequencing (DGE-seq) data. The frequency of the GO terms was analysed using the Web Gene Ontology Annotation Plot (WEGO) method. The
results are summarised in the following three main categories: (1) cellular component, (2) molecular function, and (3) biological process. The right
y axis indicates the number of genes in a category. The left y axis indicates the percentage of a specific category type of gene in that category.
Red indicates increased expression in the pathological complete response (pCR) group, while green indicates reduced expression in that group

Fig. 4 Characterisation of 10 differentially expressed genes by quantitative real-time PCR (qRT-PCR). a Expression of the ubiquitin proteasome
pathway genes determined using qRT-PCR. Statistically significant induction of gene expression in pathological complete response (pCR) samples
compared with that in non-pathological complete response (NpCR) samples is denoted by *P ≤ 0.05. b Expression of the cytokine–cytokine
receptor interaction genes determined using qRT-PCR. Statistically significant induction of gene expression in pCR samples compared with that in
the NpCR samples is denoted by *P ≤ 0.05
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algogenic molecule in the development of metastatic
breast cancer-induced bone pain through spinal micro-
glial activation [33, 34]. Overexpression of IL-2 and its
receptor chains (α, β, and γ) is correlated with breast
cancer development and may also be related to the
tumour malignancy [35]. Therefore, CCL2, CCR1,
CXCL10, CXCL11, and IL2RG might be involved in neo-
adjuvant chemotherapy in breast cancer via the cyto-
kine–cytokine receptor interaction pathway.
We also noted significant differential expression in a

number of genes involved in the ubiquitin proteasome
pathway. Targeting this pathway may thus serve as a
mechanism of action for numerous anti-breast cancer
agents. Proteolysis of a variety of proteins mediated by
the ubiquitin proteasome pathway is a vital mechanism
that regulates protein activity and function. The ubiqui-
tin proteasome pathway is critical for cellular quality
control and defence mechanisms, which are involved in
numerous cellular physiological processes such as cell
cycle regulation, division and differentiation, and DNA
repair [36, 37]. Considering the large number of proteins
and processes involved in this pathway, its aberrant
regulation contributes to the pathogenesis of several
human diseases. According to our results, HECTD3,
PSMB10, UBD, UBE2C, and UBE2S were the representa-
tive genes from the ubiquitin proteasome pathway.
Through regulating HECTD3, miR-153 suppresses the
survival of the patients with triple-negative breast cancer
(TNBC) and acts as a potential tumour suppressor [38].
High expression of PSMB7 indicates the shorter survival
of breast cancer patients; therefore, PSMB7 expression
can serve as a poor prognostic marker in the disease
[39]. UBD overexpression has an association with the
epirubicin resistance of TNBC and predicts the adverse
outcome of TNBC treatment [40]. Overexpressed
UBE2C is related to worse survival of patients with
breast cancer, indicating that UBE2C may play an onco-
genic role in the progression of the disease [41]. UBE2S
is correlated with the malignant characteristics (such as
anchorage-independent growth, migration, and invasion)
of breast cancer cells, and thus, UBE2S may be used as a
therapeutic target for breast cancer [42, 43]. These sug-
gested that HECTD3, PSMB10, UBD, UBE2C, and
UBE2S might also affect the efficacy of neoadjuvant
chemotherapy in breast cancer through the ubiquitin
proteasome pathway.
Considering the small sample size of this study and

the various neoadjuvant chemotherapies administered to
these patients, these observations require confirmation
by repeated observations and larger studies.

Conclusions
In summary, 715 DEGs between pCR and NpCR samples
were identified. Besides, HECTD3, PSMB10, UBD, UBE2C,

and UBE2S involved in the ubiquitin proteasome pathway,
as well as CCL2, CCR1, CXCL10, CXCL11, and IL2RG
implicated in the cytokine–cytokine receptor interaction
pathway, might be used for evaluating the efficacy of neoad-
juvant chemotherapy in breast cancer.

Funding
This work was supported by the Natural Science Foundation of Zhejiang
Province (No. LY13H160029), The key science and technology project of
Zhejiang Province (No. 2014C03004), and the Natural Science Foundation of
Zhejiang Province (No. LQ17H160013).

Availability of data and materials
Not applicable. This study was only the primary research, and further study
has been in progress.

Authors’ contributions
YL contributed to the conception and design. XM provided administrative
support. HT made provision of the study materials or patients. HY collected
and assembled the data. JQ did the data analysis and interpretation. XL and
GJ wrote the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Zhejiang Cancer
Hospital, Zhejiang Chinese Medical University and Tongde Hospital of
Zhejiang Province.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Pathology Department, Zhejiang Cancer Hospital, Hangzhou 3110022,
Zhejiang Province, China. 2The 2nd Clinical Medical College, Zhejiang
Chinese Medical University, Hangzhou 310053, Zhejiang Province, China.
3Department of Breast Surgery, Zhejiang Cancer Hospital, Building NO. 1, East
of Banshan Road, Gongshu District, Hangzhou 3110022, Zhejiang Province,
China. 4Department of General Surgery, Tongde Hospital of Zhejiang
Province, Hangzhou 310012, China.

Received: 9 January 2018 Accepted: 3 April 2018

References
1. Minckwitz GV, Untch M, Nüesch E, Loibl S, Kaufmann M, Kümmel S,

Fasching PA, Eiermann W, Blohmer JU, Costa SD. Impact of treatment
characteristics on response of different breast cancer phenotypes: pooled
analysis of the German neo-adjuvant chemotherapy trials. Breast Cancer
Research & Treatment. 2011;125:145–56.

2. Kuerer HM, Newman LA, Smith TL, Ames FC, Hunt KK, Dhingra K, Theriault RL,
Singh G, Binkley SM, Sneige N. Clinical course of breast cancer patients with
complete pathologic primary tumor and axillary lymph node response to
doxorubicin-based neoadjuvant chemotherapy. Journal of Clinical Oncology
Official Journal of the American Society of Clinical Oncology. 1999;17:460–9.

3. Prowell TM, Pazdur R. Pathological complete response and accelerated drug
approval in early breast cancer. N Engl J Med. 2012;366:2438–41.

4. Gv M, Untch M, Blohmer J-U, Costa SD, Eidtmann H, Fasching PA, Gerber B,
Eiermann W, Hilfrich J, Huober J, et al. Definition and impact of pathologic
complete response on prognosis after neoadjuvant chemotherapy in
various intrinsic breast cancer subtypes. J Clin Oncol. 2012;30:1796–804.

5. Urruticoechea A, Smith IE, Dowsett M. Proliferation marker Ki-67 in early
breast cancer. Journal of Clinical Oncology Official Journal of the American
Society of Clinical Oncology. 2005;23:7212.

6. González-Sistal A, Sánchez AB, Del Rio MC, Arias JI, Herranz M, Ruibal A.
Association between tumor size and immunohistochemical expression of

Liu et al. World Journal of Surgical Oncology  (2018) 16:82 Page 7 of 8



Ki-67, p53 and BCL2 in a node-negative breast cancer population selected
from a breast cancer screening program. Anticancer Res. 2014;34:269–73.

7. Witkiewicz AK, Ertel A, Mcfalls J, Valsecchi ME, Schwartz G, Knudsen ES. RB-
pathway disruption is associated with improved response to neoadjuvant
chemotherapy in breast cancer. Clinical Cancer Research An Official Journal
of the American Association for Cancer Research. 2012;18:5110.

8. Chen YZ, Xue JY, Chen CM, Yang BL, Xu QH, Wu F, Liu F, Ye X, Meng X, Liu GY.
PPAR signaling pathway may be an important predictor of breast cancer
response to neoadjuvant chemotherapy. Cancer Chemotherapy &
Pharmacology. 2012;70:637–44.

9. Ozsolak F, Milos PM. RNA sequencing: advances, challenges and
opportunities. Nat Rev Genet. 2011;12:87–98.

10. Zhang J, Wu K, Zeng S, Silva JATD, Zhao X, Tian CE, Xia H, Duan J.
Transcriptome analysis of Cymbidium sinense and its application to the
identification of genes associated with floral development. BMC Genomics.
2013;14:279.

11. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for
transcriptomics. Nat Rev Genet. 2009;10:57–63.

12. Oshlack A, Robinson MD, Young MD. From RNA-seq reads to differential
expression results. Genome Biol. 2010;11:220.

13. Ding X, Zhu L, Ji T, Zhang X, Wang F, Gan S, Zhao M, Yang H. Long
intergenic non-coding RNAs (LincRNAs) identified by RNA-seq in breast
cancer. PLoS One. 2014;9:e103270.

14. Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for
RNA-seq: accounting for selection bias. Genome Biol. 2010;11:1–12.

15. Suzuki T, Higgins P, Crawford D. Control selection for RNA quantitation.
BioTechniques. 2000;29:332–7.

16. Wang F, Zheng Z, Guo J, Ding X. Correlation and quantitation of microRNA
aberrant expression in tissues and sera from patients with breast tumor.
Gynecol Oncol. 2010;119:586–93.

17. Smyth GK. Limma: linear models for microarray data. New York: Springer; 2005.
18. Metzker ML. Sequencing technologies—the next generation. Nat Rev

Genet. 2010;11:31–46.
19. Dillies MA, Rau A, Aubert J, Hennequetantier C, Jeanmougin M, Servant N,

Keime C, Marot G, Castel D, Estelle J. A comprehensive evaluation of
normalization methods for Illumina high-throughput RNA sequencing data
analysis. Brief Bioinform. 2013;14:671.

20. Doulaye D, Philippe K. Fold change rank ordering statistics: a new method for
detecting differentially expressed genes. BMC Bioinformatics. 2014;15:1–15.

21. Burkholder B, Huang RY, Burgess R, Luo S, Jones VS, Zhang W, Lv ZQ, Gao
CY, Wang BL, Zhang YM. Tumor-induced perturbations of cytokines and
immune cell networks. Biochim Biophys Acta. 2014;1845:182.

22. Andre F, Dieci MV, Dubsky P, Sotiriou C, Curigliano G, Denkert C, Loi S.
Molecular pathways: involvement of immune pathways in the therapeutic
response and outcome in breast cancer. Clinical Cancer Research An Official
Journal of the American Association for Cancer Research. 2013;19:28.

23. Summers MK, Pan B, Mukhyala K, Jackson PK. The unique N-terminus of the
UbcH10 E2 enzyme controls the threshold for APC activation and enhances
checkpoint regulation of the APC. Mol Cell. 2008;31:544–56.

24. Ciechanover A. The ubiquitin-proteasome pathway: on protein death and
cell life. EMBO J. 1998;17:7151–60.

25. Luo M, Guan JL. Focal adhesion kinase: a prominent determinant in breast
cancer initiation. Progression and Metastasis Cancer Letters. 2010;289:127.

26. Sainio A, Järveläinen H. Extracellular matrix macromolecules: potential
tools and targets in cancer gene therapy. Molecular & Cellular
Therapies. 2014;2:1–8.

27. Lochter A, Bissell MJ. Involvement of extracellular matrix constituents in
breast cancer. Semin Cancer Biol. 1995;6:165.

28. Bustin SBV, Nolan T, Pfaffl M. Quantitative real-time RT-PCR-a perspective.
J Mol Endocrinol. 2005;34:597–601.

29. Denkert C, Loibl S, Noske A, Roller M, Müller BM, Komor M, Budczies J,
Darbesfahani S, Kronenwett R, Hanusch C. Tumor-associated lymphocytes as
an independent predictor of response to neoadjuvant chemotherapy in
breast cancer. Journal of Clinical Oncology Official Journal of the American
Society of Clinical Oncology. 2010;28:105.

30. Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville F, Korkaya H,
Heath A, Dutcher J, Kleer CG. Breast cancer stem cells are regulated
by mesenchymal stem cells through cytokine networks. Cancer Res.
2011;71:614.

31. Korkaya H, Liu S, Wicha MS. Breast cancer stem cells, cytokine networks, and
the tumor microenvironment. J Clin Investig. 2011;121:3804–9.

32. Kitamura T, Qian BZ, Soong D, Cassetta L, Noy R, Sugano G, Kato Y, Li J,
Pollard JW. CCL2-induced chemokine cascade promotes breast cancer
metastasis by enhancing retention of metastasis-associated macrophages.
J Exp Med. 2015;212:1043–59.

33. Bu H, Shu B, Gao F, Liu C, Guan X, Ke C, Cao F, Jr AOH, Xiang H, Yang H.
Spinal IFN-γ-induced protein-10 (CXCL10) mediates metastatic breast
cancer-induced bone pain by activation of microglia in rat models. Breast
Cancer Research & Treatment. 2014;143:255–63.

34. Mulligan AM, Raitman I, Feeley L, Pinnaduwage D, Nguyen LT, O'Malley FP,
Ohashi PS, Andrulis IL. Tumoral lymphocytic infiltration and expression of
the chemokine CXCL10 in breast cancers from the Ontario Familial Breast
Cancer Registry. Clinical Cancer Research An Official Journal of the American
Association for Cancer Research. 2013;19:336.

35. Garcíatuñón I, Ricote M, Ruiz A, Fraile B, Paniagua R, Royuela M. Interleukin-2
and its receptor complex (α, β and γ chains) in in situ and infiltrative
human breast cancer: an immunohistochemical comparative study. Breast
Cancer Research Bcr. 2003;6:R1.

36. Tu Y, Chen C, Pan J, Xu J, Zhou ZG, Wang CY. The ubiquitin proteasome
pathway (UPP) in the regulation of cell cycle control and DNA damage
repair and its implication in tumorigenesis. International Journal of Clinical &
Experimental Pathology. 2012;5:726–38.

37. Frezza M, Schmitt S, Dou QP. Targeting the ubiquitin-proteasome pathway: an
emerging concept in cancer therapy. Curr Top Med Chem. 2011;11:2888-905.

38. Wu X, Li L, Li Y, Liu Z. MiR-153 promotes breast cancer cell apoptosis by
targeting HECTD3. Am J Cancer Res. 2016;6:1563.

39. Munkacsy G, Rmihaly AG. PSMB7 is associated with anthracycline resistance
and is a prognostic biomarker in breast cancer. Br J Cancer. 2010;102:361–8.

40. Han T, Liu Z, Li H, Xie W, Zhang R, Zhu L, Guo F, Han Y, Sheng Y, Xie X.
High expression of UBD correlates with epirubicin resistance and indicates
poor prognosis in triple-negative breast cancer. Oncotargets & Therapy.
2015;8:1643–9.

41. Mo CH, Gao L, Zhu XF, Wei KL, Zeng JJ, Chen G, Feng ZB. The
clinicopathological significance of UBE2C in breast cancer: a study based on
immunohistochemistry, microarray and RNA-sequencing data. Cancer Cell
Int. 2017;17:83.

42. Akter KA, Hyodo T, Asano E, Sato N, Mansour MA, Ito S, Hamaguchi M,
Senga T. Erratum to: UBE2S is associated with malignant characteristics of
breast cancer cells. Tumour Biology the Journal of the International Society
for Oncodevelopmental Biology & Medicine. 2016;37:763–72.

43. Voutsadakis IA. Ubiquitin- and ubiquitin-like proteins-conjugating enzymes
(E2s) in breast cancer. Mol Biol Rep. 2013;40:2019–34.

Liu et al. World Journal of Surgical Oncology  (2018) 16:82 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Sample collection
	RNA extraction
	Profiling library preparation for DGE-seq
	Identification and functional analysis of differentially expressed genes
	Gene quantification by quantitative real-time PCR
	Validation of DEGs

	Results
	Analysis of DGE-seq results
	Identifying DEGs
	DGE-seq data validation using qRT-PCR analysis
	Validation of DEGs

	Discussion
	Conclusions
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

