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Abstract: Genome-wide screening of transcriptional changes
among normal, cancer, and nodal metastases provides insights
into the molecular basis of breast cancer (BC) progression and
metastasis. To identify transcriptional changes and differentially
expressed genes (DEGs) in the metastatic progression of BC and
to determine the prognostic role of these DEGs in clinical out-
come, we compared transcriptome profiling in matched normal,
cancer, and lymph node metastatic tissues of 7 patients with es-
trogen receptor–positive, HER2-negative BC by using massive
parallel RNA sequencing. The global profiles of gene expression
in cancer and nodal metastases were highly correlated (r= 0.962,
P< 0.001). In 6 (85.8%) patients, cancer and corresponding
nodal metastases from the same patient clustered together. We
identified 1522 and 664 DEGs between normal and cancer and
between cancer and nodal metastases, respectively. The DEGs in
normal versus cancer and cancer versus nodal metastases were
significantly clustered in 1 and 8 Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, respectively. The chemokine
signaling pathway was the most significant pathway in the
cancer-to-nodal metastasis transition (false discovery rate= 2.15E
−13). The expression of 2 dysregulated RAC2 and PTGDS genes
was confirmed by quantitative real-time polymerase chain re-
action and immunohistochemistry. Interestingly, the lower RAC2
and PTGDS expression were associated with significantly worse
disease-free survival in patients with BC. Our results show a high
concordance of gene expression in BC and their nodal metastases,

and identify DEGs associated with the metastatic progression of
BC. The DEGs identified in this study represent novel biomarkers
for predicting the prognosis of patients with BC.

Key Words: gene expression profile, RNA-Seq, lymph node
metastasis, breast cancer

(Appl Immunohistochem Mol Morphol 2020;28:111–122)

Breast cancer (BC) is the most common malignancy and
one of the leading causes of cancer deaths among

women in Korea.1 Axillary lymph node metastasis in pa-
tients with BC is a major risk factor associated with poor
prognosis, including early relapse and short survival.2

Nodal metastasis involves a series of sequential
processes and a systematic genome-wide approach of the
metastatic process at the biological and molecular levels
facilitates the development of new therapeutics to effec-
tively target metastatic cancer and to discover prognostic
biomarkers.3,4 Although most of the somatic mutations
occur in cancer cells, it is known that phenotypic changes
in the cancer microenvironment play an important role in
the progression and metastasis of cancer.4 In this respect,
comparison of global gene expression between primary
BCs and their matched lymph node metastases may be the
most direct and persuasive way to elucidate the molecular
alterations associated with metastatic progression.

Whole-transcriptome analysis using microarrays has
been used extensively to examine differential gene ex-
pression profiles that contribute to cancer initiation and
metastatic progression by comparing primary cancers with
normal tissues and by comparing primary cancers with
their matched nodal metastases in BC.5–14 However, mi-
croarrays show limited sensitivity, low dynamic range, and
cross-hybridization artifacts.15

With the development of next-generation sequencing
techniques, RNA sequencing (RNA-Seq) analysis avoids
the limitations of microarrays and provides a powerful way
to determine the gene expression profiles with greater ac-
curacy and higher efficiency.16,17 Despite using RNA-Seq
to study cancer transcriptome, few studies have been per-
formed with RNA-Seq to identify transcriptome dysregu-
lation among normal, cancer, and nodal metastases of BC.

To identify molecular changes and differentially
expressed genes (DEGs) in the metastatic progression of
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BC and to determine whether these genes have predictive
power for clinical outcome, we generated comprehensive
gene expression profiles of matched normal, cancer, and
lymph node metastatic tissues from 7 patients with BC
using RNA-Seq analysis. DEGs were determined by statistical
analysis, and selected DEGs were further analyzed by quan-
titative real-time polymerase chain reaction (qRT-PCR) and
their expression pattern tested by immunohistochemistry.
DEGs were subsequently verified to serve as prognostic
biomarkers for BC using a public BreastMark database.18 BC
is a heterogenous disease and classified into 3 basic therapeutic
groups: estrogen receptor (ER)–positive group, human
epidermal growth factor 2 (HER2)-expressing group, and
triple-negative group.19 To reduce background genetic
variations between different subtypes, we focused our study
on ER-positive, HER2-negative invasive carcinoma, no
special type (NST).

MATERIALS AND METHODS

Breast Tissue Samples
Frozen and formalin-fixed paraffin-embedded samples,

including primary cancer and matched adjacent normal and
axillary lymph node metastatic tissues from patients with ER-
positive and HER2-negative invasive carcinoma, NST was
provided by Korea Biobank Network (07SA2015001-001).
Before adding biological samples to biobank, informed con-
sent was obtained from all patients. The study protocol was
approved by the Institutional Review Board of the Chonnam
National University Hwasun Hospital (CNUHH-2014-156).
The resected specimen in a mirror-imaged manner was alter-
natively submitted for biobanking and for histologic assess-
ment to evaluate the overall suitability of frozen banking
tissues. Specimens for biobanking were immediately em-
bedded in optimal cutting temperature compound medium
(Scigen Scientific, Gardena, CA) and frozen in liquid nitrogen
within 30 minutes of devascularization. Specimens were stored
at a temperature below −196°C in a liquid nitrogen freezer.
Specimens for histologic evaluation were fixed in 10% neutral
buffered formalin and further processed into paraffin blocks.
Tumor characteristics were obtained from histopathology re-
ports. Evaluation of ER, progesterone receptor (PR) and
HER2 expression was carried out by immunohistochemistry.
Positive expression of ER or PR was defined as at least 1%
positive staining of tumor nuclei.20 HER2+ status was defined

as an immunohistochemical staining score of 3+ as per the
American Society of Clinical Oncology/College of American
Pathologists guidelines for HER2 immunohistochemistry.21

Cases with equivocal (2+) result for HER2 immunostaining
were retested by silver in situ hybridization. The patients did
not receive neoadjuvant treatment.

RNA Isolation and Sequencing
After obtaining sections for RNA isolation, 1 slide was

stained with hematoxylin and eosin to determine the number
of tumor cells. We select only samples without tumor cells in
normal breast tissues and ≥70% tumor cells in cancers and
lymph node metastases. Seven cases provided satisfactory
material from matched normal, cancer, and lymph node
metastatic tissues (Table 1). Only 1 of 7 cases was negative for
PR. Total RNA was extracted from each tissue sample using
RNeasy 96 Universal Tissue Kit (Qiagen, Gaithersburg,
MD). We used 20 to 30 serial cryosections (15 μm thickness)
of each tissue sample, which were sufficient to yield ≥10 μg
of total RNA. Total RNA quality and quantity were verified
with NanoDrop microvolume spectrophotometer (Thermo
Scientific, Wilmington, DE) and Bioanalyzer 2100 (Agilent
Technologies, Palo Alto, CA). RNA integrity number >8
represented the quality threshold for RNA-Seq.

Libraries were prepared using the TruSeq RNA Li-
brary Prep Kit v2 (Illumina, San Diego, CA) according to the
vendor’s instructions. Briefly, mRNA was purified from total
RNA using poly-T oligo-attached magnetic beads, frag-
mented, and converted into single-strand cDNA. Sequencing
adapters were ligated to the cDNA and the fragments were
amplified by PCR. Paired-end reads of 101 bases were gen-
erated using a HiSeq 2000 platform (Illumina).

RNA-Seq Data Processing
The relevant expression levels were estimated by

mapping the sequences to the human genome using To-
pHat (version 1.3.3), which uses Cufflinks software (ver-
sion 1.2.1) under the default options.22,23 The reference
genome sequence (hg19, Genome Reference Consortium
GRCh37) and annotation data were obtained from the
UCSC website (http://genome.uscs.edu). The transcript
counts were calculated at the isoform and gene levels, and
the relative transcript abundances were measured as
fragments per kilobase of exon per million fragments
mapped (FPKM) using Cufflinks.

TABLE 1. Patients’ Characteristics
% of Tumor Cells

ID Dx Grade ER PR HER2 HER2 SISH pT stage pN stage N C LN

KHS IC, NST 2 Pos Pos 2+ Neg 2 2 0 70 75
KJH IC, NST 2 Pos Pos Neg — 2 1 0 75 80
HJN IC, NST 3 Pos Pos 2+ Neg 2 1 0 80 80
HDN IC, NST 2 Pos Pos Neg — 2 1 0 70 75
TMJ IC, NST 2 Pos Pos Neg — 1 1 0 80 80
OSO IC, NST 2 Pos Neg Neg — 2 2 0 80 80
NYJ IC, NST 1 Pos Pos Neg — 2 2 0 75 70

C indicates cancer; Dx, pathologic diagnosis; ER, estrogen receptor; HER2, human epidermal growth factor 2; IC, NST, invasive carcinoma, no special type; ID, identification;
LN, lymph node metastasis; N, normal breast; Neg, negative; pos, positive; pN, pNode; PR, progesterone receptor; pT, pTumor; neg, negative; SISH, silver in situ hybridization.
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We excluded transcripts with zeroed FPKM values,
involving more than half of the total samples. We added 1
with FPKM value of the filtered transcript to facilitate
log2 transformation. Filtered data were transformed log-
arithmically and normalized via quantile normalization.
We calculated the Pearson correlation coefficient to
compare the global gene expression in the samples. Hier-
archical clustering analysis was performed by Gene
Cluster 3.0 with default parameters, correlation (un-
centered), and complete linkage.24 Each transcript was
analyzed using paired t test to compare pairs of 3 groups
(normal, cancer, and lymph node metastasis). We finally
determined the significant DEGs by adjusting fold change
≥ 2 and paired t test raw P< 0.05 for each compared pair.

Categorization of Genes by Expression Pattern
During Metastatic Progression

The initial categorization was carried out depending
on whether the gene was upregulated (fold change ≥ 2 and
paired t test raw P< 0.05), downregulated (fold change
≤−2 and paired t test raw P< 0.05), or unchanged in
cancer compared with adjacent normal tissues. A second
categorization was based on whether the gene was upre-
gulated (fold change ≥ 2 and paired t test raw P< 0.05),
downregulated (fold change ≤−2 and paired t test raw
P< 0.05), or unchanged when comparing lymph node
metastasis with cancer. This entire process was assigned to
1 of 9 categories depending on the overall expression
pattern.

Functional Enrichment Analysis of DEGs
We performed gene ontology (GO) and Kyoto En-

cyclopedia of Genes and Genomes (KEGG) enrichment
analysis to explore the biological significance of the
DEGs. This analysis was performed using the Database
for Annotation, Visualization, and Integrated Discovery,
which is a set of web-based functional annotation tool.25

The unique lists of DEGs and all the expressed genes
(FPKM> 0 in more than half cases for total samples) were
submitted as the gene and background lists, respectively.
A 5% cut-off of the false discovery rate (FDR) was used.

Validation of Candidate DEGs by qRT-PCR
and Immunohistochemistry
qRT-PCR

To validate the RNA-Seq data, the 2 DEGs including
dysregulated Rac family small GTPase 2 (RAC2) and
prostaglandin D2 synthase (PTGDS) were reanalyzed by
qRT-PCR, as previously described.26 We selected these 2
genes because their correlation with the prognosis of BC
patients has not been well studied. The isolated RNA for
RNA-Seq was used for qRT-PCR. Real-time PCR was
performed using the Applied Biosystems (Foster City, CA).
The following probes of TaqMan Gene Expression Assays
(Thermo Fisher Scientific) were used: Hs00427439_g1
(RAC2), Hs00168748_m1 (PTGDS), and Hs02758991_g1
(glyceraldehyde 3-phosphate dehydrogenase, GAPDH).
All experiments were performed in triplicate. For data
analysis, the 2−ΔΔCt method was used and the value of

2-ΔΔCt indicated the fold change in gene expression nor-
malized to GAPDH.

Immunohistochemical Analysis
Formalin-fixed paraffin-embedded samples comprising

cancer, adjacent normal mammary, and metastatic lymph
node tissues from the same 7 patients were used for
immunohistochemical analysis. RAC2 and PTGDS
immunohistochemical staining were conducted using a Bond-
max automatic device (Leica Microsystems, Bannockburn,
IL) as previously described.27 Rabbit polyclonal antibodies to
RAC2 (1:50 dilution, SIGMA Life Science, St. Louis, MO)
and PTGDS (1:50 dilution, Novus Biologicals, Littleton, CO)
were used. Immunostaining for RAC2 and PTGDS was
scored using the Allred scoring system,28 based on the esti-
mated proportion of positive staining and intensity of positive
cells. The Allred score represents the sum of the staining
intensity score (0 for no staining, 1 for light staining, 2 for
moderate staining, and 3 for strong staining) and the per-
centage score of immunostained cells (0, none; 1, ≤1; 2, 1%
to 10%; 3, 11% to 33%; 4, 34% to 66%; and 5, ≥67%).

Identification of Candidate DEGs as Prognostic
Biomarkers

RAC2 and PTGDS were analyzed further to test
their prognostic significance in patients with BC. We used
a BreastMark database. This online database integrates
gene expression and survival data from 26 data sets on 12
different microarray platforms corresponding to ∼17,000
genes in up to 4738 samples.18 Disease-free survival (DFS)
was analyzed, and the median expression was used to di-
chotomize the data. DFS was analyzed for BC as a whole,
lymph node–positive and lymph node–negative BC, and
across molecular subtypes based on Pam50 classifier, lu-
minal A, luminal B, HER2, and basal types. Survival
curves were determined by Kaplan-Meier estimates and
differences in survival were compared using the log-rank
test. Hazard ratios (HR) with 95% confidence intervals
were computed using the Cox’s regression analysis.

RESULTS

Characterization of Sequencing and Mapping
Three samples per patient were subjected to massively

parallel paired-end mRNA sequencing. Finally, we obtained
124.6, 128.0, and 125.9 million sequencing reads in the ad-
jacent normal, cancer, and metastatic lymph node tissues,
respectively. The uniquely aligned reads for the 3 sets ranged
from 83.2 to 90.7 million reads. The proportion of reads that
mapped to the reference genes ranged from 66.2% to 72.9%
for the 3 sets. The details of the mapping results are shown
in Table 2.

Genes Expression Profiling
The normalized expression level of each gene was

measured by FPKM. On the basis of the FPKM> 0 in more
than half of the 21 samples, we totally detected 20,112 ex-
pressed genes, which included a majority of the annotated
human reference genes. We explored the correlation of the
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global gene expression. The correlation coefficients (r) of
gene expression between normal and cancer tissues and be-
tween cancer and nodal metastatic tissues were 0.929 and
0.962, respectively (Fig. 1). The global profiles of gene
expression between normal and cancer samples and between
cancer and metastatic samples were highly correlated
(P<0.001 in both).

An unsupervised hierarchical clustering map among
normal, cancer, and metastatic lymph node tissues was
generated utilizing 20,112 expressed genes (Fig. 2).
Normal breast samples were clustered together and were
relatively well separated from cancer and metastatic
samples, except in 1 case. One outlier normal breast
tissue was clustered next to corresponding cancer. In 6
(85.8%) patients, primary cancer and corresponding nodal
metastasis from the same patient clustered together,
suggesting that lymph node metastasis express a highly
similar set of genes as the corresponding cancer.

Analysis of DEGs
We identified the DEGs among matched normal,

cancer, and lymph node metastatic tissue samples using
the Cuffdiff approach and detected 2186 DEGs, which

were satisfied with fold change ≥ 2 and P< 0.05 in at least
1 of the 2 compared pairs, normal and cancer, and cancer
and lymph node metastasis. Of 2186 DEGs, 1522 DEGs
were detected in the comparison between cancer and ad-
jacent normal tissues. A total of 611 genes were found
upregulated and 911 genes were downregulated in cancer
relative to adjacent normal tissues. In total, 664 DEGs
between cancer and metastatic lymph node tissues were
identified, consisting of 461 upregulated genes and 203
downregulated genes in lymph node metastasis relative to
corresponding cancer. The top 10 upregulated and
downregulated DEGs, ranked by fold change along with
their P-values between the normal and cancer tissues and
between the cancer and metastatic lymph node tissues are
summarized in Tables 3 and 4, respectively.

Gene expression variability during progression from
normal tissue to cancer and subsequently to metastatic
node of BC was evaluated, by considering the number of
genes upregulated or downregulated (fold change ≥ 2 and
P< 0.05) or unchanged in the normal versus cancer and in
the cancer versus metastasis comparisons. Figure 3 shows
that most variation in expression occurred in the normal
versus cancer comparison, displaying 2 alternative
patterns of gene expression variation in the progression:
(1) genes upregulated or downregulated in normal versus
cancer and basically stable in cancer versus metastasis
(Fig. 3, left), and (2) genes unchanged in normal versus
cancer and modulated in cancer versus metastasis (Fig. 3,
right). The large majority of DEGs with varied expression
in the normal versus cancer comparison remain stable
during metastasis (1414 genes of 1522, 92.9%). In total,
556 of 664 (83.7%) DEGs modulated in the cancer versus
metastasis comparison are invariant in the normal versus
cancer comparison.

Genes associated with tumorigenesis (normal-cancer
transition) and metastasis (cancer-metastasis transition),

TABLE 2. RNA Sequencing Results
Mean±SD

Adjacent
Normal Cancer

Metastatic Lymph
Node

Total throughput (Mbp) 124.6± 7.9 128.0± 3.8 125.9± 4.7
Processed reads (Mbp) 124.4± 7.8 127.9± 3.9 125.6± 4.6
Mapped reads (Mbp) 90.7± 6.6 88.5± 5.9 83.2± 5.7
Mapping ratio (%) 72.9± 1.9 69.2± 3.5 66.2± 3.8

Reads count are expressed in the millions (M).
bp indicates base pair.

FIGURE 1. Scatter plot of global expression in normal and cancer tissues (A) and primary cancer and lymph node metastasis (B).
The global profiles of gene expression are generally highly correlated and the Pearson correlation coefficient is shown.
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were identified by a Venn diagram comparison. Gene list
“A” includes DEGs in the normal and cancer tissues, and
gene list “B” represents DEGs in the primary cancer and
nodal metastasis groups. When the 2 gene lists were con-
sidered, 3 distinct patterns were found: only A (1414
genes), A and B (108 genes), and only B (556 genes)
(Fig. 4). Genes in the A category represent DEGs
associated with tumorigenesis, whereas genes in the B
category represent DEGs associated with lymph node
metastasis. Genes in both A and B categories represent

DEGs associated with both tumorigenesis and lymph
node metastasis in BC.

Functional Enrichment Analysis of DEGs
To obtain a more comprehensive insight into the

biological function of DEGs, a GO analysis was per-
formed. GO categories are divided into 3 groups: bio-
logical process, cellular component, and molecular
function. The present study considered the only biological
process. Using a threshold of FDR< 0.05, we found that

FIGURE 2. Unsupervised hierarchical clustering of gene expression profiles in the 3 tissue groups. Normal breast tissues clustered in
pairs except for one. Tight side-by-side clustering of carcinoma-LNs pairs was seen in 6 of 7 patients. LN indicates lymph node
metastasis; N, normal breast; T, cancer.

TABLE 3. Top 10 Lists of Differentially Expressed Genes Between Cancer and Adjacent Normal Tissues

Accession Number Gene Gene Description
Fold

Change P*
Reported in Other

Studies

(a) Upregulated top 10 genes in the cancer relative to adjacent normal tissue ranked according to fold change
NM_005940 MMP11 Matrix metallopeptidase 11 (stromelysin 3) 41.25 0.00067 8
NM_005980 S100P S100 calcium-binding protein P 19.80 0.00392 11
NM_005594 NACA Nascent polypeptide-associated complex alpha subunit 18.40 0.00873 —
NM_000095 COMP Cartilage oligomeric matrix protein 13.43 0.00014 8
NM_001898 CST1 Cystatin SN 13.20 0.00632 8
NM_007019 UBE2C Ubiquitin-conjugating enzyme E2C 13.14 0.00186 8, 11
NM_207046 ENSA Endosulfine alpha 12.28 0.00672 —
NM_003732 EIF4EBP3 Eukaryotic translation initiation factor 4E-binding protein 3 11.55 0.00939 8
NM_139030 CD151 CD151 molecule (Raph blood group) 11.04 0.04766 —
NM_202001 ERCC1 Excision repair cross-complementing rodent repair deficiency,

complementation group 1 (includes overlapping antisense sequence)
10.47 0.00433 8

(b) Downregulated top 10 genes in the cancer relative to adjacent normal tissue ranked according to fold change
NM_001442 FABP4 Fatty acid–binding protein 4, adipocyte −38.79 0.00510 8
NM_002666 PLIN1 Perilipin 1 −35.37 0.00332 —
NM_000668 ADH1B Alcohol dehydrogenase 1B (class I), beta polypeptide −28.03 0.00337 —
NM_001456 FLNA Filamin A, alpha −23.92 0.00249 8
NM_002644 PIGR Polymeric immunoglobulin receptor −22.13 0.00237 8
NM_005276 GPD1 Glycerol-3-phosphate dehydrogenase 1 (soluble) −22.03 0.00534 —
NM_001080400 PLIN4 Perilipin 4 −19.18 0.00880 —
NM_006732 FOSB FBJ murine osteosarcoma viral oncogene homolog B −17.34 0.00999 11
NM_001199552 CIDEC Cell death-inducing DFFA-like effector c −16.41 0.00455 —
NM_004797 ADIPOQ Adiponectin, C1Q, and collagen domain containing −15.39 0.01772 —

*P-values by the paired t test.
DFFA indicates DNA fragmentation factor A; FBJ, Finkel-Biskis-Jinkins.
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all DEGs in normal versus cancer and in primary cancer
versus lymph node metastasis were categorized into 8 and
13 functional categories, respectively (Table 5). In these
GO categories cell adhesion was the predominant
signature in both normal versus cancer and cancer
versus lymph node metastasis. Gene sets associated with
the immune system carried the dominant signature of
cancer versus lymph node metastasis.

To understand the functional pathway of DEGs, the
KEGG pathway was performed. With the threshold of

FDR< 0.05, we found that all DEGs between normal
versus cancer and cancer versus lymph node metastasis
were significantly clustered in 1 and 8 KEGG pathways,
respectively (Table 6). The p53 signaling pathway was the
only significant pathway in normal-to-cancer transition
(FDR= 0.00242). The chemokine signaling pathway was
the most significant pathway in the cancer-to-metastasis
transition (FDR= 2.15E-13).

Validation of Candidate DEGs by qRT-PCR
and Immunohistochemistry

To validate the reliability of RNA-Seq data, we
confirmed our data at the level of mRNA and protein.
First, we selected 2 genes, RAC2 and PTGDS to measure
their expression levels by qRT-PCR. RAC2 gene belonged
to category 4, which was unchanged in cancer compared
with corresponding normal tissues, and subsequently up-
regulated when comparing metastatic lymph node with

TABLE 4. Top 10 Lists of Differentially Expressed Genes Between Metastatic Lymph Node and Cancer Tissues

Accession Number Gene Gene Description Fold Change P*
Reported in Other

Studies

(a) Upregulated top 10 genes in the metastatic lymph node relative to cancer tissue ranked according to fold change
NM_002989 CCL21 Chemokine (C-C motif) ligand 21 75.31 2.87E-06 13, 14
NM_006274 CCL19 Chemokine (C-C motif) ligand 19 21.29 0.00047 9, 10, 12, 14
NM_013378 VPREB3 V-set pre-B cell surrogate light chain 3 21.18 5.56E-06 —
NM_001783 CD79A CD79a molecule, immunoglobulin-associated alpha 20.64 7.78E-05 7
NM_152866 MS4A1 Membrane-spanning 4-domains, subfamily A, member 1 19.35 0.00026 12, 14
NM_005608 PTPRCAP Protein tyrosine phosphatase, receptor type, C-associated

protein
18.98 0.00069 6

NM_000626 CD79B CD79b molecule, immunoglobulin-associated beta 17.25 1.47E-05 13, 14
NM_001098725 TCL1A T-cell leukemia/lymphoma 1A 16.18 0.00036 6, 7, 14
NM_152997 C4orf7 Chromosome 4 open reading frame 7 15.72 0.00021 —
NM_001803 CD52 CD52 molecule 14.59 0.00047 —

(b) Downregulated top 10 genes in the metastatic lymph node relative to cancer tissue ranked according to fold change
NM_016145 C19orf56 Chromosome 19 open reading frame 56 −16.53 0.03233 —
NM_003013 SFRP2 Secreted frizzled-related protein 2 −13.96 0.00127 9, 12
NM_000422 KRT17 Keratin 17 −13.71 0.00195 5, 14
NM_000526 KRT14 Keratin 14 −10.97 0.00257 9, 10, 12, 13, 14
NM_174881 CRB3 Crumbs homolog 3 (Drosophila) −8.50 0.00200 —
NM_005185 CALML3 Calmodulin-like 3 −8.49 0.00221 —
NM_001930 DHPS Deoxyhypusine synthase −8.01 0.03797 —
NM_000424 KRT5 Keratin 5 −7.85 0.00418 14
NM_014437 SLC39A1 Solute carrier family 39 (zinc transporter), member 1 −7.57 0.03331 —
NM_002423 MMP7 Matrix metallopeptidase 7 (matrilysin, uterine) −6.88 0.00071 7, 9, 10, 12

*P-values by the paired t test.

FIGURE 3. Variation in gene expression during progression
from normal tissue to cancer and subsequently to LN. LN in-
dicates lymph node metastasis.

1,414 556108

A

B

Normal vs .
cancer (1,522)

Cancer vs. 
metastatic lymph 
node (664)

FIGURE 4. Venn diagram illustrating the overlap of differ-
entially expressed genes between normal, cancer, and lymph
node metastasis samples.
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corresponding cancer tissues. PTGDS belonged to cat-
egory 7, which was downregulated in cancer compared
with corresponding normal tissues, and subsequently up-
regulated when metastatic lymph node was compared with
corresponding cancer tissues. We used the unamplified
total RNA (from the same batch used for RNA-Seq) as
the template. Overall, the results for each of these 2 genes
were broadly consistent between the 2 different techniques
(Fig. 5). In accordance with RNA-Seq data, these 2 genes

were upregulated in metastatic lymph node compared with
primary cancer tissues (P< 0.05 and <0.05, respectively).

To confirm our data at the protein level, we performed
immunohistochemical analysis of RAC2 and PTGDS (Fig. 6).
RAC2 and PTGDS were expressed in the nuclei of epithelial
and myoepithelial cells of normal breast and carcinoma cells in
primary tumors and metastatic lymph nodes. In metastatic
lymph nodes, lymphoid cells also tested positive to RAC2 and
PTGDS. Allred scores of RAC2 and PTGDS were higher in

TABLE 5. Enriched GO Categories of DEGs
Comparison GO Term in Biological Process No. Genes Fold Enrichment Bonferroni FDR

Normal vs. cancer GO:0007049∼cell cycle 127 2.13 7.77E-13 4.11E-13
GO:0051726∼regulation of cell cycle 60 2.37 2.03E-06 1.06E-06
GO:0009719∼response to endogenous stimulus 65 2.10 5.53E-05 2.89E-05
GO:0007010∼cytoskeleton organization 67 2.01 1.82E-04 9.51E-05
GO:0007155∼cell adhesion 91 1.70 0.00176 9.22E-04
GO:0048545∼response to steroid hormone stimulus 35 2.39 0.01058 0.00557
GO:0007059∼chromosome segregation 21 3.23 0.02737 0.01453
GO:0007017∼microtubule-based process 40 2.07 0.06268 0.03388

Cancer vs. lymph node
metastasis

GO:0001775∼cell activation 57 5.77 1.33E-23 9.88E-24

GO:0002684∼positive regulation of immune system process 46 5.61 6.99E-18 5.19E-18
GO:0006952∼defense response 72 3.35 6.00E-16 4.46E-16
GO:0007155∼cell adhesion 61 2.53 1.04E-07 7.69E-08
GO:0001817∼regulation of cytokine production 28 4.49 2.70E-07 2.01E-07
GO:0006935∼chemotaxis 26 4.72 4.87E-07 3.61E-07
GO:0050778∼positive regulation of immune response 23 4.60 1.06E-05 7.87E-06
GO:0002683∼negative regulation of immune system process 17 5.95 4.30E-05 3.19E-05
GO:0006928∼cell motion 41 2.51 3.60E-04 2.67E-04
GO:0046638∼positive regulation of alpha-beta T-cell
differentiation

9 13.06 3.79E-04 2.82E-04

GO:0070661∼leukocyte proliferation 12 7.92 4.56E-04 3.39E-04
GO:0032649∼regulation of interferon-gamma production 10 9.68 0.00109 8.17E-04
GO:0045058∼T-cell selection 8 12.22 0.00449 0.00334
GO:0002819∼regulation of adaptive immune response 12 6.22 0.00608 0.00453
GO:0042035∼regulation of cytokine biosynthetic process 13 5.10 0.01748 0.01309
GO:0043067∼regulation of programmed cell death 53 1.89 0.02351 0.01767
GO:0002274∼myeloid leukocyte activation 10 6.31 0.05059 0.03855

Fold enrichment= (number of DEGs in the pathway/number of DEGs)/(number of expressed genes in the pathway/number of expressed genes).
FDR provided by DAVID, only pathways of the FDR< 0.05 were shown.
DAVID indicates Database for Annotation, Visualization and Integrated Discovery; DEG, differentially expressed gene; FDR, false discovery rate; GO, gene ontology.

TABLE 6. Kyoto Encyclopedia of Genes and Genomes Pathway of Enriched DEGs
Comparison Pathway ID Pathway Name No. Genes Fold Enrichment FDR

Normal vs. cancer hsa04115 p53 signaling pathway Cell growth and death 15 1.07 0.00242
Cancer vs. lymph node
metastasis

hsa04062 Chemokine signaling pathway Immune system 36 5.83 2.15E-13

hsa04660 T-cell receptor signaling
pathway

Immune system 24 3.89 2.62E-10

hsa04060 Cytokine-cytokine receptor
interaction

Signaling molecules and
interaction

35 5.67 1.49E-08

hsa04630 Jak-STAT signaling pathway Signal transduction 17 2.75 0.00164
hsa05416 Viral myocarditis Cardiovascular disease 10 1.62 0.00448
hsa04310 Wnt signaling pathway Signal transduction 15 2.43 0.00823
hsa05330 Allograft rejection Immune disease 6 0.97 0.02209
hsa04912 GnRH signaling pathway Endocrine system 11 1.78 0.01289
hsa04270 Vascular smooth muscle

contraction
Circulatory system 11 1.78 0.03007

Fold enrichment= (number of DEGs in the pathway/number of DEGs)/(number of expressed genes in the pathway/number of expressed genes).
FDR provided by DAVID, only pathways of the FDR< 0.05 were shown.
DAVID indicates Database for Annotation, Visualization and Integrated Discovery; DEG, differentially expressed gene; FDR, false discovery rate; GnRH, Gonadotropin-

releasing hormone.
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metastatic lymph nodes than in corresponding cancer tissues
(P<0.01 and <0.05, respectively) (Fig. 7). These results are
quite consistent with those of RNA-Seq and qRT-PCR.
However, Allred scores of RAC2 and PTGDS between
normal and cancer tissues were not different.

Candidate DEGs for Prognostic Biomarkers
RAC2 and PTGDS were tested using a BreastMark.

Lower RAC2 expression in BC was significantly associated
with poor DFS in the overall group (HR=0.858, P=0.01055,
n=2652), lymph node–negative group (HR=0.773,
P=0.01611, n=1183), luminal B subtype (HR=0.781,
P=0.00703, n=1103), and basal subtype (HR=0.699,
P=0.00860, n=424) (Fig. 8). Lower PTGDS expression in
BC was significantly associated with poor DFS in the overall
group (HR=0.843, P=0.00619, n=2543), HER2 subtype
(HR=0.673, P=0.02277, n=275), and basal subtype
(HR=0.735, P=0.03091, n=406) (Fig. 9).

DISCUSSION
In this study, we generated comprehensive transcriptome

profiles of matched normal, cancer, and nodal metastatic tis-
sues using RNA-Seq, to identify the molecular changes and

DEGs in the metastatic progression of BC. Our results re-
vealed a high concordance of gene expression between primary
cancer and corresponding nodal metastasis. We were also able
to identify DEGs in association with BC initiation and meta-
static progression. Among DEGs, a lower level of RAC2 and
PTGDS expression was significantly associated with worse
prognosis in patients with BC.

Lymph node metastasis is a major risk factor for
prognosis in patients with BC.2 Lymph node metastasis is
a multistep process, comprising various dynamic changes
in the genome.3,4 To develop new therapeutics that effec-
tively target metastatic cancer and to discover predictive
biomarkers for metastatic progression, it is apparent that
a systematic genome-wide approach of the global gene
expression changes during malignant transformation and
metastatic progression is needed. In BC, several groups
have analyzed the expression profiles contributing to ma-
lignant transformation from normal to cancer in addition to
nodal metastatic progression by comparing the gene expression
profiles from primary cancers with normal tissues and from
primary cancers with metastatic tissues.5–14

Most of the studies in BC were conducted to identify
the altered gene expression during BC initiation and nodal

FIGURE 5. In accordance with RNA-Seq data, mRNA expression of RAC2 and PTGDS by quantitative real-time PCR was upregulated in LNs
compared with primary cancers. LN indicates lymph node metastasis; N, normal breast; PCR, polymerase chain reaction; T, cancer.
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metastasis separately.5,7–14 It is more reasonable to compare
the concomitant changes in gene expression during pro-
gression from normal tissue to BC and subsequent meta-
stasis to the lymph node. We generated comprehensive gene
expression profiles of normal, cancer, and nodal metastatic
tissues. Furthermore, to reduce the background noise from
genetic variations among unrelated patients, we used
matched samples from the same patients. BC is a hetero-
genous disease and categorized into 3 basic therapeutic
groups.19 To reduce the background genetic variation

between different subtypes, we focused our study on ER-
positive, HER2-negative, and luminal BC.

Laser capture microdissection has been used to re-
duce contamination in a few studies6,8,13 compared with
other studies using bulk tissues because they better reflect
the wider context of metastasis.5,7,9–12,14 We used whole
cancer tissues in BC and lymph node metastasis. Although
great care was adopted to eliminate the stromal cells and
host immune cells from cancer tissues to the extent pos-
sible, it is important to recognize that cancers are complex

FIGURE 6. Representative immunostaining patterns of RAC2 and PTGDS in normal epithelium of the breast (A, D), corresponding
carcinoma (B, E), and metastatic lymph node (C, F) (A–C, RAC2; D–F, PTGDS) (×400, scale bars; 60 μm).

FIGURE 7. Distribution of Allred scores for RAC2 and PTGDS in normal breast tissues, corresponding carcinoma, and LN. The ends
of the box represent the 25th and 75th percentiles; the bars indicate the 10th and 90th percentiles, and a horizontal line inside the
box shows the median. LN indicates lymph node metastasis; N, normal breast; T, cancer.
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mixtures of tissues including host cell populations and the
complex gene profiles of the individual components may
contribute significantly to cancer behavior.4

Until now microarrays have been extensively
used.5–14 Although miroarrays facilitate high-throughput
analysis of thousands of genes and provide valuable in-
sights into whole-transcriptome analysis, the limitations
include limited sensitivity, low dynamic range, and cross-
hybridization artifacts.15 RNA-Seq has greater sensitivity
and higher dynamic range than microarray analysis.16,17

Despite the role of RNA-Seq in BC transcriptome
analysis,29,30 RNA-Seq data for normal, primary cancer,
and nodal metastases of BC are limited.

In the current study, we initially performed RNA-
Seq analysis of 7 paired samples. The RNA‑Seq analysis
acquired ∼126 million reads, which is adequate for tran-
scriptome sequencing.31 The genome map rate of se-
quencing reads was ∼73%. To validate the RNA-Seq data,
qRT-PCR and immunohistochemical analysis were per-
formed. Although we only tested 2 genes, our RNA-Seq,

FIGURE 8. Overall survival analysis based on RAC2 expression.

FIGURE 9. Overall survival analysis based on PTGDS expression.
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qRT-PCR, and immunohistochemistry of RAC2 and
PTGDS revealed similar trends. Overall, these results
showed that the data obtained by RNA-Seq adequately
reflected the status of the original RNA, and confirmed
the reliability of our RNA-Seq data.

Different hypotheses have been proposed to elucidate
the mechanism of nodal metastasis. By directly comparing
DEGs between primary cancers and their matched lymph
node metastases using microarray analyses, Weigelt et al7

reported that the overall gene expression patterns of lymph
node metastases were similar to the corresponding primary
tumors, and few unique genetic alterations were identified.
These data support the “ab initio” hypothesis that the
metastatic potential is encoded in the bulk of a primary
cancer.32 If subpopulations of cells in the primary cancer
acquire high metastatic phenotype and metastasize to a
lymph node, it results in a greater degree of difference in
gene expression profiles between primary tumors and
metastases. Most recent studies have shown that although at
the transcriptome level, lymph node metastases in BC were
similar to the corresponding primary cancer, distinct DEGs
were found between primary BC and their lymph node
metastases.5,6,8–14 These findings have led to the hypothesis
that while BC might be imprinted ab initio with a nodal
metastatic ability, the actual acquisition of the nodal meta-
static phenotype might depend on additional genetic
changes.

In the present study, we directly compared the al-
tered gene expression from primary BC with the ex-
pression in the matched normal breast and axillary lymph
node metastases. The global profiles of comparative gene
expression in normal and cancer samples were highly
correlated with the expression in cancer and metastatic
samples. As previously reported,7,9,12,13 the unsupervised
hierarchical clustering revealed that 6 of 7 lymph node
metastases clustered together with the corresponding pri-
mary BC, showing a high degree of concordance in gene
expression between BC and its lymph node metastases.
These results suggest that the overall features of gene ex-
pression remain conserved between primary BC and
matched lymph node metastasis.

In this study, normal breast samples were clustered
together and were relatively well separated from cancer
and metastasis samples, except in one case, which showed
clustering of normal sample next to corresponding BC.
Although we used a single slide for hematoxylin and eosin
stain and confirmed absence of cancer cells in the sur-
rounding normal breast tissues, it increased the risk of
contamination of cancer cells in the serial cryosections of
normal breast tissues for RNA isolation.

In addition, we also detected 2186 DEGs between
normal and cancer, and cancer and lymph node meta-
stasis. A comparative analysis of the lists of DEGs pub-
lished by other studies with our top 10 lists revealed
several partial overlaps in identity. Among the top 10
upregulated and downregulated DEGs between the nor-
mal and cancer tissues and between the cancer and
metastatic lymph node tissues, 11 and 12 genes overlapped
to the previous studies, respectively. The discrepancy

among DEGs lists can be attributed to various external
factors, including different analytical approaches, study
design, and use of small sample sizes.13

Among these DEGs, 1414 genes were only asso-
ciated with cancer initiation (normal-to-cancer transition),
whereas 556 genes were only associated with cancer-to-
metastasis transition; 108 genes were associated with both
normal-to-cancer transition, and cancer-to-metastasis
transition. On the basis of the above results, it is possible
to conclude that occasionally the genes activated early in
tumorigenesis may eventually contribute to lymph node
metastasis, whereas in other cases, acquisition of addi-
tional genetic alterations may be necessary for nodal
metastatic phenotype.

GO analysis of all DEGs revealed that cell adhesion
was the predominant signature in normal versus cancer
and cancer versus lymph node metastasis. Gene sets as-
sociated with the immune system represented the domi-
nant signature in cancer versus lymph node metastasis.
KEGG pathway analysis showed that all DEGs between
normal versus cancer were enriched for p53 signaling
pathway related to cell growth and death. The chemokine
signaling pathway related to immune system was the most
significant pathway in the cancer-to-metastasis transition.
These significant GO categories and KEGG pathway
found in this study were implicated in tumor progression
and nodal metastasis in previous studies.7–9,13,14

In the DEGs identified in our study, RAC2 and
PTGDS were subsequently verified as prognostic biomarkers
for BC using a public BreastMark database. Interestingly,
the lower levels of RAC2 and PTGDS expression in BC
correlated with poor prognosis. RAC2 is a member of the
Ras superfamily of small GTP-metabolizing proteins. It has
been reported that RAC2 might have a pivotal role in the
regulation of actin cytoskeleton during BC metastasis33 and
its downregulation has been associated with invasive and
metastatic competence in human cancer.34 In addition,
reduced RAC2 protein expression was significantly asso-
ciated with distant metastasis-free survival of patients with
triple-negative BC, which supports our findings.35 PTGDS
catalyzes the conversion of prostaglandin H2 to prosta-
glandin D2. PTGDS induces apoptosis and inhibits cell
proliferation and migration in multiple cell types.36,37

Furthermore, loss of PTGDs has been associated with ma-
lignant progression of astrocytomas and was predictive of
poor survival.36

There are obvious limitations when examining a
limited number of cases. Nonetheless, this study is one of
the most comprehensive RNA-Seq studies using
individually matched samples (normal breast, BC, and
nodal metastasis). Whether our DEGs contribute to tu-
morigenesis and metastatic progression of BC, not only in
ER-positive, HER2-negative luminal subtype but in other
molecular subtypes as well, warrants further study.

In summary, analysis of gene expression profiles by
RNA-Seq analysis in BC and their matching normal and
lymph node metastatic tissues provides useful information
elucidating the mechanism underlying carcinogenesis and
lymph node metastasis of BC, not only revealing the role
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of DEGs in progression of BC, but also providing in-
formation for identification of novel prognostic markers.
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