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Exosomal miRNA profiles of triple-negative
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Abstract. Triple-negative breast cancer (TNBC) is char-
acterized by aggressive clinicopathological features and is
associated with a poor prognosis. Identifying patients that
are non-responsive to chemotherapy remains a critical goal
for effective personalized therapies. In the present study, the
predictive value of exosomal microRNAs (miRNAs) was inves-
tigated in patients with TNBC. Exosomes were isolated from
patients with TNBC undergoing neoadjuvant chemotherapy.
Microarray-based miRNA profiles were compared between
patients with pathological complete response (pCR; n=12)
and non-pCR (n=12). Furthermore, the miRNA profiles
of non-pCR patients with breast cancer recurrence were
compared with those with no recurrence. A total of 16 differ-
entially expressed exosomal miRNAs were identified between
the patients with pCR and non-pCR by microarray analysis.
Of these, a combined signature of four miRNAs (miR-4448,
miR-2392, miR-2467-3p and miR-4800-3p) could be used to
discriminate between pCR and non-pCR patients with TNBC
with an area under the curve value of 0.7652. Furthermore, this
study found 43 differentially expressed miRNAs between the
patients with non-pCR and recurrence and non-pCR patients
without recurrence. In network analysis, ‘pathway in cancer’,
‘focal adhesion’ and ‘cell cycle’ were identified as the crucial
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pathways in patients with non-pCR who also developed recur-
rence. Several exosomal miRNAs may be useful biomarkers to
predict treatment efficacy for TNBC. The present study identi-
fied patients who were resistant to standard chemotherapy and
therefore more likely to develop breast cancer recurrence.

Introduction

Triple-negative breast cancer (TNBC), which is characterized
at the molecular level as being estrogen receptor (ER)- and
progesterone receptor (PR)-negative, and lacking overexpres-
sion of human epidermal growth factor-2 (HER?2), accounts for
15-20% of all breast cancers and has more aggressive biological
features and worse prognosis than other subtypes (1,2). Since
there is no targeted therapy for TNBC patients, they typically
receive standard chemotherapy, consisting of anthracycline
and taxane-containing agents (3,4). Neoadjuvant treatment,
which is an established standard therapy for patients with
early breast cancer, facilitates evaluation of drug efficacy and
allows a more precise determination of prognosis. Patients
with TNBC who do not achieve a pathological complete
response (pCR) after neoadjuvant chemotherapy (NAC)
have worse survival rates than those who achieve pCR (5,6).
Since the response is associated with survival benefit, pCR is
often used for the clinical evaluation of treatment strategies.
In TNBC, the addition of carboplatin to a paclitaxel regimen
consistently improved pCR rates compared with paclitaxel
alone (7,8). Another neoadjuvant study (the GeparSepto trial)
demonstrated that pCR could be increased by exchanging
solvent-based paclitaxel with nab-paclitaxel; patients with
TNBC were among those who benefited (9). Thus, a lot of
effort has been made to find ways of improving the pCR rates
to neoadjuvant treatment.

In recent years, several circulating cancer-specific
biomarkers have been developed to accurately predict
clinical outcome and response to therapy for early breast
cancer (10). Exosomes are small membranous vesicles
(30-100 nm) containing lipid, proteins, microRNAs (miRNAs)
and mRNAs that are secreted by viable cells into the blood
circulation (11). The ‘cargo’ in exosomes may contain not only
important mediators of intercellular communication, but can
also transmit information to the surrounding microenviron-
ment (12,13). miRNAs are non-coding small RNA molecules
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19-25 nucleotides in length. They regulate gene expression at
the post-transcriptional level by binding to 3' or 5' untranslated
regions of target messenger RNAs (mRNAs), resulting in inhi-
bition of translation or regulated mRNA degradation (14,15).
Deregulation of miRNA has been observed in several types of
cancer, including malignancies of the breast (16,17). miRNAs
are commonly incorporated into microvesicles or bound to
lipoproteins such as HDL or associated with argonaute-2
(Ago2)-containing complexes in the blood (18) Among these
complexes, exosome-derived miRNAs are the most appealing
for longitudinal observation of disease development, since the
membrane encapsulation can maintain structural integrity and
protect against degradation by external proteases and other
enzymes that are present in biofluids (19).

As described above, exosomal miRNAs represent an
informative readout for several tumor types, in terms of detec-
tion of the cancer and prediction of clinical outcome (20-22).
Additionally, differential expression of subtype-specific
miRNAs has also been reported in several studies (23,24). A
recent study by Stevic et al demonstrated different exosomal
miRNA signatures in HER2-positive and TNBC patients (24).
A combined signature consisting of exosomal miR-335,
miR-628, and miR-422a could be used to discriminate
between TNBC and HER2-positive breast cancer patients
with a sensitivity of 68% and a specificity of 81% (24). A
deeper understanding of subtype-specific miRNA profiles
has provided insight into identifying potential therapeutic
strategies and inferring tumor progression, particularly for
aggressive TNBC subtypes.

In this study, we investigated the predictive role of exosomal
miRNAs in serum samples derived from patients with TNBC
before and after NAC. We performed miRNA array analysis
in 24 patients with and without pCR to identify which miRNA
profile was most closely correlated with the effect of NAC.
Furthermore, we determined which patients experienced
recurrence among those who received standard chemotherapy
and nevertheless did not achieve pCR, since these patients may
need more extensive therapy.

Materials and methods

Study population and treatment. First, we retrospectively
selected 24 TNBC patients diagnosed with invasive breast
cancer, who underwent NAC treatment and subsequent
surgery at Kumamoto University Hospital between 2008
and 2016 (Study 1, Fig. S1). This cohort included 12 patients
with pCR and 12 patients with non-pCR. TNBC was defined
as no expression of ER, PR or HER2. HER?2 expression was
determined by immunohistochemical (IHC) staining based
on the Hercep test. Ki67 was scored as the percentage of
nuclear-stained cells out of all cancer cells in the hot spot of
the tumor, regardless of the intensity in a x400 high-power
field (Ki67 labeling index). Patient characteristics for Study 1
are shown in Table I.

Neoadjuvant treatment was assigned to each patient
according to their risk on the basis of the clinical param-
eters, and in accordance with the recommendation of the
St. Gallen International Expert Consensus on primary therapy
of early breast cancer at the time. For the NAC regimen, all
but one patient received eight cycles of anthracycline and

taxane-containing agents (Table I); 17 patients received four
cycles of 5-fluorouracil 100 mg/m?, epirubicin 100 mg/m?, and
cyclophosphamide 500 mg/m? (FEC), followed by four cycles
of docetaxel 75 mg/m? (DOC), six patients received 12 cycles
of paclitaxel 80 mg/m?, followed by four cycles of FEC, one
patient received six cycles of FEC. Treatment responses were
evaluated according to clinical and pathological features. A
pCR was defined based on postoperative specimens as the
absence of invasive carcinoma both in breast and axillary
lymph nodes.

For Study 2, we selected 16 TNBC patients with non-pCR,
comprising eight patients with recurrence and eight without
recurrence. The median follow-up period for the patients
without recurrence was 81 months (65-121). Patient character-
istics before NAC are shown in Table SI. Some of the patients in
Study 2 had already been included in Study 1. Serum samples
for Study 1 were collected before NAC and those for Study 2
were collected after NAC. We stored the serum samples from
all patients at -80°C before use.

Written informed consent was obtained from all subjects
for the collection and research use of serum samples. The entire
study was approved by the ethics committee of Kumamoto
University Graduate School of Medical Sciences.

Isolation of total exosomes from serum. Exosomes in serum
samples (500 ml) were extracted using ExoQuick (System
Biosciences) according to the manufacturer's instructions.
In brief, the reagent was added into the serum sample and
incubated at 4°C for at least 30 min to precipitate the exosome
pellet. We previously confirmed the identity of the isolated
exosomes (25). The size of the exosomes was confirmed using
the Nanosight LM10 instrument and presence of an exosomal
membrane marker (CD63) was confirmed by western blot
analysis (25).

Isolation of total RNA. Total RNA that included the small RNA
fraction from exosome pellets was isolated using a miRNeasy
Mini Kit (Qiagen) according to the manufacturer's instruc-
tions. Cel-miR-39 was used as a spike-in control to confirm the
extraction of RNA. The quality of RNA samples and the small
RNA fraction was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc.). The RNA samples were immedi-
ately stored at -80°C until use.

MicroRNA microarray analysis. Total RNA was extracted
from exosome pellets using the 3D-Gene® RNA extraction
reagent (Toray Industries, Inc.). One-half of the amount of
extracted total RNA was prepared for miRNA expression
analysis using the 3D-Gene® miRNA Labeling kit and the
3D-Gene® Human miRNA Oligo Chip (Toray Industries, Inc.),
which was designed to detect 2,565 miRNA sequences regis-
tered in miRbase release 21 (http://www.mirbase.org/). The
signal values were quantified using the 3D-Gene Scanner 3000
(Toray Industries, Inc.). After subtracting the background
values from the signal values, the signals were standardized by
the global normalization method, which adjusted the median
signal intensity on the chip to 25 (Toray Industries, Inc.). All
microarray data obtained in the present study were in agree-
ment with the Minimum Information About a Microarray
Experiment guidelines.
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Table I. Clinicopathological characteristics in patients with NAC.

Clinicopathological characteristics Patients with pCR (n=12) Patients with non-pCR (n=12) P-value
Median age at diagnosis, median (range) 46 (24-63) 59 (37-74) 0.04
Menopausal status, n (%) 0.21
Premenopausal 7 (58) 3(25)
Postmenopausal 5(42) 9 (75)
Tumor size, cm, median (range) 25(1.1-6.4) 3.2 (1.6-7.8) 0.34
Nodal status, n (%) 1.00
Negative 6 (50) 6 (50)
Positive 6 (50) 6 (50)
Clinical T, n (%) 0.75
Tl 3 (25) 2(17)
T2 8 (67) 8 (67)
T3 0 (0) 1 (8
T4 1 (8 1 (8)
Stage, n (%) 0.54
1 2 (17) 2 (17)
2 9 (75) 7 (58)
3 1 (8) 3(25)
Nuclear grade, n (%) 0.17
1,2 5(42) 2 (17)
3 7 (58) 10 (83)
Ki67 labeling index, %, median (range) 61 (30-97) 65 (20-100) 0.75
NAC, n (%) 1.00
FEC followed by DOC 9 (75) 8 (67)
PAC followed by FEC 3(25) 3 (25)
FEC 0 (0) 1 (8)

pCR, pathological complete response; NAC, neoadjuvant chemotherapy; FEC, 5-fluorouracil, epirubicin and cyclophosphamide; DOC,

docetaxel; PAC, paclitaxel.

Quantitative reverse-transcription polymerase chain
reaction (RT-qPCR). Total RNA extracted from exosomes
was reverse transcribed to cDNA using a miScript IIRT kit
(Qiagen), according to the manufacturer's protocol. miRNA
expression levels were investigated using miScript Primer
Assay with a miScript SYBR Green PCR kit according to the
manufacturer's protocol (Qiagen). For the normalization of
real-time PCR, we selected miR-16-5p and miR-451 because
their levels were unchanged across all our datasets, consistent
with their use as reference miRNAs in other reports (23,26).
Quantification of miRNA expression was performed using
the 222 method.

Survival analyses.The prognostic significance of four selected
miRNAs (miR-4448, miR-2392, miR-2467, and miR-4800)
was evaluated using the online database, Kaplan-Meier
(KM) plotter (http://kmplot.com/analysis/). We analyzed the
overall survival of TNBC patients using KM plotter, where
they were divided into two groups according to the median
expression of each miRNA (high or low). Log rank P-value
and hazard ratio (HR) with 95% confidence interval (CI) was
calculated.

Statistical analyses. In microarray analysis, candidate
miRNAs with differential expression between the two groups
(Study 1 and Study 2) were determined based on Student's
t-test. Significant miRNAs were defined as those with a
P-value <0.05 and at least a 1.5-fold change. The significance
of differences in categorized demographic variables was
evaluated using the Chi-square test or Fisher's exact test and
the nonparametric Mann-Whitney U test. For pCR prediction
of miRNAs, we calculated the area under the curve (AUC)
using a receiver-operating characteristic (ROC) curve anal-
ysis. Logistic regression methods were adopted for univariate
analyses to assess the associations of each miRNA with pCR.
Odds ratios (ORs) and 95% Cls were calculated. All statistical
analyses were carried out using STATA ver.13 (Stata Corp.).
All tests were two-sided and P-values <0.05 were considered
statistically significant.

Results
Comparison of exosomal miRNA profiles between patients

with pCR and non-pCR. First, we retrospectively evaluated
the expression of exosomal miRNAs before chemotherapy
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Table II. Differentially expressed exosomal miRNAs related
to patients with pCR compared with non-pCR determined via
miRNA array analyses.

A, Upregulated miRNAs

Mature ID Fold-change P-value
hsa-miR-1273e 2.38 0.02
hsa-miR-4800-3p 1.70 0.03
hsa-miR-2392 1.68 0.03
hsa-miR-2467-3p 1.67 0.02
hsa-miR-4448 1.54 0.02
B, Downregulated miRNAs

Mature ID Fold-change P-value
hsa-miR-3918 0.27 0.03
hsa-miR-4740-3p 0.38 0.03
hsa-miR-3177-5p 0.40 0.03
hsa-miR-1203 042 0.03
hsa-miR-874-3p 045 <0.01
hsa-miR-4419a 0.51 0.04
hsa-miR-637 0.59 <0.01
hsa-miR-423-5p 0.60 0.05
hsa-miR-6796-3p 0.61 0.04
hsa-miR-4707-3p 0.63 0.01
hsa-miR-210-5p 0.67 0.02

Only the miRNAs with statistically significant P-values are shown.
miRNA/miR, microRNA; pCR, pathological complete response.

between patients with pCR and non-pCR (Fig. S1, Study 1).
Patient characteristics (n=24) are summarized in Table I. In
this cohort, we have adjusted as much as possible for other
confounding factors to compare expression of exosomal
miRNAs. Therefore, we found no difference in clinicopatho-
logical factors other than age between two groups: patients
with pCR were younger than those with non-pCR (median
age at diagnosis: 46 vs. 59 years, respectively). Most patients
received neoadjuvant treatment including a combined anthra-
cycline- and taxane-containing regimen except for one. All
patients had tumors with relatively aggressive molecular
features with high nuclear grade and Ki67 labeling index
(median 65%, range 20-100).

We performed a comprehensive analysis of exosomal
miRNAs, in which we identified several miRNAs that
were differentially expressed prior to NAC between the
patients with pCR and non-pCR. Table II shows only the
differentially-expressed miRNAs identified among the 2,556
miRNAs that were analyzed. In patients with pCR, there
were five upregulated miRNAs (miR-1273e, miR-4800-3p,
miR-2392, miR-2467-3p, and miR-4448) and 11 down-
regulated miRNAs (miR-3918, miR-4740-3p, miR-3177-5p,
miR-1203, miR-874-3p, miR-4419a, miR-637, miR-423-5p,
miR-6796-3p, miR-4707-3p, and miR-210-5p); (Table II,
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Figure 1. Hierarchal clustering analysis heatmap of patients with pCR
compared with those with non-pCR. Red and green represent upregulated
and downregulated miRNAs, respectively. The shaded areas show groups
with similar expression levels. pCR, pathological complete response; miR,
microRNA.

Fig. 1). miR-1273e was the most highly upregulated gene
(2.38-fold) and miR-3918 was the top downregulated gene
(0.27-fold compared to control).

Validation of identified miRNAs. Next, we validated the
expression of the key differentially-regulated miRNAs using
RT-qPCR. Of the 16 miRNAs, the expression of miR-4448
and miR-2392 was significantly higher in the patients with
pCR than in those with non-pCR (Fig. 2). We found no
statistically-significant difference in the expression level
of other miRNAs between the pCR and non-pCR groups.
Following logistic regression analysis for prediction of pCR,
we found no significant difference in expression of exosomal
miRNAs between the two groups (Table IIT). We then
selected four miRNAs (miR-4448, miR-2392, miR-2467-3p,
and miR-4800-3p) with relatively small P-values (P<0.2) in
the corresponding logistic regression models. The AUC for
prediction of pCR was 0.7652 when these four miRNAs were
combined in the analysis; this value is considered to indicate
moderate accuracy (Fig. S2).

Survival analysis of miRNAs identified in TNBC. The
biological mechanisms-of-action for the miRNAs we iden-
tified are not fully described in the published literature.
However, to determine whether they may have an impact on
survival, we determined whether there were any correlations
between the four miRNAs (miR-4448, miR-2392, miR-2467,
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Figure 2. Comparison of exosomal miRNA expression between patients with pCR and non-pCR as determined via reverse transcription-quantitative PCR.
Only results that are statistically significant are shown. Mann-Whitney U test was performed for data analysis ("P<0.05). pCR, pathological complete response;

miRNA/miR, microRNA.

Table III. Logistic regression analyses for pCR by miRNA
expression in exosomes.

miRNA (high vs. low) OR (95% CI) P-value
hsa-miR-1273e 2.25(0.32-15.80) 0414
hsa-miR-4448 4.50 (0.67-30.20) 0.122
hsa-miR-2392 10.00 (0.96-104.50) 0.054
hsa-miR-2467-3p 4.50 (0.67-30.21) 0.122
hsa-miR-4800-3p 4.50 (0.67-30.21) 0.122
hsa-miR-637 2.45 (0.46-13.23) 0.296
hsa-miR-874-3p 2.45 (0.46-13.23) 0.296
hsa-miR-18a-5p 1.69 (0.65-4.38) 0.282
hsa-miR-423-5p 1.68 (0.32-8.76) 0.538
hsa-miR-3177-5p 245 (0.46-13.23) 0.296
hsa-miR-1203 1.68 (0.32-8.76) 0.538
hsa-miR-4707-3p 2.45 (0.46-13.23) 0.296
hsa-miR-3918 0.60 (0.11-3.10) 0.538
hsa-miR-210-5p 0.41 (0.08-2.19) 0.296
hsa-miR-4419a 1.68 (0.32-8.76) 0.538
hsa-miR-6769-3p 245 (0.46-13.23) 0.296
hsa-miR-4740-3p 1.68 (0.32-8.76) 0.538

miRNA/miR, microRNA; pCR, pathological complete response;

OR, odds ratio; CI, confidence interval.

miR-4800) and overall survival (OS) using the Kaplan-Meier
Plotter online database (http://kmplot.com/analysis/). When
stratified according to TN subtypes, patients with higher
levels of miR-4448 had a longer OS compared with those
with lower levels (HR=0.23, 95% CI1=0.07-0.71, P=0.0054),
as did those with higher levels of miR-2392 (HR=0.25,

95% CI1=0.06-0.76, P=0.0086), miR-2467 (HR=0.32,
95% CI1=0.12-0.86, P=0.017), and miR-4800 (HR=0.19,
95% CI=0.06-0.6, P=0.0016) (Fig. 3). Based on these results,
we suggest that these four miRNAs may have predictive and
prognostic utility in TNBC.

Identification of miRNAs that are differentially expressed
in TNBC patients with non-pCR and breast cancer recur-
rence. We isolated exosomal miRNA from serum samples of
patients who underwent NAC. This cohort consisted of TNBC
patients with non-pCR who experienced recurrence as well
as those who did not. A total of 16 patients with non-pCR
were analyzed (Table SI). We found the clinicopathological
factors between the groups with recurrence (n=8) and without
recurrence (n=8) were relatively balanced, as the patients
with recurrence were more likely to have high levels of Ki67
(median 88 vs. 60%, P=0.064). A hierarchical clustering anal-
ysis showed a total of 43 differentially-expressed miRNAs
(15 upregulated and 28 downregulated) between non-pCR
patients with or without recurrence (Fig. 4 and Table SII).
miR-195-5p had the highest fold change (4.43, P=0.02)
among the upregulated miRNAs, while miR-548ab was the
most downregulated (0.23, P<0.001).

Pathway enrichment analysis and prediction of genes that
are targets of the differentially-expressed miRNAs. We
used the online database Diana Tools mirPath v.3 analysis
(http://snf-515788 .vm.okeanos.grnet.gt/). to identify pathways
associated with the differentially-expressed genes. The top 20
KEGG pathways related to patients with non-pCR and breast
cancer recurrence are shown in Table SIII. These included
cancer, focal adhesion, cell cycle, and the MAPK signaling
pathway, all of which are involved in cancer progression.
Subsequently, we obtained a list of putative target genes of
differentially expressed miRNAs using the mirTargetLink
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Table IV. Target genes controlled by =3 miRNAs among the differentially expressed genes in patients with non-pCR and breast
cancer recurrence.

Target gene miRNAs

BCL2 hsa-miR-195-5p, hsa-miR-16-5p, hsa-miR-34b-3p

CCNDI hsa-miR-106b-5p, hsa-miR-195-5p, hsa-miR-16-5p, hsa-let-7f-5p

CDK6 hsa-miR-195-5p, hsa-miR-16-5p, hsa-miR-34b-3p

MET hsa-miR-31-5p, hsa-miR-34b-3p, hsa-miR-7515

VEGFA hsa-miR-106b-5p, hsa-miR-195-5p, hsa-miR-16-5p, hsa-miR-34b-3p, had-miR-133a-3p
WEE] hsa-miR-106b-5p, hsa-miR-195-5p, hsa-miR-16-5p

miRNA/miR, microRNA; pCR, pathological complete response; CCND1, G1/S-specific cyclin-D1; WEE1, Weel-like protein kinase.
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Figure 3. Prognostic value of miR-4448, miR-2392, miR-2467 and miR-4800 expression. Overall survival was evaluated using an online database, Kaplan-Meier
plotter. Red lines, high expression of exosomal miRNAs; black lines, low expression. The cut-off values are set at the median for each gene. HR, hazard ratio;
miRNA/miR, microRNA.

software (https://ccb-web.cs.uni-saarland.de/mirtargetlink/). (BCL2, CCNDI, CDK6, MET, VEGFA, and WEEI; Table IV).
Six target genes were controlled by three or more miRNAs  Similarly, target genes controlled by two miRNAs observed
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Figure 4. Hierarchal clustering analysis observed among the non-pCR
patients with recurrence (n=8) and no recurrence (n=8). Only miRNAs with
fold change =2.0 are shown. Heatmap colors represent exosomal miRNA
expression. The name of each miRNA is omitted in the figure. pCR, patho-
logical complete response; miRNA/miR, microRNA.

in the patients with non-pCR and breast cancer recurrence
are shown in Table SIV. Among these miRNAs, miR-16-5p
and miR-195-5p regulated the most target genes (18 and 17,
respectively). Taken together, these pathways and genes may
be involved in drug resistance and contribute to a poor prog-
nosis in TNBC.

Discussion

In the present study, we evaluated the exosomal miRNA
profiles of TNBC patients in order to identify novel poten-
tial biomarkers for pCR to NAC. We suggest that specific
exosomal miRNAs identified from pretreatment serum

samples may predict treatment efficacy. The combined model
of four miRNAs, that is miR-4448, miR-2392, miR-2467-3p,
and miR-4800-3p, could clearly discriminate between pCR
and non-pCR patients of TNBC. Additionally, we found an
association between the expression levels of these genes and
overall survival.

Recently, several studies on circulating miRNAs using
clinical samples have emerged (27-30). Stevic et al (24).
examined the miRNA profiles in circulating exosomes of
breast cancer patients before the neoadjuvant GeparSixto trial.
The authors demonstrated that the expression of miR-155
and miR-301 in exosomes most significantly predicted pCR
in uni- and multivariate analyses. The impact of miR-155
was found consistently through all subtypes, whereas that
of miR-301 was found in all cancer subtypes except TNBC.
Rodriguez-Martinez et al investigated exosomal miRNA
profiles in breast cancer patients with locally-advanced cancer
who were undergoing NAC (31). Patients with a complete
response to therapy were more likely to have lower levels
of miR-21 compared to those with stable disease, although
this finding did not reach statistical significance (P=0.060).
Another study by Yang er al (32). provided clinical evidence
that chemotherapy-elicited exosomal miR-378a-3p and
miR-378d were related to chemotherapy response via the
EZH2/STAT?3 axis.

Here, we showed that, prior to NAC, deregulation of
16 exosomal miRNAs was specifically associated with the
PCR patients. To date, the biological activities of the corre-
sponding miRNAs (with the exception of miR-4448 and
miR-2392) in breast cancer have not been fully elucidated. A
study of spheroid-enriched cells with cancer stem cell proper-
ties identified an association between miR-4448 and breast
cancer chemoresistance and self-renewal capacity (33). In
addition, a study by Hibino ef al suggested that miR-4448 acts
as a tumor suppressor in gastric and liver cancer cells (34).
Another study by Li et al demonstrated that miR-2392
suppresses metastasis and the epithelial-mesenchymal transi-
tion by targeting MAML3 and WHSCI in gastric cancer (35).
A study by Fan et al also showed an association of miR-2392
with chemoresistance (36). They reported that mitochondrial
miR-2392 regulated chemoresistance in tongue squamous cell
carcinoma cells by reprogramming metabolism via down-
regulation of oxidative phosphorylation and upregulation of
glycolysis.

In our study, the above-mentioned miRNAs were upregu-
lated in patients with pCR, indicating a relationship between
these genes and treatment efficacy of NAC. In addition, the
potential tumor suppressor roles of these miRNAs might
explain why higher expression of these miRNAs is associ-
ated with longer OS in TNBC (Fig. 3), although the patient
cohorts were not adjusted for confounding factors. Additional
functional studies investigating how these miRNAs affect the
response to breast cancer treatments are now required.

Currently approximately 30% of TNBC patients receive
NAC, and the pCR rate following chemotherapy is between
30 and 47% (37,38). Neoadjuvant treatment offers us an
opportunity to evaluate the efficacy of drugs in patients who
have residual invasive disease after therapy. By analyzing
the exosomal miRNA profiles as we outlined here, we
can help patients avoid ineffective treatment and consider
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alternative treatment options. Two recent clinical studies, the
CREATE-X (39) and KATHERINE (40) trials, have shown
a survival benefit of additional chemotherapy for patients
with invasive residual disease after NAC. The CREATE-X
trial included patients with both luminal and TN subtypes,
who were randomly selected to receive postsurgical treat-
ment either with or without capecitabine (39). Among the
patients with TNBC, capecitabine significantly improved
5-year disease-free survival, with survival of 69.8 vs. 56.1%
in the control group (HR=0.58; 95% CI: 0.39-0.87). The
KATHERINE trial (40) showed that adjuvant ado-trastu-
zumab-emtansine (T-DM1) significantly improved invasive
disease-free survival compared with trastuzumab alone
(HR=0.50; 95% CI: 0.39-0.64) in patients with residual
disease after neoadjuvant HER2-targeted therapy. Taken
together, these results suggest that additional adjuvant
chemotherapy may be a treatment option for patients with
residual disease after NAC.

As emphasized above, one of the most important issues
for patients with an aggressive TN subtype is selection of
the right treatment strategy after neoadjuvant therapy. In the
present study, we examined the profiles of exosomal miRNAs
for patients who did not achieve pCR and eventually experi-
enced tumor recurrence. We found 43 differentially-expressed
miRNAs in non-pCR patients with breast cancer recurrence
vs. those without recurrence (Table SII). Furthermore, we
employed pathway analysis and miRNA target gene prediction
in order to identify which pathways might influence treatment
efficacy and recurrence. Among the 43 miRNAs, miR-16-5p
interfered with the most potential target genes, with miR-195-5p
being the second most promiscuous (Table SIV). A recent
study by Shen et al (41). revealed that docetaxel treatment
caused elevation of miR-195-5p in circulating extracellular
vesicles to stimulate cancer stem-like cells, rendering cancer
cells resistant to therapy. These miRNAs regulate several
target genes that are involved in cancer development, such
as those controlling the cell cycle (CCNDI, CCND3, CCNEI,
CDC42, CDK4, CDK6, and WEE]), proto-oncogenes (KRAS,
MYB, RAFI, and RET), and apoptosis (BCL2 and BIRCS). In
line with this, several studies have suggested that TNBC is
highly sensitive to levels of cell cycle regulators (42-44). A
single-cell dynamic study by Asqghar ef al demonstrated that
the luminal androgen receptor (LAR) subtype of TNBC was
more sensitive to CDK4/6 inhibitor compared to basal-like
breast cancer both in vitro and in vivo (42). Also, Cretella et al
explored the potential of combining the CDK4/6 inhibitor
palbociclib with chemotherapy in Rb-positive TNBC cells,
in which the sequential treatment inhibited cell proliferation
and increased cell death more efficaciously than single treat-
ments (44). Another study suggested that combined PI3Ka and
CDK4/6 inhibition significantly increased apoptosis, cell cycle
arrest, and tumor immunogenicity, and elicited immunogenic
cell death in human TNBC cell lines (43). Use of these agents,
which negatively regulate the cell cycle, may provide a novel
therapeutic strategy for TNBC.

In the present study, we evaluated differences in the
miRNA profiles between patients with pCR and non-pCR
to NAC, and also those between non-pCR patients with
recurrence and non-recurrence after treatment. We found
completely different miRNA profiles between the two studies.

This raises the possibility that NAC treatment selectively
alters the expression patterns of miRNA, which may reflect
the resistance to treatment and the subsequent prognosis.
Consequently, we should evaluate changes in expression both
before and after NAC for accurate prediction of prognosis.
Besides this, our study has several limitations. With the excep-
tion of miR-4448 and miR-2392, we were unable to validate
the predictive nature of most of the miRNAs identified by the
microarray analysis when we moved to PCR-based analysis.
This discrepancy may be attributable to the small sample size.
Our cohort included only 24 patients, which is too small to
establish whether particular associations are specific. Another
possible explanation of the discordance may be due to a differ-
ence in the technologies used to measure gene expression. For
example, the relatively low sensitivity of microarray platforms
may have led to false negatives that would therefore not have
been evaluated by the PCR-based method. In the present
study, we identified several miRNAs such as miR-2467-3p,
miR-4419a, and miR-6796-3p that have not previously been
studied in the context of cancer; indeed, little is known about
their function and mechanism of action. Our previous review
of exosomal miRNAs highlighted that there is little overlap
between exosomal miRNAs identified in different studies (45).
Different methods used for the isolation of exosomes, and/or
differences in patient characteristics may have contributed to
these inconsistent results. Lastly, there is growing evidence of
genetic heterogeneity in TNBC populations, which are divided
into several subgroups with different treatment responses and
prognoses (46,47). Since TNBC is considered as a single
disease in the present study, the obtained results may differ
when categorized into subgroups.

Liquid biopsy has emerged as an increasingly important
tool since it is a relatively noninvasive method compared to
tissue sampling. As we show here, it can be used to detect
potential exosomal miRNA biomarkers in TNBC patients
undergoing NAC. Indeed, we were able to detect clear differ-
ences in miRNA profiles between TNBC patients with pCR
and non-pCR. Furthermore, we evaluated the expression of
exosomal miRNAs in patients treated with standard chemo-
therapy and in those with residual cancers. Patients with
specific miRNA profiles tended to experience recurrence,
and our results pave the way for identifying these patients
prior to treatment in order to provide alternative therapies
when needed. Further clinical studies focusing on exosomal
miRNAs and treatment efficacy are needed to validate our
findings.
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