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Abstract
Background. Liquid biopsy, including miRNA profiling, is a promising approach to identify breast cancer 
(BC) resistance. However, the effect of long-term storage on the quality of miRNA assessment in archival 
serum has not been fully addressed.

Objectives. We aimed to determine whether miRNAs were recoverable from long-stored serum samples 
to subsequently evaluate prognostic and predictive miRNA value in the archival collection of samples from 
patients treated with neoadjuvant chemotherapy at Maria Sklodowska-Curie National Research Institute 
of Oncology, Gliwice, Poland.

Material and methods. We have evaluated miRNA quantity in serum samples stored for up to 12 years. 
Additionally, we compared miRNA expression in archival samples to freshly collected samples derived from 
advanced BC patients.

Results. Forty BC patients were included in the study. Archival samples were derived from 20 BC patients 
treated with radical intent between 2011 and 2015. Freshly collected samples were collected from 20 advanced 
BC patients in 2022. miRNA was present in archived serum samples frozen at –80C° for at least 12 years. 
Additionally, we found significantly different expressions between the 2 analyzed groups. Expression of cir-
culating miR-16, -17, -18a, -20a, -21, -27a, -30b, -222, and -326 were significantly higher in archival samples, 
whereas expression of circulating miR-19a, -29b, -29c, -128, -145, -146a, -193b, -195, -200b, -210, -221, -424, 
and -451a were lower than in freshly collected samples. In 14 miRs, we observed expression in both groups; 
however, differences were statistically insignificant (miR-1, -7a, -10b, -19b, -34a, -99a, -106b, -122, -125b, 
-155, -200a, -205, -223, -340).

Conclusions. MiRNA can be identified from long-stored samples, making large prospectively collected 
serum repositories with long follow-up time an invaluable source for miRNA biomarker discovery.
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Background

Breast cancer (BC) is the most commonly diagnosed can-
cer globally.1 Early detection intensifies the effort toward 
discovering new biomarkers that can improve its prognosis 
and therapeutic outcomes. Numerous systemic treatment 
approaches for BC are still in their early phases of devel-
opment; thus, it  is essential to find precise biomarkers 
that may be used to guide therapeutic decisions regarding 
cytotoxic agents, targeted therapies and immunotherapy.2

Substantial advances in molecular signalling processes 
have lead to a discovery of a variability of biomarkers 
in tissues and blood (liquid biopsy) that may help pre-
dict the probability of cancer spread, treatment efficacy 
and tolerance.2 Tumor cells are heterogeneous; therefore, 
a single biomarker is not precise enough to effectively di-
agnose cancer progression and metastasis, and a combina-
tion of biomarkers is preferred. Prognostic and predictive 
biomarkers are 2 categories of biomarkers that indicate 
likely clinical outcomes and treatment efficacy. MicroRNA 
(miRNA) can be utilized in both of these applications.3

The miRNAs are short non-coding RNA molecules con-
taining about 22 nucleotides. To date, 48,860 have been 
identified, including 2,654 mature sequences in the human 
genome.4 More than half of human protein-coding genes are 
regulated by miRNAs.5 They act as tumor suppressors or on-
cogenes, and functional studies have proven that miRNA 
dysregulation is causal in numerous cancer cases.6 Expanded 
insights into the roles of miRNA dysregulation in develop-
ment and cancer progression have made miRNAs attractive 
tools and targets for new treatment approaches.6 They can 
be found both in tissue and blood, allowing the utilization 
of liquid biopsy, which is a useful clinical technique.7

Neoadjuvant chemotherapy has an essential role in the pre-
vention of BC recurrence. However, the primary obstacle 
is drug resistance. The miRNA profiling is the prominent 
approach to identifying BC resistance. Expression of several 
miRNAs was decreased in chemotherapy resistance. In cells 
derived from triple-negative breast cancer (TNBC) patients 
treated with neoadjuvant paclitaxel, elevated expression 
of miR-18a increased paclitaxel resistance.8 MiR-90b, -130a, 
-200b, and -452 may lead to chemoresistance by regulating 
drug-related cellular pathways.9 Responders to neoadjuvant 
chemotherapy had significantly lower levels of miR-21 and 
miR-195 than non-responders.10 Serum miR-125b also pre-
dicted poor chemotherapy outcomes and shorter disease-free 
survival (DFS).11 MiR-34a has recently emerged as a tumor 
suppressor of significant interest. Liu et al. found that changes 
in serum miR34a expression were associated with treatment 
response and DFS.12 In a small group of 27 patients, serum 
miR-451 was higher and showed a significant gradual decline 
during neoadjuvant chemotherapy, consisting of doxorubi-
cin/cyclophosphamide and taxane, in the patients stratified 
as clinical responders.13 The increase of serum expressions 
of both miR-19a and miR-205 during neoadjuvant chemo-
therapy consisting of doxorubicin and paclitaxel in patients 
with luminal A BC was more pronounced in the resistant 
group compared with the sensitive group. Furthermore, 
both were independent predictive factors for chemotherapy 
response.14 The downregulation of serum miR-99a expres-
sion in BC patients has been closely associated with a poor 
prognosis.15 The expression of miR-10b, -21, -34a, -125b, 
-145, -155, and -373 in patients before the start of treatment 
was significantly higher, and miR-210 was lower than levels 
in healthy controls.16 A summary of studies on circulating 
miRs in BC patients is presented in Table 1.11–41

Table 1. Summary of studies on circulating microRNAs in BC patients

miR Level Source Role Reference

miR-1 upregulation plasma
cardiotoxicity – increasing circulating levels during CHT containing DOX and 

PXL associated with a decrease in LVEF
17

miR-7a

downregulation plasma in comparison to HC (before CHT); increase after treatment 18

downregulation serum in comparison to HC and patients with benign lesions 19

upregulation serum in HER2-pos vs HER2-neg subtype 20

miR-7c
downregulation serum in comparison to HC 21

downregulation serum in comparison to HC; no difference between ER-pos and ER-neg BC 22

miR-9 upregulation serum in comparison to HC; in HER2-positive vs HER2-negative BC 23

miR-10b upregulation plasma in comparison to HC (before CHT); decrease after Tx 18

miR-16 downregulation serum in comparison to HC 24

miR-17 downregulation serum pCR after neoadjuvant CT 25

miR-18b upregulation serum predictive for tumor relapse and OS 26

miR-19a upregulation serum resistance to neoadjuvant CT in LUM A 14

miR-19b downregulation serum pCR after neoadjuvant CT 25

miR-21
upregulation plasma in comparison to HC (before CHT), decrease after Tx 18

upregulation serum in comparison to HC (before CHT) 21

miR-27a upregulation serum higher CS and histological grade, ER-neg, HER2-pos 27
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Objectives

We aimed to determine whether miRNAs were recov-
erable from long-stored serum samples. To achieve this, 
we assessed serum samples from 20 BC patients, drawn 
at various time points. Additionally, we compared them 
to miRNA expression from freshly collected samples de-
rived from the group of patients with advanced BC.

Materials and methods

Study population

Archival serum samples were taken from the patients 
with BC recruited into prospective observational clini-
cal trial concerning neoadjuvant chemotherapy. All pa-
tients had serial blood collection before the beginning 

miR Level Source Role Reference

miR-29b downregulation plasma In comparison to HC 28

miR-30b downregulation serum pCR after neoadjuvant CT 25

miR-34a downregulation serum Response to neoadjuvant CT, longer DFS 12

miR-99a downregulation serum Shorter OS, higher TNM stage 15

miR-106b upregulation plasma In comparison with benign breast lesions; Shorter DFS and OS 29

miR-122 upregulation plasma In comparison to HC 30

miR-125b

upregulation serum Response to neoadjuvant CT, longer DFS 11

upregulation serum Higher number of metastatic lymph nodes 20

upregulation serum In comparison to HC 16,24

upregulation serum Resistance to neoadjuvant CHT 31

miR-129 downregulation serum Shorter OS 32

miR-141 upregulation plasma Predictive for shorter PFS and OS 33

miR-145 upregulation serum In comparison to HC (before CHT) 16

miR-146a downregulation plasma In patients with sentinel lymph nodes metastases vs N0 34

miR-155

upregulation plasma In comparison to HC (before CHT) 18

upregulation plasma In comparison to HC; higher CS in BC (CS III vs II; II vs I) 18

downregulation serum In comparison to healthy controls 21,24

downregulation serum Response to Tx 35

downregulation plasma Response to Tx 18

miR-195

upregulation whole blood In comparison to HC; larger breast tumors; BC-specific 36

downregulation serum In comparison to HC and benign lesions 19

downregulation serum In comparison to HC; increase with response to neoadjuvant CT 37

downregulation plasma Metastatic LUM A BC in comparison to local BC 38

miR-200a
upregulation serum Higher number of metastatic lymph nodes 20

upregulation plasma Predictive for shorter PFS and OS 33

miR-200b upregulation plasma Predictive for shorter PFS and OS 33

miR-200c
upregulation plasma In metastatic BC vs locally advanced BC 39

upregulation plasma Predictive for shorter PFS and OS 33

miR-205 upregulation serum Resistance to neoadjuvant CT in LUM A 14

miR-210 downregulation serum In comparison to HC (before CHT) 16

miR-222 upregulation serum Shorter DFS and OS; lower rates of pCR; trastuzumab-resistance 40

miR-326 downregulation plasma In patients with sentinel lymph nodes metastases vs N0 34

miR-373 upregulation serum In comparison to HC (before CHT) 16

miR-451 downregulation serum During neoadjuvant CT in responders 13

miR-455 downregulation serum
In comparison with HC, In pts with LN metastases vs N0

Infiltrating carcinoma vs carcinoma in situ
41

miR – microRNA; CHT – chemotherapy; DOX – doxorubicin; PXL – paclitaxel; HC – healthy controls; pos – positive; neg – negative; ER – estrogen receptor; 
BC – breast cancer; HER2 – human epidermal growth factor receptor 2; Tx – treatment; pCR – pathologic complete response; OS – overall survival; LUM – luminal 
subtype; DFS – disease-free survival; CS – clinical stage; TNM – tumor-nodule-metastasis staging system; PFS – progression-free survival; pts – patients; LVEF – left 
ventricular ejection fraction; LN – lymph node; N0 – node negative.

Table 1. Summary of studies on circulating microRNAs in BC patients – cont.
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of  the  treatment and during systemic treatment. For 
the purpose of  this pilot study, only samples collected 
at the beginning of the treatment were used. These samples 
were taken between 2011 and 2015. A tumor biopsy at Ma-
ria Sklodowska-Curie National Research Institute of On-
cology (Gliwice, Poland) was performed for histopatho-
logical verification and the possibility of further molecular 
assessment. Moreover, patients underwent multimodality 
treatment (systemic treatment including chemotherapy, 
endocrine therapy, targeted therapy, surgery, and radiation 
therapy) at our institution and remained in follow-up. Fur-
thermore, extensive radiologic evaluation was performed, 
including baseline and serial breast magnetic resonance 
imaging (MRI) assessment, baseline 18fluorodeoxyglucose 
positron emission tomography (18F-FDG-PET/CT), and 
assessment of early metabolic response after the 1st cycle 
of chemotherapy. Freshly collected samples were taken 
from the group of patients with advanced BC.

Clinical samples

Blood processing and sample storage

All laboratory procedures were performed at  Maria 
Sklodowska-Curie National Research Institute of Oncol-
ogy in the Department of Clinical and Molecular Genetics. 
All clinical samples described here were obtained from 
subjects with informed consent. Freshly collected sam-
ples comprised plasma. Blood was processed for plasma 
isolation within 1 h of collection. Blood was centrifuged 
in cfRNA collection tubes (RNA Complete BCT® CE; 
Streck LLC, La Vista, USA) at 1,800 × g at room tempera-
ture in an Eppendorf 5810R (Eppendorf AG, Hamburg, 
Germany) for 15 min. Plasma was transferred to a fresh 
tube and centrifuged at  2,800  ×  g  for 15  min. Plasma 
was aliquoted, with inversion to mix between each ali-
quot, and stored at –80°C. Archival samples comprised 
serum samples. For serum collection, blood was col-
lected into BD Vacutainer® serum tubes (BD Biosciences, 
Franklin Lakes, USA) and allowed to clot for 30–60 min 
at room temperature. Clot was removed by centrifugation 
at 1,300 × g at room temperature for 10 min. Serum was 
aliquoted and stored at –80°C until miRNA isolation.

MiRNA isolation and measurement 
of miRNA expression

MiRNA isolation was performed with the TaqMan® 
miRNA ABC (Anti-miRNA Bead Capture) Purification 
Kit –  Human Panel A  (Thermo Fisher Scientific Inc., 
Waltham, USA). Complementary DNA (CDNA) template 
from miRNA was prepared with the TaqMan® Advanced 
miRNA cDNA Synthesis Kit (Thermo Fisher Scientific 
Inc.). Mature miRNAs from total RNA were modified 
by extending the 3’ end of the mature transcript through 
poly(A) addition, and then the  5’ end was lengthened 

by the 5’ end by adaptor ligation. The modified miRNAs 
were then subjected to universal reverse transcription fol-
lowed by amplification to increase uniformly the amount 
of cDNA for all miRNAs (miR-Amp reaction). Analysis 
of miRNA expression was performed with TaqMan® Ad-
vanced miRNA Assays. The assays can detect and quantify 
the mature form of the miRNA from 2 μL of total RNA 
from serum or plasma. TaqMan® Fast Advanced Master 
Mix was used to prepare PCR Reaction Mix. Customiz-
able TaqMan® Advanced MicroRNA Cards (ADV MIRNA 
CARD FRMT 48; Thermo Fisher Scientific Inc.) were used 
to measure expression. Quantitative real-time polymerase 
chain reaction (qPCR) was carried out on a QantStudio 
12K FLEX (Thermo Fisher Scientific Inc.) with a Taq-
Man® Array Micro Fluidic Thermal Cycling Block. Nucleic 
acid-free pipette tips were used to handle all reagents. All 
procedures were performed following the manufacturer’s 
protocol.

Based on published literature, 48 miRNAs were selected 
for expression measurement: miR-16, -17, -18a, -20a, -21, 
-27a, -30b, -222, and -326, -19a, -29b, -29c, 128, -145, -146a, 
-193b, -195, -200b, -210, -221, -424, -451a, -1, -7a, -10b, 19b, 
-34a, 99a, -106b, -122, -125b, -155, -200a, -205, -223, -340, 
-7c, -9, -18b, -33b, -124, -126, -129, -141, -196b, -200c, -373, 
and -455.

Response assessment

The early metabolic response to treatment in (18F-FDG-
PET/CT) was assessed based on the European Organisa-
tion for Research and Treatment of  Cancer (EORTC) 
guidelines.42 Specifically, complete metabolic response 
was defined as a complete resolution of fluorodeoxyglu-
cose (FDG) uptake in all sites, partial metabolic response 
referred to a reduction of at least 25% in maximum stan-
dardized uptake value (SUVmax), an increase or decrease 
of less than 25% in SUVmax indicated stable metabolic 
disease, whereas progressive metabolic disease was defined 
as either a >25% increase in SUVmax or the development 
of a new FDG-avid lesion.

Tumor response in MRI was assessed according to Re-
sponse Evaluation Criteria in Solid Tumours (RECIST) 
v. 1.1, categorizing outcomes as a complete response, par-
tial response, stable disease, or progressive disease.43

Statistical analyses

Continuous data were summarized as median values 
and presented with an interquartile range (IQR; Q1–Q3). 
Wilcoxon rank sum test evaluated differences between 
the  2  groups. The  Benjamini–Hochberg correction 
was used as an adjustment for multiple testing. To as-
sess the  normality of  the  data, the  Shapiro–Wilk test 
was employed. A  two-sided p-value <0.05 was consid-
ered statistically significant. All computational analy-
ses were performed in the R environment for statistical 
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computing v. 4.0.1, “See Things Now,” released on June 
6, 2020 (R Foundation for Statistical Computing, Vienna, 
Austria; http://www.r-project.org, accessed December 20, 
2022).

Results

Archival samples were derived from BC patients treated 
with radical intent between 2011 and 2015, including 6 
in 2011, 4 in 2012, 2 in 2014, and 8 in 2015. Half of the pa-
tients were premenopausal. Seventeen patients were diag-
nosed with early BC. In contrast, 3 patients were diagnosed 
with oligometastatic disease and were included in treat-
ment with radical intent by the multidisciplinary team. 
Five patients received the AC-P regimen (AC – doxorubicin 
plus cyclophosphamide, followed by paclitaxel), 2 patients 
AC regimen, 7 patients TAC regimen (docetaxel, AC), 3 pa-
tients TEC regimen (docetaxel, epirubicin and cyclophos-
phamide), 2 patients FEC regimen (fluorouracil, AC), and 
1 patient the AT regimen (doxorubicin plus docetaxel). All 
patients with archival samples underwent baseline posi-
tron emission tomography / computed tomography (PET/
CT) scanning and MRI imaging. The majority of patients 
(13, 65%) had early metabolic assessment after the 1st che-
motherapy cycle. For this subroup, the median decrease 
in SUVmax following the 1st chemotherapy cycle was 28% 
(IQR: 13.0–60.5). Specifically, a partial metabolic response 
was observed in 69% of patients (9 of 13), while 31% had 
stable metabolic disease (4 of 13 patients). Serial MRI as-
sessments were conducted for all patients except 1. Sev-
enteen patients (89%) achieved partial remission on MRI. 
Stable disease was observed in 2 patients (11%). Sixteen 
patients underwent subsequent surgery. In 2 patients, com-
plete histopathologic remission was observed (12.5%). All 
of the analyzed patients experienced disease recurrence. 
The median DFS was 31.2 months (5.8–72.3 months). Fresh 
samples were derived from advanced BC patients in 2022. 
Patients’ characteristics are presented in Table 2.

In all but 1 archival sample, miRNA expression was de-
tected. The expression of circulating miR-16, -17, -18a, 
-20a, -21, -27a, -30b, -222, and -326 was significantly higher 
in  archival samples than in  freshly collected samples. 
The results are depicted in Fig. 1. Specifically, miR-17 
exhibited higher expression in patients treated with radi-
cal intent. Among this group, the vast majority received 
taxane-containing chemotherapy regimens (16 patients, 
80%), including 11 patients treated with docetaxel and 
5 patients treated with paclitaxel.

The expression of circulating miR-19a, -29b, -29c, 128, 
-145, -146a, -193b, -195, -200b, -210, -221, -424, and -451a 
was lower in archival samples than in freshly collected 
samples. These results are depicted in Fig. 2.

In 14 miRs, we observed expression in archival samples 
and freshly collected samples; however, differences be-
tween the groups were statistically insignificant (miR-1, 

-7a, -10b, 19b, -34a, 99a, -106b, -122, -125b, -155, -200a, 
-205, -223, and -340). Finally, no expression of the remain-
ing 12 miRs was observed (miR-7c, -9, -18b, -33b, -124, -126, 
-129, -141, -196b, -200c, -373, and -455). Results of the nor-
mality tests are presented in Supplementary Tables 1 and 2.

Discussion

Levels of specific circulating microRNAs in BC patients 
are associated with tumor development and progression 
and may be involved in chemotherapy resistance. More-
over, the dynamics of circulating microRNAs might serve 
as a novel biomarker of clinical response to neoadjuvant 
chemotherapy.

Our study’s archival samples were derived mostly from 
early BC, except for 3 patients with the oligometastatic dis-
ease treated with radical intent. Freshly collected samples 
included those obtained from BC patients. That would be 
the primary explanation for different expressions of miR-
16, -17, -18a, -20a, -21, -27a, -30b, -222, -326, -19a, -29b, 
-29c, -128, -145, -146a, -193b, -195, -200b, -210, -221, -424, 
and -451a.

Serum miR-21 expression could predict response 
to neoadjuvant chemotherapy.11 In our study, the expres-
sion of miR-21 was higher in archival samples, compris-
ing mostly patients with early BC, compared to  fresh 
samples collected from patients with advanced disease. 
However, it is worth pointing out that not only baseline 
expression is important, but also the dynamic changes dur-
ing treatment. Lowering serum miR-21 expression could 
predict response to neoadjuvant chemotherapy as early 
as the end of the 2nd treatment cycle. Furthermore, patients 
with decreasing miR-21 expression during neoadjuvant 

Table 2. Patients characteristics 

Patient characteristics
Patients with 

archival samples
(n = 20)

Patients with 
freshly collected 
samples (n = 20)

Median age (Q1–Q3) [years] 41.2 [36.8–55.8] 58 [50.3–67.8]

Histologic 
subtype

NST 17 14

ILC 3 6

Grade 1 2 1

Grade 2 15 14

Grade 3 3 5

Biologic 
subtype

LUM A 2 6

LUM B HER2- 18 14

Clinical 
stage

IIA/B 7 0

IIIA/B/C 10 0

IV 3 20

PET SUVmax – median (Q1–Q3) 7.0 [3.8–10.6] 8.1 [4.5–13.2]

IQR – interquartile range; NST – invasive cancer of no special type; 
ILC – invasive lobular cancer; LUM – luminal; PET – positron emission 
tomography; SUVmax – maximum standardized uptake value.

http://www.r-project.org
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chemotherapy had better DFS than those showing in-
creased ser-miR-21 expression. In another study, changes 
in ser-miR-21 levels during neoadjuvant chemotherapy 
were correlated with clinical response and survival; how-
ever, it was not associated with pathology response.16

In BC tissues and cells resistant to taxol, the increased 
expression of nuclear receptor co-activator 3 (NCOA3) 
results in downregulation of miR-17. Thus, NCOA3 and 
miR-17 may serve as a biomarkers and a therapeutic targets 
in BC resistance to taxol.44 By directly targeting NCOA3, 
miR-17 enhanced the sensitivity of BC cells to taxol, imply-
ing a potential tumor-suppressor role for miR-17 in BC.44

In our study, higher levels of miR-17 were observed 
in  a  population undergoing taxol-containing chemo-
therapy. Thus, further analysis of our group with miRNA 
assessment in serially collected samples would be inter-
esting to verify this hypothesis on a liquid biopsy level. 
Moreover, blood-derived data suggested a potential as-
sociation between miR‑17, ‑19b and ‑30b expression levels 
and complete clinical response after neoadjuvant che-
motherapy,25 and miR-30b was another overexpressed 
miRNA in our study.

Elevated circulating levels of miR-195, in contrast to other 
miRs (such as let-7a, miR-10b and miR-155), were found 

Fig. 1. MiRNAs with higher expression in archival samples (1) than freshly collected samples (2). In 1 archival sample, miRNA expression was not detected. 
All miRNA types were measurable in the remaining 39 samples (including 19 archival samples from patients treated with radical intent and 20 freshly 
collected samples from patients with advanced breast cancer)

z – Z-test statistic.
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to be specific for BC.36 Furthermore, systemic miR-195 
levels showed incremental increase with larger breast tu-
mors.36 In BC patients, circulating miR-195 was signifi-
cantly higher compared to control patients.36 In contrast, 
some studies showed lower levels of miR-195 in BC pa-
tients than in healthy control,37 or no significant differences 
in blood serum expression values of miR-195 between these 
2 groups.20 Interestingly, in luminal A BC, miR-195 was 
found to be underexpressed in patients with metastatic dis-
ease compared to patients with local disease.38 In our study, 
which predominantly included patients with luminal B BC, 
we observed higher miR-195 expression in patients with 
metastatic disease. To fully understand miR-195 dynam-
ics, further evaluation involving a larger cohort of patients 
is necessary. This assessment should explore differences 
in miR-195 expression between subtypes and investigate 
its predictive value during neoadjuvant treatment.37

Levels of circulating miR-373 were significantly higher 
in TNBC patients.45 In our study, which was comprised 
of only luminal cases, we did not observe miR-373 expres-
sion in archival or freshly collected samples.

Serum miR-222 predicted both efficacy and trastu-
zumab-induced cardiotoxicity.40 Furthermore, miR-222, 
-20a and -451 level changes were associated with chemo-
sensitivity, whereas a chemo-induced decrease in plasma 
miR-34a in the insensitive patients was found.46 We found 
higher levels of miR-222 and miR-20a in a population un-
dergoing neoadjuvant chemotherapy; levels of miR-451 
were lower, whereas miR-34a was comparable to those 
observed in advanced BC patients. Since we have toxicity 
data in our population, we would like to further evaluate 
the potential of miR-222 in cardiotoxicity prediction.

Few studies have been performed to verify the predic-
tive potential of circulating miRNAs in BC. MiR-125b was 

Fig. 2. MiRNAs with lower expression in archival samples (1) than in freshly collected samples (2). 
In 1 archival sample, miRNA expression was not detected. All miRNA types were measurable 
in the remaining 39 samples (including 19 archival samples from patients treated with radical intent and 
20 freshly collected samples from patients with advanced breast cancer)

z – Z-test statistic.
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correlated with resistance to  chemotherapy,31 whereas 
downregulation of miR-155 suggested treatment response.35 
Our study found similar serum expression of miR-125b and 
miR-155 in archival samples, derived mostly from early BC 
patients and freshly collected samples from advanced BC 
patients. The expression of plasma miR-122 was found to be 
significantly upregulated in BC patients compared to healthy 
controls.30 In our study, no significant differences were found 
between patients with early-stage and advanced-stage BC. 
Nonetheless, miR-122 dysregulation may be involved in re-
sponse to chemotherapy, radiotherapy and BC progression.47

Despite the advantages associated with miRNA evalu-
ation as potential blood-based biomarkers, reproducible 
and robust miRNA quantification is challenging, and at-
tention must be paid to the numerous technological parts 
of the measurements. Recently published reviews have 
comprehensively discussed the challenges and difficul-
ties in accurately quantifying miRNAs, comprising pre-
analytical, analytical and methodological issues contrib-
uting to result heterogeneity.48 During the preanalytical 
phase, meticulous attention to practical details is crucial. 
We emphasized the importance of collecting an adequate 
blood volume. This includes ensuring an appropriate ratio 
to anticoagulant. Ensuring timely processing of samples 
for subsequent steps was a priority. In order to minimize 
transport time, we prepared the sample for processing 
before blood sampling. During blood draw, we took great 
care to prevent hemolysis, which could affect sample integ-
rity. Our stored materials adhered strictly to appropriate 
conditions, avoiding any individual deviations.

Moving on to the analytic phase, we maintained a me-
ticulous approach. Two individuals independently verified 
probe identification numbers. We followed manufacturer 
guidelines meticulously throughout the  process. Our 
methodology was tailored to meet the expectations and 
requirements of the source material, which comprised 
both plasma and serum.

Heterogeneity may result from various situations. For 
instance, adequate probe rotation within the center, from 
the moment of blood draw to the time of analysis, plays 
a crucial role. While this procedure is not always feasible 
for every center, we were fortunate to perform all proce-
dures within 1 building. Additionally, using specialized 
probes and preparing experiments specifically for the ma-
terial contributed positively to our study.

Remarkably stable form is  an  essential prerequisite 
for utility as a biomarker.49 The miRNA molecules are 
robust and survive harsh treatment and storage condi-
tions.48 Incubation of plasma at room temperature for up 
to 24 h or subjecting it to 8 freeze–thaw cycles appears 
to have minimal impact on the levels of specific miRNAs.49

Another issue is the type of blood derivative. Serum has 
less baseline platelet contamination than plasma, while 
the differential release of confounding miRNAs by blood 
cells may be associated with clot formation.50 Measure-
ments of selected miRNAs obtained from the matched 

samples of plasma or serum collected from a given individ-
ual at the same blood draw were strongly correlated, show-
ing that both plasma and serum samples are suitable for 
miRNAs investigation as blood-based biomarkers.49 How-
ever, studies have yielded conflicting results as to which 
type of sample is superior to the other.51 MiRNA was found 
to be potentially recoverable from plasma samples stored 
for more than 12 years.52 It showed high stability and long 
frozen half-life in plasma samples stored for 14 years.53 
On the contrary, despite storage at –80°C, miRNA levels 
were significantly changed in whole blood samples in long-
term storage, defined as 9 months.54 Our repository, like 
many others, contains a greater number of clinical serum 
specimens than plasma samples. Thus, our results may 
enable further research of archival samples.

As  we  validated the  identification of  miRNAs from 
long-stored samples in our repository, we intend to assess 
miRNA expression in a large cohort of patient samples. 
This comprehensive evaluation will allow us to address 
the crucial question of miRNA utility as a prognostic and 
predictive biomarker.

Neoadjuvant treatment offers the chance to tailor ther-
apy based on the tumor’s observed response during therapy 
and allows for adjustments, such as escalating, de-escalat-
ing or switching to other systemic regimens. Biomarkers 
for predicting treatment response play a crucial role in all 
these scenarios. Combining both liquid biopsy and imag-
ing represents a promising approach for predicting and 
optimizing neoadjuvant systemic treatment in BC.55,56

Limitations

To our knowledge, there are no prior reports of recovery 
of miRNA from serum samples stored for this length of time 
compared to the expression of freshly collected samples. 
Nonetheless, we have to admit several drawbacks. MiRNA 
in  archival samples was derived from serum, whereas 
in freshly collected samples from plasma. In addition, we ac-
knowledged the difficulty of drawing conclusions from com-
parisons between early and advanced BC patients. However, 
in this pilot study, we primarily wanted to assess whether 
it is possible to measure miRNA levels in samples from our 
repository, and samples derived from advanced BC patients 
were chosen as anticipated to have measurable levels of most 
miRNAs. We have to emphasize that the utility of miRNA 
evaluation in long-stored samples was assessed specifically 
in samples derived from 20 patients. The potential corre-
lation between the expression levels of different miRNA 
types and treatment response, particularly early metabolic 
response, is an intriguing issue. However, data on early re-
sponse assessment using a combination of FDG-PET-CT and 
miRNA in BC patients undergoing neoadjuvant systemic 
therapy are lacking. Currently, due to the limited number 
of patients in this pilot study, drawing definitive conclusions 
is challenging. Further evaluation would be conducted after 
testing a larger sample size since the vast majority of patients 
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in our cohort underwent FDG-PET-CT scans with early 
metabolic assessment after the 1st chemotheraphy cycle.

For now, circulating miRNAs were not compared to tis-
sue expression. Nevertheless, due to the positive results 
of our study, our next step would be to proceed with genetic 
testing of tumor tissue and an extensive assessment of se-
rum samples in our repository. The timing seems optimal: 
on the one hand, our dataset is mature; patients were treated 
around a decade ago, and we have complete results concern-
ing DFS, overall survival and long-term treatment toxicity. 
On the other hand, patients were diagnosed and treated 
according to current guidelines with modern chemotherapy 
regimens and the addition of trastuzumab as needed.

Conclusions

MiRNA can be identified from long-stored samples, 
making large prospectively collected serum repositories 
with long follow-up time an invaluable source for miRNA 
biomarker discovery. Specifically, miR-16, -17, -18a, -20a, 
-21, -27a, -30b, -222, -326, -19a, -29b, -29c, 128, -145, -146a, 
-193b, -195, -200b, -210, -221, -424, -451a, -1, -7a, -10b, 19b, 
-34a, -99a, -106b, -122, -125b, -155, -200a, -205, -223, and 
-340 were identified.
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as presented in Fig. 2 (performed using the Shapiro–Wilk 
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Supplementary Table 3. Testing the assumption of nor-
mality for age and PET SUV variables in groups of patients 
with archival samples and patients with freshly collected 
samples.

Supplementary Table 4. Results of the Brown–Forsythe 
test for homogeneity of variance among different groups 
for miR-326, miR-20a and miR-128.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
on reasonable request.

Consent for publication

Not applicable.

ORCID iDs
Marcin Kubeczko - 0000-0003-1877-5691
Patrycja Tudrej  https://orcid.org/0000-0003-0414-3853
Tomasz Tyszkiewicz  https://orcid.org/0000-0003-4863-0143
Aleksandra Krzywon  https://orcid.org/0000-0003-4796-5478
Małgorzata Oczko-Wojciechowska  
 https://orcid.org/0000-0002-8989-0075

Michał Jarząb  https://orcid.org/0000-0002-2642-9724

References
1.	 Wilkinson L, Gathani T. Understanding breast cancer as a global 

health concern. Br J Radiol. 2022;95(1130):20211033. doi:10.1259/bjr. 
20211033

2.	 Wu HJ, Chu PY. Recent discoveries of macromolecule- and cell-based 
biomarkers and therapeutic implications in breast cancer. Int J Mol Sci.  
2021;22(2):636. doi:10.3390/ijms22020636

3.	 Janes H, Pepe MS, McShane LM, Sargent DJ, Heagerty PJ. The fun-
damental difficulty with evaluating the accuracy of biomarkers for 
guiding treatment. J Nat Cancer Inst. 2015;107(8):djv157. doi:10.1093/
jnci/djv157

4.	 Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: From micro
RNA sequences to function. Nucl Acids Res. 2019;47(D1):D155–D162. 
doi:10.1093/nar/gky1141

5.	 Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs 
are conserved targets of microRNAs. Genome Res. 2009;19(1):92–105. 
doi:10.1101/gr.082701.108

6.	 Rupaimoole R, Slack FJ. MicroRNA therapeutics: Towards a new era for 
the management of cancer and other diseases. Nat Rev Drug Discov.  
2017;16(3):203–222. doi:10.1038/nrd.2016.246

7.	 Voith Von Voithenberg L, Crocetti E, Martos C, et al. Cancer regis-
tries: Guardians of breast cancer biomarker information. A system-
atic review. Int J Biol Markers. 2019;34(2):194–199. doi:10.1177/17246 
00819836097

8.	 Sha LY, Zhang Y, Wang W, et al. MiR-18a upregulation decreases 
Dicer expression and confers paclitaxel resistance in triple negative 
breast cancer. Eur Rev Med Pharmacol Sci. 2016;20(11):2201–2208. 
PMID:27338043.

9.	 Jayaraj R, Madhav MR, Nayagam SG, et al. Clinical theragnostic rela-
tionship between drug-resistance specific miRNA expressions, che-
motherapeutic resistance, and sensitivity in breast cancer: A system-
atic review and meta-analysis. Cells. 2019;8(10):1250. doi:10.3390/cells 
8101250

10.	 McGuire A, Casey MC, Waldron RM, et al. Prospective assessment 
of systemic microRNAs as markers of response to neoadjuvant chemo-
therapy in breast cancer. Cancers (Basel). 2020;12(7):1820. doi:10.3390 
/cancers12071820

11.	 Liu B, Su F, Chen M, et al. Serum miR-21 and miR-125b as markers pre-
dicting neoadjuvant chemotherapy response and prognosis in stage 
II/III breast cancer. Hum Pathol. 2017;64:44–52. doi:10.1016/j.hump-
ath.2017.03.016

12.	 Liu B, Su F, Li Y, et al. Changes of serum miR34a expression during 
neoadjuvant chemotherapy predict the treatment response and 
prognosis in stage II/III breast cancer. Biomed Pharmacother. 2017; 
88:911–917. doi:10.1016/j.biopha.2017.01.133

13.	 Al-Khanbashi M, Caramuta S, Alajmi AM, et al. Tissue and serum 
miRNA profile in locally advanced breast cancer (LABC) in response 
to neo-adjuvant chemotherapy (NAC) treatment. PLoS One. 2016; 
11(4):e0152032. doi:10.1371/journal.pone.0152032

14.	 Li Q, Liu M, Ma F, et al. Circulating miR-19a and miR-205 in serum may 
predict the sensitivity of luminal A subtype of breast cancer patients to 
neoadjuvant chemotherapy with epirubicin plus paclitaxel. PLoS One.  
2014;9(8):e104870. doi:10.1371/journal.pone.0104870

15.	 Li J, Song ZJ, Wang YY, Yin Y, Liu Y, Nan X. Low levels of serum miR-99a is 
a predictor of poor prognosis in breast cancer. Genet Mol Res. 2016;15(3).  
doi:10.4238/gmr.15038338

16.	 Liu B, Su F, Lv X, et al. Serum microRNA-21 predicted treatment out-
come and survival in HER2-positive breast cancer patients receiv-
ing neoadjuvant chemotherapy combined with trastuzumab.  
Cancer Chemother Pharmacol. 2019;84(5):1039–1049. doi:10.1007/
s00280-019-03937-9

https://doi.org/10.5281/zenodo.13619558
https://doi.org/10.5281/zenodo.13619558
https://www.doi.org/10.1259/bjr.20211033
https://www.doi.org/10.1259/bjr.20211033
https://www.doi.org/10.3390/ijms22020636
https://www.doi.org/10.1093/jnci/djv157
https://www.doi.org/10.1093/jnci/djv157
https://www.doi.org/10.1093/nar/gky1141
https://www.doi.org/10.1101/gr.082701.108
https://www.doi.org/10.1038/nrd.2016.246
https://www.doi.org/10.1177/1724600819836097
https://www.doi.org/10.1177/1724600819836097
https://pubmed.ncbi.nlm.nih.gov/27338043
https://www.doi.org/10.3390/cells8101250
https://www.doi.org/10.3390/cells8101250
https://www.doi.org/10.3390/cancers12071820
https://www.doi.org/10.3390/cancers12071820
https://www.doi.org/10.1016/j.humpath.2017.03.016
https://www.doi.org/10.1016/j.humpath.2017.03.016
https://www.doi.org/10.1016/j.biopha.2017.01.133
https://www.doi.org/10.1371/journal.pone.0152032
https://www.doi.org/10.1371/journal.pone.0104870
https://www.doi.org/10.4238/gmr.15038338
https://www.doi.org/10.1007/s00280-019-03937-9
https://www.doi.org/10.1007/s00280-019-03937-9


M. Kubeczko et al. MiRNA in archival serum samples from breast cancer patients1530

17.	 Rigaud VOC, Ferreira LRP, Ayub-Ferreira SM, et al. Circulating miR-1 
as a potential biomarker of doxorubicin-induced cardiotoxicity in 
breast cancer patients. Oncotarget. 2017;8(4):6994–7002. doi:10.18632 
/oncotarget.14355

18.	 Khalighfard S, Alizadeh AM, Irani S, Omranipour R. Plasma miR-21,  
miR-155, miR-10b, and Let-7a as the potential biomarkers for the moni-
toring of breast cancer patients. Sci Rep. 2018;8(1):17981. doi:10.1038/
s41598-018-36321-3

19.	 Marques MM, Evangelista AF, Macedo T, et al. Expression of tumor 
suppressors miR-195 and let-7a as potential biomarkers of invasive 
breast cancer. Clinics (Sao Paulo). 2018;73:e184. doi:10.6061/clinics/ 
2018/e184

20.	 Turkoglu F, Calisir A, Ozturk B. Clinical importance of serum miRNA  
levels in breast cancer patients. Discov Oncol. 2024;15(1):19. doi:10.1007 
/s12672-024-00871-y

21.	 Aksan H, Kundaktepe BP, Sayili U, et al. Circulating miR-155, let-7c, 
miR-21, and PTEN levels in differential diagnosis and prognosis of 
idiopathic granulomatous mastitis and breast cancer. BioFactors. 
2020;46(6):955–962. doi:10.1002/biof.1676

22.	 Li XX, Gao SY, Wang PY, et al. Reduced expression levels of let-7c 
in human breast cancer patients. Oncol Lett. 2015;9(3):1207–1212. 
doi:10.3892/ol.2015.2877

23.	 Li X, Tang X, Li K, Lu L. Evaluation of serum microRNAs (miR-9-5p, miR-
17-5p, and miR-148a-3p) as potential biomarkers of breast cancer.  
Biomed Res Int. 2022;2022:9961412. doi:10.1155/2022/9961412

24.	 Feliciano A, González L, Garcia-Mayea Y, et al. Five microRNAs in serum 
are able to differentiate breast cancer patients from healthy individuals.  
Front Oncol. 2020;10:586268. doi:10.3389/fonc.2020.586268

25.	 Ritter A, Hirschfeld M, Berner K, et al. Circulating non‑coding 
RNA‑biomarker potential in neoadjuvant chemotherapy of triple 
negative breast cancer? Int J Oncol. 2019;56(1):47–68. doi:10.3892/
ijo.2019.4920

26.	 Kleivi Sahlberg K, Bottai G, Naume B, et al. A serum microRNA signa-
ture predicts tumor relapse and survival in triple-negative breast can-
cer patients. Clin Cancer Res. 2015;21(5):1207–1214. doi:10.1158/1078-
0432.CCR-14-2011

27.	 Swellam M, Zahran RFK, Ghonem SA, Abdel-Malak C. Serum MiRNA-27a  
as potential diagnostic nucleic marker for breast cancer. Arch Physiol  
Biochem. 2021;127(1):90–96. doi:10.1080/13813455.2019.1616765

28.	 Li X, Zou W, Wang Y, et al. Plasma-based microRNA signatures in early 
diagnosis of breast cancer. Mol Genet Genomic Med. 2020;8(5):e1092. 
doi:10.1002/mgg3.1092

29.	 Zheng R, Pan L, Gao J, et al. Prognostic value of miR-106b expression 
in breast cancer patients. J Surg Res. 2015;195(1):158–165. doi:10.1016/j.
jss.2014.12.035

30.	 Li M, Zou X, Xia T, et al. A five-miRNA panel in plasma was identi-
fied for breast cancer diagnosis. Cancer Med. 2019;8(16):7006–7017. 
doi:10.1002/cam4.2572

31.	 Wang H, Tan G, Dong L, et al. Circulating MiR-125b as a marker pre-
dicting chemoresistance in breast cancer. PLoS One. 2012;7(4):e34210. 
doi:10.1371/journal.pone.0034210

32.	 Xue J, Zhu X, Huang P, et al. Expression of miR-129-5p and miR-433 
in the serum of breast cancer patients and their relationship with clini-
copathological features. Oncol Lett. 2020;20(3):2771–2778. doi:10.3892 
/ol.2020.11827

33.	 Fischer C, Deutsch TM, Feisst M, et al. Circulating miR-200 family 
as predictive markers during systemic therapy of metastatic breast 
cancer. Arch Gynecol Obstet. 2022;306(3):875–885. doi:10.1007/s00404- 
022-06442-2

34.	 Escuin D, López-Vilaró L, Mora J, et al. Circulating microRNAs in early 
breast cancer patients and its association with lymph node metas-
tases. Front Oncol. 2021;11:627811. doi:10.3389/fonc.2021.627811

35.	 Sun Y, Wang M, Lin G, et al. Serum microRNA-155 as a potential bio-
marker to track disease in breast cancer. PLoS One. 2012;7(10):e47003. 
doi:10.1371/journal.pone.0047003

36.	 Heneghan HM, Miller N, Kelly R, Newell J, Kerin MJ. Systemic miRNA-195  
differentiates breast cancer from other malignancies and is a poten-
tial biomarker for detecting noninvasive and early stage disease. 
Oncologist. 2010;15(7):673–682. doi:10.1634/theoncologist.2010-0103

37.	 Zhao FL, Dou YC, Wang XF, et al. Serum microRNA-195 is down-regu-
lated in breast cancer: A potential marker for the diagnosis of breast 
cancer. Mol Biol Rep. 2014;41(9):5913–5922. doi:10.1007/s11033-014-
3466-1

38.	 McAnena P, Tanriverdi K, Curran C, et al. Circulating microRNAs miR-331 
and miR-195 differentiate local luminal a from metastatic breast cancer.  
BMC Cancer. 2019;19(1):436. doi:10.1186/s12885-019-5636-y

39.	 Navarro-Manzano E, Luengo-Gil G, González-Conejero R, et al. Prog-
nostic and predictive effects of tumor and plasma miR-200c-3p in 
locally advanced and metastatic breast cancer. Cancers (Basel). 2022; 
14(10):2390. doi:10.3390/cancers14102390

40.	 Zhang S, Wang Y, Wang Y, et al. Serum miR-222-3p as a double-edged 
sword in predicting efficacy and trastuzumab-induced cardiotoxicity 
for HER2-positive breast cancer patients receiving neoadjuvant tar-
get therapy. Front Oncol. 2020;10:631. doi:10.3389/fonc.2020.00631

41.	 Guo J, Liu C, Wang W, et al. Identification of serum miR-1915-3p and 
miR-455-3p as biomarkers for breast cancer. PLoS One. 2018;13(7): 
e0200716. doi:10.1371/journal.pone.0200716

42.	 Young H, Baum R, Cremerius U, et al. Measurement of clinical and 
subclinical tumour response using [18F]-fluorodeoxyglucose and 
positron emission tomography: Review and 1999 EORTC recom-
mendations. Eur J Cancer. 1999;35(13):1773–1782. doi:10.1016/S0959-
8049(99)00229-4

43.	 Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evalua-
tion criteria in solid tumours: Revised RECIST guideline (version 1.1). 
Eur J Cancer. 2009;45(2):228–247. doi:10.1016/j.ejca.2008.10.026

44.	 Ao X, Nie P, Wu B, et al. Decreased expression of microRNA-17 and 
microRNA-20b promotes breast cancer resistance to taxol therapy 
by upregulation of NCOA3. Cell Death Dis. 2016;7(11):e2463–e2463. 
doi:10.1038/cddis.2016.367

45.	 Eichelser C, Stückrath I, Müller V, et al. Increased serum levels of cir-
culating exosomal microRNA-373 in receptor-negative breast can-
cer patients. Oncotarget. 2014;5(20):9650–9663. doi:10.18632/onco-
target.2520

46.	 Zhu W, Liu M, Fan Y, Ma F, Xu N, Xu B. Dynamics of circulating micro
RNAs as a novel indicator of clinical response to neoadjuvant chemo-
therapy in breast cancer. Cancer Med. 2018;7(9):4420–4433. doi:10.1002 
/cam4.1723

47.	 Faramin Lashkarian M, Hashemipour N, Niaraki N, et al. MicroRNA-122 
in human cancers: From mechanistic to clinical perspectives.  
Cancer Cell Int. 2023;23(1):29. doi:10.1186/s12935-023-02868-z

48.	 Khan J, Lieberman JA, Lockwood CM. Variability in, variability out: Best 
practice recommendations to standardize pre-analytical variables in 
the detection of circulating and tissue microRNAs. Clin Chem Lab Med.  
2017;55(5):608–621. doi:10.1515/cclm-2016-0471

49.	 Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable 
blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 
2008;105(30):10513–10518. doi:10.1073/pnas.0804549105

50.	 Tan GW, Khoo ASB, Tan LP. Evaluation of extraction kits and RT-qPCR 
systems adapted to high-throughput platform for circulating miRNAs.  
Sci Rep. 2015;5(1):9430. doi:10.1038/srep09430

51.	 Tiberio P, Callari M, Angeloni V, Daidone MG, Appierto V. Challenges in 
using circulating miRNAs as cancer biomarkers. Biomed Res Int. 2015; 
2015:731479. doi:10.1155/2015/731479

52.	 Page K, Guttery DS, Zahra N, et al. Influence of plasma processing 
on recovery and analysis of circulating nucleic acids. PLoS One. 2013; 
8(10):e77963. doi:10.1371/journal.pone.0077963

53.	 Balzano F, Deiana M, Dei Giudici S, et al. miRNA stability in frozen 
plasma samples. Molecules. 2015;20(10):19030–19040. doi:10.3390/
molecules201019030

54.	 Glinge C, Clauss S, Boddum K, et al. Stability of circulating blood-based 
microRNAs: Pre-analytic methodological considerations. PLoS One.  
2017;12(2):e0167969. doi:10.1371/journal.pone.0167969

55.	 Janssen LM, Suelmann BBM, Elias SG, et al. Improving prediction 
of response to neoadjuvant treatment in patients with breast can-
cer by combining liquid biopsies with multiparametric MRI: Pro-
tocol of the LIMA study. A multicentre prospective observational 
cohort study. BMJ Open. 2022;12(9):e061334. doi:10.1136/bmjopen- 
2022-061334

56.	 Janssen LM, Janse MHA, Penning De Vries BBL, et al. Predicting 
response to neoadjuvant chemotherapy with liquid biopsies and 
multiparametric MRI in patients with breast cancer. NPJ Breast Cancer.  
2024;10(1):10. doi:10.1038/s41523-024-00611-z

https://www.doi.org/10.18632/oncotarget.14355
https://www.doi.org/10.18632/oncotarget.14355
https://www.doi.org/10.1038/s41598-018-36321-3
https://www.doi.org/10.1038/s41598-018-36321-3
https://www.doi.org/10.6061/clinics/2018/e184
https://www.doi.org/10.6061/clinics/2018/e184
https://www.doi.org/10.1007/s12672-024-00871-y
https://www.doi.org/10.1007/s12672-024-00871-y
https://www.doi.org/10.1002/biof.1676
https://www.doi.org/10.3892/ol.2015.2877
https://www.doi.org/10.1155/2022/9961412
https://www.doi.org/10.3389/fonc.2020.586268
https://www.doi.org/10.3892/ijo.2019.4920
https://www.doi.org/10.3892/ijo.2019.4920
https://www.doi.org/10.1158/1078-0432.CCR-14-2011
https://www.doi.org/10.1158/1078-0432.CCR-14-2011
https://www.doi.org/10.1080/13813455.2019.1616765
https://www.doi.org/10.1002/mgg3.1092
https://www.doi.org/10.1016/j.jss.2014.12.035
https://www.doi.org/10.1016/j.jss.2014.12.035
https://www.doi.org/10.1002/cam4.2572
https://www.doi.org/10.1371/journal.pone.0034210
https://www.doi.org/10.3892/ol.2020.11827
https://www.doi.org/10.3892/ol.2020.11827
https://www.doi.org/10.1007/s00404-022-06442-2
https://www.doi.org/10.1007/s00404-022-06442-2
https://www.doi.org/10.3389/fonc.2021.627811
https://www.doi.org/10.1371/journal.pone.0047003
https://www.doi.org/10.1634/theoncologist.2010-0103
https://www.doi.org/10.1007/s11033-014-3466-1
https://www.doi.org/10.1007/s11033-014-3466-1
https://www.doi.org/10.1186/s12885-019-5636-y
https://www.doi.org/10.3390/cancers14102390
https://www.doi.org/10.3389/fonc.2020.00631
https://www.doi.org/10.1371/journal.pone.0200716
https://www.doi.org/10.1016/S0959-8049(99)00229-4
https://www.doi.org/10.1016/S0959-8049(99)00229-4
https://www.doi.org/10.1016/j.ejca.2008.10.026
https://www.doi.org/10.1038/cddis.2016.367
https://www.doi.org/10.18632/oncotarget.2520
https://www.doi.org/10.18632/oncotarget.2520
https://www.doi.org/10.1002/cam4.1723
https://www.doi.org/10.1002/cam4.1723
https://www.doi.org/10.1186/s12935-023-02868-z
https://www.doi.org/10.1515/cclm-2016-0471
https://www.doi.org/10.1073/pnas.0804549105
https://www.doi.org/10.1038/srep09430
https://www.doi.org/10.1155/2015/731479
https://www.doi.org/10.1371/journal.pone.0077963
https://www.doi.org/10.3390/molecules201019030
https://www.doi.org/10.3390/molecules201019030
https://www.doi.org/10.1371/journal.pone.0167969
https://www.doi.org/10.1136/bmjopen-2022-061334
https://www.doi.org/10.1136/bmjopen-2022-061334
https://www.doi.org/10.1038/s41523-024-00611-z

	MiRNA in archival serum samples derived from breast cancer patients treated with neoadjuvant chemoth

