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Abstract 

Background: Current clinical criteria do not discriminate well between women who will or those who will not 
develop ipsilateral invasive breast cancer (IBC), or a DCIS recurrence after a ductal carcinoma in situ (DCIS) diagnosis. 
The 12‑gene Oncotype DX® DCIS assay (RT qPCR gene‑based scoring system) was established and shown to predict 
the risk of subsequent ipsilateral IBC or DCIS recurrence. Recent studies have shown that microRNA (miRNA) expres‑
sion deregulation can contribute to the development of IBC, but very few have evaluated miRNA deregulation in 
DCIS lesions. In this study, we sought to determine whether specific miRNA expression changes may correlate with 
Oncotype DX® DCIS scores.

Methods: For this study, we used archived formalin‑fixed, paraffin‑embedded (FFPE) specimens from 41 women 
diagnosed with DCIS between 2012 and 2018. The DCIS lesions were stratified into low (n = 26), intermediate (n = 10), 
and high (n = 5) risk score groups using the Oncotype DX® DCIS assay. Total RNA was extracted from DCIS lesions by 
macro‑dissection of unstained FFPE sections, and next‑generation small‑RNA sequencing was performed. We evalu‑
ated the correlation between miRNA expression data and Oncotype score, as well as patient age. RT‑qPCR validations 
were performed to validate the topmost differentially expressed miRNAs identified between the different risk score 
groups.

Results: MiRNA sequencing of 32 FFPE DCIS specimens from the three different risk group scores identified a correla‑
tion between expression deregulation of 17 miRNAs and Oncotype scores. Our analyses also revealed a correlation 
between the expression deregulation of 9 miRNAs and the patient’s age. Based on these results, a total of 15 miRNAs 
were selected for RT‑qPCR validation. Of these, miR‑190b (p = 0.043), miR‑135a (p = 0.05), miR‑205 (p = 0.00056), 
miR‑30c (p = 0.011), and miR‑744 (p = 0.038) showed a decreased expression in the intermediate/high Oncotype 
group when compared to the low‑risk score group. A composite risk score was established using these 5 miRNAs 
and indicated a significant association between miRNA expression deregulation and the Oncotype DX® DCIS Score 
(p < 0.0021), between high/intermediate and low risk groups.

Conclusions: Our analyses identified a subset of 5 miRNAs able to discriminate between Oncotype DX® DCIS score 
subgroups. Together, our data suggest that miRNA expression analysis may add value to the predictive and prognos‑
tic evaluation of DCIS lesions.
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licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Ductal carcinoma in situ (DCIS) of the breast refers to 
a premalignant lesion composed of malignant epithelial 
cells that have yet to invade through the basement mem-
brane of the duct into the surrounding stroma [1–3]. 
This heterogeneous group of neoplastic lesions, which 
is considered a precursor to invasive ductal carcinoma 
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(IDC), accounts for approximately 20% of newly diag-
nosed breast cancer cases in the USA [4] with incidence 
peaking in women aged 65–69 years. Clinically, DCIS 
is commonly detected through routine screening mam-
mograms, and often presents as microcalcifications 
(approximately 80–90% of DCIS cases) [5] and less often 
as a palpable mass (approximately 8% of cases) [6, 7]. 
Advancements in screening mammography coupled with 
additional diagnostic mammography, ultrasound, and/
or breast MRI for patients who present with a suspicious 
lesion are not only important for the characterization of 
ipsilateral disease [8–10] but have also greatly increased 
the detection of DCIS lesions [11]. As a result, significant 
increases in DCIS incidence have been observed across 
all ages but more predominantly in postmenopausal 
women [12]. Indeed, data from the surveillance, epidemi-
ology, and end results (SEER) program have shown that 
the incidence of DCIS increased approximately sevenfold 
between 1980 and 2001 [11].

DCIS is considered a non-obligatory precursor of 
invasive breast carcinoma (IBC), where left untreated 
14–64% of DCIS patients progress to invasive can-
cer within 10 years [13–15]. It has been estimated that 
women with a history of DCIS have a 1.5–10-fold greater 
risk of subsequent IBC, and thus women diagnosed with 
DCIS have a threefold greater risk of dying from breast 
cancer than those without [16, 17]. DCIS is stratified into 
three grades based on nuclear grade, i.e., corresponding 
to low (grade 1), intermediate (grade 2), and high grade 
(grade 3) [18]. Although not all cases of DCIS will pro-
gress to invasive breast cancer it is thought that the grade 
of DCIS at the time of diagnosis is related to the likeli-
hood of progression to IBC and the rapidity with which 
it is likely to occur [19]. Several meta-analysis studies 
suggest that an increased risk of ipsilateral recurrence is 
associated with high-grade DCIS; however, a meta-anal-
ysis by Zhang et al. suggests that DCIS grade is not sig-
nificantly associated with the risk of invasive recurrence 
[20]. Inconsistencies in the ability to predict progression 
to invasive breast disease for those DCIS patients indi-
cate that nuclear grade is not an ideal discriminant. The 
fact that among women with DCIS treated with surgical 
resection alone 20–40% of cases experience a recurrence 
in the same breast, with half of those women recurring 
with IBC [21, 22] further highlights the need for identifi-
cation of consistent and reproducible predictors of DCIS 
outcomes.

Currently, the majority of women diagnosed with DCIS 
are treated with breast-conserving surgery followed by 
radiation therapy (RT). Although, the addition of radia-
tion therapy decreases local recurrence by about 50%, 
from 28.1 to 12.9%, the 15-year breast cancer-specific 
mortality rate from DCIS treated by lumpectomy alone 

without radiation therapy is only 2.33% [23, 24]. Con-
sequently, a majority of patients diagnosed with DCIS 
lesions undergo excessive treatments, and thus improved 
diagnostic tools are urgently needed to predict both 
the risk of local recurrence and/or DCIS progression to 
IBC. In addition to DCIS grade, several clinicopatho-
logical features of DCIS routinely assessed in all cases 
have emerged for their association with higher local 
recurrence rates and include absence of estrogen recep-
tor, larger DCIS lesion size, positive margin status, and 
younger patient age [25]. Additional immunohistochemi-
cal markers which are not routinely assessed during 
initial DCIS diagnosis have shown an association with 
progression to IBC and include expression of p16, COX2 
and Ki67 and HER2 [26].

In 2012, the Oncotype  DX® Breast DCIS test was devel-
oped for evaluation of DCIS lesions by RT-qPCR quanti-
fication of 12 of the 21 genes from the original Oncotype 
 DX® Breast cancer assay, utilized for recurrence risk 
stratification of primary breast tumors [27]. This 12-gene 
assay is used to obtain a score based on the expression 
of 7 cancer-related genes (Ki67, AURKA/STK15, BIRC5/
survivin, CCNB1, MYBL2, PGR, and GSTM1) and 5 
normalizing reference genes (ACTB, GAPDH, RPLPO, 
GUS, and TFRC) [27]. Expression analysis can be done 
on either whole tissue [28–30], or archived formalin-
fixed paraffin-embedded (FFPE) sections [31–33]. Clini-
cally tested, the Oncotype  DX® Breast DCIS assay has 
been used to predict the 10-year local recurrence risk 
of ipsilateral DCIS and/or IBC recurrence by stratifying 
patients into low (< 39), intermediate (39–54), and high 
(>= 55) risk score groups [34]. When originally intro-
duced in 2012, the recurrence risk was estimated solely 
based on the DCIS score; however, in 2018 it was refined 
to include patient age in local recurrence risk estimates; 
specifically, premenopausal patients were reported at 
higher local recurrence risk at all DCIS scores [35, 36]. 
This molecular scoring system has been moderately used 
by clinicians to evaluate the risk of recurrence as well as 
for the evaluation of treatment strategies.

MicroRNAs (miRNA) are a class of endogenous short 
(22±2 nucleotides), noncoding RNAs that are known 
to be involved in virtually all cellular processes [37]. 
MiRNAs are key posttranscriptional regulators of gene 
expression which generally exert their effects by binding 
directly to the 3’ untranslated region (UTR) of their tar-
get mRNA transcripts, destabilizing the mRNA, leading 
to translational silencing and ultimately the repression of 
protein production [38–40]. Their expression regulation 
effects are intricate, as a single miRNA can regulate the 
expression of multiple genes [41], and each mRNA may 
be regulated by multiple miRNAs [42]. Tissue miRNA 
expression studies have examined their expression 



Page 3 of 17Loudig et al. Breast Cancer Research           (2022) 24:62  

changes in relation to different physiological and patho-
logical states [43]. Indeed, the deregulation of miRNA 
expression has been shown to contribute to the develop-
ment and progression of a variety of human malignan-
cies, including breast cancer [44], categorizing miRNAs 
in a novel class of oncogenes and/or tumor suppressor 
RNA molecules [45].

Studies that we have performed using archived FFPE 
tissue specimens have demonstrated that optimized 
high-throughput gene expression technologies are suit-
able for the retrospective analysis of miRNAs [46–49]. 
Our analyses with FFPE tissues as old as 35 years have 
shown reproducible detection of miRNAs highlighting 
their robust nature and molecular resilience to degrada-
tion and decay [48]. Recently, our laboratory identified a 
subset of miRNAs, which displayed differential expres-
sion between DCIS lesions of patients who went on to 
develop invasive breast cancer, by comparison to DCIS 
lesions from control patients who did not develop breast 
cancer within the same time interval [48].

In this study, we selected archived FFPE specimens 
from 41 women diagnosed with DCIS between 2012 and 
2018, whose DCIS lesions were initially classified by the 
Oncotype  DX® Breast DCIS score, and we evaluated the 
correlation between miRNA expression and DCIS scores. 
We used next-generation small-RNA sequencing to ini-
tially identify miRNA expression differences and then 
used RT quantitative PCR to validate our findings. As 
an additional measure, we evaluated miRNA expression 
changes based on the age of the patients diagnosed with 
DCIS.

Materials and methods
Clinical specimen selection and processing
We identified archived formalin-fixed paraffin-embedded 
specimens from 41 women diagnosed with ductal car-
cinoma in  situ (DCIS) between 2012 and 2018, whose 
DCIS lesions underwent evaluation with the Oncotype 
DX® Breast DCIS Score test. Specimens were identi-
fied from the breast cancer database of the Montefiore 
Medical Center (Bronx, NY). We selected samples rep-
resenting low (< 39; n = 26), intermediate (39–54, n = 11), 
and high (>= 55, n = 5) Oncotype DX® breast DCIS 
score groups. The FFPE blocks used for Oncotype test-
ing were retrieved from the Department of Pathology, 
and one 5  mm Hematoxylin and Eosin (H&E) section 
was obtained and reviewed by the study breast patholo-
gist for localization of DCIS lesions. These H&E sections 
were used for microscope-guided macro-dissection of 
the DCIS lesions from sequentially sectioned, unstained 
10  µm sections (n = 10 sections per case). Macro-dis-
sected lesions were transferred into siliconized Eppen-
dorf tubes for subsequent RNA extraction. Prior to study 

initiation, proper IRB approval was obtained from Mon-
tefiore Medical Center (IRB # 2014-3292) and from Hack-
ensack University Medical Center (IRB # 2018-0156).

RNA extraction and quantification
RNA was extracted as previously described by Loudig 
et al. [48]. Briefly, macro-dissected tissue lesions under-
went a series of CitriSolv, 100% ethanol, and 95% ethanol 
washes to remove paraffin. This was followed by a 12,000 
RPM centrifugation step to collect the tissue. PBS with 
RNase inhibitors was added for sample rehydration prior 
to Proteinase K (3 mg/ml) digestion for 1 h at 59 °C. The 
individually digested clinical specimens were subjected 
to 1-Butanol (ThermoFisher, #A399-1) concentration 
before undergoing TRIzol RNA extraction using a pro-
tocol described by Kotorashvili et al. [50]. Following the 
addition of Chloroform and 12,000  g centrifugation for 
5 min at 4 °C, RNA was recovered from the upper aque-
ous phase. Samples were then stored at − 80 °C until total 
RNA was precipitated via incubation with linear acryla-
mide (0.1 mg/µl), sodium acetate (3 M), and 100% etha-
nol overnight. The next day, total RNA was pelleted by 
centrifugation at 14,000 RPM for 30  min at 4  °C. Total 
RNA was resuspended in 1 × TE buffer, incubated at 
70  °C for 30  min for cross-linkage removal, and subse-
quently quantified using a NanoDrop ND-200. Samples 
were analyzed on an Agilent Bioanalyzer total RNA chip 
for the accurate evaluation of RNA concentration and 
quality across all DCIS specimens. Total RNA was then 
divided into 100  ng aliquots for small-RNA sequenc-
ing library preparation and 2  ng/µl aliquots for qPCR 
analyses.

miRNA expression profiling using next‑generation 
sequencing
Small-RNA sequencing from FFPE samples was per-
formed using the cDNA library preparation protocol as 
described by Loudig et al. [48]. Briefly, 18 ligations were 
individually prepared using different 3’ adenylated bar-
code adapters (1 µl of 50 µM), where each run containing 
18 samples (100 ng of total RNA each) was established. 
A master mix containing 0.026 nM of a custom calibra-
tor cocktail was prepared, and 8.5 µl of this master-mix 
was added to each sample (9.5 µl) followed by the addi-
tion of 1 µl of 50 µM 3’ barcode adapter and incubation 
with, truncated K227Q T4 RNA Ligase 2 (New England 
Biolabs, #M0351L) at 4 °C overnight. The next day, sam-
ples were heated at 90  °C to inactivate the enzyme and 
individual precipitations were performed by the addition 
of 1.2 µl GlycoBlue/NaCl mix (1 µl GlycoBlue™ Co-pre-
cipitant (15 mg/ml; ThermoFisher, #AM9516) / 26 µl 5 M 
NaCl (ThermoFisher, #AM9579)) and 63 µl of 100% etha-
nol, samples were then combined into a single tube and 
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placed on ice for 1  h followed by centrifugation for 1  h 
at 15,000 RPM, at 4 °C. The combined library pellet was 
vacuum-dried, resuspended in nuclease-free water and 
denaturing PAA gel loading dye, and run on a 15% urea-
PAGE gel alongside oligonucleotide size markers (19 nt 
and 24 nt, IDT) for visual size reference to guide the exci-
sion of the 3’ ligated RNA product. Excised gel pieces 
were placed into gel breaker tubes (IST Engineering, 
#3388-100) and subjected to crushing by means of cen-
trifugation and incubation in 400 mM NaCl solution with 
agitation (1,100 RPM) overnight. The next day, the RNA 
pellet was again subjected to filtration and precipitation 
with 100% ethanol on ice for 1 h followed by centrifuga-
tion at 15,000 RPM for 1 h. Samples were then ligated to a 
5’ adapter using T4 RNA Ligase 1 (New England Biolabs, 
#M0204L) for 1 h at 37 °C and separated on a 12% urea-
PAGE gel, with 5’ ligated size markers for visual size refer-
ence. Excised gel fragments were subjected to crushing in 
gel breaker tubes and incubated in a 300 mM NaCl solu-
tion containing 1 µl of 3’ PCR primer (100 µM), and incu-
bated overnight on a thermomixer set to 4 °C and 1,100 
RPM. Following filtration, precipitation on ice, and cen-
trifugation at 15,000 RPM for 1 h the RNA pellet, resus-
pended in nuclease-free water was subjected to reverse 
transcription using SuperScript III (ThermoFisher, 
#18080-093) at 50  °C for 30  min. An initial pilot PCR 
was performed, where 12 µl aliquots were withdrawn at 
cycles 10, 12, 14, 16, 18, 20, and 22 and run on a 2.5% aga-
rose gel for visualization and selection of cycle number 
which yielded optimal target-to-primer dimer ratio. A 
large-scale PCR (six PCRs) was then set up, subjected to 
the optimal number of amplification cycles identified in 
the pilot, 10 µl of each reaction was visualized on a 2.5% 
agarose gel, combined, and then precipitated overnight at 
− 20  °C. The resultant PCR product was then subjected 
to PmeI digestion for removal of size markers and run 
on a 2.5% agarose gel. The resultant 100 nt PCR library 
product was then excised and purified using a QIAquick 
gel extraction kit (Qiagen, #28704). Quantification was 
done using the Qubit dsDNA HS kit (ThermoFisher, 
#Q32854), and libraries were then sequenced (single-read 
50 cycles) on a HiSeq 2500 Sequencing System (Illumina, 
#SY-401-2501). Raw sequencing data files (FASTQ) were 
processed for adapter trimming and small-RNA align-
ment to the hg19 genome and small-RNA databases. 
Read counts were normalized to total counts and sub-
jected to statistical analyses.

TaqMan reverse transcription and qPCR analyses
Target miRNA expression quantification was performed 
in triplicate, and results were normalized to the endog-
enous control, RNU6B. Briefly, 10 ng of total RNA from 
the FFPE clinical specimens was reverse transcribed per 

miRNA using TaqMan microRNA assays (ThermoFisher, 
#4427975), and TaqMan® microRNA master mix PCR 
kits, following manufacturer’s instructions. For individual 
transcript quantification, 4.36 ul of cDNA was used to 
set up the three individual qPCR experiments. TaqMan 
miRNA primer assays selected for these qPCR validations 
included hsa-miR-19a (#000395), hsa-miR-19b (#000396), 
hsa-miR-30c (#000419), hsa-miR-132 (#000457), hsa-
miR-135a (#000460), hsa-miR-135b (#002261), hsa-
miR-142-3p (#000464), hsa-miR-142-5p (#002248), 
hsa-miR-146a (#000468), hsa-miR-150 (#000473) hsa-
miR-155 (#002623), hsa-miR-190b (#002263), hsa-miR-
193b (#002367), hsa-miR-205 (#000509), hsa-miR-744 
(#002324), and RNU6B (#001093). Reactions were set up 
in microAmp fast optical 96-well reaction plates (Ther-
moFisher, #4346906) and sealed with microAmp optical 
adhesive film (ThermoFisher, #4311971). qPCR meas-
urements were obtained on a StepOne Plus instrument 
(Applied Biosystems), and data were transferred to an 
Excel sheet for statistical analyses.

Statistical analyses
Adapter-trimmed and aligned FASTQ files obtained 
from the Illumina HiSeq2500 sequencer, by sequencing 
of our small-RNA libraries (n = 18 samples per library), 
were processed using the RNAworld server from the 
Tuschl Laboratory at the Rockefeller University. Dedi-
cated Bioconductor packages in the R platform were used 
to perform statistical analyses of miRNA read counts. 
The evaluation of differential expression for miRNA data 
obtained by small-RNA sequencing of our libraries was 
determined using DESeq2 and edgeR, which included a 
batch variable to decrease batch bias. For targeted RT-
qPCR validations and analyses, the cycle threshold (Ct) 
value of the endogenous control, RNU6B, was subtracted 
from the sample miRNA Ct, and changes were calcu-
lated using the ∆∆Ct comparative method. RT-qPCR 
differential expression was assessed via t tests, or Mann–
Whitney U tests, of the ∆∆Ct values [48, 50]. Data are 
expressed as mean ± standard error of the mean (SEM) 
where a p-value ≤ 0.05 was considered statistically signifi-
cant. The “miRNA score”, based on RT-qPCR validation 
(∆∆Ct values) of 5 out of the 15 miRNAs and including 
miR-135a (pval = 0.05), miR-190b (pval = 0.043), miR-205 
(pval = 0.00056), miR-30c (pval = 0.011), and miR-744 
(pval = 0.038), was established to maximize the discrimi-
nation ability of each miRNA and used as a DCIS sample 
classifier. For our study, we calculated the “miRNA score” 
[51] by summing the standardized negative levels or 
z-values of our five significantly downregulated miRNAs 
for each individual sample (n = 30). Correlations between 
the miRNA score (or its individual miRNA components) 
and the Oncotype DX® DCIS risk score were performed 
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using Pearson correlations, and miRNA score versus age 
was analyzed using Spearman correlations. MiRNAs with 
significant (p < 0.05) correlation with age were plotted 
versus age-group (≤ 55, 55–70, > 70  years). Additionally, 
miRNAs showing significant (adjusted p-value < 0.05) 
association with DCIS Oncotype DX® DCIS score and/or 
with age were validated by RT-qPCR.

Results
DCIS sample selection, Oncotype DX® DCIS risk scores, 
and nuclear grade distribution
Following evaluation of the clinical specimens by patho-
logical review (Fig. 1) and Oncotype DX® DCIS scoring, a 
total of 41 archived FFPE DCIS specimens were selected 
for this study (26 low, 10 intermediate, and 5 high 
Oncotype DX® DCIS scores). H&E tissue-guided macro-
dissection was performed on the individual lesions in 
order to enrich our extractions with DCIS lesion RNA 
(Fig.  1). All DCIS specimens selected for this study 
were estrogen receptor (ER) positive. The individual 

Oncotype DX® DCIS scores for the 41 selected samples 
varied between 0 and 78, as shown in Table 1, where the 
nuclear grade of the DCIS lesions, patient follow-up data, 
treatment regimen, and recurrences are also detailed. 
The nuclear grade distribution of the DCIS samples dis-
played a correlation with the Oncotype DX® DCIS risk 
score groups when both intermediate and high-risk score 
groups were combined (See Additional file  1: Fig.  1). 
For this study, the mean age of the DCIS patients was 
63.5  years old (Oncotype DX® DCIS low (64.8  years 
old), intermediate (57.9  years old), and high (56.4  years 
old) risk scores), with an overall median of 66  years 
(Oncotype DX® DCIS low (67  years old), intermedi-
ate (66.5  years old), and low (55  years old) risk scores), 
based on the ages provided in Table  1. The distribution 
of the DCIS samples, by Oncotype DX® DCIS risk group 
(i.e., low, intermediate, and high risk), and between NGS 
and RT-qPCR experiments is displayed in Fig. 2. For our 
molecular analyses, we initially performed small-RNA 
next-generation sequencing (NGS) on 32 (Oncotype DX® 

Fig. 1 DCIS sample processing and pathology across the Oncotype DX® DCIS score groups. A total of 41 DCIS specimens were selected for the 
study based on their Oncotype DX® DCIS classification into low (n = 26), intermediate (n = 10), and high (n = 5) risk score groups. Tissue‑guided 
macro‑dissection was performed on unstained formalin‑fixed paraffin‑embedded sections for selection of DCIS lesions prior to RNA extractions. All 
DCIS lesions evaluated in this study were estrogen receptor (ER) positive
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DCIS high (n = 4), intermediate (n = 9), and low (n = 19) 
scores) out of the 41 DCIS samples. Thirty (Oncotype 
DX® DCIS high (n = 5), intermediate (n = 10), and low 
(n = 15) scores) out of the 41 study samples (Fig. 2) were 
used for RT-qPCR validations.

miRNA next‑generation sequencing (NGS) results correlate 
with Oncotype DX® DCIS score subgroup distribution
Small-RNA cDNA libraries were prepared using 32 indi-
vidual RNA samples from FFPE DCIS specimens (sam-
ples were arranged in 4 distinct libraries) with each 
library having an even representation of low-, interme-
diate- and high-risk score Oncotype  DX® DCIS RNA 
samples, to minimize batch effects. Our small-RNA 
expression analyses identified 17 differentially expressed 
miRNAs displaying a correlation with the three differ-
ent Oncotype  DX® DCIS scores (Fig.  3a). Of which, 10 
miRNAs, namely miR-135b (r = 0.498), miR-142-3p (r 
= 0.621), miR-150-3p (r = 0.457), miR-150 (r = 0.408), 
miR-155 (r = 0.484), miR-548b (r = 0.492), miR-146a 
(r = 0.540), miR-296-5p (r = 0.495), miR-532-5p (r 
= 0.518) and miR-221 (r = 0.480), displayed a posi-
tive correlation, and 7 miRNAs, namely miR-193b-5p 
(r = − 0.486), miR-30c-1-3p (r = − 0.534), miR-193b 
(r = − 0.448), miR-744-3p (r = − 0.484), miR-744 (r = 
− 0.648), miR-625-5p (r = − 0.419) and miR-193a-5p (r 
= − 0.316), which displayed a negative correlation with 
the Oncotype  DX® DCIS score groups. As presented 
in Fig.  3b, the top 9 most differentially expressed miR-
NAs represented between 0.1 and 1% of all miRNAs 
detected by small-RNA sequencing, with one miRNA 

(hsa-miR-135b) in low abundance but reproducibly 
detectable across all three Oncotype  DX® DCIS groups. 
In order to maximize miRNA discrimination ability, we 
established a composite score using the top 17 differen-
tially expressed miRNAs and plotted our “miRNA score” 
versus the “Oncotype score” on the 32 sequenced DCIS 
samples. A positive correlation (r = 0.761; Pearson corre-
lation analysis) was observed between the miRNA score 
and the Oncotype score (Fig. 3c) with a clear distinction 
being observed between low, intermediate (p = 0.018 
compared to low), and high (p = 0.00014 compared to 
low and p = 0.01 compared to intermediate) Oncotype 
 DX® DCIS risk score groups (Fig. 3d).

miRNA expression deregulation in DCIS lesions correlates 
with patient age:
Using our small-RNA NGS data, we next sought to evalu-
ate the correlation between miRNA expression changes 
and the age of patients at the time of Oncotype  DX® 
DCIS assay testing. When patients were subgrouped 
into the three different age categories, namely ≤55 
(n=6), 56–70 (n=17) and >70 (n=9) years old (see ages 
in Table 1), we observed 12 differentially expressed miR-
NAs, which were reproducibly expressed and detect-
able across all three age-groups with abundance varying 
between 0.0001 and 1% of all miRNA reads (Fig. 4a). We 
performed Spearman correlation analyses and demon-
strated that with increasing age a significant decrease 
in miRNA expression was observable for seven miR-
NAs including miR-135a-2-3p (adj pval=0.0269), miR-
205 (adj pval=0.0020), miR-212-5p (adj pval=0.0016), 

Fig. 2 DCIS sample distribution across the three Oncotype DX® DCIS risk groups between NGS and RT‑qPCR molecular analyses. The Venn diagram 
displays the distribution of the individual DCIS samples between next‑generation sequencing (NGS) in green and RT‑qPCR analyses in blue. The 
three Oncotype DX® DCIS risk groups, including the low‑ (light green for NGS and light blue for RT‑qPCR), intermediate‑ (mild green for NGS and 
mild blue for RT‑qPCR), and high‑risk (dark green for NGS and dark blue for RT‑qPCR) groups separate each circle in three. The number of DCIS RNA 
samples per analysis (NGS or RT‑qPCR) and per Oncotype DX® DCIS risk group are displayed in white in the different circles. Samples utilized for 
both assays are numbered in areas of the circles that intersect
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miR-19b (adj pval=0.0038), miR-19a (adj pval=0.0016), 
miR-212-3p (adj pval=0.0016) and miR-132 (adj 
pval=0.0044), whereas an increase in miRNA expression 
was only observed for two miRNAs, including miR-551b 
(pval<0.0440) and miR-592 (adj pval=0.0214) (Fig.  4b). 
The adjusted p values for miRNA expression decrease 
were overall much lower than those for the miRNAs 
expression increase with age INCREASE.

qPCR validation of top differentially expressed miRNAs 
between Oncotype DX® DCIS risk groups
Considering that our NGS observations indicated that 
specific miRNA expression changes (i.e., up- or down-
regulation) correlated with an increase in the Oncotype 

DX® DCIS risk scores, patient age, or both, we sought 
to confirm our findings by using gold standard miRNA 
RT-qPCR assays, and thus selected the top 15 most sig-
nificantly (p < 0.05) differentially expressed miRNAs for 
these validations. We selected 5 Oncotype DX® DCIS 
score-related miRNAs, namely miR-744, miR-30c, miR-
193b, miR-135b, miR-142-5p, 6 age-related miRNAs; 
miR-205, miR-19a, miR-19b, miR-190b, miR-135a and 
miR-132, and 4 miRNAs; miR-155, miR-150, miR-
146a, miR-142-3p, which displayed associations with 
both the Oncotype DX® DCIS score and patient age 
(Fig.  5a). A strong positive correlation was observed 
for log2-transformed small-RNA NGS counts and RT-
qPCR Ct values for the top 15 differentially expressed 

Fig. 3 Correlation of top differentially expressed miRNAs with the three Oncotype DX® DCIS risk groups. Four small‑RNA cDNA libraries were 
prepared using RNA samples collected from 32 individual FFPE DCIS specimens, with each library having an even representation of low‑, 
intermediate‑, and high‑risk score Oncotype DX® DCIS RNA samples. a Individual box plot analyses of 17 differentially expressed miRNAs displaying 
a correlation with the different Oncotype DX® DCIS risk groups. b Box plot representation of the miRNA reads for the top 10 differentially expressed 
miRNAs and with distribution in each of the three Oncotype DX® DCIS risk groups. c Comparison of the miRNA composite risk score (obtained from 
the top 17 differentially expressed miRNAs) to the Oncotype DX® DCIS risk scores of the 32 DCIS samples evaluated by next‑generation sequencing 
(NGS). d Box plot representation of the miRNA composite risk score for each individual Oncotype DX® DCIS risk groups, displaying significant miRNA 
expression differences between the low and intermediate (p < 0.018), intermediate and high (p < 0.01), and low and high (p < 0.00014) risk groups
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Fig. 4 Correlation of top differentially expressed miRNAs with patient age at the time of Oncotype DX® DCIS testing. a Box plot distribution of the 
top 12 differentially expressed miRNAs between three age‑groups (groups#1 ≤ 55 (n = 6), group#2 56–70 (n = 17), and group#3 > 70 (n = 9) years 
old) with percentage of reads per miRNA. b Box plot representations of the top 9 differentially expressed miRNAs in the DCIS lesions from patients 
separated in the three different age‑groups, with decreasing expression trends for 7 miRNAs (hsa‑miR‑135a‑2‑3p, hsa‑miR‑205, hsa‑miR‑212‑5p, 
hsa‑miR‑19b, hsa‑miR‑19a, hsa‑miR‑212‑3p, and hsa‑miR‑132), and an increasing expression trend for hsa‑miR‑551b and hsa‑miR‑592
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miRNA (Fig. 5b), which confirmed the specificity of our 
NGS measurements. Our RT-qPCR data also revealed 
that five miRNAs, namely miR-135a (pval = 0.05), miR-
190b (pval = 0.043), miR-205 (pval = 0.00056), miR-30c 
(pval = 0.011), and miR-744 (pval = 0.038) displayed a 
significantly decreased expression when compared to 
increased Oncotype DX® DCIS risk scores (Fig. 5c).

qPCR miRNA composite score separates Oncotype DX® 
DCIS risk scores in two groups
The assessment of our miRNA composite score that 
included the 5 topmost differentially expressed and RT-
qPCR validated miRNAs (i.e., see Statistical section for 
calculation details on composite miRNA score) identi-
fied a trend of overall significant decrease in miRNA 
expression between the low and the intermediate/
high Oncotype DX® DCIS risk score groups (Fig.  5d, 
p  = 0.0017), correlating with increase in the Oncotype 
DX® DCIS risk scores. Since we designed our miRNA 
composite risk score to correlate with the Oncotype DX® 
DCIS risk score, we did not observe a correlation with 
the nuclear grade of the DCIS specimens (See Additional 
file  1: Fig.  1c. r = 0.168) for which the Oncotype DX® 
DCIS assay displayed a low correlation (See Additional 
file 1: Fig.  1b   r  = 0.509). When evaluating our patient 
follow-up data, we determined that two patients in our 
study experienced an ipsilateral recurrence 2 years after 
their initial DCIS diagnosis (i.e., one DCIS and one inva-
sive breast cancer recurrence; See Table  1). The DCIS 
lesion of the patient (i.e., DCIS-L7 in Table 1.) who expe-
rienced a subsequent ipsilateral DCIS recurrence was ini-
tially provided a low Oncotype DX® DCIS risk score of 
33, but classified as the 2nd most extreme miRNA com-
posite score in our miRNA low score group (Fig. 5d, red 
dashed rectangle). The position of this composite miRNA 
score was equivalent to the median position in the Int-
High miRNA composite score. The DCIS lesion of the 
patient (i.e., DCIS-I9 in Table 1.) who experienced a sub-
sequent ipsilateral invasive breast cancer recurrence (i.e., 
2 years after initial DCIS diagnosis) was initially provided 

an intermediate Oncotype DX® DCIS risk score of 44, 
but classified as the  4th most extreme miRNA composite 
score in our high-Int miRNA score group (Fig.  5d, blue 
dashed rectangle). However, our data suggest that the 
analysis of our small panel of 5 miRNAs may provide 
additional molecular information for the clinical evalua-
tion of DCIS lesions.

Discussion
Advancements in modern high-quality screening and 
diagnostic mammography are widely acknowledged to 
have resulted in a significant increase in the detection and 
diagnosis of ductal carcinoma in situ (DCIS) [52]. The 
likelihood of DCIS recurrence or the progression to inva-
sive breast cancer (IBC), however, is poorly understood, 
and for women diagnosed with DCIS, it remains difficult 
to predict who will go on to recur and/or to develop IBC 
[53–55]. As such, the 12-gene DCIS Oncotype  DX® assay 
was developed and has been shown to allow for a more 
comprehensive molecular evaluation of DCIS lesions. 
This score-based assay, which stratifies patients into 
either low, intermediate, or high-risk groups, has been 
shown to successfully evaluate the risk of local recur-
rence and as such may help guide treatment strategies 
[56]. Increasingly, more studies have shown that there is a 
direct relationship between the deregulation of miRNAs 
and the onset/progression of a variety of cancers [57–59]. 
In this study we sought to determine the utility of cor-
relating miRNA expression data from archived forma-
lin-fixed paraffin-embedded (FFPE) specimens obtained 
from women diagnosed with DCIS, whose lesions were 
evaluated with the Oncotype  DX® DCIS assay and with 
known risk scores. For this retrospective study, we used 
methodologies we developed to analyze small RNAs, 
which we demonstrated to be applicable for the analysis 
of archived FFPE specimens up to 35 years old [48].

Multiple studies have begun to evaluate miRNA 
expression changes in tumors as diagnostic and prognos-
tic tools [60–64]. Assessment of miRNA expression pat-
terns has shown that they can act as oncogenes or tumor 

(See figure on next page.)
Fig. 5 RT‑qPCR validation of the top 15 differentially expressed miRNAs between Oncotype DX® DCIS risk groups based on expression levels 
and age of patients. a Five Oncotype DX® DCIS risk score‑related miRNAs, six age‑related miRNAs, and four miRNAs based on a combination of 
Oncotype DX® DCIS risk score‑related and patient age‑related, identified by NGS analyses, were selected for RT‑qPCR validations. b A positive 
correlation was observed for log2‑transformed small‑RNA sequencing read counts and RT‑qPCR Ct values obtained for the top 15 differentially 
expressed miRNAs evaluated using RNA samples from DCIS lesions classified with Oncotype DX DCIS assay (see Fig. 2, RT‑qPCR samples (n = 30). 
c Individual box plot evaluations of the 15 selected miRNAs measured by RT‑qPCR in 30 samples (See Fig. 2), between low and high/intermediate 
Oncotype DX® DCIS risk score groups for identification of the top 5 differentially expressed miRNAs between the two groups (miR‑135a, miR‑190b, 
miR‑205, miR‑30c and miR‑744). d Composite RT‑qPCR miRNA score based on RT‑qPCR expression of the 5 differentially expressed miRNAs. A highly 
significant expression difference (p < 0.0017) was obtained between the two Oncotype DX® DCIS risk groups (low and intermediate/high groups). 
The red dashed rectangle, in the low composite miRNA group (left), identifies DCIS specimen (i.e., Oncotype DX® DCIS low‑risk score of 33 in 
Table 1) from patient DCIS‑L7 who experienced an ipsilateral DCIS recurrence after 2 years of the initial DCIS diagnosis. The blue dashed rectangle, 
in the Int‑High miRNA group (right), identifies DCIS specimen (i.e., Oncotype DX® DCIS intermediate risk score of 40 in Table 1), from the patient 
DCIS‑I9 who experienced an ipsilateral invasive breast cancer recurrence after 2 years of the initial DCIS diagnosis
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Fig. 5 (See legend on previous page.)
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suppressors and display up- or downregulated expression 
patterns in many human tumors [65]. It has been docu-
mented, for example, that DCIS tissue lesions exhibits a 
general upregulation in miR-21 expression when com-
pared to normal breast tissue [44, 66, 67]. It has been 
shown that the upregulation of miR-654 in DCIS lesions 
is associated with poor patient prognosis [68]. Con-
versely, the expression of miR-125b has been shown to 
be downregulated in DCIS lesions [69]. In normal breast 
tissue, the expression of miR-124, miR-145, and miR-205 
appears enriched exclusively in the basal compartment of 
ducts, whereas in matching breast tumors their expres-
sion appears to be reduced [70]. When comparing nor-
mal breast tissue to atypical ductal hyperplasia (ADH), 
DCIS lesions, and invasive ductal carcinoma (IDC), 
Chen et al identified that miR-21, miR-200b/c, miR-183, 
and miR-141 displayed an increase expression associ-
ated with histological progression toward invasive lesions 
[66]. Altogether, these studies have highlighted the strong 
potential for using miRNA expression quantification as a 
means for molecular evaluation of DCIS lesions.

In the current study, we utilized risk scores obtained 
with the Oncotype  DX® DCIS assay as an initial classifier 
to perform miRNA next-generation sequencing (NGS) 
of classified DCIS lesions (i.e., high-, intermediate-, and 
low-risk scores). Our NGS analyses revealed a linear 
relationship between increased Oncotype  DX® DCIS 
risk scores and the deregulated expression of 15 miR-
NAs (either up- or downregulation). To further evaluate 
the robustness of our NGS findings, we quantified the 
expression of these 15 miRNAs by qRT-PCR using total 
RNA purified from archived DCIS lesions, classified with 
the Oncotype  DX® DCIS assay. These analyses revealed 
a strong correlation between expression downregulation 
of miR-30c, miR-135a, miR-190b, miR-205, and miR-
744 and of the risk scores obtained from the Oncotype 
 DX® DCIS assay. These analyses revealed that the high-
est miRNA expression differences could be observed 
by combining the intermediate and high-risk groups, in 
comparison to the low-risk group. Our miRNA compos-
ite risk score based on the validated expression of these 
5 miRNAs further highlighted the molecular differ-
ence between low- and intermediate-/high-risk groups 
(p<0.0021). These findings are in agreement with the 
original study used to develop the Oncotype  DX® DCIS 
Assay (ECOG 5194) where the risk of local recurrence 
between the intermediate and low risk was higher than 
between high-risk and low-risk groups [27, 36]. More 
precisely, the analyses of Solin et  al. revealed that the 
10-year risk of developing IBC was 10.6% for the low-risk 
group, 26.7% for the intermediate risk group, and 25.9% 
for the high-risk score group, with the highest recur-
rence rate for the intermediate group [27]. Incidentally, 

although our sample size was small (i.e., 41 patients) and 
our follow-up data (i.e., 32 out of 41 patients) was gener-
ally limited to 4–8 years, we identified two patients diag-
nosed with DCIS who experienced ipsilateral recurrences 
(i.e., one patient with a DCIS recurrence and one patient 
with an invasive breast cancer recurrence). The patient 
who experienced a DCIS recurrence was initially pro-
vided a low Oncotype  DX® DCIS risk score, but classified 
with the 2nd most extreme decreased miRNA expression 
in our low score group. Additionally, the DCIS patient 
who experienced an invasive breast cancer recurrence 
and whose DCIS lesion was initially provided an inter-
mediate Oncotype  DX® DCIS risk score obtained the 4th 
most extreme miRNA expression decrease in our inter-
mediate-/high-risk score. Although our sample size was 
small and only identified two ipsilateral recurrences, our 
data suggest that the miRNA composite score may have 
prognostic utility beyond the Oncotype  DX® DCIS assay 
score, a hypothesis that will need to be evaluated in fol-
low-up studies.

As detailed in our study, we identified and validated 
a subset of five miRNAs for which progressive expres-
sion downregulation was significantly associated with 
increased Oncotype  DX® DCIS risk scores, which could 
suggest that some of these miRNAs may be directly or 
indirectly involved in the expression regulation of some 
of the genes included in the Oncotype  DX® DCIS assay, 
but that will require further experimental confirmation. 
Interestingly, one of these miRNAs, miR-190b (p=0.043), 
has been shown to be the most upregulated miRNA in 
estrogen receptor-positive cancer [71]. Hsa-miR-30c, 
which was the second most downregulated miRNA in 
our study (p=0.011), has been reported to be an inde-
pendent predictor for benefit of endocrine therapy in 
patients with ER-positive breast cancers. Considering 
that all DCIS lesions evaluated in our study were ER 
positive, expression downregulation of hsa-miR-30c may 
potentially have both prognostic and predictive value, 
but will require long-term follow-up [72]. In a recent 
study of ER-positive invasive breast tumors, we also 
identified downregulated expression of hsa-miR-30c in 
patient tumors correlated with subsequent metastasis, 
suggesting that this miRNA could provide information 
on the potential of DCIS lesions for progression to inva-
sive disease [73]. The expression of miR-744 is known 
to be downregulated in several cancers including breast 
tumors [74]. In vitro studies evaluating overexpression of 
hsa-miR-744 in breast cancer cell lines and in particular 
ER-positive MCF-7 breast cancer cells lead to a signifi-
cant inhibition of cellular proliferation. For DCIS lesions 
the decrease in hsa-miR-744 expression may provide a 
significant benefit for the cellular proliferation of DCIS 
cells. Interestingly, Chen et al. determined that increased 
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expression of hsa-miR-744 in FFPE specimens from 
breast cancer patients was associated with chemo-resist-
ance [75]. Finally, multiple molecular expression studies 
have shown a direct relationship between hsa-miR-135a 
expression and various human malignancies, including 
breast cancer [65, 72]. While some contrasting results 
have been reported, whereby hsa-miR-135a is either up 
or downregulated in differing cancers, hsa-miR-135a 
appears to function as a tumor suppressor in breast can-
cer and seems to be downregulated in human ER+ and 
triple negative (TN) breast cancers [65, 76, 77].

It is noteworthy that 3 of the 5 miRNAs in our com-
posite risk score, specifically miR-205, miR-190b, and 
miR-135a, were derived from our analysis of the corre-
lation between their expression in the DCIS lesions and 
the patient’s age. The original Oncotype  DX® DCIS assay, 
which was established after analysis of local recurrences 
in 327 patients with DCIS in the ECOG 5194 study, pro-
vided recurrence risk estimates solely based on the DCIS 
Score [27]. However, a more recent multivariable analy-
sis (2018) performed on a larger cohort (Ontario cohort), 
which included 571 women diagnosed with DCIS found 
that after adjustment for clinicopathologic variables, 
particularly patient age, this had a larger effect on the 
evaluation of local recurrence risk than the DCIS score 
alone [36, 78, 79]. Our findings would further confirm 
that patients’ age and in turn miRNA expression changes 
associated with age in those patients provide additional 
targets for the evaluation of the patient’s risk. Currently, 
the local recurrence risk algorithm provided by the DCIS 
score incorporates patient age and varies more due to 
patient age than the actual score, with patients under 50 
reported as having a higher local recurrence risk at any 
score. In our study, all cases had a DCIS score reported 
prior to incorporation of age in recurrence risk estimates; 
however, our analyses would suggest that these age-
related miRNA expression changes might help refine the 
Oncotype  DX® DCIS local recurrence risk estimates.

The most significant result drawn from this study was 
the highly significant decrease in expression of hsa-
miR-205 (adj p<0.00056 by RT-qPCR validation) in DCIS 
lesions with intermediate/high Oncotype  DX® DCIS 
scores. Hsa-miR-205 has already been demonstrated to 
confer invasive potential to DCIS cells in a breast can-
cer cell progression model described by Chen et al. [78]. 
Hsa-miR-205 has recently been described as an onco-
suppressive miRNA, because its expression is directly 
regulated by the tumor suppressor p53 [78–80]. Muta-
tions in p53 have been shown to inhibit the expression of 
hsa-miR-205, leading to enhanced cellular proliferation 
of breast cancer cells [80]. Interestingly, hsa-miR-205 has 
also been found to target the human epidermal growth 
factor receptor, HER3, in human ER+ breast cancer cells 

[80]. Furthermore, others have found hsa-miR-205 bind-
ing sites in the noncoding region of the Zinc Finger E-Box 
Binding Homeobox 1 (Zeb1) and Smad interacting pro-
tein 1 (Sip1) mRNA sequences, two key proteins, which 
have been implicated in epithelial–mesenchymal transi-
tion (EMT) and suggesting a potential role for DCIS to 
invasive breast cancer cell transition/progression [81]. 
In  vitro studies in MDCK–Pez cells (a canine epithelial 
cell line that has undergone EMT via the overexpression 
of protein tyrosine phosphatase Pez) further highlighted 
that addition of exogenous precursor hsa-miR-205 results 
in a phenotypic change from mesenchymal-like back to 
epithelial-like [81]. Altogether, decreased expression of 
hsa-miR-205 is in agreement with the literature, whereby 
hsa-miR-205 is consistently downregulated in breast can-
cers [78–81], suggesting that early molecular changes 
such as decreased expression of hsa-miR-205, as early as 
in DCIS lesions, may increase the likeliness of breast can-
cer progression. However, larger-scale and more focused 
studies will be required to evaluate the prognostic poten-
tial of hsa-miR-205 and other miRNAs.

Conclusion
Taken together, our data suggest that miRNA expres-
sion analyses of DCIS lesions, when compared to the 
Oncotype  DX® DCIS Assay, have potential to pro-
vide important prognostic information on the risk of 
local recurrence. Considering that some of the deregu-
lated miRNAs, identified in our study, have been show-
ing promise as prognostic and predictive biomarkers 
for breast cancer, further investigations are required to 
determine their potential for the accurate evaluation of 
the recurrence risk and particularly as molecular guides 
for clinical management of DCIS. Finally, our robust data 
demonstrate that miRNA high-throughput analyses can 
be performed in a retrospective context but that larger-
scale studies are required for biomarker discovery.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13058‑ 022‑ 01558‑4.

Additional file 1. Fig. 1: Correlation between nuclear grade of the 
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(i.e., low‑, intermediate‑, and high‑risk scores), providing a nonsignificant p 
value of 0.07906. The right table displays distribution of the nuclear grade 
of the DCIS samples between the low‑ and the intermediate‑/high‑risk 
score groups, which provides a significant p value of 0.01525. b. correla‑
tion plot between the DCIS sample’s Oncotype  DX® DCIS risk scores and 
the three nuclear grades (Pearson correlation coefficient (Rho) r = 0.506).  
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c. Correlation plot between the DCIS sample’s miRNA composite risk 
scores and the three nuclear grades (Pearson correlation coefficient (Rho) 
r = 0.168).
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