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ABSTRACT
◥

miR-223 is an anti-inflammatory miRNA that in cancer acts

either as an oncosuppressor or oncopromoter, in a context-

dependent manner. In breast cancer, we demonstrated that it

dampens the activation of the EGF pathway. However, little is

known on the role of miR-223 during breast cancer onset and

progression. miR-223 expression was decreased in breast cancer of

luminal and HER2 subtypes and inversely correlated with patients'

prognosis. In normal luminal mammary epithelial cells, miR-223

acted cell autonomously in the control of their growth and mor-

phology in three-dimensional context. In the MMTV-D16HER2

transgenic mouse model, oncogene transformation resulted in a

timely abrogation of miR-223 expression, likely due to activation of

E2F1, a known repressor of miR-223 transcription. Accordingly,

treatment with CDK4/6 inhibitors, which eventually results in

restraining E2F1 activity, restored miR-223 expression and miR-

223 ablation induced luminal breast cancer resistance to CDK4/6

inhibition, both in vitro and in vivo. Notably, miR-223 expression

was lost in microdissected ductal carcinoma in situ (DCIS) from

patients with luminal and HER2-positive breast cancer. Altogether,

these results identify downmodulation of miR-223 as an early step

in luminal breast cancer onset and suggest that it could be used to

identify aggressive DCIS and predict the response to targeted

therapy.

Significance: miR-223 may represent a predictive biomarker

of response to CDK4/6 inhibitors and its loss could identify

DCIS lesions that are likely to progress into invasive breast

cancer.

Introduction
MiRNAs are small noncoding RNAs that interact with specific

target mRNAs, thereby causing their translational repression or

degradation. miRNAs play important roles in many biological pro-

cesses, at both physiologic and pathologic levels. In cancer, miRNAs

can function either as oncogenes or tumor-suppressor genes, depend-

ing on the target(s) they regulate and from the tissue-specific

context (1, 2).

Recently, we investigated the biological effects exerted by intrao-

perative radiotherapy (IORT) in the tumor microenvironment of

patients with early breast cancer (3). To reduce the risk of recurrence,

radiotherapy is used as a standard adjuvant treatment, and it is known

that it exerts its functions by both killing residual tumor cells and

altering the microenvironment. In the setting of IORT, we demon-

strated that soon after the delivery of radiation, a local upregulation of

miR-223 expression was observed in the breast peritumoral micro-

environment. In this context, miR-223 targeted the EGF, attenuating

its local release and the autocrine/paracrine EGF/EGFR signaling

activation that was strongly induced by the surgical wound (3). The

dampening of the EGFR pathway by miR-223 eventually resulted in

decreased survival of residual isolated cancer cells, locally left behind

after surgery, which, at least in part, translated into the improved

recurrence-free survival observable in IORT-treated patients (4, 5).

Literature regarding miR-223 is mainly centered on its role in

myelopoiesis (6, 7); however, several studies have highlighted its

dysregulation in various diseases, including cancer (8). miR-223

expression is decreased in many different tumors, both hematologic

and solid, inversely correlating with increased cancer cell growth,

invasion, and chemoresistance (9–13). As only exceptions, esophageal

and gastric cancers display a direct correlation between miR-223 and

tumor aggressiveness (14, 15). Interestingly, in colon and breast cancer

cells, gain-of-functionmutants of p53 bind and downregulatemiR-223

promoter activity, overall decreasing miR-223 expression and protect-

ing cells from drug-induced cell death (9). Others and we also

demonstrated that E2F1 binds to the miR-223 promoter and inhibits

miR-223 transcription, suggesting that E2F1 could act as a transcrip-

tional repressor of miR-223 gene (3, 12, 16). Altogether, different

studies suggest that repression of miR-223 represents a general feature

during cancer progression. However, no study has addressed the role

ofmiR-223 during the first steps ofmammary tumorigenesis.With the

widespread use of screening mammography, ductal carcinoma in situ

(DCIS), a precancerous mammary lesion, accounts for approximately

20% of all newly diagnosed breast carcinomas. Although virtually all
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invasive cancer begins as DCIS, not all DCIS will become invasive

cancer (17). It is estimated that only about 20% to 30% of women with

DCIS who do not receive treatment will develop breast cancer. Up to

now, there is no definite way of determining which lesions will remain

stable without treatment and which will go on to become invasive.

Therefore, almost all women with DCIS will be treated.

Here, by investigating the role of miR-223 in mammary epithelial

cells during mammary tumorigenesis, we highlight that loss of miR-

223 is an early event during breast transformation and suggest that the

evaluation of its expression could serve as prognostic factor in DCIS

and predict the response to specific targeted therapies.

Materials and Methods
Study approval and primary tumor collection

Primary breast cancer specimens were collected from patients with

breast cancer upon signing a written informed consent, in accordance

with recognized ethical guidelines and following approval by the

Institutional Review Board of CRO Aviano, National Cancer Institute

(Aviano, Italy) and University of Rome "Sapienza" Santo Andrea

Hospital (Rome, Italy). Breast cancer specimens were immediately

frozen and stored at �80�C or formalin fixed, as appropriate.

Animal experimentation

Animal experimentation was approved by the Italian Ministry of

Health (#616/2015-PR) and by our Institutional Animal Care and Use

Committee (OPBA) and conducted strictly complying with interna-

tionally accepted guidelines (IACUC) for animal research andwith the

3Rs principles.

FVB miR-223 knockout mice (miR-223 KO) were housed and bred

as previously described (3). MMTV-D16HER2 mice were generated

and characterized (18) and housed in our animal facility. FVB-

MMTV-D16HER2 mice and FVB-miR-223 KO mice were crossed to

generate FVB MMTV-D16HER2 miR-223 KO mouse colony. Exper-

imental details and protocols can be found in Supplementary Data.

Cell culture, transfection, and generation of stable cell clones

BPE-3 cells (hereafter BPEC) were purchased from LTCC (Live

Tissue Culture Service Center-LTCC@med.miami.edu) and grown in

BMI-P medium (LTCC), supplemented with cholera toxin 100 ng/mL

(Sigma), as previously published (19, 20) and strictly following all the

manufacturer's instructions. Normal murine mammary gland

(NMuMG) cells were a kind gift of Dr. Andrei V. Bakin at Roswell

Park Comprehensive Cancer Center (Buffalo, NY; ref. 21) and grown

inDMEM(Sigma) supplementedwith 10%FBS (Carlo Erba). All other

cell lines were obtained from the ATCC, maintained in culture

following the ATCC indications, and grown in standard conditions

at 37�C and 5% CO2. Human cell lines were authenticated by short

tandem repeat (STR) analysis in 2018, according to PowerPlex 16 HS

System (Promega) protocol and using GeneMapper software 5

(Thermo Fisher) to identify DNA STR profiles and routinely tested

to exclude Mycoplasma contamination (MycoAlert, Lonza). BPEC,

HMEC, and NMuMG cells were expanded and frozen immediately

into numerous aliquots immediately after their arrival. Cells revived

from the frozen stock were then used for 4 to 6 passages and, however,

not exceeding a period of 1 month. BPEC, NMuMG, and MCF7 cells

were transfected with pcDNA3CMVHis-Tag empty vector (Control),

or with pcDNA3CMVHER2WT, pcDNA3CMVHER2V659E (Addgene

#16257 and #16259), pcDNA3CMV D16HER2 (18), pEGFPKRasG12D

(22), pEGFP TP53R273H (23), pcDNA PI3KWT, or H1047R (Addgene

plasmids # 16643 and #16639) expression vectors. Experimental

details and protocols can be found in Supplementary Data.

Three-dimensional mammary epithelial cell cultures and colony

assay

Three-dimensional (3D) cell culture was performed as previously

described (22). For colony assay, BPEC cells modified for miR-223

levels, overexpressing or not the different isoforms of HER2, were

trypsinized, counted, and seeded at density 2� 103 cells/well of a 6-well

plate and incubated in complete medium. After 2 weeks, plates were

stained with crystal violet, and colonies were manually counted, as

previously described (24, 25). Experimental details and protocols can

be found in Supplementary Data.

Cell viability and kill curve with palbociclib

For growth curve analyses, BPEC control or antimiR-223 cells were

seeded in 96-well culture plates (2� 103 cells/well), and after 24 hours,

cell proliferation was measured with CellTiter 96 AQueous One

Solution Cell Proliferation (MTS) Assay (Promega) every day for 6

consecutive days, as previously described (26). For kill curve, BPEC and

MCF7 cells were seeded in 96-well culture plates (4 � 103 cells/well).

After 24 hours, cells were treated with increasing doses of palbociclib -

PD-0332991 hydrochloride (Clinisciences), as indicated. Experimental

details and protocols can be found in Supplementary Data.

Histologic analysis and immunofluorescence

Dissected abdominal mammary glands or tumors were fixed in

formalin and processed for standard embedding in paraffin. Histologic

sections (5 mm thick) were cut from the paraffin blocks, deparaffinized

with xylene, and stained with hematoxylin and eosin, according to

standard procedures.

Immunofluorescence analyses on mammary acini grown in 3D

culture were performed as previously described (3, 20). Samples were

analyzed using a confocal laser-scanning microscope (TSP8, Leica)

interfaced with a Leica fluorescent microscope. Collected images were

analyzed using the LAS (Leica) and the Volocity (PerkinElmer) soft-

wares. Experimental details and protocols can be found in Supple-

mentary Data.

Quantitative real-time PCR and digital droplet PCR

RNA from mammary tissue or cells was extracted using TRIzol

reagent (Invitrogen, Thermo Fisher Scientific). Disruption of the tissue

sample was achieved by using the GentleMACS Dissociator (Miltenyi

Biotec) and by passing the lysate at least 5 times through a 23-gauge

needle fitted to an RNase-free syringe. Total RNAwas quantified using

the QuantiFluor RNA System (Promega). RNA was retrotranscribed

using the GoScript Reverse Transcriptase (Promega), and retrotran-

scribed reactions were run in an Opticon qRT-PCR Thermocycler

(Bio-Rad).

In microdissected tissues, expression of miR-223, miR-484,

miR-1257, miR-9, and U6 was evaluated using digital droplet PCR

(ddPCR) analysis. First, areas of normal tissue, DCIS, or invasive ductal

carcinoma (IDC) were microdissected from each of the 14 breast cancer

samples. Total RNA from microdissected samples was extracted using

TRIzol reagent (Invitrogen) and quantified using QuantiFluor RNA

System (Promega). Before droplets generation, ddPCR reactions were

prepared in similarly qRT-PCR reactions, following the manufacturer's

instructions. Briefly, 0.2 ng RNA equivalent of cDNA was mixed with

ddPCR Supermix for Probes (No dUTP) 2x (Bio-Rad) and

the appropriate Taqman probes (Thermo Fisher Scientific). Within

each sample, we evaluated the expression of miR-223, U6, and four

other unrelated miRNAs and used their mean value to normalize

miR-223 expression (Thermo Fisher Scientific, hsa-miR-223 #002295;

hsa-miR-34a #000426; hsa-miR-484 #001821; hsa-miR-1257 #002910;

hsa-miR-9-1-5p #000583; U6 snRNA #001973).

miR-223 Is an Oncosuppressor in Mammary Epithelial Cells
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The droplet generation was performed in a QX200 Droplet Gen-

erator (Bio-Rad) using Droplet Generation Oil for Probes (Bio-Rad),

according to the manufacturer's protocol. miRNA absolute quantifi-

cation was achieved using QX200 Droplet Reader (Bio-Rad) and data

analyzed with QuantaSoft (Bio-Rad).

Preparation of protein lysates and Western blot analysis

Protein lysates and Western blot were performed essentially as

previously described (22, 26–28). Experimental details and protocols

can be found in Supplementary Data.

Statistical analyses and reproducibility

Statistical significance, means, median, and SD were determined by

using GraphPad PRISM software (version 6.01), using the most

appropriate test, as specified in each figure. A minimum of three

biologically independent experiments was used for statistical signif-

icance. The number and type of replicates used in each experiment are

specified in the figure legends. When not otherwise specified, mean

and SD are shown in all graphs. Significance was calculated by the

Student t test or Mann–Whitney two-sided test or ANOVA, as

appropriate, and indicated by a P < 0.05.

Kaplan–Meier survival curves were generated using the KM Plotter

online tool (http://kmplot.com), using the most appropriate cutoff

value. KM Plotter is an online algorithm exploitable to interrogate the

expression of up to 54,675 genes in up to 3,951 patients with breast

cancer, with a mean follow up of 40 months. The miRNA subsystems

include 11k samples from 20 different cancer types. Primary purpose

of the tool is ameta-analysis–based discovery and validation of survival

biomarkers (29).

Results
miR-223 expression levels inversely correlate with survival in

patients with breast cancer

Recently, we found that miR-223 was upregulated in human

mammary gland following administration of IORT and, by target-

ing the EGF, resulted in dampening of auto/paracrine EGF/EGFR

signaling activation (3). Moreover, we observed that in The Cancer

Genome Atlas dataset, miR-223 expression was decreased in malig-

nant breast tumors, particularly in the luminal and HER2 sub-

types (16). We thus interrogated several datasets containing clinical

information, to evaluate whether the decreased expression level of

miR-223 could also have pathologic implications. In all datasets, the

analysis of miR-223 in correlation with patients’ prognosis clearly

indicated that low miR-223 levels correlated with reduced overall

survival and worse prognosis (Fig. 1A and B).

miR-223 expression is reduced inbreast cancer samples and cell

lines compared with normal counterparts

Based on these in silico results, we analyzed miR-223 expression in

an internal cohort of breast cancer specimens (147 primary tumors

and 36 normal adjacent breast tissues, taken at least 2 cm from

tumor; Supplementary Table S1) and in a large panel of breast cancer

cell lines, encompassing the main breast cancer subtypes (hormone

receptor–positive, luminal; HER2 enriched, luminal or basal; triple

negative). By this analysis, we confirmed the in silico data and showed

that miR-223 expression was reduced in breast cancer respect to the

normal mammary tissue, especially in the luminal and HER2 luminal

subtypes (Fig. 1C). Accordingly, analysis of miR-223 expression in

breast cancer and matched normal adjacent tissue from the same

patient clearly showed that miR-223 was strongly decreased in the

tumor compared with the healthy counterpart, and, again, this was

particularly evident in luminal and HER2 luminal breast cancer

(Fig. 1D).

In line with the results obtained in primary tumor samples, sub-

stantially all transformed breast cancer cell lines displayed decreased

levels ofmiR-223 expression comparedwith normal epithelial (HMEC

and BPEC) or benign fibroadenoma (MCF12A and MCF10A) cell

lines (Fig. 1E). Only NMuMG cells were in contrast with this tendency

and, although nontransformed, displayed very low levels of miR-223

expression (Fig. 1E). Among breast cancer cell lines, those derived

from triple-negative breast cancer expressed the highest levels of

miR-223, again recapitulating what observed in human samples.

These results supported the conclusion that miR-223 is well

expressed in normal mammary epithelial cells and is downmodulated

in breast cancer, especially if the luminal subtype is considered.

miR-223 expression levels critically control the growth of

normal mammary epithelial cells

We thus decided to investigate further the role of miR-223 in

mammary epithelial cells and its regulation during transformation.

To this aim, we manipulated normal breast primary epithelial cells of

the luminal subtype (BPEC) to stably knockdownmiR-223 expression

(Fig. 2A) and characterized their growth behavior in two-dimensional

(2D) and in 3D context. Together with previous results collected in

normal breast primary epithelial cells of the basal-type (HMEC; ref. 3),

our present data confirmed that knocking downmiR-223 expression in

normalmammary epithelial cells enhanced cell proliferation (Fig. 2B–

F) and led to hyperactivation of EGFR (pY1068) in 2D culture and in

3D Matrigel (Fig. 2G–I). Looking at cell morphology, miR-223 levels

also affected the 3D organization ofmammary acini inMatrigel. BPEC

cells in which miR-223 expression was abrogated (anti–miR-223)

formed more numerous, bigger, and more disorganized colonies

(Fig. 2D). Conversely, in MCF7 luminal breast cancer cells, which

endogenously express very low levels of miR-223 (Fig. 1E), over-

expression of miR-223 not only induced formation of colonies that

were less in number and smaller in size (Fig. 2J–L) as previously

reported also for HER2-overexpressing BT-474 cells (3), but also the

reacquisition of the regular structure of a mammary acini (Fig. 2L). In

particular, apicobasal polarity was partially regained, as shown by

restoration of apical tight junction (ZO-1), adherens junctions (b-cate-

nin), and, in some cases, by the formation of hollow lumens (Fig. 2L).

Knockout ofmiR-223marginally affectsmurinemammarygland

development and D16HER2-driven tumorigenesis

Data collected so far indicated a possible role for miR-223 in the

regulation of normal and tumor-derived breast epithelial cells. In our

previous study, we found that, in human mammary gland microen-

vironment, miR-223 regulated EGF levels (3) that represent a key

growth factor in mammary gland postnatal development. We thus

tested in vivo if miR-223 was necessary for proper mammary gland

postnatal development.

First, we evaluated the role of miR-223 and the effect of its depletion

in NMuMG development (3, 6) In WT mice, there was a striking

inverse correlation between miR-223 expression levels and the devel-

opmental stage of the gland, showing that the expansion of the

mammary epithelial cell compartment during pregnancy corre-

sponded to gradually reduced miR-223 levels and reaching its lowest

level one day postpartum, when the mouse mammary glands (MMG)

is fully developed and ready for lactation (Fig. 3A, top plots; Fig. 3B

and C). However, the KO of miR-223 gene did not significantly affect

mammary gland postnatal development (Fig. 3A, bottom plots;

Citron et al.
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Figure 1.

miR-223 expression is reduced in breast cancer samples and inversely correlates with survival of patients with breast cancer. A, Kaplan–Meier survival curve

evaluating the overall survival of patients with breast cancer, based on the expression of miR-223, using the KM Plotter online tool in the Metabric dataset

(n ¼ 1,262). B, Same as in A, in The Cancer Genome Atlas (TCGA) dataset (n ¼ 1,061). C, Graph reports the data from qRT-PCR analysis of normalized miR-

223 expression in normal mammary gland and breast cancer tissues of different subtypes, as indicated. The median value with range is reported. Significance

was calculated using the Mann–Whitney test. D, Graph reports the data from qRT-PCR analysis of normalized miR-223 expression in matched normal and

breast cancer samples of different subtypes, as indicated. E, Graph reports the data from qRT-PCR analysis of normalized miR-223 expression in a panel of

mammary epithelial cell lines, normal, benign, or malignant of the different subtypes, as indicated. When not otherwise specified, in all graphs, data

represent the mean value (� SD) of three independent assays performed in duplicates and are expressed as arbitrary units (A.U.). Asterisks indicate

significant differences. �, P �0.05; ��� , P � 0.001.

miR-223 Is an Oncosuppressor in Mammary Epithelial Cells
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Supplementary Fig. S1A and S1B). Accordingly, female miR-223 KO

mice properly lactated their litter, suggesting that compensating

mechanisms made up for the absence of miR-223 in vivo.

Next, to evaluate the effect of miR-223 loss in onset and progression

of breast cancer, we crossbred miR-223 WT and KO mice with the

D16HER2 transgenic mouse model, expressing an HER2 splicing

variant lacking a 16 aminoacids in the juxtamembrane domain and

developing several aggressive mammary carcinomas, with 100% pen-

etrance at approximately 15 weeks of age (18, 20). First, we fully

characterized the new mouse colony in terms of tumor onset, latency,

growth, number, and burden. With our surprise, genetic deletion of

miR-223 did not affect in a significant manner any of the above-

mentioned parameters (Supplementary Fig. S2A–S2F), although a

slight tendency in increased number of foci and anticipation of tumor

onset was detectable (Supplementary Fig. S2A and S2B). We also

performed syngeneic injections of D16HER2mammary epithelial cells

(D16HER2 mMECs) using different donor–recipient combinations.

We collected D16HER2 mMECs from tumors developed in miR-223

WT or KOmice and injected them into nontransgenic recipient mice,

either miR-223 WT or KO. However, even in this setting, we did not

observe any significant difference in tumor onset and growth among

the different combinations, suggesting that KO of miR-223, either

in the epithelial or in the stromal counterpart, did not significantly

affectD16HER2-driven breast tumorigenesis (Supplementary Fig. S3A

and S3B).

miR-223 is mainly expressed by the epithelial cell compartment

of normal mammary tissue and is not expressed in D16HER2

tumors

These in vivo results were quite in contrast with our in vitro findings

and with the observations made in human breast cancer samples

(Figs. 1 and 2). We decided to evaluate which cell population was

actually expressing miR-223 in the mammary gland. First, we per-

formed ISH for miR-223, but we could not collect solid data regarding

the specificity of the miR-223 probe using the miR-223 KO as negative

control. Therefore, we performed tissue separation from the normal

mouse mammary gland to enrich the epithelial versus the fibroblastic

components and measured miR-223 levels in these two cell compart-

ments. The results univocally indicated that the epithelial cells were the

main contributors of miR-223 within the mammary gland (Fig. 3D).

Then, we analyzed the pattern of D16HER2 oncogene activation and,

in parallel, miR-223 expression in D16HER2-positive mice. In MMGs

collected at 10 weeks of age, only few sparse cells (if any) expressed

D16HER2; at 13 weeks of age, when we first start to observe the

formation of tumor foci, there was an increase in D16HER2; finally, at

16 weeks of age, when large parts of the MMG are substituted by

transformed cells, and at 20 weeks of age, when tumor masses have

totally replaced the MMG, all cells become massively and intensely

positive for D16HER2 (Fig. 3E). The parallel analysis of miR-223

showed that although it was readily expressed by the D16HER2 MMG

in preneoplastic setting (10 weeks of age), it was completely lost in

D16HER2 tumors and, accordingly, in the epithelial cell population

extracted from the tumor (Fig. 3F). Thus, once that the oncogene was

activated,D16HER2-positivemMECs frommiR-223WTmice became

substantially knocked out formiR-223 expression, indirectly clarifying

why we did not detect any difference in tumor phenotypes in miR-223

KO compared with WT animals (Supplementary Figs. S3 and S4).

miR-223 expression partially controls HER2-driven breast

cancer cell proliferation and 3D organization

To confirm these data in a more controlled in vitro system, we

knocked downmiR-223 expression (anti–miR-223) in normal epithelial

cells of basal (HMEC) and luminal (BPEC) subtype and transformed

themwith different HER2 isoforms, namely theWT, theD16HER2, and

the HER2V659E, a variant carrying a mutation in the juxtamembrane

domain (Fig. 4A; Supplementary Fig. S4A; refs. 30, 31).

Down modulation of miR-223 expression (anti–miR-223)

increased the 3D growth in control BPEC (Fig. 4B–D), as already

observed in HMEC (Supplementary Fig. S4; ref. 3). As expected, all

isoforms of HER2 significantly stimulated the 3D Matrigel growth,

both in control BPEC andHMEC (Fig. 4B–D; Supplementary Fig. S4B

and S4C).However, the expression of the constitutively active isoforms

of HER2 did not add a significant 3D-growth advantage in cells that

were already downmodulated for miR-223 (anti–miR-223 empty),

suggesting that they acted on the same signaling axis (Fig. 4B–D;

Supplementary Fig. S4B and S4C). A closer look to HER2WT-expres-

sing cells demonstrated that miR-223 downmodulation resulted in

increased proliferation, as evidenced by the higher number of Ki67-

positive cells in colonies from anti–miR-223 HMEC (Supplementary

Fig. S4D and S4E). We also observed that HER2WT-expressing MCF7

and NMuMG cells remained sensitive to EGF stimulation for their

growth, while they become EGF insensitive if expressing D16HER2

(Fig. 4E and F). Overall, these data indicate that miR-223 participates

to the control of breast cancer cell proliferation, in part by regulating

the expression of EGF. But when HER2 is constitutively activated

(D16HER2), the possible contribution of miR-223 silencing and/or

EGF to the transformed phenotype is lost.

miR-223 expression is rapidly downmodulated following cell

transformation

Many data that we collected both in vitro and in vivo described

an inverse correlation between miR-223 expression and cell

Figure 2.

Downmodulation ofmiR-223 expression levels alters the growth ofmammaryepithelial cells.A,Graph reports thedata fromqRT-PCR analysis of normalizedmiR-223

expression (in arbitrary units, A.U.) in BPEC cells stably transduced with control and anti–miR-223 lentiviral vectors. B, Graph reports the data from growth curve

analysis of control and anti–miR-223 BPEC cells, expressed as fold increase over the number of cells plated on day 0. Cell viability wasmeasured every day for 5 days

byMTS assay.C,Graph reports the data from clonogenic assay of control and anti–miR-223 BPEC cells. The total number of colonies/well after 15 days is reported.D,

Representative contrast-phase images of control and anti–miR-223 BPEC cells included in 3D Matrigel, grown in serum-free media (SFM) supplemented or not with

5%wound fluid (WF) and allowed to grow for 8 days. E,Graph reports the colony number/well of the experiment described inD. F, Graph reports the colony area of

the experiment described inDmeasured using the Volocity software and expressed as mm2 x 103. Each dot corresponds to one colony.G,Western blot analysis of the

indicated proteins in lysates from control and anti–miR-223 BPEC cells. GAPDH was used as loading control. H, Representative confocal images of immuno-

fluorescence analyses of mammary acini in 3D Matrigel from control and anti–miR-223 BPEC cells, immunostained for pY1068EGFR (green), E-cadherin (red), and

nuclei (TO-PRO-3, blue). I, Graph reports the percentage of pY1068EGFR-positive/all colonies of the well, from the experiment described in H. J, Graph reports the

number of mammary acini/well formed by control and miR-223–overexpressing MCF7 cells in 3D Matrigel, allowed to grow for 8 days. K, Graph reports the colony

area of the experiment described in J measured using the Volocity software and expressed as mm2 x 103. Each dot corresponds to one colony. L, Representative

confocal images of mammary acini of the experiment described in J, immunostained for ZO-1 (green; top plots), b-catenin (red; top plots), E-cadherin (red; bottom

plots), and nuclei (TO-PRO-3, blue). In all graphs, data represent the mean (� SD) of three independent experiments performed in duplicates. Student t test or

Mann–Whitney test was used for statistical analysis, as appropriate. Asterisks indicate significant differences. � , P �0.05; �� , P � 0.01; ��� , P � 0.001.
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transformation and sustained proliferation. These results are in line

with the notion that E2F1 is a strong transcriptional repressor of miR-

223 promoter, and we already identified this as a mechanism con-

tributing to unlock cell-cycle arrest (3, 16). Pulling together all this

information, we hypothesized that the loss of miR-223 expression

could represent a widespread and early event during cellular trans-

formation, at least all times that E2F1 was directly or indirectly

involved. To test this hypothesis, we transformed BPEC cells with

different oncogenes and evaluated the expression of miR-233 before

and after the expression of the oncogenic stimuli. As positive control,

we used mutant TP53 that has been shown to downregulate miR-223

expression in cancer cells (9). After only 48 hours from oncogene

transfection and expression (Supplementary Fig. S5A–S5D), we

detected a consistent and significant decrease in miR-223 expression

levels (Fig. 5A). In line with the data collected in 3D Matrigel,

constitutively active forms of HER2 (D16 and V659E) were the

oncogenes that more significantly decreased miR-223 levels in BPEC

cells (Fig. 5A). Similar observations were obtained using the HMEC

(Supplementary Fig. S5E) andNMuMG cells that, although expressing

very low basal levels, decreased even further their miR-223 levels when

transformed with different HER2 isoforms (Supplementary Fig. S5F

and S5G).

miR-223 overexpression reduces the oncogenic potential of

HER2-transformed mammary epithelial cells

Next, we asked if forcing miR-233 reexpression in tumor cells that

have lost its expression could, at least partially, revert the transformed

phenotype. We exploited NMuMG cells, which endogenously express

very low levels of miR-223 (Fig. 1E), transformed them with

D16HER2, and overexpressed miR-223 or a scramble sequence (con-

trol; Fig. 5B). Then, we orthotopically injected cells in the thoracic

mammary fat pad (MFP) of athymic nude female mice and followed

Figure 3.

miR-223 is expressed in the epithelialmammary cells, and its expression is rapidly downmodulated during tumorigenesis.A,Representative confocal imagesofMMGs

immunostained for pS10-H3 (red), tubulin (green), and nuclei (TO-PRO-3, blue) and collected from miR-223 WT or KO female mice at different stages of

development: 10-week virginmiceD16HER2positive (D16þ) and negative (D16-); 18 days of pregnancy (18 dop) and onedaypostpartum (1dpp) inD16-mice.B,Graph

reports the quantification of pS10-H3–positive cells per field, from theMMGs described inA.C,Graph reports the data from qRT-PCR analysis of normalizedmiR-223

expression (in arbitrary units, A.U.) in MMGs described in A, plus the ones collected at 13.5 days of pregnancy (13.5 dop). Each dot represents a different MMG, and

MMGs were collected from at least two different mice. D, Representative contrast-phase images of cell populations extracted from female MMG to separate the

epithelial from the fibroblast counterpart (left plots). On the right, graph reports the data from qRT-PCR analysis of normalized miR-223 expression in the two

indicated cell components. Each dot represents the cell extraction from a different mouse. E, Immunohistochemistry analysis of HER2 to detect D16HER2 transgene

activation in MMGofD16HER2-positive femalemice, collected at different time points (10-, 13-, 16-, and 20weeks of age), as indicated. F,Graph reports the data from

qRT-PCR analysis of normalizedmiR-223 expression (in arbitrary units, A.U.) inMMG fromD16HER2-negative (D16-) or -positive (D16þ) FVB femalemice (10weeks of

age), in D16HER2 mammary tumors (20 weeks of age), and in tumor epithelial cells extracted from D16HER2þmammary tumors. Each dot represents the miR-223

quantification in a differentMMG, tumor, or cell preparation, as indicated in the graph. The Student t test was used for statistical analysis. Asterisks indicate significant

differences. �� , P � 0.01; ��� , P � 0.001.
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Figure 4.

miR-223 expression partially counteracts HER2-driven breast cancer cell proliferation and 3D organization. A, Western blot analysis of the indicated proteins in

lysates from BPEC cells stably transduced with control or anti–miR-223 lentiviral vectors and transiently transfected with different HER2 isoforms (wild type, WT;

D16HER2, D16; constitutively active, V659E) or empty vector, as indicated. Tubulin was used as loading control. B, Representative contrast-phase images of control

and anti–miR-223 BPEC cells transiently transfected with empty vector or different HER2 isoforms (WT, D16, or V659E) included in 3D Matrigel and allowed to grow

for 8 days.C,Graph reports the acini number/well of the experiment described inB.D,Graph reports the colonyareaof the experiment described inB,measured using

the Volocity software and expressed as mm2. Each dot corresponds to one colony. E, Growth curve analysis of MCF7 cells stably transfected with empty

vector (Control) or different HER2 isoforms (WT and D16), as shown in the inset by Western blot analysis. GAPDH was used as loading control. Cells were plated

at day 0 (50 � 103/well) in complete medium with or without the addition of EGF (20 ng/mL) and then counted by Trypan Blue exclusion test, every other day

for 7 days. Data represents themean (� SD) of two independent experiments performed in triplicate. F, Same as in E, but using NMuMG cells. � , P�0.05; �� , P� 0.01;
��� , P � 0.001; ���� , P � 0.0001.
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Figure 5.

miR-223 expression is rescued by antiproliferative stimuli and its overexpression reduces the oncogenic potential of HER2 in mammary epithelial cells. A, Graph

reports the data fromqRT-PCR analysis of normalizedmiR-223 expression (in arbitrary units, A.U.) in BPEC cells transiently transfectedwith an empty vector (CTR) or

with vectors expressing the indicated oncogenes (HER2WT,D16HER2, HER2V659E, KRASG12D, TP53R273H, PIK3CAWT, and PIK3CAH1074R). Data of all graphs represent

themean (� SD) of three independent experiments performed in duplicates. B,Graph reports the data from qRT-PCR analysis of normalizedmiR-223 expression (in

arbitrary units, A.U.) in NMuMG cells transfected with D16HER2 and stably transduced with control or miR-223–overexpressing vectors. C, Graph reports the tumor

growth of D16HER2-NMuMG cells stably transducedwith control or miR-223, injected in theMFP of athymic female nudemice. Tumor growthwasmonitored twice a

week. Inset, theWestern blot analysis of HER2 in lysates fromparental andD16HER2þNMuMG cells is reported. Tubulinwas used as loading control.D,Graph reports

thedata fromqRT-PCRanalysis of normalizedmiR-223 expression in epithelial cells extracted fromD16HER2- tumors transiently transducedwith control ormiR-223–

overexpressing vectors. Each dot represents a different cell preparation. E, Graph reports the onset of tumors grown from D16HER2 epithelial cells, described in D,

injected in theMFPofmiR-223WTorKO (D16HER2 negative) recipientmice. The number (n) ofmice and the average time (days, d) of palpable tumor appearance are

indicated at the top of each category. Each dot represents a different tumor. F,Western blot analysis of the indicated proteins in lysates from MCF7 parental cells

treatedwith vehicle or palbociclib 10mmol/L for the indicated timepoints (hours, hrs). GAPDHwas used as loading control.G andH,Graphs report the data fromqRT-

PCRanalysis of normalizedmiR-223expression (in arbitrary units, A.U.) inMCF7 (G) andBT-474 (H) luminal breast cancer cell lines, treatedwith palbociclib 10mmol/L

for the indicated time points. I, Dose–response curve of MCF7 cells transiently transfected with control or anti–miR-223 oligo and treated for 72 hrs with increasing

doses of palbociclib, as indicated. Cell viability was measured by MTS assay. Student t test was used for statistical analysis. Asterisks indicate significant differences.
� , P �0.05; �� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001.
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up xenografts’ growth for 30 days. Overexpression of miR-223 dras-

tically restrained D16HER2-driven tumor cell growth (Fig. 5C). To

confirm these results in an immune-proficient model, we overex-

pressed miR-223 in mMECs extracted from D16HER2 tumors, which

express very low levels of miR-223 (Fig. 3F), and then performed

syngeneic injections in nontransgenic miR-223 WT or KO recipient

mice. Again, miR-223 overexpression significantly delayed tumor

onset, in line with what observed in nude mice (Fig. 5D and E). This

experimental approach further suggested thatmiR-223 actedmainly in

a cell-autonomous manner, because miR-223 overexpression in

D16HER2 mMECs was able to delay tumor growth in both recipient

mice genotypes (Fig. 5E).

miR-223 expression is a requisite for the response to CDK4/6

inhibition

We next reasoned that if transformation results in downregula-

tion of miR-223, then pharmacologic treatments that impinge on

E2F1 activity could rescue miR-223 expression. To this aim, we used

the CDK4/6 inhibitor palbociclib, which, by reducing retinoblas-

toma (RB) phosphorylation, increases its binding to E2F1, thereby

restraining its transcriptional activity and, eventually, blocking

cell-cycle progression. We treated luminal (MCF7) and HER2

luminal (BT-474) breast cancer cells with palbociclib in a time

course experiment and observed that miR-223 expression levels

were increased following palbociclib treatment (Fig. 5F–H). The

same was true also for D16HER2 mMECs that consistently

increased miR-223 levels after palbociclib treatment (Supplemen-

tary Fig. S6A and S6B). To evaluate whether the upregulation of

miR-223 was only a side effect or whether it was a necessary event

for efficacy of the treatment, and we downmodulated miR-223

expression in MCF7 and in BPEC cells (anti–mir-223) before

treating them with palbociclib. Following treatment, anti–miR-

223 cells, unable to upregulate miR-223 expression, were signifi-

cantly more resistant to palbociclib (Fig. 5I; Supplementary

Fig. S6C).

Next, we asked whether miR-223 upregulation was also required

to obtain a therapeutic response, in vivo. As a first approach, we

extracted D16HER2 mMECs from miR-223 WT or KO tumors and

orthotopically injected them in NSG mice or into syngeneic

recipient miR-223 WT or KO mice. When tumors became pal-

pable, we started to treat mice with palbociclib and followed tumor

growth over time. In both experimental conditions, miR-223 WT

D16HER2 tumors stopped their growth and also partially

regressed, whereas corresponding tumors from miR-223 KO

D16HER2 cells, which could not upregulate miR-223 following

treatment, were resistant to palbociclib treatment and continued to

grow (Fig. 6A and B). Then, we tested the response to palbociclib

in D16HER2 transgenic miR-223 WT or KO mice that spontane-

ously develop multiple tumors in all MMG (Supplementary

Fig. S2; refs. 18, 20). When first tumors became palpable, we

started treatment with palbociclib for 8 weeks. After a transitory

cytostatic effect, miR-223 KO tumors restarted to grow, whereas

WT ones remained blocked at long term (Fig. 6C). More strik-

ingly, the number of new tumors appearing under palbociclib

treatment was dramatically higher in D16HER2 miR-223 KO mice

compared with WT ones, indicating that palbociclib was highly

effective in blocking the evolution of very small foci into frank

tumors, but only when miR-223 could be upregulated (Fig. 6D).

Altogether, the data collected strongly point to miR-223 as an

important player in the response to CDK4/6 inhibition in

D16HER2 breast cancer.

Loss of miR-223 is an early marker for mammary DCIS

Overall, the data collected in vitro and in vivo supported that miR-

223 is readily downregulated in normal mammary epithelial cells

following transformation and that this downregulation could func-

tionally contribute to tumor onset and progression. To verify if this

observation could be recapitulated in the human pathology, we

collected specimens from a cohort of patients with human luminal

and HER2þ breast cancer, in which areas of normal mammary tissue

coexisted with areas of DCIS and IDC (Supplementary Table S2).

Within each specimen, we microdissected areas of normal mammary

gland tissue, DCIS, and IDC (Fig. 6E). Then, we extracted the RNA

and quantitatively analyzed miR-223 expression by ddPCR in these

three contexts. The data very clearly indicated that miR-223 levels

dropped in the DCIS compared with the adjacent normal tissue and

further decreased in the infiltrating breast cancer regions (Fig. 6F).

These results were consistently maintained when matched samples

from the same patient were compared (Fig. 6G). These findings in

human samples robustly recapitulated the observation, previously

collected in vitro and in vivo, that loss of miR-223 is an early event

during mammary epithelial cell transformation.

Altogether, the data collected in these human samples support the

possibility that loss of miR-223 expression is a potential biomarker for

DCIS lesions that are likely to progress to invasive breast cancer.

Discussion
In previous work, we have investigated the cross-talk existing

in patients with breast cancer between the postsurgery tumor micro-

environment and the residual cancer cells (3). We found that the

delivery of IORT interferes with this cross-talk, not only killing tumor

cells but also altering the microenvironment at molecular level.

Following IORT, miR-223 was rapidly transcribed by the mammary

peritumoral tissue and, by directly targeting EGF, dampened its release

during the wound-healing response, efficiently blocking the autocrine/

paracrine activation of EGFR pathway in the postoperative context (3).

Here, we indirectly confirmed a central role for miR-223 in the control

of EGF signaling and HER2 activation, showing that miR-223 affects

the activation of HERWT but not of its constitutively activated forms.

Our data support the possibility of a feedback regulation that, follow-

ing activation of HER2, could drive miR-223 downregulation via RB

repression and E2F1 activation.

We investigated whether miR-223 could also play a role during

normal mammary gland development and/or during breast tumor-

igenesis. In vitro, miR-223 regulated acinar morphogenesis of

normal mammary epithelial cells grown in 3D Matrigel, and its

ablation led to a partial disruption of their organization. Analyses of

mammary glands from miR-223 WT female mice collected at

different stages of development highlighted a striking inverse

correlation between miR-223 expression levels and the develop-

mental stage of the gland, showing a progressive downmodulation

of miR-223 as the mammary epithelial cell compartment gradually

expanded. However, in MMG from miR-223 KO mice, we did not

observe macroscopic defects and, accordingly, these mice were able

to properly lactate their litter. These results indicated that in vivo,

under physiologic conditions, miR-223 is readily downregulated in

proliferating mammary epithelial cells to allow the proper expan-

sion of the mammary ducts necessary for a proficient lactation but

also show that its loss could be compensated by other mechanisms.

In the future, it will be interesting to verify if, instead, overexpres-

sion of miR-223 in normal mouse mammary gland is able to alter its

postnatal development.
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By in-depth study of the D16HER2 transgenic mice, we observed

that the loss ofmiR-223 did not significantly impinge on the aggressive

phenotype of this breast cancer model. Our analyses highlighted that

miR-223 was no longer expressed by the cells once they become

tumoral, making miR-223 WT and KO D16HER2 breast cancer cells

essentially identical. We thus realized that, because miR-223 abro-

gation was a natural consequence of cell proliferation/transformation,

what we needed to evaluate was the effect of its reexpression in

transformed cells. Accordingly, forced overexpression of miR-223

strongly affected D16HER2-driven tumor cell growth, also in vivo

(Fig. 5).

Many targets have been reported to mediate miR-223 effects in cell

proliferation, cancer and breast cancer in particular, including

Stim1 (32), and HAX (33), but none of them has demonstrated a

consistent behavior in our luminal breast cancermodel.We and others

have reported that E2F1 and miR-223 comprise an autoregulatory

negative feedback loop (12, 16). Given the involvement of E2F1 in cell

cycle, it is possible that the balance of this reciprocal regulation could

be critical in directing the final decision of the cell to proliferate. EGF,

that we previously demonstrated as a key miR-223 target in the

postsurgical tumor microenvironment (3) and that is certainly

involved in mediating miR-223 effects in normal mammary epithelial

cells, seems to be dispensable in the context of D16HER2 breast cancer

model, because EGFR/HER2 pathway is already constitutively

activated.

The most relevant observations of our study concern the potential

translatability of our findings to the clinical setting. We find that

miR-223 is downregulated in the early steps of transformation

in vitro and in vivo, and DCIS lesions in patients with breast cancer

dramatically lose miR-223 expression. DCIS might or not evolve

in frank IDCs. Because our specimens were all from patients also

IDC-positive, our selected DCIS are the ones that would likely have

evolved in IDC over time. In the future, it will be interesting to verify

if different expression of miR-223 correlates with clinical outcome, in

patients with DCIS but not IDC, eventually allowing the use of miR-

223 as a predictive biomarker of progression from DCIS to IDC.

Further, we observed that miR-223 expression increases in

response to the CDK4/6 inhibitor palbociclib, in vivo and

in vitro, and this increase likely represents a precocious marker of

therapy efficacy. In the spontaneous FVB D16HER2 miR-223 WT

mice, palbociclib treatment resulted not only in growth arrest of

palpable tumors, but also in a dramatic decrease in the number of

new tumors, whereas miR-223 KO mice continued to develop new

tumors (Fig. 6E). This result is clinically relevant because palbo-

ciclib is administered to patients with breast cancer in the adjuvant

setting, in which it acts to block the growth of disseminated tumor

cells, isolated or aggregated in small foci, a situation highly rem-

iniscent of what we observed in mice. Because miR-223 is a secreted

miRNA, it would be interesting to evaluate whether miR-233

expression levels could be predictive of palbociclib response in

patients with luminal breast cancer. As an alternative, it would be

interesting to verify if a validated miR-223 target could serve as

indirect biomarker of its expression. In many tumor types, the

expression of miR-223 has been put in negative correlation with

that of stathmin, an oncoprotein highly expressed in proliferating

tissues, in advanced stage disease and particularly important in

mammary gland development and tumorigenesis (20, 34–36).

Looking at stathmin levels in correlation with those of miR-223,

especially in human DCIS samples, could open new perspectives in

identifying the most aggressive disease.

Here, we have focused on the connection between miR-223

and the pRB–E2F1 axis. However, because mutant p53 binds the

miR-223 promoter and reduces its transcriptional activity, it will

be also interesting to investigate the role and the implications of

this regulatory loop in the context of mutant TP53 breast

cancers (9).

Alterations of the cell cycle, eventually impinging on the

pRB/E2F1 pathway, are present virtually in any human cancer.

Restoring the cell-cycle control is thus one of the most intriguing

ways to treat patients with many different cancers. Currently, the

combined treatment with CDK4/6 inhibitors and hormonal therapy

represents a successful strategy to improve prognosis of patients

with luminal breast cancer. Standard of care for patients with

advanced luminal breast cancer (early-stage being the next frontier)

now includes a CDK4/6 inhibitors as first-line treatment (37), and

the addition of CDK4/6 inhibitors to anti-HER2 therapies has

proved feasible in clinical setting, with a good tolerability profile

and promising efficacy (38). Thus, the need for biomarkers able

to identify responders/nonresponders has become compelling. A

better understanding of the factors that are involved in regulating

pRB/E2F1 axis is certainly needed to identify patients that will

or will not respond to those therapies, and our data indicate that

miR-223 could represent a good candidate.

Overall, our work defines miR-223 downregulation as a very early

event in luminal breast cancer formation and supports the possibility

that it could serve as predictive biomarker of prognosis and/or

response to targeted therapies that impinge on the activity of the

pRB/E2F1 axis.

Figure 6.

Loss of miR-223 induces resistance to CDK4/6 inhibition and is an early marker for invasive and in situ ductal carcinoma. A, Graph reports the tumor growth

of D16HER2 mMECs extracted from D16HER2 miR-223 WT and KO tumors and orthotopically and bilaterally injected in NSG mice. When tumors became palpable

(T0; 10 tumors/group), mice were treated with palbociclib (100mg/kg) 5 days/week for 5 weeks. Data are expressed as folds of tumor volume at each time point on

its volume at T0,� SEM. B, Graph reports the tumor growth of D16HER2mMECs extracted from D16HER2miR-223WT and KO tumors, orthotopically and bilaterally

injected in miR-223 WT or KO recipient mice, as indicated. When tumors became palpable (T0; 6 tumors/group), mice were treated with palbociclib (75 mg/kg)

3 days/week, for 7weeks. Data are expressed as folds of tumor volume at each time point on its volume at T0,� SEM.C,Graph reports the growth of palpable tumors

inD16HER2miR-223WT and KOmice (4mice/group) treated with palbociclib (75mg/kg) 3 days/week for 8weeks. Multiple tumors permice (>5)weremeasured at

each time point. Data are expressed as folds of tumor volume at each time point on its volume at T0, � SEM. In all above graphs, statistical significance has been

calculated by two-way ANOVA test. D, Graph reports the number of tumors that became palpable under palbociclib treatment and retrieved at necroscopy, in the

experiment reported in C. Right, representative pictures of tumors extracted at necroscopy from palbociclib-treated D16HER2 miR-223 WT (top) and KO (bottom)

mice are shown. E,Middle, a representative picture of hematoxylin and eosin staining of a human G3 breast cancer (BC), at�5magnification, is shown. In the boxes,

areas of normal mammary tissue (Normal), in situ (DCIS), and invasive (IDC) breast cancer that were separately microdissected from each specimen are shown.

F, Graph reports data from ddPCR analysis of normalized miR-223 expression (in arbitrary units, A.U.) in specimens from 14 patients with breast cancer containing

normal mammary tissue, in situ (DCIS), and invasive (IDC) lesions.G,Graph reports the same data described in F, but showingwhich is the pattern of the three values

in normal, DCIS, and IDC from each single patient. Data are expressed as normalized miR-223 median value with range. Mann–Whitney test was used for statistical

analysis. Asterisks indicate significant differences. �, P �0.05; �� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001.
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