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Abstract: Cancer associated fibroblasts (CAFs) play a main role in breast cancer progression and
metastasis. Estrogens modulate in breast CAFs the expression of microRNAs (miRNAs) that
are involved in the development of many tumors. In order to provide novel insights on the
regulation of miRNAs by estrogens in breast cancer, we analyzed the expression of 754 miRNAs
in CAFs obtained from primary mammary tumors and CAFs derived from a cutaneous breast
cancer metastasis. Using the TagMan™ Human MicroRNA Array, we found that 17-estradiol
(E2) modulates numerous peculiar and common miRNAs in CAFs derived from primary and the
metastatic malignancies. In particular, we assessed that E2 modulates 133 miRNAs (41 up and
92 downregulated) in CAFs derived from primary breast tumors, whereas E2 modulates 415 miRNAs
(399 up and 16 downregulated) in CAFs derived from a cutaneous metastasis of breast carcinoma.
Therefore, a number of miRNAs three times higher in metastatic CAFs with respect to primary breast
CAFs was found modulated by E2. Our findings shed new light on the cumulative regulation of
miRNAs by E2 in the main players of the tumor microenvironment as CAFs. Moreover, our data may
be taken into consideration that is useful toward innovative prognostic and therapeutic approaches
in breast cancer progression.
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1. Introduction

Breast cancer is the most common type of neoplasia and the primary cause of cancer mortality in
women [1]. Deaths from breast tumors are mainly due to the metastatic dissemination of the malignant
cells, a process that may occur in approximately 30% of patients [1]. Metastasis starts with the local
invasion of the surrounding host tissues by cells originating from the primary tumor and then the
malignant cells migrate to distant organs via either the blood stream or the lymphatic vessels [2].
It has been established that the interactions between breast cancer cells and the associated stroma
play a crucial role in breast tumor progression and metastasis [3]. Within the microenvironment,
the fibroblasts initially contribute to block the tumor growth. Thereafter, the fibroblasts change the
morphology and function resulting in cancer associated fibroblasts (CAFs) upon the stimulation of
various molecular signals generated by nearby tumorigenic cells [4,5]. CAFs are highly heterogeneous
and express specific markers, which are widely used for their identification [6]. Previous studies have
shown that CAFs are involved in all stages of tumorigenesis and their action may be associated with
a poor survival outcome [6]. In this regard, it has been shown that secreting several factors, including
interleukins, growth factors and collagen, CAFs may trigger the inflammatory microenvironment
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through either paracrine or autocrine mechanisms [4,7-9]. Within the neoplastic stroma, CAFs
interact not only with the cancer cells but also with pro-tumoral cells like macrophages, regulatory
T cells, myeloid-derived suppressor cells, cancer associated dendritic cells and others [6]. In addition,
CAFs may negatively regulate certain functions of diverse cells like natural killer and cytotoxic
T lymphocytes, which display an oncosuppressor activity in the tumor stroma [6].

Previous studies have demonstrated that estrogens contribute to the development of breast cancer
mainly acting through the classical estrogen receptors (ERs) [10]; however, the G protein estrogen
receptor (GPER) has been also involved in the estrogen stimulation of both ER-negative breast cancer
cells and CAFs [11-21].

Recent evidence has indicated that estrogens may regulate in diverse cell types, including CAFs,
the expression of microRNAs (miRNAs) [22-25] that are short molecules of non-coding RNA involved
in important pathophysiological processes as tumor development [26,27]. In particular, miRNAs
regulate gene expression binding to specific sequences located within the 3’ un-translated region
(3’-UTR) of target mRNAs [28]. Different mechanisms as chromosomal abnormalities, epigenetic
modifications and even an altered biogenesis and transcriptional control of miRNAs have been
associated with their dysregulation in various types of cancer as breast tumors [29-31].

In order to provide novel findings on the potential of estrogens to modulate the expression of
miRNAs in breast cancer microenviroment toward the metastatic dissemination, we aimed to assess
upon exposure to estrogens the miRNA expression landscape in CAFs derived from primary breast
tumors and CAFs obtained from a cutaneous metastasis of a mammary carcinoma. Intriguingly,
we found that estrogens modulate the expression of miRNAs about three times more in metastasis
derived CAFs with respect to CAFs obtained from primary breast tumors. Moreover, our data identified
a variety of peculiar and common miRNAs regulated in the aforementioned cells, therefore providing
a more comprehensive scenario on the potential of estrogens to engage a large number of miRNAs
toward the dissemination of breast cancer cells.

2. Results and Discussion

We began the present study evaluating in CAFs derived from breast tumors and CAFs
obtained from a cutaneous metastasis of a mammary carcinoma, the estrogen regulation of 754
miRNAs, which were formerly and recently involved in various human diseases, including cancer
(www.thermofisher.com/order/catalog/product/4444913). The results obtained allowed us to define
a more comprehensive profile of E2-modulated miRNAs in important components of the cancer
microenvironment like CAFs located either within the primary tumor site or the distant metastasis.
The aforementioned assessment was performed by the TagMan™ Human MicroRNA Array (Applied
Biosystems, Milan, Italy), setting the undetermined values at Ct 40. The levels of significance and the
fold change in the expression of miRNAs in both cell types upon estrogen exposure were represented
by a Volcano Plot (Figure 1A,B). Considering only the miRNAs exhibiting at least either a two-fold
increase or a 50% reduction upon E2 treatment with respect to vehicle-treated cells and a statistical
significance of p < 0.05, we identified 133 (Figure 2) and 415 (Figures 3-5) E2-modulated miRNAs,
respectively, in CAFs derived from primary breast tumors and CAFs derived from the metastatic
breast cancer. These results demonstrate that E2 orchestrates the miRNA expression three times
more in CAFs located within the metastatic breast cancer with respect to primary breast tumors.
In particular, E2 upregulated 41 miRNAs and downregulated 92 miRNAs in CAFs derived from
primary breast tumors (Figure 6), whereas the treatment with E2 increased the expression of 399 and
lowered the expression of 16 miRNAs in CAFs derived from the metastatic breast cancer (Figure 7).
Therefore, it could be argued that, in the latter type of cells, the estrogen stimulation triggers a huge
miRNAs increase with respect to CAFs from primary breast tumors. Next, we aimed to assess the
joint and unique regulated miRNAs in these cell types. As made evident by the Venn diagram,
56 and 338 unique E2-regulated miRNAs were detected, respectively, in CAFs derived from primary
breast tumors and CAFs obtained from the metastatic breast cancer, whereas 77 miRNAs were
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found joint in these cell types (Figure 8A). Regarding the above-mentioned 77 miRNAs, upon E2
treatment 22 miRNAs increased in both cell types, whereas 55 miRNAs were found downregulated
and upregulated, respectively, in CAFs derived from primary breast cancers and CAFs derived from
the metastatic breast tumor (Figure 8B). Thus, within the joint miRNAs, only one third displayed
a similar response, while the others showed an opposite regulation. In addition, E2 triggered an
increase and a reduction, respectively, of 19 and 37 unique miRNAs in CAFs derived from primary
breast tumors (Figure 9), whereas E2 upregulated 322 unique miRNAs and downregulated 16 unique
miRNAs in CAFs derived from the metastatic breast cancer (Figure 10). Then, we performed an in
silico analysis using MiRo v.2 software (microrna.osumc.edu/miro/) in order to ascertain relevant
biological function of estrogen-modulated miRNAs as cell proliferation, motility, migration, apoptosis
and angiogenesis (Figure 11).
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Figure 1. Volcano plot of miRNAs in cancer associated fibroblasts (CAFs) derived from primary breast
tumors (A) and metastatic breast cancer (B) upon treatment with 100 nM E2 (173-estradiol) for 4 h.
The x-axis represents log2 Fold Change of miRNAs expression in estrogen stimulated samples versus
vehicle treated samples, the y-axis represents —log10 p-values. The vertical dashed lines represent Fold
Change = 2.0, while the horizontal dashed line represents p-value = 0.05. Points to the left (green)
and right (red) of the plots represent miRNAs significantly downregulated and upregulated by E2
treatment, respectively.
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Figure 2. E2-modulated the expression of miRNAs in CAFs derived from primary breast tumors. Heat
Map representation of 133 E2-regulated miRNAs in CAFs treated with 100 nM E2 for 4 h and analyzed
by TagMan Low-Density Array Human miRNA. The rows represent miRNA and columns represent the
treatment exposure. Each column is illustrated according to a colour scale from green (low expression)
to red (high expression). The distance measured is Euclidean Distance and the clustering method is
complete linkage. Dendrograms of clustering analysis for miRNAs and samples are displayed on the
top and right, respectively.
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Figure 3. E2-modulated expression of miRNAs in CAFs derived from cutaneous metastatic breast

tumor. Heat Map representation of 138 E2-regulated miRNAs in CAFs derived from a cutaneous

metastasis treated with 100 nM E2 for 4 h and analyzed by TagMan Low-Density Array Human miRNA.

Rows represent an miRNA and columns represent the treatment exposure. Each column is illustrated

according to a colour scale from green (low expression) to red (high expression). The distance measured

is Euclidean Distance and the clustering method is complete linkage. Dendrograms of clustering

analysis for miRNAs and samples are displayed on the top and right, respectively.
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Figure 4. E2-modulated expression of miRNAs in CAFs derived from cutaneous metastatic breast
tumor. Heat Map representation of 138 E2-regulated miRNAs in CAFs derived from a cutaneous
metastasis treated with 100 nM E2 for 4 h and analyzed by TagMan Low-Density Array Human miRNA.
Rows represent an miRNA and columns represent the treatment exposure. Each column is illustrated
according to a colour scale from green (low expression) to red (high expression). The distance measured
is Euclidean Distance and the clustering method is complete linkage. Dendrograms of clustering
analysis for miRNA and samples are displayed on the top and right, respectively.
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hsa-miR-133b
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- E2 - E2

Figure 5. E2-modulated expression of miRNAs in CAFs derived from a cutaneous metastatic breast
tumor. Heat Map representation of 139 E2-regulated miRNAs in CAFs derived from a cutaneous
metastasis treated with 100 nM E2 for 4 h and analyzed by TagMan Low-Density Array Human miRNA.
Rows represent an miRNA and columns represent the treatment exposure. Each column is illustrated
according to a colour scale from green (low expression) to red (high expression). The distance measured
is Euclidean Distance and the clustering method is complete linkage. Dendrograms of clustering
analysis for miRNAs and samples are displayed on the top and right, respectively.
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Regulated miRNAs in CAFs derived from primary breast tumors

hsa-miR-1245a; hsa-miR-144-5p; hsa-miR-548k; hsa-miR-100-3p; hsa-miR-548i;

hsa-miR-9-3p; hsa-miR-873-5p; hsa-miR-551b-5p; hsa-miR-363-3p; hsa-miR-639;

T hsa-miR-944; hsa-miR-150-5p; hsa-miR-644a; hsa-miR-708-3p; hsa-miR-573;
hsa-let-7b-3p; hsa-miR-511-5p; hsa-miR-605-5p; hsa-miR-488-5p; hsa-miR-519b-3p;

41 | hsa-miR-346; hsa-miR-548b; hsa-miR-769-3p; hsa-miR-572; hsa-miR-548j; hsa-miR-1262;

hsa-miR-582-3p; hsa-miR-630; hsa-miR-541-3p; hsa-miR-30c-1-3p; hsa-miR-326;

hsa-miR-1201; hsa-miR-497-3p; hsa-miR-651-5p; hsa-miR-92b-5p; hsa-miR-375-3p;

hsa-miR-1184; hsa-miR-504-5p; hsa-miR-101-5p; hsa-miR-125a-3p; hsa-miR-802

hsa-miR-1302; hsa-miR-33b-5p; hsa-miR-561-3p; hsa-miR-202-3p; hsa-miR-429;
hsa-miR-523-3p; hsa-miR-606; hsa-miR-520f-3p; hsa-miR-600; hsa-miR-518b;
hsa-miR-186-3p; hsa-miR-622; hsa-miR-672-5p; hsa-miR-338-3p; hsa-miR-665;
hsa-miR-938; hsa-miR-372-3p; hsa-miR-383-5p; hsa-miR-509-5p; hsa-miR-330-5p;
hsa-miR-635; hsa-miR-580-3p; hsa-miR-489-3p; hsa-miR-586; hsa-miR-141; hsa-miR-569;
hsa-miR-646; hsa-miR-1236-3p; hsa-miR-1298; hsa-miR-517b; hsa-let-7c*;hsa-miR-373-3p;
hsa-let-7a-3p; hsa-miR-1226-5p; hsa-miR-16-2-3p; hsa-miR-892b; hsa-miR-449a;
& hsa-miR-570-3p; hsa-miR-432-3p; hsa-miR-7-2-3p; hsa-miR-485-5p; hsa-miR-885-5p;
92 | hsa-miR-1247-5p; hsa-miR-888-5p; hsa-miR-135b-3p; hsa-miR-23b-5p; hsa-miR-378a-5p;
hsa-miR-1276; hsa-miR-522-3p; hsa-miR-17-3p; hsa-miR-1291; hsa-miR-1255a; hsa-miR-302c-5p;
hsa-miR-541-5p; hsa-miR-380-3p; hsa-miR-29b-2-5p; hsa-miR-342-5p; hsa-miR-1225-3p;
hsa-miR-1253; hsa-miR-486-5p; hsa-miR-596; hsa-miR-571; hsa-miR-623; hsa-miR-1294;
hsa-miR-641; hsa-miR-1208; hsa-miR-1825; hsa-miR-24-1-5p; hsa-miR-143-5p;
hsa-miR-218-2-3p; hsa-miR-200b-3p; hsa-miR-519a-3p; hsa-miR-216b-5p; hsa-miR-206;
hsa-miR-129-1-3p; hsa-miR-1256; hsa-miR-548b-5p; hsa-miR-486-3p; hsa-miR-518e-3p;
hsa-miR-520d-3p;hsa-miR-517¢-3p; hsa-miR-576-5p; hsa-miR-1269a; hsa-miR-876-3p;
hsa-miR-125b-2-3p; hsa-miR-198; hsa-miR-501-3p; hsa-miR-219-1-3p; hsa-miR-1183;
hsa-miR-551b-3p; hsa-miR-30e-3p; hsa-miR-141-3p

Figure 6. Identification of up (n = 41) and down (n = 92) regulated miRNAs in CAFs derived from
primary breast tumors and treated for 4 h with 100 nM E2.

Estrogens play a main role in the growth, development and function of the female reproductive
system [32]. However, the action of estrogens is also involved in numerous diseases, including breast
cancer [33]. In this regard, estrogens have been shown to trigger various signaling pathways through
ER and GPER toward the stimulation of breast cancer cells and CAFs [11,34,35]. In addition, several
studies have ascertained that estrogens regulate the expression of miRNAs in the aforementioned cell
contexts [22,25,34-37]. In accordance with these data, our current results demonstrate that E2 stimulates
the expression of numerous miRNAs in CAFs derived from primary breast tumors and CAFs obtained
from a metastatic breast cancer. Considering that both cell types of CAFs are ER-negative but express
GPER (see material and methods section), the modulation of miRNAs induced by E2 in the primary
and the metastatic CAFs may involve GPER as ascertained in our and other investigations [22,25,38,39];
however, further studies are needed to better define the mechanisms involved in the regulation of
miRNAs by estrogens.

The ability of cancer cells to metastasize is often related to certain properties deriving from
molecular alterations, chemo-resistance and the activation of several transduction pathways [40].
In this context, previous studies have indicated that CAFs contribute to the metastatic process [41].
In particular, it has been made evident that, in primary sites of diverse types of tumor including
breast cancer, CAFs stimulate the production of growth factors and cytokines, and promote the
epithelial mesenchymal transition and other important biological outcomes, which trigger the growth
and invasive features of near cancer cells [4,41,42]. Among other actions, CAFs also induce the
mesenchymal to epithelial transition at the metastatic sites, hence facilitating the colonization of cancer
cells [43]. Likewise, the involvement of certain miRNAs has been demonstrated in the metastatic
process of breast tumors [44,45]. For instance, the metastasis was suppressed restoring the expression
of miRNAs lost in experimental models of breast cancer ([44] and references therein). Indeed, miRNAs
may act in different phases of the metastatic process including migration and invasion, epithelial
mesenchymal transition, anoikis survival, intravasation and extravasation and then distant organ
colonization [45,46]. Therefore, a better knowledge on the regulatory role exerted by miRNAs in the
metastatic tumor progression would be useful toward new therapeutic approaches. In this regard,
it should be mentioned that the role of miRNAs in a variety of cancer cells has been acknowledged [30],
yet few data are available on the dysregulation of miRNAs in CAFs [47,48]. It is worth noting that
the present investigation assessed that estrogens regulate numerous miRNAs involved in relevant
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biological responses that characterize tumor progression as cell proliferation, motility, migration, cell
death, apoptosis and angiogenesis (Figure 11) [46,49]. In particular, we proved that estrogens trigger
a higher amount of these miRNAs in CAFs derived from metastatic breast cancer with respect to
CAFs derived from primary mammary tumors (Figure 11). Therefore, our results open new avenues
toward a more comprehensive assessment on the role of certain miRNAs engaged by E2 in breast
CAFs, in particular for the identification of specific miRNAs involved in the metastatic process. Our
data also establish the basis of further studies aimed to assess the specific cellular responses involved
by miRNAs in both primary and metastatic breast CAFs and to determine the molecular interactions
of a single or a group of miRNAs prompting the metastasis of mammary tumors.

Regulated miRNAs in CAFs derived from metastatic breast tumor

hsa-miR-31-3p; hsa-miR-449b-5p; hsa-miR-28-5p; hsa-miR-589-3p; hsa-miR-584-5p; hsa-miR-302d-3p hsa-miR-32-5p;
hsa-miR-21-5p; h iR-625-5p; h iR-1303; hsa-miR-381-3p; hsa-miR-1227-3p; hsa-miR-638; hsa-miR-627-5p;
hsa-miR-197-3p; hsa-let-7e-5p; hsa-miR-132-5p; hsa-miR-149-5p; hsa-miR-337-3p; hsa-miR-548d-5p; hsa-miR-367-3p;
hsa-miR-628-3p; hsa-miR-212-3p; hsa-miR-19b-3p ; hsa-miR-213; hsa-miR-1249-3p; hsa-miR-200a-3p; hsa-miR-218-5p;
hsa-miR-889-3p; hsa-miR-544a; hsa-let-7c-5p;hsa-miR-1293;hsa-miR-1282;hsa-miR-324-3p;hsa-miR-331-3p;
hsa-miR-942-5p;hsa-miR-19-3p; hsa-miR-490-3p, hsa-miR-625-3p; hsa-miR-155; hsa-miR-345-5p; hsa-miR-518d-3p;
hsa-miR-450a-5p; hsa-miR-1278; hsa-miR-564; hsa-miR-517a-3p; hsa-miR-193a-5p; hsa-miR-222-3p; hsa-miR-10a-5p;
hsa-miR-24-3p; hsa-miR-199b-5p; hsa-miR-215-5p; hsa-miR-125a-5p; hsa-miR-133b; hsa-miR-935; hsa-miR-370-3p;
hsa-miR-655-3p; hsa-miR-193b-3p; hsa-miR-328-3p; hsa-miR-409-3p; hsa-miR-886-5p; hsa-miR-133a-3p;
hsa-miR-616-3p; hsa-let-7d-5p; hsa-miR-323-3p; hsa-miR-549a-3p; hsa-miR-126-3p; hsa-miR-30a-5p; hsa-miR-21-3p;
hsa-miR-550a-3p; hsa-miR-1244; hsa-miR-503-5p; hsa-miR-331-5p; hsa-miR-27b-5p; hsa-miR-616-3p; hsa-miR-629-3p;
hsa-miR-765; hsa-miR-654-3p; hsa-miR-221-3p; hsa-miR-23a-5p; hsa-miR-26a-5p; hsa-miR-99b-3p; hsa-miR-17-5p;
hsa-miR-92a-1-5p; hsa-miR-941; hsa-miR-1274a; hsa-miR-576-3p; hsa-miR-505-5p; hsa-miR-26b-3p; hsa-miR-106b-5p;
hsa-miR-9-5p; hsa-miR-603; hsa-miR-574-3p; hsa-miR-219a-5p; hsa-miR-668-3p; hsa-miR-214-5p; hsa-miR-221-5p;
hsa-miR-29a-3p; hsa-miR-337-5p; hsa-miR-342-3p; hsa-miR-548L; hsa-miR-579-3p; hsa-miR-652-3p; hsa-miR-671-3p;
hsa-miR-34b-3p; hsa-miR-376c-3p; hsa-miR-720; hsa-miR-410-3p; hsa-miR-487a-3p; hsa-miR-103a-3p; hsa-miR-661;
hsa-miR-624-5p; hsa-miR-26a-2-3p; hsa-miR-20a-5p; hsa-miR-1248; hsa-miR-122-5p; hsa-miR-95-3p; hsa-miR-15a-5p;
hsa-miR-1179;hsa-miR-107;hsa-miR-100-5p;hsa-miR-1183; hsa-miR-450b-5p; hsa-miR-15a-3p; hsa-miR-377-3p;
hsa-miR-629-3p; hsa-miR-628-5p; hsa-miR-453; hsa-miR-766-3p; hsa-miR-656-3p; hsa-miR-1300; hsa-miR-30e-3p;
hsa-let-7e-3p; hsa-miR-654-5p; hsa-miR-301a-3p; hsa-miR-34a-3p; hsa-miR-411-3p; hsa-miR-29b-1-5p;
hsa-miR-125b-5p; hsa-miR-517¢-3p; hsa-miR-25-5p; hsa-miR-155-3p; hsa-miR-483-5p; hsa-miR-601; hsa-miR-886-3p;
hsa-miR-151-5p; hsa-miR-184; hsa-miR-99a-3p; hsa-miR-374-5p; hsa-miR-939-5p; hsa-miR-770-5p; hsa-miR-302a-5p;
hsa-let-7b-5p; hsa-miR-135a-5p; hsa-miR-28-3p; hsa-miR-210-3p; hsa-miR-1197; hsa-miR-362-3p; hsa-miR-1270;
hsa-let-7a-3p;hsa-miR-19b-1-5p;hsa-let-7i-3p;hsa-miR-204-5p;hsa-miR-1255b; hsa-miR-198; hsa-miR-33a-3p;
hsa-miR-320a-3p; hsa-miR-23a-3p; hsa-miR-548¢c-5p; hsa-miR-645; hsa-miR-148b-3p; hsa-miR-190-5p;
T hsa-miR-138-5p; hsa-miR-423-5p; hsa-let-7b-3p; hsa-miR-151-3p; hsa-miR-31-5p; hsa-miR-329-3p; hsa-miR-99a-5p;
hsa-miR-340-5p; hsa-miR-502-3p; hsa-miR-18a-5p; hsa-miR-520¢-3p; hsa-miR-18a-3p; hsa-miR-335-5p; hsa-miR-190b;
399 | hsa-miR-34b-5p; hsa-miR-380-5p; hsa-miR-154-3p; hsa-miR-101-3p; hsa-miR-214-3p; hsa-let-7f-1-3p; hsa-miR-643;
hsa-miR-431-5p; hsa-miR-454-5p; hsa-miR-149-3p; hsa-miR-222-5p; hsa-miR-33a-5p; hsa-miR-500a-5p; hsa-miR-152-3p;
hsa-miR-20b-5p; hsa-miR-361-3p;hsa-miR-567;hsa-miR-484;hsa-miR-30a-3p;hsa-miR-191-5p; hsa-miR-550a-5p;
hsa-miR-1269; hsa-miR-302c-3p; hsa-miR-224; hsa-miR-425-5p; hsa-miR-382-5p; hsa-miR-518f; hsa-miR-1271-5p;
hsa-miR-145-5p; hsa-miR-182-5p; hsa-miR-296-5p; hsa-miR-30c-5p; hsa-miR-369-5p; hsa-miR-505-3p; hsa-miR-30b-5p;
hsa-miR-376a-3p; hsa-miR-181¢-5p; hsa-miR-422a; hsa-miR-181¢-3p; hsa-miR-485-3p; hsa-miR-34c¢-5p; hsa-miR-98-5p;
hsa-miR-708-5p; hsa-miR-589-5p; hsa-miR-23b-3p; hsa-miR-30c-2-3p; hsa-miR-494-3p; hsa-miR-615-5p; hsa-miR-27a-5p
376b-3p; hsa-miR-874-3p; hsa-miR-493-3p; hsa-miR-194-5p; hsa-miR-425-3p; hsa-miR-502-5p; hsa-miR-142-3p
hsa-miR-598-3p; hsa-miR-454-3p; hsa-miR-136-5p; hsa-miR-1301-3p; hsa-miR-545-3p; hsa-miR-125b-1-3p;
hsa-miR-106a-5p; hsa-miR-623;hsa-miR-140-3p; hsa-miR-146a-5p; hsa-miR-539-5p; hsa-miR-16-5p; hsa-miR-93-3p;
hsa-miR-520d-3p; hsa-miR-299-3p; hsa-miR-744-3p; hsa-miR-223-3p; hsa-miR-1267; hsa-miR-452-5p; hsa-miR-409-5p;
hsa-let-7g-5p; hsa-miR-411-5p; hsa-miR-192-3p; hsa-miR-339-3p; hsa-miR-875-5p; hsa-miR-139-5p; hsa-miR-195-5p;
hsa-miR-659-3p; hsa-miR-27a-3p; hsa-miR-590-3p; hsa-miR-26a-1-3p; hsa-miR-636; hsa-miR-130b-3p; hsa-miR-542-5p;
hsa-miR-301b-3p; hsa-miR-199a-3p; hsa-miR-92a-3p; hsa-miR-618; hsa-miR-542-3p; hsa-miR-10b-3p; hsa-miR-199a-5p;
hsa-miR-191-3p; hsa-miR-148a-5p; hsa-miR-1254; hsa-miR-369-3p; hsa-miR-29¢-3p; hsa-miR-432-5p; hsa-let-7f-2-3p;
hsa-miR-1285-3p; hsa-miR-338-5p; hsa-miR-186-5p; hsa-miR-376a-5p; hsa-miR-26b-5p; hsa-miR-516-3p; hsa-miR-1-3p;
hsa-miR-597-5p; hsa-miR-545-5p; hsa-miR-299-5p; hsa-miR-296-3p; hsa-miR-377-3p; hsa-miR-9-3p; hsa-miR-1238-3p;
hsa-miR-146b-5p; hsa-miR-891a-5p; hsa-miR-501-5p; hsa-miR-181a-2-3p; hsa-miR-664a-3p; hsa-miR-622; hsa-miR-1290;
hsa-miR-1305; hsa-miR-18b-5p; hsa-miR-143-3p; hsa-miR-196b-5p; hsa-miR-548d-3p; hsa-miR-203a-3p;
hsa-miR-30d-3p; hsa-miR-130b-5p; hsa-miR-302b-3p; hsa-miR-330-3p; hsa-miR-572; hsa-miR-99b-5p; hsa-miR-500a-3p;
hsa-miR-15b-5p; hsa-miR-374a-3p;hsa-miR-424-5p;hsa-miR-769-3p; hsa-miR-548J-5p; hsa-miR-1262; hsa-miR-511-5p;
hsa-miR-125a-3p; hsa-miR-548a-3p; hsa-miR-30¢c-1-3p; hsa-miR-326; hsa-miR-651-5p; hsa-miR-1201; hsa-miR-630;
hsa-miR-497-3p; hsa-miR-92b-5p; hsa-miR-548P; hsa-miR-375-3p; hsa-miR-1184; hsa-miR-541-3p; hsa-miR-144-5p;
hsa-miR-504-5p; hsa-miR-101-5p; hsa-miR-129-5p; hsa-miR-449a; hsa-miR-1226-5p; hsa-miR-7-2-3p; hsa-miR-485-5p;
hsa-let-7g-3p;hsa-miR-150; hsa-miR-885-5p; hsa-miR-570-3p; hsa-miR-432-3p;hsa-miR-200¢-3p ; hsa-miR-1247-5p;
hsa-miR-483-3p; hsa-miR-888-5p; hsa-miR-135b-3p; hsa-miR-23b-5p; hsa-miR-378a-5p; hsa-miR-1276; hsa-miR-1291;
hsa-miR-1255a; hsa-miR-302c¢-5p; hsa-miR-17-3p; hsa-miR-541-5p; hsa-miR-380-3p; hsa-miR-29b-2-5p; hsa-miR-342-5p;
hsa-miR-1225-3p; hsa-miR-1253; hsa-miR-486-5p; hsa-miR-596; hsa-miR-571; hsa-miR-1208; hsa-miR-372-3p;
hsa-miR-1294; hsa-miR-641; hsa-miR-1825; hsa-miR-24-1-5p; hsa-miR-143-5p; hsa-miR-206; hsa-miR-218-2-3p;
hsa-miR-200b-3p; hsa-miR-519a-3p; hsa-miR-216b-5p; hsa-miR-129-1-3p; hsa-miR-1256; hsa-miR-489-3p; hsa-miR-522-3p;
hsa-miR-548b-5p; hsa-miR-486-3p; hsa-miR-141-3p; hsa-miR-518e-3p
& hsa-miR-29b-3p; hsa-miR-127-3p; hsa-miR-25-3p; hsa-miR-29a-5p; hsa-miR-532-5p; hsa-miR-27b-3p;
hsa-miR-136-3p; hsa-miR-590-5p; hsa-miR-320b; hsa-miR-106b-3p;hsa-miR-744-5p;hsa-miR-1233-3p;
16 | hsa-miR-34a-5p; hsa-miR-22-3p; hsa-miR-1260a; hsa-miR-769-5p

Figure 7. Identification of up (n = 399) and down (1 = 16) regulated miRNAs in CAFs derived from
a cutaneous metastasis of breast tumor and treated for 4 h with 100 nM E2.
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A
CAFs derived from primary
breast tumors

CAFs derived from metastatic
breast tumor

B
Joint regulated miRNAs in CAFs derived from primary and metastatic breast tumors
CAFs hsa-miR-769-3p; hsa-miR-572; hsa-miR-548)J; hsa-miR-1262; hsa-miR-630;
derived from hsa-miR-150-5p; hsa-miR-9-3p; hsa-miR-125a-3p; hsa-miR-30c-1-3p;
primary + hsa-miR-1201; hsa-miR-1184; hsa-miR-511-5p; hsa-miR-651-5p;
breast tumors hsa-miR-497-3p; hsa-let-7b-3p; hsa-miR-92b-5p; hsa-miR-375-3p;
22 hsa-miR-541-3p; hsa-miR-144-5p; hsa-miR-504-5p; hsa-miR-101-5p;
CAFs hsa-miR-326
derived from
metastatic
breast tumor
CAFs
derived from Py
primary
breast tumors
CAFs 0
derived from
metastatic
breast tumor
hsa-miR-449a; hsa-miR-1226-5p; hsa-miR-7-2-3p; hsa-miR-485-5p;
CAFs hsa-miR-885-5p; hsa-miR-570-3p; hsa-miR-1291; hsa-miR-432-3p;

. hsa-miR-1247; hsa-miR-30e-3p; hsa-miR-888-5p; hsa-miR-135b-3p;
de.rlved from & hsa-miR-23b-5p; hsa-miR-198; hsa-miR-1276; hsa-let-7a-3p; hsa-miR-596;
primary hsa-miR-378a-5p; hsa-miR-1255a; hsa-miR-302¢-5p; hsa-miR-17-3p;
breast tumors hsa-miR-541-5p; hsa-miR-380-3p; hsa-miR-29b-2-5p; hsa-miR-342-5p;

55 hsa-miR-1225-3p; hsa-miR-1253; hsa-miR-486-5p; hsa-miR-520d-3p;
CAES hsa-miR-571; hsa-miR-1294; hsa-miR-641; hsa-miR-1208; hsa-miR-1825;
derived from hsa-miR-24-1-5p; hsa-miR-622; hsa-miR-206; hsa-miR-623; hsa-miR-143-5p
metastatic hsa-miR-218-2-3p; hsa-miR-372-3p; hsa-miR-200b-3p; hsa-miR-519a-3p;
breast tumor hsa-miR-216b-5p; hsa-miR-129-1-3p; hsa-miR-1256; hsa-miR-489-3p;
hsa-miR-522-3p; hsa-miR-548b-5p; hsa-miR-486-3p; hsa-miR-518e-3p;
hsa-miR-141-3p; hsa-miR-517c-3p; hsa-miR-1183; hsa-miR-1269
CAFs
derived from J
primary
breast tumors
CAFs 0
derived from
metastatic
breast tumor
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Figure 8. (A) Venn diagram of unique and joint E2-modulated miRNAs in CAFs derived from

primary breast tumors and CAFs derived from a cutaneous metastasis of breast tumor. (B) up and

downregulation of joint miRNAs (77) in CAFs derived from primary breast tumors and CAFs derived

from a cutaneous metastasis of breast cancer and treated for 4 h with 100 nM E2.
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Unique regulated miRNAs in CAFs derived from primary breast tumors

hsa-miR-1245a; hsa-miR-548K; hsa-miR-100-3p; hsa-miR-548I; hsa-miR-873-5p;
T hsa-miR-551b-5p; hsa-miR-363-3p; hsa-miR-802; hsa-miR-639; hsa-miR-944;
19 hsa-miR-644a; hsa-miR-605-5p; hsa-miR-708-3p; hsa-miR-573; hsa-miR-582-3p;
hsa-miR-488-5p; hsa-miR-519b-3p; hsa-miR-346; hsa-miR-548b-3p

hsa-miR-606; hsa-miR-520f-3p; hsa-miR-523-3p; hsa-miR-125b-2-3p; hsa-miR-518b;
hsa-miR-501-3p;hsa-miR-186-3p; hsa-miR-429; hsa-miR-672-5p; hsa-miR-938;
hsa-miR-665; hsa-miR-586; hsa-miR-600; hsa-miR-330-5p; hsa-miR-635; hsa-miR-580-3p;
& hsa-miR-876-3p; hsa-miR-373-3p; hsa-miR-569; hsa-miR-646; hsa-miR-1236-3p;
hsa-miR-219-1-3p; hsa-miR-1298; hsa-miR-517b; hsa-miR-202-3p; hsa-miR-576-5p;
37 | hsa-let-7¢*; hsa-miR-551b-3p; hsa-miR-509-5p; hsa-miR-16-2-3p; hsa-miR-383-5p;
hsa-miR-892b; hsa-miR-1302; hsa-miR-216a-5p; hsa-miR-33b-5p; hsa-miR-561-3p;
hsa-miR-338-3p
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Figure 9. Up and downregulation of unique miRNAs in CAFs derived from primary breast tumors
and treated for 4 h with 100 nM E2.
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Figure 10. Up and downregulation of unique miRNAs in CAFs derived from a cutaneous metastasis of
breast tumor and treated for 4 h with 100 nM E2.
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Figure 11. Biological function of miRNAs regulated by estrogens in CAFs derived from primary breast
tumors (blue), metastatic breast tumor (black) or in both cell types (red). The analysis was performed
by miRo v.2 on validated and predicted targets (number of tools predicting the interaction was at
least 6).

3. Materials and Methods

3.1. Reagents

173-estradiol (E2) was purchased from Sigma-Aldrich Corp. (Milan, Italy) and solubilized in
dimethyl sulfoxide (DMSO).
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3.2. Cell Cultures

CAFs were obtained from mastectomy of invasive mammary ductal carcinoma of three patients
and a cutaneous metastasis in a patient with the same type of tumor, who previously had undergone
surgery. Briefly, samples were cut into smaller pieces (1-2 mm diameter), placed in digestion solution
(400 IU collagenase I, 100 IU hyaluronidase, and 10% FBS, containing antibiotic and antimycotic
solution) and incubated overnight at 37 °C. Cells were then separated by differential centrifugation
at 90x g for 2 min. Supernatant containing fibroblasts was centrifuged at 485x g for 8 min; the
pellet obtained was suspended in fibroblasts’ growth medium (Medium 199 and Ham’s F12 mixed
1:1 and supplemented with 10% FBS) and cultured at 37 °C in 5% CO,. CAFs were characterized
by immunofluorescence. Cells were briefly incubated with human anti-vimentin (V9, sc-6260) and
human anti-cytokeratin 14 (LL001, sc-53253), both from Santa Cruz Biotechnology (DBA, Milan, Italy)
(Figure S1). To characterize fibroblasts” activation, the anti-fibroblast activated protein « (FAPx)
antibody was used (S5-13, sc-100528; Santa Cruz Biotechnology, DBA, Milan, Italy) (Figure S1). In both
cell types, the expression of ERx (F-10, sc-8002; Santa Cruz Biotechnology, DBA, Milan, Italy) and
GPER (AB137479) (Abcam, Euroclone, Milan, Italy) were analyzed by Western blotting [50]. Cells
were grown in a 37 °C incubator with 5% CO, in a mixture of Medium 199 and Ham’s F-12 (1:1)
supplemented with 10% FBS and 100 pg/mL of penicillin/streptomycin (Gibco, Life Technologies,
Milan, Italy). CAFs derived from the three invasive mammary ductal carcinoma were pooled into one
sample to perform the following experimental assays.

3.3. Immunofluorescence Microscopy

Cells were grown in regular media on a cover slip and then fixed in ice-cold methanol at room
temperature for 10 min, permeabilized with 0.2% Triton X-100, washed three times with PBS and
incubated with 1% bovine serum albumin (BSA) in PBS at room temperature for 1 h. After washing
with PBS, cells were incubated with primary antibodies against vimentin (V9), cytokeratin 14 (LL001)
and FAP«x (H-56) (Santa Cruz Biotechnology, DBA, Milan, Italy) (diluted in 1% BSA/PBS) at 4 °C
for 18 h. After incubation, cells were washed three times with PBS and incubated with Alexa fluor
conjugated secondary antibodies (Thermofisher Scientific, Milan, Italy) for 1 h at room temperature.
Finally, cells were washed three times with PBS, incubated with DAPI 4’ ,6-diamidino-2-phenylindole)
(1:1000) for 3 min and, after washing, immunofluorescence images for the characterization of CAFs
were obtained by Cytation 3 Cell Imaging Multimode Reader and analyzed using the software Gen5
(BioTek, Ahsi, Milan, Italy).

3.4. RNA Extraction

Cells were maintained in regular growth medium and then switched to medium lacking serum
before the treatment with E2 100 nM for 4h. Total RNA was extracted from cultured cells using
miRVana Isolation Kit (Ambion, Life Technologies, Milan, Italy) in accordance with the manufacturer’s
recommendations. The RNA concentrations were determined using Gene5 2.01 Software in Synergy
H1 Hybrid Multi-Mode Microplate Reader (BioTek, AHSI, Milan, Italy).

3.5. miRNA Expression Profiling

TagMan™ Array Human MicroRNA A + B Cards Set v3.0 was used for global miRNA profiling.
The panel includes two 384-well microfluidic cards (human miRNA pool A and pool B) that contain
primers and probes for 754 different miRNAs in addition to small nucleolar RNAs that function as
endogenous controls for data normalization. Equal quantity (100 ng) of RNA extracted from CAFs
derived from primary breast tumors and a cutaneous metastasis upon treatment with vehicle or
100 nM E2 for 4 h was reverse-transcribed for cDNA synthesis using the Megaplex RT Primer Pool
A or B and the TagMan MicroRNA Reverse Transcription kit in a final volume of 7.5 uL (Applied
Biosystems, Life Technologies, Milan, Italy). The reverse transcription reaction was incubated for 2 min
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at 16 °C, 1 min at 42 °C and 1 s at 50 °C for 40 cycles, followed by 5 min at 85 °C to deactivate the
enzyme. The cDNA obtained was pre-amplified using Megaplex Preamp primer pool A or B and
TagMan PreAmp Master Mix 2x in a final volume of 25 uL using the same temperature conditions
above described. The product was diluted 1:4 in Tris-EDTA (TE) 0.1, to which were added TagMan
Universal Master Mix without Uracil-N Glycoslyase (UNG) 2x and nuclease free water. In addition,
100 pL of the sample/master mix for each multiplex pool were loaded into fill reservoirs on the
microfluidic card. The array was then centrifuged, mechanically sealed with the Applied Biosystems
sealer device and run on QuantStudio 6&7 Flex Real Time PCR System (Applied Biosystems, Life
Technologies, Milan, Italy). Array experiments were performed in triplicate using samples from three
independent RNA extractions.

3.6. Data Analysis

Raw array data were analysed by DataAssist™ v3.01 (Applied Biosystems, Life Technologies,
Milan, Italy) The baseline was set automatically, while the threshold was set manually at 0.2. Samples
with Ct values undetermined were set to 40 and considered for the analysis. Each miRNA was
normalized against the mean of the four RNU6B and its expression was then assessed in the E2 treated
cells against the vehicle treated cells using the 2~*2CT method [51]. Differences between groups were
calculated with the Student’s t-test. A volcano plot was obtained by DataAssist™ v3.01 setting the
Fold Change boundary = 2 and p value p = 0.05. miRNAs showing an increased value of two-fold
expression and a 50% reduction respect to vehicle-treated cells and with p < 0.05 were selected. Venn
diagram was obtained by an online bioinformatic tool [52]. Functional analysis of E2-modulated
miRNAs was performed by the miRo v.2 software online (microRNA@osumc.edu).

3.7. Declarations: Ethics Approval and Consent to Participate

All procedures conformed to the Helsinki Declaration for the research on humans. Signed
informed consent was obtained from the patients and the experimental research has been performed
with the ethical approval provided by the “Comitato Etico Regione Calabria, Cosenza, Italy” (Approval
Code: 166, 2 December 2016).

4. Conclusions

Breast cancer metastasis is an intricate process involving many factors and transduction pathways.
Therefore, the identification of novel tools to detect and predict breast cancer metastasis at an early
stage is important for the therapeutic management of this disease. In the last few years, emerging
evidence has suggested the potential use of miRNAs as prognostic and therapeutic tools in breast
cancer metastasis [45]. In this context, our results show a peculiar estrogen-modulated expression of
miRNAs in metastatic CAFs with respect to CAFs of primary mammary tumors. Therefore, our data
may open new avenues in order to assess further molecular targets useful in innovative prognostic
and therapeutic approaches of breast cancer.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6694/11/3/412/s1,
Figure S1: Representative images of CAFs derived from primary (A) and metastatic (B) breast tumors. CAFs
were immunostained by anti-FAP«, anti-Vimentin and anti-Cytokeratin14 antibodies. Green signal: FAPx and
Cytokeratin14; Red signal: Vimentin; Blue signal: Nuclei. Scale bar: 200 um.
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