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Abstract
Classification of mammary microcalcifications is based on radiological and histological characteristics that are
routinely evaluated during the diagnostic path for the identification of breast cancer, or in patients at risk of
developing breast cancer. The main aim of this study was to explore the relationship between the imaging param-
eters most commonly used for the study of mammary microcalcifications and the corresponding histological and
chemical properties. To this end, we matched the radiographic characteristics of microcalcifications to breast lesion
type, histology of microcalcifications and elemental composition of microcalcifications as obtained by energy dis-
persive x ray (EDX)-microanalysis. In addition, we investigated the properties of breast cancer microenvironment,
under the hypothesis that microcalcification formation could result from a mineralization process similar to that
occurring during bone osteogenesis. In this context, breast lesions with and without microcalcifications were com-
pared in terms of the expression of the main molecules detected during bone mineralization (BMP-2, BMP-4, PTX3,
RANKL OPN and RUNX2). Our data indicate that microcalcifications classified by mammography as Bcasting type^
are prevalently made of hydroxyapatite magnesium substituted and are associated with breast cancer types with the
poorest prognosis. Moreover, breast cancer cells close to microcalcifications expressed higher levels of bone miner-
alization markers as compared to cells found in breast lesions without microcalcifications. Notably, breast lesions
with microcalcifications were characterized by the presence of breast-osteoblast-like cells. In depth studies of
microcalcifications characteristics could support a new interpretation about the genesis of ectopic calcification in
mammary tissue. Candidating this phenomenon as an integral part of the tumorigenic process therefore has the
potential to improve the clinical management of patients early during their diagnostic path.
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Abbreviation
HA Hydroxyapatite
CO Calcium oxalate
EDX Energy dispersive x-ray
Mg-HAp Magnesium-substituted hydroxyapatite
H & E Hematoxylin and eosin
BMP-2 Bone morphogenic protein-2
BMP-4 Bone morphogenic protein-4
PTX3 Pentraxin 3
RUNX2 Runt-related transcription factor 2
RANKL Receptor activator of nuclear factor

kappa-B ligand
VDR Vitamin d receptor
OPN Osteopontin
GLMs General linear models
WHO World health organization
BL Benign lesion
ML Malignant lesion
BLm Benign lesion with microcalcifications
MLm Malignant lesion with microcalcifications
Re. Co. M.N. Reporting and codifying the results

of mammography
BOLCs Breast osteoblast-like cells

Introduction

Several major pathological conditions (e.g. cardiovascular
diseases and cancer) display mineral or organic compound
deposition [1]. Tissue calcifications are defined as the deposi-
tion of calcium salts, along with smaller amounts of iron,
magnesium, and other mineral salts [1].

In breast tissues, the presence of microcalcifications plays a
crucial role in early cancer diagnosis [2]. Indeed, approximate-
ly 50% of non-palpable breast cancers are detected by mam-
mography exclusively through the study of microcalcification
patterns [3], and this approach is able to reveal up to 90% of in
situ ductal carcinoma cases [4]. Currently radiologists employ
three distinct classification systems/scales for the diagnostic
and prognostic evaluation of breast microcalcifications:
Madame Le Gal, BI-RADS and Re.Co.R.M [4, 5].

These systems are based on estimating the statistical risk of
developing breast cancer based on the appearance of
microcalcifications on the mammogram. This assessment is
mainly based on morphology, but also on distribution, site,
dimension and number of microcalcifications. In addition,
previous studies have suggested an association between phys-
ical and chemical properties of microcalcifications and patient
prognosis [6].

Historically, the chemical composition of microcalcification
is related to two main types of calcium deposits: calcifications
of calcium oxalate (CO), and calcifications of calcium phos-
phate, mainly hydroxyapatite (HA) [6]. In this context,

previous studies have observed that calcium oxalate calcifica-
tions are often associated with benign lesions, whereas hy-
droxyapatite calcifications are related both to benign and ma-
lignant lesions [6–8]. In a recent paper, we demonstrated for the
first time the existence of a new subtype of hydroxyapatite in
breast cancer calcifications: magnesium-substituted hydroxy-
apatite (Mg-Hap). Interestingly, Energy Dispersive X-Ray
(EDX) –microanalysis revealed that Mg-HAp calcifications
appeared in conjunction with malignant lesions exclusively
[7]. Recent discoveries in the field of the biology of breast
and prostate calcifications demonstrated the presence of cells
capable to produce calcified crystals [7, 9]. In addition, our and
other studies showed that only the complex form of calcifica-
tion (HA and Mg-HAp) were produced by these cells
(osteoblast-like cells) [7]. Based on these considerations, the
simultaneous study of the morphology of calcifications (both
at the histological and at the radiological level) and the process
of their formation it is essential for a full understanding of the
role of microcalcifications in breast cancer. Moreover, the com-
bination of these data can provide the rationale for the devel-
opment of new tools for early detection of calcifications that are
actively produced by osteoblast like cells through a process
similar to physiological mineralization discriminating them
from those formed by cancer degenerative processes.

Therefore, the main aim of this study was to establish a
correlation between the detection of the most commonly
used imaging parameters for the study of mammary
microcalcifications and the corresponding histological and
chemical properties. To this end, we matched the radiographic
characteristics of microcalcifications to the following data:
breast lesion type, histology of microcalcifications and ele-
mental composition of microcalcifications as obtained by en-
ergy dispersive x ray (EDX)-microanalysis. In addition, we
investigated the properties of breast cancer microenvironment,
under the hypothesis that microcalcification formation could
result from a mineralization process similar to that occurring
during bone osteogenesis. Thus, breast lesions with
microcalcifications and lesions without microcalcifications
were compared in regard to the expression of the main mole-
cules detected during bone mineralization (BMP-2, BMP-4,
PTX3, RANKL OPN and RUNX2).

Materials and Methods

Breast Sample Collection

For this study we retrospectively collected 110 paraffin em-
bedded diagnostic blocks from breast biopsies performed dur-
ing the period December 2011–December 2013 at Policlinico
Tor Vergata. From each paraffin-embedded block, serial sec-
tions were obtained to perform histological classification and
immunohistochemical analysis. In addition, 1 mm3 tissue
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fragments were used to perform ultrastructural (transmission
electron microscopy) and microanalytical (EDX-
microanalysis) investigations. This study protocol was ap-
proved by the BPoliclinico Tor Vergata^ Independent Ethical
Committee (reference number # 94.13).

Radiological Examination

The radiological images were blindly and independently
interpreted by 2 radiologists. The lesions were analyzed using
the criteria proposed by a) the BI-RADS USdx [10] (based on
shape, margins, echotexture, posterior acoustic features, and
the relationship to adjacent tissues lesions were classified into
categories 2, 3, 4, and 5), b) the Le Gal’ score [11] and c)
Re.Co.R.M classification system [12]. Microcalcifications
were analyzed blindly and independently by 2 radiologists
according to the classification of Tabár et al. 2005 [13].

Histology

After fixation in 10% buffered formalin for 24 h, breast tissues
were embedded in paraffin. Three-micrometer thick sec-
tions were stained with hematoxylin and eosin (H & E)
and the diagnostic classification was blindly performed
by two pathologists [14].

Immunohistochemistry

Immunohistochemical analysis was performed to assess the
expression of the following mineralization factors: RUNX2,
Bone Morphogenic Protein-2 (BMP-2), Bone Morphogenic
Protein-4 (BMP-4), RANKL, osteopontin (OPN), Pentraxin-
3 (PTX3).

Briefly, 4-μm thick sections from diagnostic blocks were
pre-treated with EDTA citrate pH 7.8 for 30 min at 95 °C and
then incubated with the following antibodies: rabbit monoclo-
nal anti-OPN (clone N/A; Novus Biologicals, Littleton, CO,
USA; 1:100 diluted) and mouse monoclonal anti-RANKL
(clone 12A380; Abcam, Cambridge, UK; 1:100 diluted).

In order to perform immunostainings for BMP-2, BMP-4,
RUNX2 and PTX3, 4-μm-thick sections were pre-treated with
Citrate pH 6.0 for 30 min at 95 °C and then incubated, respec-
tively, with rabbit monoclonal anti-BMP-2 (clone N/A; Novus
Biologicals, Littleton, CO, USA; 1:500 diluted) [15], rabbit
monoclonal anti-BMP-4 (clone 6B7 Novus Biologicals,
Littleton, CO, USA; 1:250 diluted) and rat polyclonal anti-
PTX3 (clone MNB1; Abcam, Cambridge, UK diluted
1:100) antibodies. Washings were performed with PBS/
Tween20 pH 7.6 (UCS diagnostic, Rome, Italy); reactions
were revealed byHRP - DABDetection Kit (UCS diagnostic).
Immunohistochemical positivity was evaluated on digital im-
ages (Iscan Coreo, Ventana, Tucson, AZ, USA) by a semi-
quantitative approach. Specifically, immunoreaction was

evaluated by counting the number of positive breast cells out
of a total of 500 in randomly selected regions. To assess the
background of immuno-staining, we included a negative con-
trol for each reaction by incubating the sections with second-
ary antibodies (HRP) and detection system (DAB). According
to the data sheets, reactions have been set-up by using specific
control tissues.

Energy Dispersive x-Ray (EDX) Microanalysis

All breast samples underwent ultrastructural microanalysis.
Following to the identification of microcalcifications, six-
micrometer-thick paraffin sections were embedded in Epon
resin as previously described [16]. Briefly, sections were de-
paraffinized, hydrated, osmium tetroxide-fixed, dehydrated in
ethanol and propylene oxide and infiltrated in Epon. The em-
bedding capsules were positioned over areas containing
microcalcifications identified by Toluidine Blue staining pre-
viously. Unstained ultra-thin sections of approximately 100-
nm-thick were mounted on copper grids for semi-quantitative
microanalysis. EDX spectra of microcalcifications were ac-
quired with a Hitachi 7100FA transmission electron micro-
scope (Hitachi, Schaumburg, IL, USA) and an EDX detector
(Thermo Scientific, Waltham, MA, USA) at an acceleration
voltage of 75 KeVand magnification of 12.000. Spectra were
semi-quantitatively analyzed by the Noram System Six soft-
ware (Thermo Scientific, Waltham, MA, USA) using the stan-
dardless Cliff-Lorimer k-factor method [16–18]. The EDX
microanalysis apparatus was calibrated using an x-ray micro-
analysis standard (Micro-Analysis Consultants Ltd.,
Cambridgeshire, UK). Microanalytical data are reported in
terms of presence/absence of each chemical element detected
in the selected area. According to the spectra detected in cor-
respondence of calcifications they were classified as: a) calci-
um oxalate calcifications, when spectra showed the simulta-
neous presence of Calcium, Oxygen and Carbon, b) hydroxy-
apatite calcifications, when spectra showed the simultaneous
presence of Calcium, Phosphate and Carbon and c)
Hydroxyapatite Magnesium-substituted calcifications, when
spectra showed the simultaneous presence of Calcium,
Phosphate and Magnesium.

Statistical Analysis

Separate x2 tests were used to assess the associations between
radiological appearance and elemental composition, between
malignancy and elemental composition and between morpho-
logical appearance and elemental composition. Separate
General Linear Models (GLMs) were used to assess the asso-
ciation between immunohistochemical data (BMP-2, BMP-4,
PTX3, OPN, RANKL, RUNX2) as dependent variables and
the following pairs of categorical independent factors:
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(Malignancy / Presence of Microcalcification), (Malignancy /
Histological Appearance), (Malignancy / Elemental
Composition), (Malignancy / Radiological Appearance). For
every pair of factors, a first-order interaction term was also
included in each model. Whenever a significant effect of a
categorical factor, of the interaction term or of both was ob-
served, between-level post-hoc comparisons were performed
through the LSD test. Additionally, a separate set of univariate
GLMs were used to assess the association between radiolog-
ical classification scores (Madame Le Gal, BI-RADS and
Re.Co.R.M) as dependent variables and the following cate-
gorical factors: Elemental Composition, Histological
Appearance. Again, whenever a significant effect of a cate-
gorical factor was found, between-level post-hoc comparisons
were performed through the LSD test. Statistical analysis was
performed using SPSS Statistics v23.

Results

Histology

The study of H&E sections allowed us to classify breast biop-
sies according to WHO 2012 [19] into benign lesions (BL,
n = 44) andmalignant lesion (ML, n = 66). BL andML lesions
were further classified according to the presence/absence of
microcalcifications. BL without microcalcifications (BL, n =
20) were all fibrocystic mastopathies, whereas among BL pre-
senting microcalcifications (BLm, n = 24) were identified 14
fibrocystic mastopathies and 10 fibroadenomas. Among ML,
lesions without microcalcifications (ML, n = 20) were all clas-
sified as infiltrating ductal carcinomas (ICm), whereas lesions
presenting microcalcifications (MLm, n = 46) were identified
as infiltrating ductal carcinomas (ICm, n = 23) and ductal in
situ carcinomas (ISCm, n = 23).

Histological Appearance of Microcalcifications

Under light microscopy, microcalcifications appeared in three
distinct forms: polymorphous bodies, birifrangent crystals,
psammoma bodies. Polymorphous bodies were found both
in BLm (6 fibrocystic mastopathies and 4 fibroadenomas)
and in MLm (14 ISCm and 22 ICm) whereas birifrangent
crystals were detected only in BLm (8 fibrocystic
mastopathies and 6 fibroadenomas). Psamomma bodies were
detected only in MLm (9 ISCm and 1 ICm).

Association between Elemental Composition
and Histology

Ultrastructural elemental microanalysis performed on breast
microcalcifications confirmed the presence of the previously
known types of calcifications: CO, HA and Mg-HAp (Fig.1).

The χ2 test showed a significant association between elemen-
tal composition and malignancy (p < .00001). Specifically, the
presence of CO coincided with benign lesions in 100% of
cases, whereas complex forms of microcalcifications (HA
and Mg-HAp) were exclusively found in malignant lesions.

Of note, among the total number of cancerous lesions with
microcalcifications made of Mg-HAp, 46% of them
corresponded to lesions from in situ carcinoma of high grade.

Also, the x2 test showed a significant association between
the type of calcification and histological classification
(p < 0.001). Specifically, CO microcalcifications appeared as
unstained birefringent crystals in 79% of cases and as poly-
morphous bodies in 21% of cases; among the 24 HA
microcalcifications, 29%were classified as 7 psammoma bod-
ies whereas 71% were defined as polymorphous bodies.
Among the totality of Mg-HAp microcalcifications, 96% ap-
peared as polymorphous bodies and 4% was classified as
psammoma bodies.

Association between Elemental Composition
and Mammographic Morphological Appearance

Microcalcifications detected by digital mammography
showed the following forms: powdery, casting type, rounded,
crushed stones, mixed (Fig.2a–c).

Interestingly, the x2 test showed a significant association
between morphological appearance and elemental composi-
tion (p < 0.001). In particular, CO microcalcifications ap-
peared as 43% mixed, 43% rounded and 14% powdery
(Fig.2a), HA microcalcifications were 33% casting type,
25% mixed, 17% crushed stones, 17% powdery and 8%
rounded (Fig.2b), whereas Mg-HAp microcalcifications were
69% casting type, 15% crushed stones, 8% powdery and 8%
mixed (Fig.2c). Additionally, GLM analysis revealed a signif-
icant effect of elemental composition on all three classification
systems (Madame Le Gal: p < 0.001, BI-RADS: p < 0.001,
Re.Co.R.M: p < 0.001) (Fig.2d–f). Specifically, we found
higher mean Madame Le Gal scores in lesions with Mg-
HAp (4.15 ± 0.17) with respect to both lesions with CO
(2.833 ± 0.21) or HA (3.08 ± 0.18) (post-hoc comparisons:
CO vs HA p = 6260; CO vs Mg-HAp p < 0.001; HA vs HAp
p = 0.001) (Fig.2d). We found a similar pattern with the BI-
RADS system (CO 2.79 ± 0.20; HA 2.90 ± 0.16; Mg-HAp
3.89 ± 0.17; post-hoc comparisons: CO vs HA p=; CO vs
Mg.HAp p < 0.001; HA vs Mg-HAp p = 0.0002) (Fig.2e). A
different pattern was seen when using Re.Co.R.M. scores (HA
2.54 ± 0.14; HA 3.40 ± 0.15; Mg-HAp 3.75 ± 0.16), and in
this case post hoc testing found no significant differences
Re.Co.R.M. scores between HA and Mg-HAp (p = 0.1674)
(Fig. 2f). On the other hand, significant differences in
Re.Co.R.M. scores were observed between both CO and HA
(p = 0.0003), and CO and Mg-HAp (p < 0.001) (Fig. 2f).
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Mineralization Process in Breast Lesions

Immunoistochemical positivity was evaluated on digital im-
ages (Iscan Coreo, Ventana, Tucson, AZ, USA) by a semi-
quantitative approach.

We found a significant effect of both malignancy (p <
0.001, ML > BL) and the presence of microcalcifications (p
< 0.001: lesions with microcalcifications>lesions without
microcalcifications) on BMP-2, while the interaction term
was borderline significant (p = 0.057) (Fig. 3a–d). Post-hoc
testing revealed significant differences both between BL and
BLm (BL 72.39 ± 18.46, BLm 139.4 ± 13.51, p = 0.0010) and
between ML and MLm (ML 116.9 ± 12.9, MLm 314.15 ±
40.45, p < 0,0001) (Fig. 3a–e). We also found a significant
effect of both malignancy (p < 0.036) and the presence of
microcalcifications (p < 0.006) on the rate of BMP-4 positive
breast cells (p = 0.0026) (Fig. 3f–j). The interaction term was
not significant. In accordance with what was observed in
terms of BMP-2, post-hoc testing showed a significantly
higher rate of BMP-4 expression in BLm (134.0 ± 17.31)
and MLm (175.7 ± 12.84) as compared with BL (71.50 ±
17.47) and ML (139.3 ± 14.13), respectively (BL vs BLm,
p = 0.0200; ML vs MLm, p = 0.0046) (Fig. 3f–j).

Immunostaining for PTX3 also revealed a significant effect
of both malignancy (p < 0.001) and the presence of
microcalcifications (p < 0.001) (Fig. 3k–o). The interaction
term was also significant (p = 0.035: (ML-BL)micro > (ML-
BL)nomicro), indicating that the difference in PTX3 expression
between malignant and benign lesions is significantly greater
in the presence of microcalcifications as compared to the same
difference in absence of microcalcifications. In post-hoc test-
ing, a significantly higher rate of PTX3 positive breast cells
was found in MLm as compared with ML (MLm 299.3 ±
21.51, ML 166.2 ± 17.58, MLm vs ML p < 0.0001) (Fig.
3k–o). Moreover, we observed significant differences in
PTX3 expression between BLm and ML (p = 0.0314), BLm
and Mlm (p < 0.0001), BL and MLm (p < 0.0001). No differ-
ence in PTX3 expression was observed when comparing BL
with and without microcalcifications (BL 108.6 ± 18.90, BLm
114.3 ± 14.08, BL vs BLm p = 0.6853) (Fig. 3k–o).

We also found a significant effect of both malignancy
(p < 0.001, BL >ML) and the presence of microcalcifications
(p < 0.001 lesions with microcalcifications > lesions without
microcalcifications) in nuclear expression of RUNX2 (Fig.
4a–e). The interaction term was not significant. Post-hoc test-
ing revealed significant differences between BL and MLm

Fig. 1 Elemental composition of
calcification in breast
pathology. Benign lesion
showing psamomatous
calcifications (a haematoxylin
eosin stain; b TEM micrograph)
composed of calcium oxalate (c
EDX spectrum). Malignant lesion
showing amorphous
calcifications (d and g
haematoxylin eosin stain; E andH
TEM micrographs) composed of
hydroxyapatite (f EDX spectrum)
or hydroxyapatite Mg substituted
(i EDX spectrum). a, d, g scale
bar represent 50 μm. b, h scale
bar represent 0,2 μm (e) scale bar
represent 1 μm
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(p < 0.0001), BLm and MLm (p = 0.0016) and ML and MLm
(p = 0.0003). (Fig. 4a–e).

In addition, we found a significant effect of bothmalignancy
(p < 0.0001, BL >ML) and the presence of microcalcifications
(p = 0.005 lesions with microcalcifications> lesions without
microcalcifications) on RANKL expression (Fig. 4f–j). The
interaction term was not significant. Post-hoc testing detected
significantly higher RANKL signal in BLm (170.8 ± 32.05)
with respect to BL (88.95 ± 11.55) (p = 0.0364). Also, we de-
tected significant differences between BL and ML (p =
0.0014), BL and MLm (p < 0.0001), BLm and MLm (p =
0.0030) (Fig. 4f–j). Interestingly, RANKL positive breast cells
were frequently found close to microcalcifications and
they morphologically resemble to osteoblast cells (Fig.
4j). No significant differences (p = 0.3395) were found
by comparing ML with (269.7 ± 22.9) or without (228.8
± 36.62) microcalcifications.

Finally, we found a significant effect of both malignancy
(p < 0.001, ML > BL) and the presence of microcalcifications
(p < 0.001 lesions with microcalcifications > lesions without
microcalcifications) on the rate of OPN positive breast cells
(Fig.4k–o). The interaction term was not significant. In line
with BMP-2 and BMP-4 expression, post-hoc testing revealed
significant differences between BL and BLm (BL 66.56
± 18.04, BLm 165.6 ± 17.99, BL vs BLm p < 0.0001),

ML and MLm (ML 151.9 ± 16.59, MLm 219.3 ± 22.9,
ML vs MLm p = 0.0104), BL and MLm (p = 0.0001)
(Fig. 4k–o).

Fig. 2 Radiological and EDX data of breast microcalcifications. a
Radiological aspect of breast microcalcifications made of CO (b)
Radiological aspect of breast microcalcifications made of HA. c
Radiological aspect of breast microcalcifications made of Mg-HAp (d,

e, f) According to the classifications of Madame Le Gal, BI-RADS and
Re.Co.R.M, Mg-HAp microcalcifications consistently showed an higher
risk of breast cancer in comparison to CO and HA microcalcifications

�Fig. 3 Expression of bone mineralization inductors in breast cells.
Immunohistochemical positivity was evaluated on digital images by a
semi-quantitative approach. Specifically, immunoreaction BMP-2,
BMP-4, PTX3 was evaluated by counting the number of positive breast
cells out of a total of 500 in randomly selected regions. aThe graph shows
the results for BMP-2 immunostaining. b Low expression of BMP-2 in a
breast benign lesion. c Several BMP-2 positive breast cells close to
microcalcification (arrow head) in a benign lesion. d Ductal in situ carci-
noma characterize by both positive and negative BMP-2 breast cancer
cells. e Ductal in situ carcinoma with a microcalcification (arrow head).
All breast cancer cells next to microcalcification express BMP-2. f The
graph shows the results for BMP-4 immunostaining. g Rare BMP-4 pos-
itive breast cells in a benign lesion. h Intraductal microcalcification (ar-
row heads) surrounded by BMP-4 positive breast cells in a benign lesion.
i BMP-4 immunostaining in a ductal in situ carcinoma. j BMP-4 positive
breast cancer cells close to microcalcification in a ductal in situ carcinoma
arrow head). k The graph shows the results for PTX3 immunostaining. l
Image shows rare PTX3 positive cells in a breast benign lesion. m
Numerous PTX3 positive cells next to microcalcifications arrow heads)
in a benign lesion of the breast. o Ductal in situ carcinoma charac-
terize by both negative and positive PTX3 cancer cells. p All breast
cancer cells next to microcalcification express PTX3 (arrow heads).
horizontal bars in the graphs represent significant differences
(*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.00001). For each
image scale represent 80 μm
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Discussion

Microcalcifications play a crucial role in early diagnosis of
breast cancer [2]. Approximately 50% of non-palpable breast
cancers are detected by mammography exclusively through
microcalcification patterns [3], and this approach is able to
reveal up to 90% of ductal carcinomas in situ [4].

Improving the characterization of microcalcifications
would therefore turn these early signs of breast cancer into
even more accurate diagnostic and prognostic markers useful
in clinical practice.

To this end, in this study we investigated the associations
among the radiological characteristics of microcalcifications,
their microscopic appearance and their chemical composition.
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EDX microanalysis confirmed previous data about the
presence and distribution of CO, HA and Mg-HAp in breast
tissues [7, 20]. In particular, we verified that complex forms of
calcifications (HA and Mg-HAp) are strictly related to malig-
nant lesions, whereas microcalcifications associated to benign
lesions are exclusively made of CO. Conversely, Mg-HAp
was never found in benign lesions, and it was frequently

detected in breast cancer. Moreover, we found that the elemen-
tal composition of microcalcifications was significantly asso-
ciated with their morphological appearance. Specifically, CO
microcalcifications were frequently classified as birefringent
crystals, whereas calcification made of Mg-HAp appeared as
polymorphous bodies in more than 90% of cases.
Accordingly, histological appearance of microcalcifications
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could be considered as a useful prognostic factor for breast
lesions.

In this paper, for the first time we analyzed the association
between the chemical composition of microcalcifications and
their morphological appearance on the mammogram. Notably,
microcalcifications made of Mg-HAp were mainly associated
to Bcasting type^ classification. In this context, Tabar et al.
proposed that Bcasting type^ calcifications could represent
both an in situ carcinoma and a Bduct forming high grade
invasive carcinoma^, where cancer cells are situated within
the newly formed ducts, mimicking the adjacent in-situ pro-
cess. This process of neo-ductogenesis appears to account for
the significant, potentially harmful portion of the tumor bur-
den [21]. In particular, in this paper, we showed that Bcasting
type^ microcalcifications are those prevalently made of Mg-
Hap and are therefore associated with breast cancer types with
poorest prognosis.

Moreover, we found that both HA and Mg-HAp calcifica-
tions corresponded to the highest cancer risk according to the
main radiological classification system (Madame Le Gal, BI-
RADS and Re.Co.R.M).

The production of complex forms of calcifications (HA and
Mg-HAp), which we found in malignant lesions, could be
related to an active process of ectopic mineralization [7]. For
a long time, microcalcifications were interpreted as a mere
degenerative process associated with tumorigenesis [22].
More recently, our and other studies suggest that breast
microcalcifications are the result of an active biological pro-
cess characterized by the deposition of calcium salts, similar to
what is well known to occur for the physiological mineraliza-
tion occurring in bone [23–25]. In accordance with this hy-
pothesis, we aimed to test whether some of the main factors
typically involved in bone metabolism are similarly involved

in the genesis of complex form of breast microcalcifications.
In a previous paper, we evaluated the expression of BMP-2
and OPN in biopsies from patients affected by breast cancer
with microcalcifications and we found a significant overex-
pression of typical markers of bone mineralization in infiltrat-
ing carcinomas with microcalcifications as compared to infil-
trating carcinomas without microcalcifications [7]. Here we
investigated for the first time the expression of BMP-2,
BMP-4, PTX3, RUNX2, RANKL and OPN in breast tissue
environment by comparing benign and malignant lesions with
or without microcalcifications.

BMP-2 is the most important inducer of mineralization in
bone tissue and BMP-4 participates in the same process (albeit
to a lesser extent) [26]. In particular, these molecules are able
to induce osteoblasts differentiation of mesenchymal stem
cells by inducing the expression of typical osteoblast
markers such as RUNX2. Interestingly, we found a sig-
nificant increase in the expression of these two typical
bone markers in breast lesions with microcalcifications
as compared to those without microcalcifications.

Recently, we described PTX3 as a new possible marker of
poor differentiated breast carcinomas [27]. In addition, we
found that high levels of PTX3 are associated with better bone
quality in humans and its functional inhibition in vitro hinder
mature osteoblasts in producing HA crystals [15, 28]. In line
with these evidences, here we found a significantly higher
PTX3 signal in the environment of malignant lesions present-
ing microcalcifications with respect to malignant lesions with-
out microcalcifications. Also, Lee et al., demonstrated that
PTX3 induces the upregulation of RANKL [29], a typ-
ical marker of mature osteoblasts [30]. The finding that
the difference in PTX3 expression between malignant
and benign lesions is significantly greater in the presence of
microcalcifications suggests an essential role for PTX3 in the
formation of ectopic calcifications in breast. When analyzing
the main markers of osteoblasts, we found a significantly
higher number of RUNX2 and RANKL positive breast cells
in malignant lesions with microcalcifications with respect to
benign lesions with or without microcalcifications. Both of
these molecules are expressed by cells morphologically simi-
lar to osteoblasts and were frequently localized close to
psammoma bodies. Specifically, the number of positive
RUNX2 cancer cells was higher in malignant lesions with
microcalcifications respect to both benign lesions and malig-
nant lesion without microcalcifications. Runx2 is the
first transcription factor required for the determination
of the osteoblast lineage, inducing the differentiation
of multipotent mesenchymal cells into immature osteo-
blasts and directing the formation of bone matrix [31].
In addition, it is known that the molecules of the BMP
family, (i.e. BMP-2) are able to induce osteoblasts dif-
ferentiation by inducing overexpression of RUNX2 [31].
Thus, the finding of RUNX2-positive breast cells close

�Fig. 4 Expression of osteoblast markers in breast cells.
Immunohistochemical positivity was evaluated on digital images by a
semi-quantitative approach. Specifically, immunoreaction RUNX2,
RANKL, OPN was evaluated by counting the number of positive breast
cells out of a total of 500 in randomly selected regions. aThe graph shows
the results for RUNX2 immunostaining. b Rare RUNX2 positive cells in
a breast benign lesion. c Several RUNX2 positive cells in a benign lesion
with microcalcification (arrow head). d RUNX2 nuclear expression a
ductal in situ carcinoma. e All breast cancer cells next to
microcalcification express RUNX2 (arrow head). f The graph shows the
results for RANKL immunostaining. g Image displays RANKL expres-
sion in a benign lesion without microcalcifications. h Numerous positive
RANKL cells next to microcalcification (arrow head). i Positive breast
cancer cells in a ductal in situ carcinoma. jRANKL positive breast cancer
cells close tomicrocalcification (arrow head) in a ductal in situ carcinoma.
k The graph shows the results for OPN immunostaining. l Rare/no pos-
itive OPN cells in a breast benign lesion.mNumerous OPN positive cells
next to microcalcifications (arrow head) in a benign lesion of the breast. n
OPN expression a ductal in situ carcinoma. p Intraductal
microcalcification (arrow head) surrounded by OPN positive breast cells
in a ductal in situ carcinoma. Horizontal bars in the graphs represent
significant differences (*p < 0.05; **p < 0.01; ***p < 0.001, ****p <
0.00001). For each image scale represent 80 μm
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to microcalcifications strongly supports the hypothesis
that calcium deposits in breast are produced by breast
cells with an osteoblast phenotype [7].

The absence of a significant difference in the expression of
RANKL between malignant lesions with and without
microcalcifications leads us to speculate that the role played
by RANKL positive cells could be confined to the early
phases of microcalcification production.

The formation of HA crystals during osteogenesis requires
the participation of OPN [32]. In accordance with the hypoth-
esis that the genesis of breast microcalcifications mimics
the physiological process of mineralization which occurs
during bone formation, immunostainings for osteopontin
revealed (in both benign and malignant lesions, with or
without microcalcifications) that the expression of this
molecule is significantly higher in breast lesions presenting
microcalcifications as compared to those without them.

Taken together, our data further strengthen the hypothesis
that breast microcalcifications are the result of a biological
phenomenon orchestrated by cells able to actively produce
calcium depositions. These cells present an osteoblast like
phenotype [7] and, therefore, have been named breast
osteoblast-like cells (BOLCs) [24].

During the last decades, the use of microcalcification pat-
terns in radiological clinical practice has been the most
important evaluation criterion for the early diagnosis of
breast cancer.

Nevertheless, mammography alone is not sufficient to
make a differential diagnosis and histological examina-
tions are mandatory in order to characterize the type of
breast lesion.

In this work, we introduce for the first time the use of EDX
microanalysis technique as an additional instrumental ap-
proach to better characterize microcalcifications detected by
mammography.

Our results suggest that EDX microanalysis, associated
with the radiological exam of breast microcalcifications as
well as histopathological data could provide useful infor-
mation for the design of new imaging technologies able to
discriminate microcalcifications in vivo, which would rep-
resent a significant step forward in noninvasive breast can-
cer screening.

Also, in line with previous data, we showed that
breast lesions with microcalcifications are characterized
by the presence of BOLCs expressing molecules typical
of osteoblasts [7, 24]. Such cells could explain the for-
mation of ectopic calcifications in breast lesions, espe-
cially when they are made of elements such as HA and
Mg-Hap, which are particularly related to tumor malig-
nancy. Finally, a better knowledge of the early signs of
breast cancer, such as microcalcifications, paves the way
for a deeper comprehension of the physio-pathological
processes leading to breast cancer development.

Conclusions

Multidisciplinary and multimodal analysis of microcalcifications
(e.g. mammography, EDX microanalysis, histology),
could open new perspectives for the application of com-
putational strategies aimed at the development of algo-
rithms able to predict the risk of breast cancer occur-
rence. In this context, a more accurate knowledge of
microcalcifications characteristics could not only help
clinicians in the management of breast cancer patients,
but also proposes the occurrence of ectopic calcification
in mammary tissue as part of the tumorigenic process.
In addition, the morphological and molecular character-
ization of BOLCs can lay the foundation for the com-
prehension of the biological basis about the formation
of breast microcalcifications.
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