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Summary

The presence of calcifications on mammograms is a widely used diagnostic marker for breast
cancer. While the clinicopathological analysis of breast tissue is well-developed, an in-depth
characterisation of the properties of calcifications at the micro and nano scale remained elu-
sive. In this work, we use nano-analytical methods to investigate the calcification present in
healthy breast tissue, as well as in benign and malignant breast tumour tissue biopsies. While
polycrystalline apatite with lower crystallinity can be found in all breast tissue samples, we
show that magnesium-containing nano and micro spherical particles are found only in malig-
nant invasive breast cancers. These particles are present exclusively in the vasculature and
their concentration increases with cancer progression. The discovery of these spherical parti-
cles provides new insights into the characteristics of breast calcification associated with ma-
lignant tumours and opens new research pathways to a better understanding of breast tumours

and their microenvironment in general.
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Introduction

Calcification formed from mineral deposits with sizes in the hundreds of micrometres
(known as microcalcifications) found in breast tissue are a crucial component in the diagnosis
of underlying breast carcinomas® and are commonly used in the differentiation between malig-
nant and benign tumours'=. Multiple similar calcification clusters, appearing as bright white
spots on mammograms, spreading over one or both breasts are considered to be concomitant of
benign tumours, whereas variability in the appearance of clusters suggests a malignant cause?.

This connection between breast calcification and cancer has led to many research initia-
tives aiming to identify specific differences between benign and malignant calcification*®. Due
to the resolution limit of clinical mammography, however, it is not possible to gain in-depth
information on the mineral forming these calcifications. Similarly, the low resolution of both
mammography and light microscopy used for the histopathological assessment of breast biop-
sies does not allow characterization at the nano scale, nor does it provide any information on
chemical or physical properties of these calcifications.

In the past, characterisation methods typically used in materials sciences, such as X-ray,
electron diffraction, electron microscopy, and microprobe analysis, have been applied to the
calcification in breast cancer and suggested the presence of the mineral hydroxyapatite*°, Hy-
droxyapatite has also been recorded widely in studies using spectroscopic and diffraction meth-
ods, in both benign and malignant cases*'t. The crystallinity of the hydroxyapatite mineral ob-
served was found to be correlated with tumour invasiveness, with a higher crystallinity
associated with malignant invasive tumours*?, Recent studies, using Raman and energy disper-
sive x-ray spectroscopy, have also suggested the presence of magnesium-substituted apatite and
whitlockite in malignant cases; however, no definite association has been reported?s°,

Other than their diagnostic potential, the physicochemical properties of the minerals pre-
sent in the calcifications in breast cancer are of growing interest due to their potential for provid-
ing insights on the prognosis of the disease®!“. It has been reported that breast cancer patients
with small calcifications have a lower survival rate than patients who present more extensive
calcifications®®, and that the presence of calcifications in milk ducts increases the risk of cancer
recurrence'®. Studies have also reported that the presence of hydroxyapatite in breast cancer
cell cultures can enhance the processes of mitosis*® and the migration of tumour cells'’. Fur-
thermore, tumorigenic mammary cells can reportedly produce hydroxyapatite, in contrast to
non-tumorigenic cells, which do not calcify?8,

Despite the advances made in the field, the exact relationships between the physicochem-

ical characteristics of the minerals present in different types of cancerous calcification and their
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association to cancer progression or prognosis are not fully established. A more comprehensive
understanding of these may, therefore, shed light on the general nature of the calcification in
tumours, and allow a correlation between calcification and tumour key characteristics.

Here we analyse histological slides obtained from breast tissue biopsies of eighty one
patients with benign and malignant tumours of all grades, using nano-analytical methods such
as Focused lon Bean (FIB), Scanning and Transmission Electron microscopy (SEM and TEM),
Selected Area Electron Diffraction (SAED), Energy-dispersive X-ray spectroscopy (EDS), and
Raman spectroscopy. We show the distinct mineral characteristics of breast tissue calcifications
present in benign and malignant tumours, and reveal that the presence of magnesium-rich spher-

ical particles is directly associated with invasive malignant breast tumours.

Results and Discussion

Density Dependent Colour-SEM (DDC-SEM) images show that calcification was present
in two distinct morphologies. Large minerals (Fig. 1a, b and c) with no specific shape (dimen-
sions between 10 and 300 um) were observed in all tissue types (healthy, benign and malig-
nant). Nano and micro spherical particles (Fig. 1d, e and f) with dimensions from 46 nm to 2.15
um (size distribution in Supplementary Fig. S1) were only observed in invasive malignant

cases.
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Figure 1: Density dependent colour scanning electric micrographs (DDC-SEM) of calcification observed in

breast tissue. (a) DDC-SEM micrograph of large minerals present in a benign borderline phyllodes tumour. (b)
DDC-SEM micrograph of large minerals present in a benign sclerosing papillary case. (c) DDC-SEM micrograph
of large minerals present in a healthy tissue sample. (d) DDC-SEM micrograph of spherical particles in an invasive
lobular carcinoma biopsy. (€) DDC-SEM micrograph of spherical particles in an invasive ductal carcinoma biopsy.
(f) DDC-SEM micrograph of spherical particles in an invasive cribriform carcinoma biopsy. Red and pink indicate

inorganic material and turquoise (blue/green) indicates organic material. Scale bar = 2 um.


https://doi.org/10.1101/2020.04.29.067660

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.29.067660; this version posted July 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

EDS analysis shows that all large minerals were composed of calcium and phosphorus,
without a detectable amount of magnesium (Fig. 2a and b). The spherical particles, instead,

were composed of calcium, phosphorus and magnesium (Fig. 3a, b and c).
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Figure 2: DDC-SEM micrographs and elemental mapping EDS spectra of large minerals found in benign

breast tissue tumours. (a) DDC-SEM micrograph of large mineral present in a benign borderline phyllodes with
EDS spectrum of the area marked with a circle. Red and pink indicate inorganic material and turquoise (blue/green)
indicates organic material. Scale bar = 2 um. (b) Scanning electron backscattering micrograph of large minerals
in a benign complex sclerosing papillary lesion, with EDS elemental mapping of (1) calcium, (I1) phosphorus and

(111) magnesium. Scale bar = 10 pm.
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Figure 3: DDC-SEM micrographs and EDS spectra of spherical particles found in invasive malignant breast
tumours. (a) DDC-SEM micrograph of spherical particles present in an invasive cribriform carcinoma, with EDS
spectrum of the area marked by circle. (b) DDC-SEM micrograph of spherical particles present in an invasive
lobular carcinoma biopsy, and EDS spectrum of the area marked with a circle. (¢) DDC-SEM micrograph of
spherical particles present in an invasive ductal carcinoma, and EDS spectrum of the area marked with a circle.

Scale bar =500 nm. Red and pink indicate inorganic material and turquoise (blue/green) indicates organic material.

To investigate their internal structure and crystallinity, the minerals were sectioned by

FIB and imaged by TEM. For the large minerals, TEM micrographs revealed an unorganised
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internal structure (Fig. 4a). The SAED patterns shows typical rings formed from a polycrystal-

line mineral (Fig. 4b) composed of apatite (SAED indexing for apatite in Supplementary Fig.
S2)%.

Figure 4: TEM micrograph of large mineral from benign phyllodes tumour sectioned by FIB, and repre-
sentative SAED pattern. (a) TEM micrograph of large mineral. Scale bar = 100 nm. (b) SAED pattern of the

region in a. Scale bar =5 nm™,

Further TEM micrographs of FIB-sectioned spherical particles (Fig. 5) show that their
internal structure is heterogeneous, with some showing less dense cores (Fig. 5a, b and d). The
respective SAED patterns, on the other hand, present with clear spots rather than rings (Fig. 59,
h, 1). Indexing of the diffraction patterns suggests that the particles could be composed of whit-

lockite (SAED indexing for whitlockite in Supplementary Fig. S3)%.
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N/

Figure 5: TEM micrographs of FIB-prepared sections of spherical particles and SAED patterns. (a) TEM
micrograph of a spherical particle from invasive ductal carcinoma biopsy. (b) TEM micrograph of spherical par-
ticle from invasive ductal carcinoma biopsy. (¢) TEM micrograph of spherical particle from invasive cribriform
carcinoma biopsy (d) TEM micrograph of spherical particles from invasive lobular carcinoma biopsy. () TEM
micrograph of spherical particles from invasive lobular carcinoma biopsy. (f) TEM micrograph of a spherical
particle from invasive lobular carcinoma biopsy. Scale bars = 100 nm. (g) SAED pattern of the particles shown in
d. (h) SAED pattern of the particles shown in e. (i) SAED pattern of the particles shown in f. Scale bars =5 nm™.

Finally, the chemical identity of both mineral types (large minerals and spherical parti-
cles) was further supported via Raman spectroscopy measurements. A characteristic peak at
960 cm™* for apatite was observed for the large minerals (Fig. 6), and a peak at 970 cm, typical

of whitlockite (Fig. 6), was observed for the spherical particles?-2,
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Figure 6: Optical micrograph and Raman mapping of 970 cm™* peak on blood vessel wall. (a) Optical micro-
graph of a vessel wall, and region mapped with Raman indicated in red. Scale bar = 300 um. (b) Raman 970 +/-
20 cm? peak map suggesting the presence of magnesium whitlockite spherical particles in the tissue. Scale bar =
4 um. (c) Raman spectrum obtained from vessel wall for spherical particles (black spectrum) and large calcification

(red spectrum).

The presence of hydroxyapatite®2+2° and whitlockite?>?" has been acknowledged previ-
ously in breast tissues; however, they have never been identified as separate entities. Moreover,
to the best of our knowledge, this is the first time calcification in breast tissue is shown to have
the clear morphology of spherical particles of an average diameter of 434 £ 228 nm.

The difference in scale between the two types of minerals prompt us to suggest that the
large minerals are likely the calcification observed on clinical mammograms and histopatho-
logical evaluation. In contrast, the small size of the spherical particles might mean that these
are going undetected during clinical assessment.

In addition, the location of the two minerals in the tissue was also evaluated through the
imaging of H&E stained histological slides (Fig. 7). Indeed, the large minerals could be ob-
served on the H&E slides (presenting in the ducts and the stroma of the tissue) (Fig. 7a and b)
and the spherical particles are not clearly visible on optical micrographs (Fig. 7c), but can be
easily identified in SEM backscatering images at similar magnification (Fig. 7d).

Interestingly, the spherical particles were not only observed in invasive malignant cases,
but also were only observed in the vasculature of these tissue (percentage of samples presenting
particles in vasculature in Supplementary Fig. S4), close to the blood vessel lumen and internal
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elastic lamina (Fig. 7e and quantification of localization of particles in vascular wall in Supple-

mentary Fig. S5).
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Figure 7: H&E staining and electron micrographs of breast tissues. (a) Optical micrograph of a tissue stained
with H&E, depicting a large mineral in the stroma (black arrow). (b) SEM backscatering of consecutive section of
a, showing the same large mineral (white arrow). (c) Optical micrograph of a tissue stained with H&E, depicting
a blood vessel (black arrows). (d) SEM backscatering of consecutive section of ¢ slide, showing spherical particles
(white arrows). Scale bar = 15 pm. (e) Representative SEM backscatering micrograph of vascular wall tissue with
lumen (red arrow) and particles (white arrow). The blue line and arrow indicate the end of the arterial wall. Scale

bar =5 um.

The potential relationship between invasive breast malignancies and the spherical par-
ticles was further evaluated with an analysis of the characteristics of the particles. Initially, no
association between particle size, type of tumour or grade was found (Fig. 8a). However, par-
ticle size in grade 1 tumours was found to be slightly larger than in grade 2 and grade 3 tumours
(Fig. 8b).

Conversely, the number of particles found in grade 1 tumours was significantly lower
than in grade 2 and grade 3 tumours (Fig. 8c), indicating that these particles may accumulate

over time, as the tumour progresses.
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Figure 8: Dimensions and number of spherical particles on vasculature of invasive malignant breast tu-
mours. (a) Particle diameter for different subtypes of invasive malignancy (lobular, cribriform and ductal (n =
300)) (mean = SD). (b) Particle diameter in samples with different grades of malignancy (grade 1, grade 2 and
grade 3 (n =30, n =600, n =600)) (mean £ SD). *p =0.0294. (c) Spatial density distribution of particles in relation
to different grades of malignancy (grade 1, grade 2 and grade 3 (n = 2, n =5, n = 5)) (mean + SD). One-way
ANOVA with Dunnett's T3 multiple comparisons post-hoc test. *p = 0.0298.

The association found between spherical particles and invasive malignant breast tu-
mours could indicate a possible role in tumour development and metastasis. When found in soft
tissues, calcium phosphate may have a significant impact on the recruitment and transdifferen-
tiation of local or circulating cells?®-* through mechanobiological signalling, as stiffer matrices
have been shown to have remarkable effects on cells®. It is well documented that calcium phos-

phates may induce apoptosis in human breast cancer cells*?, while hydroxyapatite of different
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carbonate contents may considerably affect breast cancer cell behavior®3. Moreover, the size of
calcium phosphate crystals was also found to increase cell adhesion, whereas an increase in
mineral crystallinity was reported to have the opposite effect®*. Also, an increase in crystallinity
has been correlated to the increase of osteolytic protein secretion from breast cancer cells3+3°,
which has in turn been correlated to bone metastasis®.

In spite of all the biological effects that may be caused by the presence of spherical
particles in invasive malignant breast tumours, their origins are still elusive. Recent work in the
field of cardiovascular® and ocular®” mineralization has reported the presence of similar parti-
cles, whose origins are still debated®”%°,

Based on the results presented here, we speculate that the spherical particles might orig-
inate in the bloodstream and their presence on the vasculature could be an indication of the
enhanced permeability and retention (EPR) effect observed in tumour vasculature, which has
also been debated*. The EPR effect is arguably either a result of loose junctions between vas-
cular endothelial cells or, as recently suggested, could be caused by an active transportation of
blood components to the tumour through endothelial cells, in a way similar to transcytosis**#2,
Therefore, the accumulation of spherical particles on vascular walls of tumours and, more pre-
cisely, near the internal elastic lamina, may as well be a result of a similar process occurring on
cardiovascular calcification, whereby the precursor of particles would originate in the blood,
accumulate on vascular walls, and transform over time into the spherical particles.

Our finding of spherical particles in invasive malignant breast tumours also suggests
there may be a new calcification mechanism, the study of which could potentially contribute to
a better understanding of tumour biology. Future studies in the field might benefit from explor-
ing the strong association between these spherical particles and invasive malignant breast tu-
mours. An investigation of the effect of these particles on breast cancer cells could enhance our
understanding of their effect on tumour microenvironment, progression and metastasis. Finally,
including their specific physicochemical properties in such studies, as has been done for the
hydroxyapatite mineral, would add to our knowledge about the roles played by different mate-

rials in breast cancer.
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