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Abstract Among the scientific communities, there is a con-
vergence of results supporting a direct relationship between dys-
regulated sialylation and poor prognosis in many human cancers.
For this reason, we have retrospectively investigated 169 cases of
invasive ductal carcinoma of the breast, coming from female
patients aged between 31 and 76 years old. The whole series
was subdivided into two prognostic groups: the first group
consisted of 138 patients, who showed a post-treatment survival
time more than 5 years, while the second group was made up by
31 patients, died within 5 years despite of chemotherapy. All the
surgical specimens were fixed in 10 % neutral buffered formalin,
paraffin embedded and, then, submitted to routinely
haematoxylin/eosin staining and to a further histochemical
(Alcian Blue, DDD-Fast Blue B, Mercury Orange), immunohis-
tochemical (ST3GALS sialyltransferase, Ki67, c-erbB2, ER, PR)
and chemico-elemental characterization. In the 31 cases of breast
cancer belonging to the second group, an overexpression of
sialomucins and sialyltransferases has been detected. Our results
lead us to support that in aggressive chemoresistant breast can-
cers, the altered expression of sialic acid, due to an uncontrolled
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sialylation, creates an excessive negative charge on cell mem-
branes, which stimulates repulsion between neoplastic cells and
their subsequent access into the blood stream. This event implies
an early metastatization and a rapid disease progression with fatal
outcome. The early application of Alcian Blue stain on diagnos-
tic biopsies of breast cancer is able to cheaply reveal the
sialomucin accumulations, providing for the disease course.

Keywords Breast cancer - Invasive ductal carcinoma - Sialic
acid - Sialomucins - ST3GALS sialyltransferase - Sialidase
(neuraminidase) - Alcian Blue - DDD-Fast Blue B - Mercury
Orange - Elemental microanalysis - Sulphur (S)

Introduction

The term ‘sialic acid’ derives from the Greek word sialon
(oiahov), which means saliva. It is a generic term for the N-
or O-substituted derivatives of neuraminic acid, a monosaccha-
ride with a nine-carbon structure [1]. It is also the name for the
most common member of this group, that is N-
acetylneuraminic acid (NeuSAc or NANA). Sialylation is the
chemical reaction that introduces a sialyl group into a molecule.
Sialic acid-rich glycoconjugates (sialoglycoproteins,
sialoglycolipids) are widely distributed in animals and, to a
lesser extent, in plants and fungi [1]. The sialic acid-rich regions
contribute to create a negative charge on the cells’ surfaces [2].
Since water is a polar molecule with partial positive charges on
both hydrogen atoms, it is attracted to cell membranes, favoring
the fluid uptake. Among the scientific communities, there is a
convergence of results supporting a direct proportionality be-
tween dysregulated sialylation and poor prognosis in many hu-
man cancers [3, 4]. Our interest has been focused on breast
cancer, the most common invasive neoplasia in women.
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Materials and Methods

Our research group has retrospectively investigated 169 cases
of invasive ductal carcinoma of the breast, coming from fe-
male patients, aged between 31 and 76 years at the time of
diagnosis. The whole series was subdivided into two prognos-
tic groups: the first group consisted of 138 patients, who
showed a post-treatment survival time more than 5 years,
while the second group was made up by 31 patients, died
within 5 years despite of chemotherapy. More in detail, all
the surgical specimens were fixed in 10 % neutral buffered
formalin, paraffin embedded and, then, submitted to routinely
haematoxylin/eosin staining and to a further histochemical
(Alcian Blue, DDD-Fast Blue B, Mercury Orange) and im-
munohistochemical characterization. After deparaffinization,
hydration, endogenous peroxidase blocking and heat-induced
antigen retrieval, the tissue sections were incubated for 30 min
at room temperature with anti-sialyltransferase (ST3GALS
antibody, prediluted; Novus Biologicals, Littleton, CO,
USA), anti-Ki67 (clone MIB-1, 1:75; Dako, Glostrup,
Denmark), anti-cerbB2 (HercepTest; Dako), anti-estrogen re-
ceptor (ER, clone SP1, prediluted; Ventana, Tucson, AZ,

Fig. 1 In a normal breast, neutral
mucins are present, while acid
mucins (sialomucins) are almost
absent (a Alcian Blue staining,
pH 2.5; x40). In chemoresistant
metastatic breast cancers,
conspicuous collections of blue-
stained sialomucins are
observable inside the neoplastic
ducts (b Alcian Blue staining,
pH 2.5; x20). These collections
disappear after a pre-treatment
with sialidase (¢ Alcian Blue
staining, pH 2.5; x40). The
immunohistochemistry for
sialyltransferase shows its
overexpression only in the
aforementioned aggressive cases
(d ST3GALS antibody, Novus
Biologicals, Littleton, CO, USA;
x40). The accumulation of
sialoglycoconjugates is
confirmed by both DDD-Fast
Blue B (e; x40) and Mercury
Orange (f; X40) staining methods
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USA) and anti-progesterone receptor (PR, clone 1E2,
prediluted; Ventana). Biotinylated secondary antibody was
applied and the staining product detected with avidin-biotin
complex (ABC) against a hematoxylin counterstain.
Detection of the staining reaction was achieved by an enzyme
conjugated polymer complex adapted for automatic stainers
from Roche Ventana Medical Systems, with 3—3’ diaminoben-
zidine tetrahydrochloride (DAB) as chromogen. The valida-
tion of the histochemical stains and immunohistochemical re-
actions was obtained by using normal breast tissue, coming
from reduction mammoplasty. Finally, 20-pum-thick sections
were prepared from representative formalin-fixed and
paraffin-embedded blocks and used for elemental microanal-
ysis according to Gatti and Montanari [5]. These paraffin sec-
tions were deposited on an acetate sheet, deparaffined with
xylol and mounted on an aluminium stub. Thereafter, they
were inserted in the chamber of a field emission gun - envi-
ronmental scanning electron microscope (FEG-ESEM Quanta
250, FEI Company, Eindhoven, the Netherlands) equipped
with an energy dispersive system (EDS, EDAX, Mahwabh,
NJ, USA), in order to obtain a chemico-elemental characteri-
zation of the neoplastic tissue.
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Fig. 2 In a metastatic axillary lymph node from aggressive chemoresistant
breast cancer, large amounts of blue-stained sialomucins are well noticeable
inside (insert) and around the ductal structures (Alcian Blue staining,
pH 2.5; x4)

Results

In a normal breast, neutral mucins are present, while acid
mucins (sialomucins) are absent or present as traces of stain
inside the ductal spaces (Fig. 1a). In the 31 cases of breast
cancer belonging to the second group, an overexpression
of sialomucins and sialyltransferases has been detected.
More in detail, in chemoresistant metastatic breast cancers,
extensive accumulations of blue-stained sialomucins are
well noticeable inside (Fig. 1b) and around (Fig. 2) the

Counts s

1.5k

1.2k

ductal spaces. This finding can be referred as malignant
alcianophil hypersecretion. The ductal sialomucins disap-
pear after a pre-treatment with sialidase (Fig. 1c), which
selectively cleaves the glycosidic linkages of sialic acids.
The immunohistochemistry for sialyltransferase reveals its
overexpression only in the above mentioned aggressive
cases (Fig. 1d). The accumulation of glycoconjugates rich
in sialyl groups is further confirmed by both DDD-Fast
Blue B (Fig. le) and Mercury Orange (Fig. 1f) staining
methods for thiols and by elemental microanalysis, which
reveals a Sulphur (S) peak (Fig. 3). For the 31 cases be-
longing to the second prognostic group, tumour subtype
with histological grade, estrogen and progesterone receptor
expression, Ki-67 labelling index (LI), HercepTest score,
pTNM status with specification for metastatic site and che-
motherapy regimen have been provided (Table 1). All the
above mentioned 31 aggressive cases are no special type
(NST) ductal carcinoma, in clear prevalence (80 %) with a
high histologic grade (G3), according to the Elston and
Ellis’ criteria [6]; 4 cases of the series are triple negative
breast cancers (anti-ER negativity; anti-PR negativity; anti-
cerbB2 negativity). The most frequent pT class is pT2
(48 %), followed by pTlc (39 %). In the 71 % of cases, lymph
node metastasization has been detected (N1: 45 %; N2: 10 %);
moreover, in the 16 % of cases a massive lymphatic involve-
ment has been ascertained, with more than 10 metastatic axil-
lary lymph nodes (N3) at the onset. The mean Ki-67 LI
amounts to 41 %, while the preferential metastatic sites are,
in order of frequency, liver, lung, bone and brain.
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Fig.3 An EDS spectrum, captured from a neoplastic area of sialomucin collection, shows a well-noticeable Sulphur (S) peak in a background of various

elemental composition (X axis = keV; Y axis = counts)

@ Springer



Roncati L. et al.

872

QJBUOIPI[OZ 17 ‘QUIQ[AIOUIA A ‘qeunzniser) :1J, cudjrxowe) k], ‘Juidels opou-town) [edrdojoyred :N 1d <103dooar ouoioysadord yq ([oxenyoed :q odK) reroads ou : [ SN orexonoyow ;A Xapur
Surjoqey ;17T ‘qunede] (e ¢9[ozong] T OpeId J130]0ISIY :0) JUBNSOA[N] :nJ ‘[ovInolonyj : 103decar uoSonso YA [oxeiesop :q ‘uwiqnudd g oprueydsoydooko 1) uneidoqies :d) ‘qewnzioeadq g

ZAd+ADA+T+DN+d+D auoq INOLL 0 08 0 pue o (€D) LSN [eonp 6€ 3
TN+d+0D ureiq ‘Sun] INOLL 0 ¢ S Pue 06 (€D) LSN [eonp 9 0¢
nfeTeLd+d+0 ToAY| ONOIL +C 0€ 06 Pue 66 (€D) LSN [eonp SL 6¢C
ILTIW+d+D JoA[ ‘ureiq INOLL +€ ST T Pue 56 (€D) LSN [eonp 09 8T
ZO0JeLd+d+0D auoq IN 2L 0 or 00T Pue 001 (€D) LSN [eronp 9L LT
Ad+dDI+T+D W+d+D Suny IN 2L +1 09 0 pue o (€D) ISN [eronp 89 9T
nJeTBLN+4d+D ToAT] INPLL +C 08 66 PUE 66 (€D) ISN [eronp S ST
ZeLd+d+0 auoq IN CL 0 or 00T Pue 001 (€D) LSN [eonp 9L 74

0 ILBL W+ d+0D ToAT[ ONPIL +7 0¢ 06 PUE S6 (€D) LSN [eonp SL €
nfeLd+d+0D TOAT] ON ZL +1 0¢€ 6 PUE G6 (€D) LSN 1eonp 0S 4
Ad+DA+T+DWN+d+D Suny IN CL +1 09 0 pue o (€D) LSN [eonp 99 1T
eI T d+d+0 ToAT[ IN L +€ ST 0T pue 66 (D) LSN [eonp 8¥ 0T

0L BL N+ d+ D ToAT] INQIL +T 0T ST Pue 001 (€D) LSN [eonp 79 61
neTRLN+d+D ToAT] INOLL +€ 0T 001 Pue 001 (€D) LSN [&onp 8¢ 81
ILTAd4+4d+0 Sun| IN L +€ 0L ST pue 09 (€D) LSN [eonp 9 L1

vr'gd+dd TOAT[ IN L +¢ 09 0 pue o (€D) LSN [eonp Ly 91

Tadd+d JOAT| ¢N TL 0 0S 0 PU® 06 (€D) LSN [ewnp [43 Sl

TW+d+D oAl IN 2L 0 0L 0 pue 08 (D) LSN [eronp 1€ 4!
ZAd+dDA+d+DWN+d+D auoq ONPIL 0 0¢ 0 pue o (€D) LSN [eonp s €l
TA+d+0 ToAY ONAIL +1 SI 0 pue 08 (€D) LSN [eonp S 4!

T'adgd+d ToAY EN ZL +1 08 0 Pue 06 (€D) LSN [eronp 0 11

TW+d+0D ToAT[ ONQIL 0 oF 0 pue 08 (D) ISN [ewonp LS 01

IL1d+4d+D TOAT[ INOTL +¢ 0€ 0 Pue 56 (€D) LSN [eronp 6S 6
ZAd+dDI+T+DWN+I+D IoA1] “duoq INATL 0 0¢ 0 Pue (€D) LSN Teonp 99 8
Z N CL N+ A+ D UreIq ‘JOAI[ Quoq INPLL +1 01 0L Pue 001 (zD) LSN [eonp s L
Ad+DA+T+DWN+d+D Suny ON TL 0 0L 0 pue o (€D) LSN [eonp 9 9
1d+d+0D Suny ONQIL 0 o 0S Pue 0L (D) LSN [eonp 6 S

ngel ‘a‘'dd+do ToAT] EN TL 0 93 08 Pue 66 (€D) LSN [&onp 0S 14
ILT'a‘ad+d Sun| EN 7L +7 o 0T PUe 66 (€D) LSN [eonp LS €

ng el ‘d‘dd+dd TOAT] EN TL 0 91 06 Pue 06 (€D) LSN [eonp or 4
TNW+d+D ToAT[ ONOIL +1 0T 01 pue Q01 (D) LSN [eonp S I

uowisar Aderdypoway) QIS O1JEISERIN smye)s mg 21095 3s9)dadIoy (%) 11 L9T] (95) uorssaidxo 1d pue 1g (8) 2adKyqns rowmny, (s1eak) 23V Joquinu ose))

uoneoy10ads yim snyeys N 1d 01095 1591 dootoy “xopur Surfjoqe] £9-T3 ‘uoissardxa 103dooor suo1d)soford pue uoSonss ‘opeis [eor3ojoisiy ypm 2dAigns Jowny ‘sisouerp Jo awm Ay je o3k Judned

(s1ea4 ¢ = owm [earans) dnoi3 onsousord puodss ay 0) Surduolaq ‘sased dAISSAIZ3e [ ¢ oY) Jo uowndar Aderoyjowayd pue YIS dne)se)oU 10§

1 91qeL

pringer

Qs



Sialylation in breast cancer

873

Discussion

The prognostic variability recorded within homogeneous groups
of women for disease stages has lately led to a more detailed
characterization of breast cancer. The concepts of tumor
histotype, histological grade, vascular invasion and tumor-
infiltrating lymphocytes have been introduced and new prognos-
tic indicators have been revealed, such as hormone receptor sta-
tus (ER, PR), proliferative activity (Ki67), gene expression
(ERBB2), with important repercussions in the choice of the ther-
apeutic strategy (e.g. hormone blocking therapy, targeted thera-
py). Our findings led us to support that in aggressive
chemoresistant breast cancers, the altered expression of sialic
acid [7-9], due to an uncontrolled sialylation, creates an exces-
sive negative charge on cell membranes, which stimulates repul-
sion between neoplastic cells and their subsequent access into the
blood stream. This event implies an early metastatization and a
rapid disease progression with fatal outcome, requiring a new
targeted therapeutic approach.

Conclusion

The application of Alcian Blue stain on diagnostic biopsies of
breast cancer is able to cheaply reveal the sialomucin accumu-
lations, providing for the disease course. In the near future, the
implementation of a laboratory technique for the serum detec-
tion and quantification of sialyltransferase, as tumor marker
for diagnosis and follow-up, is advocated.
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