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CXCR4 and its ligand CXCL12 display
opposite expression profiles in feline
mammary metastatic disease, with the
exception of HER2-overexpressing tumors
Cláudia S. Marques* , Ana Rita Santos, Andreia Gameiro, Jorge Correia and Fernando Ferreira

Abstract

Background: The receptor CXCR4 and its ligand CXCL12 play crucial roles in breast cancer. Despite the fact that
the spontaneous feline mammary carcinoma (FMC) is considered a suitable model for breast cancer studies, the
importance of the CXCR4/CXCL12 axis in FMC is completely unknown. Therefore, this work aims to elucidate the
role of CXCR4 and its ligand in the progression of FMC and metastatic disease.

Methods: CXCR4 and CXCL12 expression was analyzed by immunohistochemistry and immunofluorescence on
primary tumors (PT), regional and distant metastases of female cats with mammary carcinoma and correlated with
serum CXCL12 levels, tumor molecular subtypes and clinicopathological features.

Results: CXCR4 was more expressed in PT than in metastases (p = 0.0067), whereas CXCL12 was highly expressed in
metastatic lesions located in liver and lung (p < 0.0001), as reported for human breast cancer. Moreover, cats with
CXCR4 positive PT exhibited significantly lower serum CXCL12 levels than cats with CXCR4 negative mammary
carcinomas (p = 0.0324). At metastatic lesions, HER2-overexpressing tumors presented higher CXCR4 expression than
the other molecular tumor subtypes (p = 0.012) and significant differences in overall (p = 0.0147) and disease-free
survival (p = 0.0279) curves between the cats with CXCL12 positive and CXCL12 negative tumors were found. Indeed,
CXCL12 negative PT were associated with unfavorable prognosis in cats with HER2-overexpressing tumors.

Conclusions: This work exposes part of the complex interaction between CXCR4 and CXCL12 in PT, but also in metastases
of a breast cancer model. These findings could uncover novel therapeutic tools to be used in cats and humans.
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Background
The chemokine CXCL12, also known as SDF-1, binds to
G-protein-coupled seven-transmembrane-domain che-
mokine receptor 4 (CXCR4), activating signaling path-
ways (PI-3 K/AKT, ERK1/2 and MAPK) and controlling
cell survival, migration and proliferation, with the
CXCR4/CXCL12 axis showing a key role in breast can-
cer progression and in many other cancers, as in liver,
lung, bone, brain, prostate, ovarian, cervical, colorectal
and pancreatic tumors [1–4]. Evidence for a regulatory
role of CXCR4/CXCL12 axis in the progression of the

metastatic disease was found in breast cancer patients
[5] with the organs and tissues with highest CXCL12 ex-
pression frequently showing metastases and with
CXCL12 working as a chemotactic factor. On the other
hand, CXCR4 is mainly expressed in primary breast can-
cer lesions and lymph node metastases [5, 6]. In fact,
patients with breast tumors showing CXCR4 overex-
pressing were associated with an increased number of
metastases in lymph nodes and a decreased overall sur-
vival comparing to tumors with low CXCR4 expression.
On the other hand, the synthesis of CXCL12 by stroma
cells may support tumor progression by autocrine and
paracrine mechanisms [6–9]. More recently, an exten-
sive amount of research has been conducted to clarify
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the role of CXCR4/CXCL12 axis in human breast cancer
and metastatic disease [1, 2, 10–12], suggesting that tar-
geted therapies against CXCR4/CXCL12 axis may inhibit
tumor growth. Indeed, some CXCR4 antagonists have
been developed and tested in clinical trials or even ap-
proved by the US Food and Drug Administration [13].
In parallel, an anti-human CXCR4 antibody is being tested
in phase I trial [14] and an anti-CXCL12 aptamer
(NOX-A12, Noxxon Pharma) is in phase I/II trials [15].
Several preclinical studies targeting the CXCR4/CXCL12
axis have been recently conducted in breast tumors. In
2017, a preclinical study showed that two CXCR4 inhibi-
tors (AMD3100 and TN14003) significantly reduced
tumor growth in a HER2 overexpressing tumor xeno-
graphs, including Herceptin and Docetaxel-resistant, sug-
gesting that CXCR4 inhibition could be a useful strategy
for treat HER2 breast cancer patients [16]. In addition,
Nef-M1, a CXCR4 antagonist peptide, also showed good
therapeutic potential for inhibiting tumor angiogenesis
and the oncogenic epithelial-to-mesenchymal transition
process in patient derived xenographs [17].
The feline mammary carcinoma (FMC), one of the

most common tumor in cats, shares several clinicopath-
ological features with human breast cancer and is con-
sidered a suitable model for comparative oncology [18–
20]. However, the improvement of the diagnostic and
treatment in cats with mammary carcinoma is needed
because the disease is characterized by a very poor prog-
nosis [18–20]. So far, data regarding the involvement of
the CXCR4/CXCL12 axis in FMC revealed that CXCR4
is overexpressed in the majority of FMC [21–23] with
frequent metastization at lymph node, liver and lung as re-
ported in human breast cancer. The proliferative role of
CXCR4/CXCL12 axis was also demonstrated in ex vivo fe-
line cells and recently our team found that serum CXCL12
levels can serve as a diagnostic marker of FMC and in
particular for HER2-overexpressing tumors [24].
Taking into account the relevant oncogenic role of

the CXCR4/CXCL12 axis in breast cancer progression
and its potential to be targeted by anti-tumor mole-
cules, we aimed to clarify the signature of CXCR4
and CXCL12 in cats with mammary metastatic dis-
ease and search for significant associations between
CXCR4 and CXCL12 tissue status and serum CXCL12
values, clinicopathological features and FMC molecu-
lar subtypes.

Methods
Animal collection
A population of 115 female cats with mammary tumors
admitted to the Veterinary Teaching Hospital of the
Faculty of Veterinary Medicine (University of Lisbon)
from June 2012 to December 2016 was used in this
study, after owner’s permission. All mammary and

metastatic lesions were excised during surgery or nec-
ropsy and embedded in paraffin after fixation in 10%
buffered formalin neutralized with 0.1 M phosphate buf-
fer (pH 7.2), for 24–48 h. The presence of regional
lymph node metastases was evaluated in 105 cats with
49 axillary and retromammary lymph nodes tissues from
47 queens being assessed. A full postmortem examin-
ation was performed and metastatic disease was con-
firmed histologically with 24 lungs and 7 livers being
collected from 20 cats. The following clinical data were
collected from each animal: age, breed, reproductive
status, administration of progestogens, number and loca-
tion of tumors, tumor size and stage (TNM system) [25]
treatment prescribed (none, mastectomy, mastectomy
combined with chemotherapy). The degree of malig-
nancy and histopathologic classification were evaluated
[26, 27]. Information about presence of tumor necrosis,
lymphatic invasion by tumor cells, lymphocytic infiltra-
tion and cutaneous ulceration was collected.
Disease-free survival (DFS) and overall survival (OS)
were also recorded. Additionally, blood samples were
collected from 42 queens with mammary disease. Serum
was isolated from clotted blood by centrifugation
(1500 g, 10 min, 4 °C) and immediately frozen at − 80 °C.
All samples that showed hemolysis were discarded, as rec-
ommended for humans [28].

Assessment of CXCR4, CXCL12, HER2, ER, PR and Ki-67
tissue status by immunohistochemistry (IHC)
IHC was conducted as previously described [18, 24].
Briefly, a representative area of each tumor lesion with a
diameter of 6 mm and 3 μm thickness were mounted on
Superfrost® plus microscope slides (ThermoFisher Scien-
tific, Waltham, USA). Xylene was used to deparaffinize
and an ethanol/water gradient series was used to rehy-
drate the sections. For CXCL12 immunostaining, tissue
slides were immersed in Novocastra™ epitope retrieval
solution pH 6 (Leica Biosystems, Wetzlar, Germany) for
CXCL12 staining and then boiled in a microwave for
antigen retrieval (25 min at 600 W). The staining was
performed using the Novolink™ Polymer Detection
System, Leica Biosystems, following the manufacturer’s
procedure. The following primary human antibodies di-
luted in Lab Vision™ Antibody Diluent OP Quanto
(ThermoFisher Scientific) were used: rabbit monoclonal
anti-CXCR4 antibody (clone UMB2, 1:500, Abcam,
Cambridge, UK), mouse monoclonal anti-CXCL12α
antibody (clone 79,018, 1:50, R&D Systems, Minneapolis,
USA), mouse anti-HER2 (clone CB11, 1:200, Invitrogen,
Carlsbad, CA, USA), mouse anti-ER (clone 6F11, 1:125,
ThermoFisher Scientific), rabbit anti-PR (clone 1E2,
ready-to-use, Ventana, Tucson, USA) and rabbit
anti-Ki-67 (polyclonal, 1:500, ThermoFisher Scientific).
Samples of FMC known to have high CXCR4 and
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CXCL12 expression and feline tonsil tissue sample were
used as positive controls. Tissue sections incubated with
no primary antibodies and feline mammary normal sam-
ples were used as negative controls. All slides were
scored in a blind manner by two independent patholo-
gists and in doubtful and/or divergent IHC results, cases
were re-evaluated using a multiobserver microscope and
the staining was discussed until a consensus was
achieved. Images were taken with an optical microscope
system (Axiovert S100 with AxioCam HRc; Carl Zeiss
BV, Sliedrecht, the Netherlands) and analyzed using
AxioVision (Carl Zeiss).

Scoring of IHC staining results
The scoring system for CXCR4 was performed as previ-
ously described in humans and cats [9, 24, 29, 30].
Briefly, staining intensity of the cell membrane and/or
cytoplasm was graded as 0 (negative), 1 (weak), 2 (mod-
erate) and 3 (strong) and the percentage of staining cells
was determined by evaluating at least 1000 neoplasic
cells in 10 high-power fields (400× magnification)
for each tissue section and classified as 0 = negative,
1 = <10%, 2 = 10–50%, and 3 = >50%. To obtain staining
indexes, the intensity and percentage scores were multi-
plied, with staining indexes of 0 and 1 considered
CXCR4-negative (0), as the staining indexes 2 and 3 (1+),
while staining indexes of 4 and 6 were considered positive
(2+), as well as the staining index of 9 (3+). CXCL12 scor-
ing system was based on the percentage of membrane
and/or cytoplasm stained tumor cells and their relative
staining intensity, as previously described for breast cancer
studies [6, 8, 9, 30, 31]. Absence of staining was scored as
0, 1 to 10% of positive cells were scored as 1, 11 to 50% as
2, 51 to 80% as 3, and 81 to 100% as 4. Staining intensity
was scored from 0 to 3 as follows: 0 = negative, 1 = weak,
2 = moderate and 3 = strong staining. The percentage
and staining intensity scores were multiplied and data
was converted to the german immunoreactive score
(IRS) ranging between 0 and 12 with samples scoring
≥3 being considered positive for CXCL12 expression.
HER2 immunoreactivity was scored according to the
American Society of Clinical Oncology’s guidelines.
Briefly, FMC were classified as HER2-negative when
scored 0 or +1 and HER2-positive if scored as + 2 or + 3.
Mammary carcinomas were also evaluated for ER/PR sta-
tus using the Allred score system, and only tumors with a
score ≥2 were considered positive. The Ki-67 proliferation
index was determined by dividing the number of tumoral
cells showing positive nuclear immunostaining per 1000
tumor cells analyzed over at least three high-amplified
microscopic fields. Tumors were considered highly prolif-
erative when more than 14% of the neoplastic cells nuclei
expressed Ki-67 [18, 32].

Tissue CXCR4 and CXCL12 immunofluorescence labeling
Double immunofluorescence labeling was performed in
the same tissue samples evaluated in the IHC assay. The
non-specific staining was blocked with 0.4% casein in
PBS, with stabilizers, surfactant, and 0.2% Bronidox
(Novolink™ Protein Block, Leica Biosystems). Tissue
samples were double stained overnight at 4 °C, with the
following primary antibodies rabbit monoclonal
anti-CXCR4 antibody (clone UMB2, 1:500, Abcam) and
mouse monoclonal anti-CXCL12α antibody (clone
79,018, 1:50, R&D Systems, Minneapolis, USA), diluted
in Lab Vision™ Antibody Diluent OP Quanto (Thermo-
Fisher Scientific). After several washes with PBS, tissue
sections were incubated 30 min at room temperature
with the secondary antibodies: goat anti-rabbit IgG
Alexa Fluor® 594 (Abcam, 1:1000) and donkey
anti-mouse IgG H&L Alexa Fluor® 488 (Abcam, 1:500).
From this step forward, samples were protected from
light in order to prevent fluorochrome fading and the
sections washed, at least three times, in PBS during
15 min. Then, one drop of fluoroshield mounting
medium with DAPI (Abcam) was applied directly on top
of the specimen. Slides were cover slipped, sealed with
clear nail varnish and observed in a Leica DMIRE2 epi-
fluorescence microscope (Leica Microsystems) equipped
with a CoolSNAP HQ CCD camera (Photometrics,
Tucson, AZ, USA). Images in appropriate fluorescence
filter sets, corresponding to the signals of DAPI,
CXCR4-Alexa Fluor® 594 and CXCL12-Alexa Fluor® 488
were acquired with Photoshop CS5 software (Adobe
Systems, Inc., San Jose, USA). Analysis of data sets prep-
aration was performed with the open-source Java-based
image processing program software Image J (version
1.51p 22, National Institutes of Health, Bethesda, USA).

Quantification of serum CXCL12 levels by ELISA
CXCL12 protein serum concentration were evaluated by
using a commercial ELISA-based kit (CXCL12/CXCL12
DuoSet ELISA kit, R&D Systems, Minneapolis, USA),
following the manufacturer’s protocol and our previous
publication [24]. Briefly, for each ELISA assay, a stand-
ard curve was generated using seven dilutions of the re-
combinant CXCL12, with known concentrations. A
96-well ELISA plate was coated overnight with 1 μg/ml
of mouse anti-CXCL12 capture antibody (100 μl) diluted
in bovine serum albumin - phosphate buffer solution
(1% w/v BSA in PBS). After several washes (0.05% v/v
Tween-20 in PBS), each well of the plate was blocked
(1% w/v BSA in PBS) for 1 h to prevent non-specific
binding and 100 μl of diluted serum samples (1:10) or
standards dilutions were incubated for 2 h. Then, the
plate was washed and 50 ng/ml of the biotinylated goat
anti-CXCL12 detection antibody (100 μl) was added to
each well for 1 h incubation. Later, the conjugated
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streptavidin-horseradish peroxidase (HRP) was diluted
40 times and incubated in the plate wells for 45 min
after previous washes. A final wash was performed be-
fore adding 100ul of the HRP substrate (3,3′,5,5′-tetra-
methylbenzidine) solution (R&D Systems) during 25 min
in the dark. The reaction was stopped with 50 μl of 2 N
sulfuric acid. The absorbance was measured in a spec-
trophotometer (LabSystems IEMS Reader MF, Labsys-
tems/Thermo Scientific, Helsinki, Finland) using 450 nm
as the primary wavelength and 570 nm as reference
wavelength.

Statistical analysis
Graphpad Prism version 7.02 (La Jolla, USA) was used
for all statistical analysis and p values< 0.05 was consid-
ered statistically significant. Outliers were removed from
analysis based on the combination of Robust regression
and Outlier removal (ROUT method) implemented in
Graphpad Prism software. This method identifies out-
liers when fitting data with nonlinear regression, with
reasonable power and few false positives [33]. The
non-parametric Mann-Whitney test was used to com-
pare serum CXCL12 levels in CXCR4 or CXCL12 nega-
tive vs CXCR4 or CXCL12 positive tumor samples. The
Fisher’s exact test was used to assess the differences in
CXCR4 or CXCL12 expression rates between PT and
metastases and among different FMC molecular sub-
types. The association between the expression rates and
different clinicopathological features measured in an or-
dinal or nominal scale (categorical variables) was also
evaluated using the Fisher’s exact test. OS and DFS were
analyzed by the Kaplan–Meier method (log-rank test).

Results
Animal population
A total of 115 female cats with mammary carcinoma
and showing a mean age of 11.40 ± 2.82 years, ranging
from 5 to 18 years, were enrolled in this study. Their
clinicopathological features are summarized in Tables 1
and 2. Ninety seven animals (84.3%) were submitted to
surgical mastectomy and 8 (7.0%) were subjected to
anthracycline-based adjuvant chemotherapy (doxorubi-
cin, 25 mg/m2, intravenously, every 3 weeks for 5 cycles).
Forty-five percent (n = 52) of the PT were at stage III
(45.2%), being frequently classified as tubulopapillary
carcinomas (37/115; 32.2%) or tubular carcinoma (30/
115; 26.1%) and showing a high-grade of malignancy
(91/115, 79.1%). Regarding molecular markers, 32 ani-
mals (27.8%) showed HER2-overexpressing mammary
carcinomas, 49 cats had PR-positive (42.6%) and 29
(25.2%) ER-positive tumors. Eighty-three animals
(72.2%) presented FMC with a high Ki-67 index. The
overall survival (OS) was 12.94 ± 10.28 months and the
survival ratio was 50.43%. The disease free-survival

(DFS) was 8.78 ± 7.85 months and 64 of the cats
(55.65%) had disease recurrence until the end of the
follow-up period (54 months). Among these animals, 44
(38.3%) showed a local relapse (Table 1), 47 (73.4%) re-
gional metastases, and 20 (31.2%) had distant metastases
(Table 2). From the 47 animals with regional metastatic
disease, 18 (38.3%) presented metastases at the axillary
lymph nodes and 29 (61.7%) at retromammary lymph
nodes (Table 2). Lung metastases were found in 20 cats
whereas seven animals presented both lung and liver
metastases (Table 2). Finally, 14 out of 47 animals
(29.8%) showed HER2-overexpressing RM whereas no
HER2-overexpressing were found in DM (n = 20).
Twenty-three RM and 7 DM were stained as
PR-positive, while 15 RM and 6 DM were ER-positive.
Forty-one animals with RM, 13 lung and 5 liver metasta-
ses, presented a high Ki-67 index (Table 2).

CXCR4 is highly expressed in FMC and significantly more
in primary tumors than in metastases contrasting with its
ligand CXCL12
The CXCR4 and CXCL12 expression analyzed by immu-
nohistochemistry, was evaluated using a semi-quantitative
system previously published [6, 8, 9, 23, 29–31]. The
expression of CXCR4 was mostly confined to the cytoplas-
mic membrane and cytoplasm of neoplastic cells (Fig. 1c,
d, j) whereas CXCL12 was mainly located to cytoplasm
and, in a lesser extend to cytoplasmic membrane of tumor
cells (Fig. 1g, h, l) but also to tumor-associated macro-
phages and cancer-associated fibroblasts. Although both
proteins are highly expressed in the majority of PT and
metastases, high variability in extension and in staining
intensity was detected in the tumor samples. Normal
mammary tissue did not presented CXCR4 (Fig. 1a) or
CXCL12 staining (Fig. 1e), as well, as control PT in the ab-
sence of CXCR4 (Fig. 1b) or CXCL12 (Fig. 1f) antibody in-
cubation. As expected, double immunofluorescence
labeling confirmed the distribution patterns of CXCR4
and CXCL12 (Fig. 1i, j, k, l). The expression in PT was in-
creased in 93 out of 113 queens (82.3%) for CXCR4 and in
89 out of 114 (78.1%) for CXCL12. In RM, 34 out of 48
samples (70.8%), collected from 47 animals stained posi-
tive for CXCR4 while 47 out of 49 samples (95.9%)
showed positive staining for the CXCL12 ligand. Finally,
17 out of 31 (54.8%) DM, collected from 20 queens,
showed CXCR4 positivity, whereas, CXCL12 expression
was observed in all samples (Table 3). On the other hand,
the expression rate of CXCR4 decreased from PT to
distant metastasis in 27.5% while an opposite trend is
observed for CXCL12 expression, with an increased
expression of 21.9% from PT (78.1%) to metastasis
(100.00%) (Table 3). These differences were signifi-
cant for CXCR4 expression rates between PT and metasta-
ses (p = 0.0067; OR = 2.55; 95% CI: 1.31–4.98) and also for
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Table 1 Clinicopathological features of female cats with mammary carcinoma enrolled in this study (n = 115)

Clinicopathological feature No. of animals (%) Clinicopathological feature No. of animals (%)

Age (Mean ± SD) 11.40 ± 2.82 years HP classification

<10 years 32 (27.8) Papillary-cystic carcinoma 7 (6.1)

≥10 years 79 (68.7) Cribriform carcinoma 10 (8.7)

Unknown 4 (3.5) Mucinous carcinoma 11 (9.5)

Solid carcinoma 20 (17.4)

Tubular carcinoma 30 (26.1)

Tubulopapillary carcinoma 37 (32.2)

Breed Malignancy grade

Not determined 95 (82.6) I 3 (2.6)

Siamese 10 (8.7) II 21 (18.3)

Persian 7 (6.1) III 91 (79.1)

Norwegian Forest Cat 3 (2.6)

Spayed Necrosis

No 59 (51.3) No 30 (26.1)

Yes 52 (45.2) Yes 85 (73.9)

Unknown 4 (3.5)

Contraceptives Lymphatic invasion

No 35 (30.4) No 91 (79.1)

Yes 53 (46.1) Yes 24 (20.9)

Unknown 27 (23.5)

Treatment Lymphocytic infiltration

Mastectomy 97 (84.3) No 33 (28.7)

Mastectomy + Chemo 8 (7.0) Yes 80 (69.6)

None 10 (8.7) Unknown 2 (1.7)

Multiple mammary tumors Tumor ulceration

No 42 (36.5) No 96 (83.5)

Yes 73 (63.5) Yes 19 (16.5)

Disease stage (TNM) Ki-67 index

I 25 (21.7) Low (<14%) 31 (26.9)

II 20 (17.4) High (≥14%) 83 (72.2)

III 52 (45.2) Unknown 1 (0.9)

IV 13 (11.3)

Not determined 5 (4.4)

Lymph node status PR status

Negative 61 (53.0) Negative 66 (57.4)

Positive 44 (38.3) Positive 49 (42.6)

Unknown 10 (8.7)

Localization ER status

M1 17 (14.8) Negative 86 (74.8)

M2 22 (19.1) Positive 29 (25.2)

M3 43 (37.4)

M4 26 (22.6)

Unknown 7 (6.1)
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CXCL12 status (p < 0.0001; OR = 10.96; 95% CI: 25.13–
47.76). Indeed, 76.3% of the cats with CXCR4 positive PT
(29/39), showed RM CXCR4 positive and only 50.0% dis-
playing CXCR4 positive DM (7/14). Sixty percent (3/5) and
75.0% (3/4) of CXCR4-negative PT became CXCR4 positive
in RM and DM, respectively. The majority of the CXCL12
positive PT, conserved the CXCL12 expression in RM
(36/37 animals; 97.3%) and DM (13/13; 100%) while most
of CXCL12 negative PT became positive in RM (7/8,
87.5%) and DM (7/7; 100%). No significant associations
were found between CXCR4 and CXCL12 expression in
PT and metastases, and clinical and pathological features.

CXCR4 and CXCL12 tumor status contributes to serum
CXCL12 levels
Cats with CXCR4-negative PT presented significant higher
serum CXCL12 levels (11.06 ± 3.72 ng/ml) (p = 0.0324)

compared with serum CXCL12 values from cats presenting
CXCR4 positive tumors (5.16 ± 1.26 ng/ml) (Fig. 2a). A
significant opposite condition was observed for CXCL12
status in PT, with CXCL12-negative tumors presenting sig-
nificant lower (p = 0.0277) blood serum CXCL12 levels
(4.48 ± 1.86 ng/ml) than CXCL12-positive tumors (10.36 ±
2.16 ng/ml) (Fig. 2b). The same significant pattern was
observed in CXCL12 metastatic tumors, where CXCL12-
negative metastases were significant associated (p = 0.0310)
with low CXCL12 serum levels (0.82 ± 0.44 ng/ml), com-
paring with CXCL12-positive metastasis (8.88 ± 2.57 ng/
ml) (Fig. 2d). Contrasting to what was obtained for CXCR4
in PT, high serum CXCL12 levels (10.68 ± 3.22 ng/ml)
were significant correlated with CXCR4 positive status in
metastases, whereas CXCR4-negative metastases presented
significant lower (p = 0.0341) serum CXCL12 levels (1.34 ±
0.38 ng/ml) (Fig. 2c).

Table 1 Clinicopathological features of female cats with mammary carcinoma enrolled in this study (n = 115) (Continued)

Clinicopathological feature No. of animals (%) Clinicopathological feature No. of animals (%)

Recurrence HER2 status

No 39 (33.9) Negative 83 (72.2)

Yes 64 (55.7) Positive 32 (27.8)

Unknown 12 (10.4)

Survival Serum CXCL12 levels

No 53 (46.1) Negative (<2 ng/ml) 17 (14.8)

Yes 58 (50.4) Positive (≥2 ng/ml) 25 (21.7)

Unknown 4 (3.5) Not determined 73 (63.5)

Tumor size

≤1 cm 21 (18.3)

>1 cm 94 (81.7)

HP Histopathological

Table 2 Biomarker status in regional and distant metastases collected from cats with mammary carcinoma

Regional Metastases Distant Metastases

Biomarker Axillary LN
(n = 18)

Retromammary LN
(n = 29)

Biomarker Lung
(n = 20)

Liver
(n = 7)

PR status PR status

Negative 8 (44.4) 16 (55.2) Negative 14 (70.0) 6 (85.7)

Positive 10 (55.6) 13 (44.8) Positive 6 (30.0) 1 (14.3)

ER status ER status

Negative 8 (44.4) 24 (82.8) Negative 14 (70.0) 7 (100)

Positive 10 (55.6) 5 (17.2) Positive 6 (30.0) 0 (0.0)

HER2 HER2

Negative 13 (72.2) 20 (69.0) Negative 20 (100) 7 (100)

Positive 5 (27.8) 9 (31.0) Positive 0 (0.0) 0 (0.0)

Ki-67 index Ki67 index

Low (<14%) 2 (11.1) 4 (13.8) Low (<14%) 7 (35.0) 2 (28.6)

High (≥14%) 16 (88.9) 25 (86.2) High (≥14%) 13 (65.0) 5 (71.4)

LN Lymph nodes
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HER2-overexpressing FMC presented increasing CXCR4
expression from PT to metastases and CXCL12 status had
a prognostic value
The CXCR4 and CXCL12 expression, analyzed by IHC,
was also evaluated according to their PT molecular sub-
type (Table 4). Luminal A (LA), luminal B (LB), normal
and basal triple-negative (TN) tumors mimicked the trend
of CXCR4 and CXCL12 expression previous described in
PT, RM and DM of the total cohort of cats with mammary
carcinoma. However, cats with HER2-overexpressing tu-
mors (LB-HER2/HER2) showed a different pattern. In this
group of animals, the CXCR4 expression rate was signifi-
cant higher in distant metastases (100%) and regional me-
tastases (84.6%) than in PT (77.4%) (p = 0.012; OR = 6.40;
95% CI: 1.34–30.62), with cats with CXCR4 positive mam-
mary carcinomas showing CXCR4 positive status in the
majority of RM (10/11, 90.9%) and in all DM (4/4, 100%).
Finally, significant differences in OS (p = 0.0147) and DFS
(p = 0.0279) rates were found between animals with
HER2-overexpressing mammary carcinoma showing posi-
tive CXCL12 status and cats exhibiting negative CXCL12
expression (Fig. 3a, b). In these animals, CXCL12 positive
expression was associated with increased OS and DFS.

Discussion
Based in many in vitro and in vivo evidences, nowadays,
it is widely accepted that CXCR4/CXCL12 axis is in-
volved in tumor growth, migration and invasion of hu-
man breast tumor cells [1, 2, 10, 11]. However, its
specific role is still a controversial issue, probably due to
the tumor heterogeneity but also because of the different
techniques, methodologies and protocols used in quanti-
fication of CXCR4 and CXCL12 expression. On the
other hand, the information regarding CXCR4/CXCL12
axis during the development of FMC is almost absent,
despite the fact FMC being considered as suitable cancer
model [17–19]. Recently our group identified CXCL12
as a reliable blood serum marker for FMC, being pre-
dominantly relevant for HER2-overexpressing tumors
diagnosis [24]. In order to provide a deeper insight into
the role of the CXCR4/CXCL12 axis in FMC, CXCR4
and CXCL12 expression was analyzed and quantified in
PT, RM and DM from female cats with mammary car-
cinoma and its expression was correlated with blood
serum CXCL12 levels and molecular subtypes. As in
woman breast tissues, where CXCR4 protein is highly
expressed in ductal carcinoma, progressively increasing

Fig. 1 Immunohistochemical and immunofluorescence analysis of CXCR4 and CXCL12 expression in normal mammary tissue, in primary tumors
(PT) and in metastatic lesions reflects the pathology of FMC. Photomicrographs (a, b, e and f) represent immunohistochemical control samples of
normal tissue stained for CXCR4 (a) and CXCL12 (e) and PT in the absence of CXCR4 (b) and CXCL12 (f) antibody incubation. Photomicrographs
(c and d) show representative samples of PT (c) and regional metastasis (RM) (d) with CXCR4 positive staining in cell membrane and cytoplasm.
Photomicrographs (g and h) illustrate representative samples of PT (g) and RM (h) with CXCL12 positive staining observed mainly in the cytoplasm.
Photomicrograph (l) represents immunolabeling of PT cells in appropriate fluorescence filter sets, corresponding to the signals of DAPI (i), CXCR4-
Alexa Fluor® 594 (j) and CXCL12-Alexa Fluor® 488 (k). All photomicrographs were taken in the high-powered magnification, × 400 and the
scale bar represents 40 μm
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from atypical hyperplasia to carcinoma and absent or
expressed in very low levels in normal breast epithelium
[9, 29, 34], normal feline mammary tissue used in this
study revealed no CXCR4 expression. In accordance to
our result, the only study that evaluated CXCR4 at pro-
tein level by IHC in FMC also showed weakly positive
expression in epithelial cells of benign tumors and no
detectable CXCR4 expression in normal mammary tis-
sue [23]. Moreover, FMC tissues also expressed more
CXCR4 mRNA than normal mammary tissue [21, 22].
Many studies do not report the protein expression pat-
tern; nevertheless in our study immunoreactivity to
CXCR4 was observed mainly in the cell membrane while
CXCL12 appears more often in the cytoplasm of primary
and metastatic tumor cells. Indeed, Ferrari et al., ob-
served that the expression of CXCR4 was mostly limited
to the membrane and cytoplasm of feline neoplastic cells
in a significant high number of samples (29/31 samples,
93%) [23]. As in our study, expression differed in inten-
sity and staining pattern but we obtained 82% of positive
PT (93/113 animals). In human breast primary tumors,

heterogeneity of expression pattern is often found and
the positivity rate, is highly diverse [29, 30, 35–42]. This
variability can be explained by the different IHC and
scoring methods but also by the diversity of CXCR4 pri-
mary antibodies used. Cytoplasmic CXCL12 immuno-
staining of primary breast cancer cells was already been
showed before [9, 31, 40, 43, 44] and may reflect en-
dogenous CXCL12 being processed just before secretion,
as chemokine cell storage is uncommon. On the other
hand, membrane CXCL12 immunostaining is probably
due to the binding of exogenous protein to its main re-
ceptor CXCR4. Immunofluorescence and IHC have
shown that CXCL12 is expressed most likely in the
tumor cells and expression rates of 70.9% [44], 66.8%
[31] or 70.6% [43] in breast tumors are relatively close to
the CXCL12 expression obtained for feline mammary tu-
mors in this study (78.1%). Even though not accountable
for the CXCL12 scoring, we also found positive CXCL12
expression in tumor-associated macrophages and
cancer-associated fibroblasts, in accordance with previ-
ous studies where CXCL12 is mainly secreted by tumor

Table 3 CXCR4 and CXCL12 status in primary tumors, regional and distant metastases of cats with mammary carcinoma
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cells, but also by stromal cells, including tumor-associated
macrophages and cancer-associated fibroblasts [7, 29]. Al-
though feline CXCR4 and CXCL12 were also highly
expressed in regional and distant metastases, we observed
a significant decrease in CXCR4 and an increase in
CXCL12 expression from PT to DM. Moreover, half of
the animals that presented CXCR4 positive PT, did not
preserve its positivity in DM, whereas CXCL12 was upreg-
ulated in 100% of DM that were CXCL12 negative in PT.
Indeed, CXCR4 expression in PT promotes metastasis of
CXCR4 positive tumor cells to sites commonly affected by
metastatic breast cancer (lymph node, lung, liver, bone
marrow and brain) where its ligand CXCL12 is generated
in large quantity [5]. Therefore it is expected that feline
CXCR4 will be more expressed in PT while CXCL12 is be-
ing constitutively expressed in liver and lung. Moreover,
immunofluorescence and flow cytometry analysis of
orthotopic primary breast tumors also presented a re-
markably higher expression level of CXCR4, in contrast to
lung metastatic lesions [45]. The researchers suggest that
CXCR4 is downregulated in metastasized cancer cells de-
pending on the favorable change of the environment that
induces dormancy to cancer cells, although not dependent

on the expression level of CXCL12 in lung tissue [45] In
addition, lower levels of CXCL12 in PT were also ob-
served in human breast cancer. Reduced CXCL12 expres-
sion was due to hyper methylation in the CXCL12
promoter region [38], as CXCL12 produced in PT can
limit cell migration potential by desensitizing cells to
endocrine ligand, or alternatively, by nullifying chemokine
gradients produced in distant tissues [46]. Furthermore,
downregulation of CXCL12 expression by mesenchymal
stromal cells in PT and upregulation of TGF-β and
CXCR7, promotes breast cancer cell metastasis to the
lungs [47]. Next, we aimed to understand whether tumor
expression of CXCR4 and CXCL12 may significantly con-
tribute to serum CXCL12 levels. The results confirm our
recent study where we found that cats with CXCR4 posi-
tive PT exhibit significantly lower serum CXCL12 levels
than cats with CXCR4-negative mammary carcinomas
[24]. Indeed, in breast cancer patients it was reported that
low serum CXCL12 levels may favor the migration of
tumor cells overexpressing CXCR4, predicting and pro-
moting the development of distant metastases [9, 48].
Considering that feline CXCR4 expression decreases at
metastatic sites, it is also reasonable to accept the

Fig. 2 CXCR4 and CXCL12 expression in primary tumors (PT) and metastases significantly contribute to serum CXCL12 concentration. CXCL12
levels were quantified in blood serum by ELISA while the expression of CXCR4 in PT (a) and metastases (b) and of CXCL12 in PT (c) and metastases (d),
was assessed by immunohistochemistry. The non-parametric Mann-Whitney was used to compare serum CXCL12 levels between the cats having CXCR4/
CXCL12-negative tumors and cats with CXCR4/CXCL12-positive tumors. Bars represent the mean value ± SEM and * indicates a significant difference
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Table 4 CXCR4 and CXCL12 status in primary tumors, regional and distant metastases of cats with mammary carcinoma, stratified
accordingly to the molecular subtype of the primary tumor

Primary tumor Regional metastases Distant metastases

Luminal A CXCR4

Negative 1/13 (7.7) 2/4 (50.0) 2/3 (66.7)

Positive 12/13 (92.3) 2/4 (50.0) 1/3 (33.3)

CXCL12

Negative 5/13 (38.5) 0/4 (0.00) 0/3 (0.00)

Positive 8/13 (61.5) 4/4 (100) 3/3 (100)

Luminal B CXCR4

Negative 3/31 (9.7) 5/15 (33.3) 3/4 (75.0)

Positive 28/31 (90.3) 10/15 (66.7) 1/4 (25.0)

CXCL12

Negative 8/32 (25.0) 0/15 (0.00) 0/4 (0%)

Positive 24/32 (75.0) 15/15 (100) 4/4 (100)

Luminal B-HER2+/HER2+ CXCR4

Negative 7/31 (22.6) 2/13 (15.4) 0/5 (0.0)

Positive 24/31 (77.4) 11/13 (84.6) 5/5 (100)

CXCL12

Negative 6/30 (20.0) 2/14 (14.3) 0/5 (0.0)

Positive 24/30 (80.0) 12/14 (85.7) 5/5 (100)

Triple negative CXCR4

Negative 9/38 (23.7) 5/15 (33.3) 7/13 (53.9)

Positive 29/38 (76.3) 10/15 (66.7) 6/13 (46.1)

CXCL12

Negative 6/39 (15.4) 0/15 (0.0) 0/13 (0.00)

Positive 33/39 (84.6) 15/15 (100) 13/13 (100)

HER2+ HER2-overexpressing subtype

Fig. 3 CXCL12 status has prognostic value in cats with HER2-overexpressing mammary carcinoma. a Kaplan-Meier analysis showing the overall
survival (OS) of cats with HER2-overexpressing mammary carcinoma, presenting CXCL12 positive and negative expression in primary tumors (PT).
b Kaplan-Meier curve illustrating the disease-free survival (DFS) of cats with HER2-overexpressing mammary carcinoma, stratified according to
CXCL12 expression in PT. Comparison between the two groups was performed by the log-rank (Mantel Cox) test
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association of low serum CXCL12 levels with lesser
CXCR4 expression in metastatic lesions. On the other
hand, a significant strong correlation was obtained be-
tween CXCL12 expression in PT and metastasis and
CXCL12 serum levels. Although the cellular source of
CXCL12 levels could be highly diverse [49], secretion of
CXCL12 by CXCL12 positive tumor cells may account for
higher serum concentrations of CXCL12. Altogether, these
data highlight the impact of feline CXCR4 and CXCL12
expression in PT and metastases on serum CXCL12 levels
uncovering this new component on the CXCR4/CXCL12
axis, during FMC. Next, the rates of CXCR4 and CXCL12
expression in PT, RM and DM were evaluated according
to PT molecular subtype. We verified that the pattern of
CXCL12 in all tumor subtypes was the same as the one
described for all the cohort, with an increased trend of ex-
pression from PT to distant metastases. The decreased
trend of CXCR4 expression from PT to DM observed for
the entire cohort was also maintained in the luminal A,
luminal B and TN tumor subtypes. However, in HER2-
overexpressing tumors, CXCR4 expression raised up from
PT to DM. At metastatic lesions, HER2-overexpressing
tumors presented significant higher CXCR4 expression
than the other tumor molecular subtype. There have been
few attempts to correlate CXCR4 with different molecular
subtypes in human breast cancer. However, these studies
regularly take into account PT expression. One of the first
studies established a functional link between the HER2
and CXCR4 signaling pathway PI3K/Akt/mTOR, respon-
sible for the HER2-induced CXCR4 expression in PT [50].
The researchers also demonstrate that HER2 is involved
in the inhibition of the CXCL12-induced CXCR4 ubiquiti-
nation [50]. Additionally, significant increase of high
CXCR4 and HER2 co-expression was observed in tumors
with extensive lymph node metastases [36]. Because an in-
trinsic positive link between both proteins has been estab-
lished in PT and correlated with metastasis, it is suitable
to admit that the feline CXCR4 positive PT cells induced
by HER2, are the ones related to the high expression levels
of CXCR4 in metastatic lesions. Recently, it was found
that pomolic acid suppresses HER2 and CXCR4 ex-
pression in HER2-positive breast cancer cells through
ERK pathway and NF-κB inactivation [51] and
CXCR4 inhibitors efficiently reduces tumor growth
and metastasis in both Herceptin-sensitive and
Herceptin-resistant HER2 patient-derived xenografts
thus CXCR4 being considered a very promising thera-
peutic target in patients with HER2-overexpressing
breast cancer [16]. Among HER2-overexpressing cats,
there was a significant difference in OS and DFS
curves between the positive and negative CXCL12
tumor expression groups, with CXCL12 negative PT
associated with unfavorable prognosis. In breast tu-
mors this fact has been observed only in non-basal

and ER-positive tumors [31, 43]. Nevertheless, poor
prognosis could be justified in HER2-overexpressing
tumors as it seems that reduced CXCL12 negative
primary tumor cells are in a better position to receive
endocrine CXCL12 signals, promoting their migration
towards ectopic sources of the ligand through a
chemotactic gradient, together with HER2 upregula-
tion of CXCR4 tumor cells that could metastasize to
distant organs.
In summary, our results showed a different CXCR4

and CXCL12 pattern of expression in PT and metastases
of cats with mammary carcinoma. While feline CXCR4
is significantly more expressed in PT, CXCL12 is highly
abundant in distant metastatic organs such as liver
and lung, as it has been observed for woman breast
cancer. Moreover, CXCR4 and CXCL12 tumor expres-
sion significantly contribute to serum CXCL12 con-
centrations. However, there is some differences in the
impact of both these proteins in cats with different
molecular subtypes. Indeed, in HER2-overexpressing
tumors, it is observed a HER2-dependent CXCR4 up-
regulation and a better prognosis mediated by
CXCL12 ovexpression.

Conclusion
The results of the present study uncover part of the
complex interaction between CXCR4 and its ligand in
PT but also in metastases of FMC. Although our find-
ings will require a deeper insight into the regulatory
pathways involved in the CXCR4/CXCL12 axis, the
present study highlights the axis as an important target
for future therapy in FMC as it has been proved to be in
human breast cancer. This work also emphasizes FMC
as a suitable spontaneous cancer model which may allow
to predict novel therapeutic strategies in cats and in
humans.

Abbreviations
BSA: Bovine serum albumin; CXCL12: Chemokine ligand 12; CXCR4: C-X-C
Chemokine Receptor Type 4; CXCR7: C-X-C Chemokine Receptor Type 7;
DFS: Disease free-survival; DM: Distant metastases; ELISA: Enzyme-linked
immunosorbent assay; ER: Estrogen receptor; ERK1/2: Extracellular signal-
regulated kinase 1/2; FMC: Feline mammary carcinoma; HER2: Human
epidermal growth factor receptor type II; HRP: Horseradish peroxidase;
IHC: Immunohistochemistry; LA: Luminal A; LB: Luminal B; MAPK: Mitogen-
activated protein kinase; min: minutes; NF-κB: Nuclear factor kappa light-
chain-enhancer of activated B cells; OR: Odd ratio; OS: Overall survival;
PBS: Phosphate buffer solution; PI3K: Phosphoinositide 3-kinase; PR: Progesterone
receptor; RM: Regional metastases; SDF-1: Stromal cell-derived-factor-1;
SEM: Standard error of mean; TGF-β: Transforming growth factor-beta;
TN: Triple negative

Acknowledgements
The authors would like to thank Dr. Sandra Carvalho from the Veterinary
Pathology Diagnostic Services at Faculty of Veterinary Medicine (University of
Lisbon), for her kind assistance in the immunohistochemistry assay; to Prof.
António Ferreira, Dr. Ana Murta and Dr. Rodrigo Bom from the Veterinary
Veterinary Teaching Hospital of the Faculty of Veterinary Medicine (University
of Lisbon); to Dr. Manuel Mestre, Dr. Ana Mota and Dr. Tiago Rafael from
Clínica Veterinária Zoomédica; to Dr. Mafalda Lage from Clínica Veterinária

Marques et al. BMC Cancer  (2018) 18:741 Page 11 of 13



Villa Animal; to Dr. Rafaela Lalanda and Dr. Miguel Caninhas from Clínica
Veterinária Mvet; and to Dr. Verónica Azevedo from Hospital Sul do Tejo for
the clinical follow-up.

Funding
This work was supported by Fundação para a Ciência e Tecnologia through
the projects PTDC/CVTEPI/3638/2014 and CIISA-UID/CVT/00276/2013 and the
PhD grant SFRH/BD/132260/2017. None of the funding bodies had any part
in the design of the study and collection, analysis, and interpretation of data
or in the preparation of the manuscript.

Availability of data and materials
The datasets used and analyzed in the current study are available from the
corresponding author in response to reasonable requests.

Authors’ contributions
CSM and FF conceived and designed the experiments. CSM, ARS and AG
performed the experiments. CSM, ARS, AG, JC and FF analyzed and
interpreted the data. CSM, ARS, AG, JC and FF wrote and reviewed the
paper. All authors contributed to and approved the final manuscript.

Ethics approval
Samples were collected after informed consent from cat owners with adherence
to a high standard (best practice) of veterinary care and in accordance with EU
Directive 2010/63/EU and national legislation (DL113/2013) and approved by the
Ethics Committee of Faculty of Veterinary Medicine (University of Lisbon).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 18 January 2018 Accepted: 29 June 2018

References
1. Samarendra H, Jones K, Petrinic T, Silva MA, Reddy S, Soonawalla Z, et al. A

meta-analysis of CXCL12 expression for cancer prognosis. Br J Cancer. 2017;
117:124–35. https://doi.org/10.1038/bjc.2017.134.

2. Zhao H, Guo L, Zhao H, Zhao J, Weng H, Zhao B, et al. CXCR4 over-
expression and survival in cancer: a system review and meta-analysis.
Oncotarget. 2015;6:5022–40. https://doi.org/10.18632/oncotarget.3217.

3. Domanska UM, Kruizinga RC, Nagengast WB, Timmer-Bosscha H, Huls G, de
Vries EGE, et al. A review on CXCR4/CXCL12 axis in oncology: no place to
hide. Eur J Cancer. 2013;49:219–30. https://doi.org/10.1016/j.ejca.2012.05.005.

4. Wang Y, Xie Y, Oupický D. Potential of CXCR4/CXCL12 chemokine Axis in
Cancer drug delivery. Curr Pharmacol Rep. 2016;2:1–10. https://doi.org/10.
1016/j.canlet.2005.06.021.

5. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al.
Involvement of chemokine receptors in breast cancer metastasis. Nature.
2001;410:50–6. https://doi.org/10.1038/35065016.

6. Liu F, Lang R, Wei J, Fan Y, Cui L, Gu F, et al. Increased expression of
CXCL12 / CXCR4 is associated with lymph node metastasis of invasive
micropapillary carcinoma of the breast. 2009;54:741–50. https://doi.org/10.
1111/j.1365-2559.2009.03289.x.

7. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
et al. Stromal fibroblasts present in invasive human breast carcinomas promote
tumor growth and angiogenesis through elevated CXCL12/CXCL12 secretion.
Cell. 2005;121:335–48. https://doi.org/10.1016/j.cell.2005.02.034.

8. Mirisola V, Zuccarino A, Bachmeier BE, Sormani MP, Falter J, Nerlich A, et al.
CXCL12/SDF1 expression by breast cancers is an independent prognostic
marker of disease-free and overall survival. Eur J Cancer. 2009;45:2579–87.
https://doi.org/10.1016/j.ejca.2009.06.026.

9. Hassan S, Ferrario C, Saragovi U, Quenneville L, Gaboury L, Baccarelli A, et al.
The influence of tumor-host interactions in the stromal cell-derived factor-1/

CXCR4 ligand/receptor axis in determining metastatic risk in breast cancer. Am
J Pathol. 2009;175:66–73. https://doi.org/10.2353/ajpath.2009.080948.

10. Mukherjee D, Zhao J. The role of chemokine receptor CXCR4 in breast
cancer metastasis. Am J Cancer Res. 2013;3:46–57.

11. Zhang Z, Ni C, Chen W, Wu P, Wang Z, Yin J, et al. Expression of CXCR4 and
breast cancer prognosis: a systematic review and meta-analysis. BMC
Cancer. 2014;14:49. https://doi.org/10.1186/1471-2407-14-49.

12. Mills SC, Goh PH, Kudatsih J, Ncube S, Gurung R, Maxwell W, et al. Cell
migration towards CXCL12 in leukemic cells compared to breast cancer
cells. Cell Signal. 2016;28:316–24. https://doi.org/10.1016/j.cellsig.2016.01.006.

13. Walenkamp AME, Lapa C, Herrmann K, Wester H-J. CXCR4 ligands: the next big
hit? J Nucl Med. 2017;58:77–82. https://doi.org/10.2967/jnumed.116.186874.

14. Kuhne MR, Mulvey T, Belanger B, Chen S, Pan C, Chong C, et al. BMS-
936564/MDX-1338: a fully human anti-CXCR4 antibody induces apoptosis
and shows antitumor activity in vivo in hematologic malignancies. Clin
Cancer Res. 2013;19:357–66. https://doi.org/10.1158/1078-0432.CCR-12-2333.

15. NOXXON Pharma AG. Olaptesed (NOX-A12) Alone and in Combination With
Pembrolizumab in Colorectal and Pancreatic Cancer (Keynote-559).
ClinicalTrials.gov identifier: NCT03168139; 2017. https://doi.org/10.2967/
jnumed.116.186874. https://clinicaltrials.gov/ct2/show/study/
NCT03168139#contacts. Accessed 17 Jan 2018.

16. Lefort S, Thuleau A, Kieffer Y, Sirven P, Bieche I, Marangoni E, et al. CXCR4
inhibitors could benefit to HER2 but not to triple-negative breast cancer
patients. Oncogene. 2017;36:1211–22. https://doi.org/10.1038/onc.2016.284.

17. Katkoori VR, Basson MD, Bond VC, Manne U, Bumpers HL. Nef-M1, a peptide
antagonist of CXCR4, inhibits tumor angiogenesis and epithelial-to-
mesenchymal transition in colon and breast cancers. Oncotarget. 2015;6:
27763–77. https://doi.org/10.18632/oncotarget.4615.

18. Soares M, Madeira S, Correia J, Peleteiro M, Cardoso F, Ferreira F. Molecular based
subtyping of feline mammary carcinomas and clinicopathological
characterization. Breast. 2016;27:44–51. https://doi.org/10.1016/j.breast.2016.02.016.

19. Marques C, Correia J, Ferreira F. HER2-positive feline mammary carcinoma.
Aging. 2016;8:1574–5. https://doi.org/10.18632/aging.101015.

20. Hassan BB, Elshafae SM, Supsavhad W, Simmons JK, Dirksen WP, Sokkar SM,
et al. Feline mammary Cancer. Vet Pathol. 2017;54:32–43. https://doi.org/10.
1177/0300985816650243.

21. Tanabe S, Nakadai T, Furuoka H, Oomachi T, Kobayashi Y, Omata Y, et al.
Expression of mRNA of chemokine receptor CXCR4 in feline mammary
adenocarcinoma. Vet Rec. 2002;151:729–33.

22. Oonuma T, Morimatsu M, Nakagawa T, Uyama R, Sasaki N, Nakaichi M, et al.
Role of CXCR4 and CXCL12 in mammary tumor metastasis in the cat. J Vet
Med Sci. 2003;65:1069–73. https://doi.org/10.1292/jvms.65.1069.

23. Ferrari A, Petterino C, Ratto A, Campanella C, Wurth R, Thellung S, et al.
CXCR4 expression in feline mammary carcinoma cells: evidence of a
proliferative role for the CXCL12/CXCR4 axis. BMC Vet Res. 2012;8:27. https://
doi.org/10.1186/1746-6148-8-27.

24. Marques CS, Soares M, Santos A, Correia J, Ferreira F. Serum CXCL12 levels
are a reliable diagnostic marker of feline mammary carcinoma,
discriminating HER2-overexpressing tumors from other subtypes. 2017;8:
105775–89. https://doi.org/10.18632/oncotarget.22398.

25. Misdorp W. Tumors of the mammary gland. In: Tumors in domestic animals.
4th ed. Iowa: Iowa State Press; 2008. p. 575–606. https://doi.org/10.1002/
9780470376928.ch12.

26. Elston C, Ellis IO. Assessment of histological grade. In: The Breast. Systemic
pathology. 3rd ed. Edinburgh: Churchill-Livingstone; 1998. p. 365–84.

27. Misdorp W. Histological Classification of Mammary Tumors of the Dog and
the Cat. International histological classification of tumors of domestic
animals. Silver Spring: Armed Forces Institute of Pathology; 1999. p. 59.

28. Lippi G, Avanzini P, Zobbi V, Ippolito L. Influence of mechanical hemolysis
of blood on two D-dimer immunoassays. Blood Coagul Fibrinolysis. 2012;23:
461–3. https://doi.org/10.1097/MBC.0b013e3283549696.

29. Papatheodorou H, Papanastasiou AD, Sirinian C, Scopa C, Kalofonos HP,
Leotsinidis M, et al. Expression patterns of SDF1/CXCR4 in human invasive
breast carcinoma and adjacent normal stroma: correlation with tumor
clinicopathological parameters and patient survival. Pathol Res Pract. 2014;
210:662–7. https://doi.org/10.1016/j.prp.2014.06.015.

30. Sun Y, Mao X, Fan C, Liu C, Guo A, Guan S, et al. CXCL12-CXCR4 axis
promotes the natural selection of breast cancer cell metastasis. Tumor Biol.
2014;35:7765–73.

31. Yan M, Jene N, Byrne D, Millar EKA, Toole SAO, Mcneil CM, et al.
Recruitment of regulatory T cells is correlated with hypoxia-induced CXCR4

Marques et al. BMC Cancer  (2018) 18:741 Page 12 of 13

https://doi.org/10.1038/bjc.2017.134
https://doi.org/10.18632/oncotarget.3217
https://doi.org/10.1016/j.ejca.2012.05.005
https://doi.org/10.1016/j.canlet.2005.06.021
https://doi.org/10.1016/j.canlet.2005.06.021
https://doi.org/10.1038/35065016
https://doi.org/10.1111/j.1365-2559.2009.03289.x
https://doi.org/10.1111/j.1365-2559.2009.03289.x
https://doi.org/10.1016/j.cell.2005.02.034
https://doi.org/10.1016/j.ejca.2009.06.026
https://doi.org/10.2353/ajpath.2009.080948
https://doi.org/10.1186/1471-2407-14-49
https://doi.org/10.1016/j.cellsig.2016.01.006
https://doi.org/10.2967/jnumed.116.186874
https://doi.org/10.1158/1078-0432.CCR-12-2333
https://doi.org/10.2967/jnumed.116.186874
https://doi.org/10.2967/jnumed.116.186874
https://clinicaltrials.gov/ct2/show/study/NCT03168139#contacts
https://clinicaltrials.gov/ct2/show/study/NCT03168139#contacts
https://doi.org/10.1038/onc.2016.284
https://doi.org/10.18632/oncotarget.4615
https://doi.org/10.1016/j.breast.2016.02.016
https://doi.org/10.18632/aging.101015
https://doi.org/10.1177/0300985816650243
https://doi.org/10.1177/0300985816650243
https://doi.org/10.1292/jvms.65.1069
https://doi.org/10.1186/1746-6148-8-27
https://doi.org/10.1186/1746-6148-8-27
https://doi.org/10.18632/oncotarget.22398
https://doi.org/10.1002/9780470376928.ch12.
https://doi.org/10.1002/9780470376928.ch12.
https://doi.org/10.1097/MBC.0b013e3283549696
https://doi.org/10.1016/j.prp.2014.06.015


expression, and is associated with poor prognosis in basal-like breast
cancers. 2011;13:47. https://doi.org/10.1007/s13277-014-1816-1, https://doi.
org/10.1186/bcr2869.

32. Soares M, Correia J, Peleteiro MC, Ferreira F. St Gallen molecular subtypes in
feline mammary carcinoma and paired metastases — disease progression
and clinical implications from a 3-year follow-up study. 2015:4053–64.
https://doi.org/10.1007/s13277-015-4251-z.

33. Motulsky HJ, Brown RE. Detecting outliers when fitting data with nonlinear
regression - a new method based on robust nonlinear regression and the
false discovery rate. BMC Bioinformatics. 2006;7:123. https://doi.org/10.1186/
1471-2105-7-123.

34. Hao L, Zhang C, Qiu Y, Wang L, Luo Y, Jin M, et al. Recombination of CXCR4,
VEGF, and MMP-9 predicting lymph node metastasis in human breast cancer.
Cancer Lett. 2007;253:34–42. https://doi.org/10.1016/j.canlet.2007.01.005.

35. Kato M, Kitayama J, Kazama S, Nagawa H. Expression pattern of CXC chemokine
receptor-4 is correlated with lymph node metastasis in human invasive ductal
carcinoma. Breast Cancer Res. 2003;5:144–50. https://doi.org/10.1186/bcr627.

36. Cabioglu N, Sahin A, Doucet M, Yavuz E, Igci A, Engin O, et al. Chemokine
receptor CXCR4 expression in breast cancer as a potential predictive marker
of isolated tumor cells in bone marrow. 2005;22:39–46. https://doi.org/10.
1007/s10585-005-3222-y.

37. Andre F, Xia W, Conforti R, Wei Y, Boulet T, Tomasic G, et al. CXCR4
expression in early breast cancer and risk of distant recurrence. Oncologist.
2009;14:1182–8. https://doi.org/10.1634/theoncologist.2009-0161.

38. Zhou W, Jiang Z, Liu N, Xu F, Wen P, Liu Y, et al. Down-regulation of
CXCL12 mRNA expression by promoter hypermethylation and its
association with metastatic progression in human breast carcinomas. 2009;
135:91–102. https://doi.org/10.1007/s00432-008-0435-x.

39. Bohn OL, Nasir I, Brufsky A, Tseng GC, Bhargava R, Macmanus K, Chivukula
M. Biomarker profile in breast carcinomas presenting with bone metastasis.
Int J Clin Exp Pathol. 2010;3:139–46.

40. Jin F, Brockmeier U, Otterbach F, Metzen E. New Insight into the CXCL12/
CXCR4 Axis in a Breast Carcinoma Model : Hypoxia-Induced Endothelial
CXCL12 and Tumor Cell CXCR4 Are Required for Tumor Cell Intravasation.
2012;1:1021–31. https://doi.org/10.1158/1541-7786.MCR-11-0498.

41. Strien L, Joensuu K, Heikkila P, Leidenius M. Different expression patterns of
CXCR4, CCR7, maspin and FOXP3 in luminal breast cancers and their
sentinel node metastases. Anticancer Res. 2017;37:175–82. https://doi.org/10.
21873/anticanres.11303.

42. Weiss ID, Huff LM, Evbuomwan MO, Xu X, Dang HD, Velez DS, et al.
Screening of cancer tissue arrays identifies CXCR4 on adrenocortical
carcinoma: correlates with expression and quantification on metastases
using (64)cu-plerixafor PET. Oncotarget. 2017;8:73387–406. https://doi.org/
10.18632/oncotarget.19945.

43. Kobayashi T, Tsuda H, Moriya T. Expression pattern of stromal cell-derived
factor-1 chemokine in invasive breast cancer is correlated with estrogen
receptor status and patient prognosis. 2010;123:733–45. https://doi.org/10.
1007/s10549-009-0672-y.

44. Aravindan BK, Prabhakar J, Somanathan T, Subhadra L. The role of
chemokine receptor 4 and its ligand stromal cell derived factor 1 in breast
cancer. 2015;3:1–10. https://doi.org/10.3978/j.issn.2305-5839.2014.12.13.

45. Nobutani K, Shimono Y, Mizutani K, Ueda Y. Downregulation of CXCR4 in
Metastasized Breast Cancer Cells and Implication in Their Dormancy. 2015;
10:e0130032. https://doi.org/10.1371/journal.pone.0130032.

46. Wendt MK, Cooper AN, Dwinell MB. Epigenetic silencing of CXCL12
increases the metastatic potential of mammary carcinoma cells. 2008;27:
1461–71. https://doi.org/10.1038/sj.onc.1210751.

47. Yu PF, Huang Y, Xu CL, Lin LY, Han YY, Sun WH, et al. Downregulation of
CXCL12 in mesenchymal stromal cells by TGF β promotes breast cancer
metastasis. 2017;36:840–9. https://doi.org/10.1038/onc.2016.252.

48. Hassan S, Baccarelli A, Salvucci O, Basik M. Plasma stromal cell–derived factor-1:
host derived marker predictive of distant metastasis in breast cancer. Clin
Cancer Res. 2008;14:446–54. https://doi.org/10.1158/1078-0432.CCR-07-1189.

49. Meng W, Xue S, Chen Y. The role of CXCL12 in tumor microenvironment.
Gene. 2018;641:105–10. https://doi.org/10.1016/j.gene.2017.10.015.

50. Li YM, Pan Y, Wei Y, Cheng X, Zhou BP, Tan M, et al. Upregulation of CXCR4
is essential for HER2-mediated tumor metastasis. Cancer Cell. 2004;6:459–69.
https://doi.org/10.1016/j.ccr.2004.09.027.

51. Kim B, Kim J-H, Park B. Pomolic acid inhibits invasion of breast Cancer cells
through the suppression of CXC chemokine receptor type 4 expression. J
Cell Biochem. 2016;117:1296–307. https://doi.org/10.1002/jcb.25417.

Marques et al. BMC Cancer  (2018) 18:741 Page 13 of 13

https://doi.org/10.1007/s13277-014-1816-1
https://doi.org/10.1186/bcr2869
https://doi.org/10.1186/bcr2869
https://doi.org/10.1007/s13277-015-4251-z
https://doi.org/10.1186/1471-2105-7-123.
https://doi.org/10.1186/1471-2105-7-123.
https://doi.org/10.1016/j.canlet.2007.01.005
https://doi.org/10.1186/bcr627
https://doi.org/10.1007/s10585-005-3222-y
https://doi.org/10.1007/s10585-005-3222-y
https://doi.org/10.1634/theoncologist.2009-0161
https://doi.org/10.1007/s00432-008-0435-x
https://doi.org/10.1158/1541-7786.MCR-11-0498
https://doi.org/10.21873/anticanres.11303
https://doi.org/10.21873/anticanres.11303
https://doi.org/10.18632/oncotarget.19945
https://doi.org/10.18632/oncotarget.19945
https://doi.org/10.1007/s10549-009-0672-y
https://doi.org/10.1007/s10549-009-0672-y
https://doi.org/10.3978/j.issn.2305-5839.2014.12.13
https://doi.org/10.1371/journal.pone.0130032
https://doi.org/10.1038/sj.onc.1210751
https://doi.org/10.1038/onc.2016.252
https://doi.org/10.1158/1078-0432.CCR-07-1189
https://doi.org/10.1016/j.gene.2017.10.015
https://doi.org/10.1016/j.ccr.2004.09.027
https://doi.org/10.1002/jcb.25417

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal collection
	Assessment of CXCR4, CXCL12, HER2, ER, PR and Ki-67 tissue status by immunohistochemistry (IHC)
	Scoring of IHC staining results
	Tissue CXCR4 and CXCL12 immunofluorescence labeling
	Quantification of serum CXCL12 levels by ELISA
	Statistical analysis

	Results
	Animal population
	CXCR4 is highly expressed in FMC and significantly more in primary tumors than in metastases contrasting with its ligand CXCL12
	CXCR4 and CXCL12 tumor status contributes to serum CXCL12 levels
	HER2-overexpressing FMC presented increasing CXCR4 expression from PT to metastases and CXCL12 status had a prognostic value

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	References

