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Abstract
Human inflammatory breast carcinoma (IBC) and canine inflammatory mammary carcinoma (IMC) are considered the most
malignant types of breast cancer. IMC has similar characteristics to IBC; hence, IMC has been suggested as a model to study the
human disease. To compare the angiogenic and angioinvasive features of IMC with non-IMC, 3 canine mammary tumor xeno-
graft models in female SCID mice were developed: IMC, comedocarcinoma, and osteosarcoma. Histopathological and immu-
nohistochemical characterization of both primary canine tumors and xenografts using cellular markers pancytokeratin,
cytokeratin 14, vimentin, and a-smooth muscle actin and vascular factors (VEGF-A, VEGF-D, VEGFR-3, and COX-2) was per-
formed. Tumor cell proliferation index was measured by the Ki-67 marker. The xenograft models reproduced histological fea-
tures found in the primary canine tumor and preserved the original immunophenotype. IMC xenografts showed a high invasive
character with tumor emboli in the dermis, edema, and occasional observations of ulceration. In addition, compared with
osteosarcoma and comedocarcinoma, the IMC model showed the highest vascular factor expression associated with a high
proliferation index. Likewise, IMC xenografts showed higher COX-2 expression associated with VEGF-D and VEGFR-3, as well
as a higher presence of dermal lymphatic tumor emboli, suggesting COX-2 participation in IMC lymphangiogenesis. These
results provide additional evidence to consider vascular factors, their receptors, and COX-2 as therapeutic targets for IBC.
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Human inflammatory breast carcinoma (IBC) and canine

inflammatory mammary carcinoma (IMC) are considered the

most malignant types of breast cancer, showing the worst prog-

nosis in both humans and dogs.36,48,49 Spontaneous IMC has

similar characteristics to IBC; hence, IMC has been suggested

as a model to study the human disease.33,36 Human mammary

comedocarcinoma is the ductal carcinoma in situ with the worst

prognosis and the highest proliferation rate.27,46 Yet, little is

known about canine mammary comedocarcinoma, considering

that it has been included in the most recent classification for

canine mammary tumors.17 Mammary osteosarcoma is a fast-

growing and aggressive tumor,24 and it is the most common

mesenchymal neoplasm of the canine mammary gland.17

One of the main characteristics of IBC is its high angiogenic

and angioinvasive potential, features that contribute to its

aggressive behavior.23 This neoplasm shows marked lymphatic

invasion, particularly in the dermis.23,36 In addition, IBC has

increased vascular density, a high rate of endothelial cell prolif-

eration, and high levels of angiogenic and lymphangiogenic fac-

tors and receptors in both IMC and IBC compared with other

nonmalignant mammary/breast tumors.8,9,44,53 Therefore, vascu-

lar endothelial growth factors (VEGFs) and their receptors have

been proposed as therapeutic targets for this disease.18 It has

been observed that vasculogenic mimicry (VM), a process by

which highly aggressive tumors can obtain nutrients by them-

selves in the absence of the classical vessels,26 is more frequent

in IMC/IBC than in any other mammary/breast tumors.7,45

Cyclooxygenase-2 (COX-2) plays a role in many breast tumor

processes, such as invasion, angiogenesis by increasing the pro-

duction of VEGFs, or formation of VM.3,5,10,37 Significant corre-

lations have been found in human breast cancer between COX-2

and angiogenic factors such as VEGF-A,10 as well as
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lymphangiogenic factors such as VEGF-C.51 In canine mammary

tumors, higher concentrations of COX-2 have been observed in

IMC compared with other tumors.8,38 Furthermore, in canine

malignant non-IMC mammary tumors, COX-2 immunoexpres-

sion was significantly associated with VEGF-A, while in IMC,

it was associated with VEGF-D, a lymphangiogenic factor; its

receptor, VEGFR-3; and the lymphatic proliferation index, sug-

gesting a specific role of COX-2 in IMC angiogenesis by stimu-

lating the lymphangiogenic pathway.8 Mouse modeling of

human breast cancer is of great value in cancer research. New

models have provided a deeper understanding of the fundamental

events that mediate the initiation, development, and progression

of the disease, as well as novel targets for future interventions

in the diagnosis, treatment, and prevention. Therefore, the aim

of the present study was to develop 3 canine mammary tumor

xenograft models in female SCID mice, 1 IMC and 2 highly

malignant non-IMC tumors, to compare the angiogenic and

angioinvasive features between them. Histopathological and

immunohistochemical characterization of both primary canine

tumors and xenografts using cellular markers pancytokeratin

(AE1/AE3), cytokeratin 14 (CK14), vimentin, and a–smooth

muscle actin was performed. The levels of VEGF-A, VEGF-D,

VEGFR-3, COX-2, and the tumor cell proliferation index

(Ki-67 marker) were measured comparatively.

Materials and Methods

Animals and Xenograft Establishment

Seventy-two female SCID mice (BALB/cJHanTMHsd-

PrkdcSCID; Harlan Laboratories Models, SL, Barcelona, Spain)

were used. The animals were housed in a flexible-film isolator

(Isotec; Harlan Laboratories Models, SL) in cages (2–3 animals

per cage), each measuring 28 � 12 � 12 cm, in a room with

controlled environmental conditions (20–22�C, 50%–55% rela-

tive humidity, 10–15 air changes per hour, and a 12:12-hour

light/dark cycle). Food and water, previously sterilized, were

provided ad libitum. All experimental procedures were per-

formed between 10 AM and 1 PM. Comedocarcinoma and osteo-

sarcoma tumors were selected as highly malignant non-IMC

canine mammary tumors since they showed an elevated aggres-

siveness and poor prognosis in female dogs, which was further

confirmed histologically in the primary canine tumors.

The first xenograft was directly established from an 11-year-

old female Cocker Spaniel mammary comedocarcinoma. The

second xenograft was developed from an 11-year-old female

Belgian Shepherd mammary osteosarcoma. Finally, the third

xenograft corresponded to an IMC established from an 11-

year-old female German Shepherd.

Fragments of 5� 2–mm tissue were placed in minimum essen-

tial medium (MEM) liquid with Earle’s salts, L-glutamine, and

penicillin/streptomycin (100�; pAA Laboratories, Linz, Austria)

immediately after the surgery or necropsy and were subcuta-

neously implanted into the ventral side of 3 female SCID mice.

Animals were previously anesthetized with isoflurane (IsoVet

1000 mg/g; B Braun VetCare SA, Barcelona, Spain) at 4% for

induction and 1.5% for maintaining sedation, supplied in a fresh

gas flow rate of 0.5 liters of oxygen/minute. Other fragments of

tissue were fixed in neutral formalin and paraffin embedded for

tumor histology and immunohistochemistry. The samples were

histologically diagnosed on hematoxylin and eosin (HE)–stained

sections following the most recent histological classification of

canine mammary tumors.17

When implanted tumors reached approximately 2 cm in dia-

meter, they were twice successively transplanted into 3 SCID

mice to verify that the xenograft model was stable and tumors

did not change histologically between the 3 consecutive pas-

sages. Tumors from the third passage were transplanted into

15 mice per xenograft model. Mice were sacrificed in groups

of 3 at 5 consecutive time points to obtain samples at 5 different

stages of tumor development. A total of 24 mice per xenograft

model were finally transplanted (first 3 passages, n ¼ 9 and

final transplants, n ¼ 15), although the histopathological and

immunohistochemical studies were developed in 19 comedo-

carcinoma and osteosarcoma xenografts and in all 24 IMC

xenografts. All experimental protocols were approved by the

Institutional Animal Care and Use Committee of the Veterinary

Faculty at the Universidad Complutense of Madrid, Spain,

under the 7.12.2007 Ethical Committee approval. All proce-

dures were completed in accordance with the Guide for the

Care and Use of Laboratory Animals and conformed to the rel-

evant European Union directive.

DNA Profiling

A 1-mg sample from each xenograft was used to extract DNA,

following a standard phenol-chloroform procedure.42 The

obtained DNA was subjected to amplification of a sequence

encoding the ribosomal RNA (rRNA) 12S fraction of the

mitochondrial genome using universal primers (Mit12S-FW:

CAAACTGGGATTAGAT ACC and Mit12S-RV: TAGAA-

CAGGCTCCTCTAG). The sequences described in GenBank

used to perform alignment with the sequences obtained

were the Mus musculus mitochondrion 12S rRNA gene

(NC_005089) and the Canis familiaris mitochondrial 12S

rRNA gene (Y08507).

Histopathology and Immunohistochemistry

Primary canine tumors and xenografts were characterized by his-

topathological and immunohistochemical studies using the cellu-

lar markers pancytokeratin (CK), CK14, vimentin, and a–smooth

muscle actin. The tumor proliferation index was determined by

the Ki-67 marker. Immunoexpression of factors related to tumor

vascularization, including VEGF-A, VEGF-D, VEGFR-3, and

COX-2, was also measured. Endothelial marker CD31 was

used to identify vasculogenic mimicry areas. Caspase immunos-

taining to analyze the presence of apoptotic bodies in the comedo-

carcinoma xenograft was performed. Immunohistochemistry was

performed on deparaffinized sections using the streptavidin-

biotin-complex peroxidase method.22 High-temperature antigen

retrieval (HTAR) with 10 mM citrate buffer (pH 6.0) was used for
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unmasking the antigen. For VEGFR-3, it was also necessary to use

an enzymatic treatment with trypsin 0.01% (Sigma, St Louis, MO)

for 10 minutes at 37�C. After incubation with the primary antibo-

dies, the slides were washed and incubated with biotinylated sec-

ondary antibody (Table 1). Next, all the slides were incubated with

streptavidin conjugated with peroxidase (code 43-4323, 1:400;

Zymed, San Francisco, CA) for 30 minutes at room temperature.

All washes and dilutions were made in Tris-buffered saline (pH

7.4). All slides were developed with a chromogen solution con-

taining 3,30-diaminobenzidine tetrachloride (DAB Peroxidase

Substrate Kit; Vector Laboratories, Burlingame, CA) and counter-

stained in hematoxylin (code GH5-2-16; Sigma). Corresponding

negative control slides were made by replacing the primary anti-

body with Tris-buffered saline. Positive controls were also used.

Immunostaining for vimentin, a–smooth muscle actin, and Ki-

67 marker was done by the ARK kit (code K3954; Dako, Glostrup,

Denmark). Tumors were considered positive for CK, vimentin,

and actin when more than 50% of the neoplastic cells were positive

and positive for CK14 when more than 10% of cells stained. The

intensity of immunoexpression was classified as low (þ), moder-

ate (þþ), or intense (þþþ). The Ki-67 index was calculated as

the mean of the proportion of positive nuclei in 8 to 10 represen-

tative fields. The presence or absence of VEGF-A, VEGF-D,

VEGFR-3, and COX-2 staining was observed in the cytoplasm

of the tumor cells. VEGF-A, VEGF-D, and VEGFR-3 immunor-

eactionswere scored in each case as negative (0) or positive (1, low

positivity; 2, moderate positivity; and 3, intense positivity). Due to

the heterogeneity of the COX-2 inmunostaining, the scoring

method was based on the percentage of immunostained cells in

combination with the labeling intensity: 0, negative, no staining;

1, low positivity, with weak diffuse staining in 75% to 100% of

tumor cells and possible stronger intensity in less than 10% of

cells; 2, moderate positivity, with moderate staining in 50% to

100% of tumor cells, with either weak diffuse staining in 75% to

100% of cells and groups of cells (10%–50%) with strong staining

or only strong staining in 10% to 50% of tumor cells; and 3, intense

positivity, with strong staining in more than 50% of tumor cells.

Caspase 3 and CD31 immunostaining were assessed by positive

or negative immunoexpression in neoplastic cells.

Statistical Analysis

Statistical analysis was performed by the SPSS version 19.0 for

Windows (SPSS< Inc, an IBMM Company, Chicago, IL). The

relationship between continuous and categorical variables was

performed using analysis of variance followed by appropriate

post hoc tests for similar (Duncan test) or different (Games-

Howell test) variances. The relationship between continuous

variables was assessed using Pearson correlation. The associa-

tion between categorical variables was analyzed using Pearson’s

w2 test. Differences were considered significant at P < .05.

Results

Three stable serial transplantable xenografts were successfully

established (Fig. 1–6). No significant differences were found

between the 5 time points of tumor development in any of the

studied factors.

DNA Profile

The resulting amplified ribosomal RNA sequence for all

3 tumor models was GCAATAGCTTAAAACTCAAAG-

GACTTGGCGGTGCTTTATATCCCTCTAGAGGAGCCTG

Table 1. Technical Data of Specific Antibodies.

Primary Antibody Type Source Incubation Secondary Antibody Source Incubation

Pancytokeratin clone
AE1/AE3

Mab Master Diagnostica
Prediluted

Overnight
4�C

Horse anti–mouse
BA-2000

Vector Laboratories
1:400

30 min, room
temperature

Cytokeratin 14 clone
LL02

Mab AbD Serotec 1:1000 Overnight
4�C

Horse anti–mouse
BA-2000

Vector Laboratories
1:400

30 min, room
temperature

Vimentin clone V9 Mab Dako 1:1000 ARK kit ARK kit ARK kit ARK kit
Smooth muscle actin

clone 1A4
Mab Master Diagnostica 1:2 ARK kit ARK kit ARK kit ARK kit

Ki-67 clone MIB-1 Mab Dako 1:25 ARK kit ARK kit ARK kit ARK kit
VEGF-A A-20 Pab Santa Cruz

Biotechnology 1:500
Overnight

4�C
Swine anti–rabbit

E0353
Dako 1:200 30 min, room

temperature
VEGF-D H-144 Pab Santa Cruz

Biotechnology 1:200
Overnight

4�C
Goat anti–rabbit

E0432
Dako 1:300 30 min, room

temperature
VEGFR-3

FLT-4 IgG 1
Pab Alpha Diagnostic

International 1:200
Overnight

4�C
Goat multilink

MAD-001828QK
Master Diagnostica

Prediluted
10 min, room

temperature
COX-2 N-20 Pab Santa Cruz

Biotechnology 1:150
Overnight

4�C
Mouse anti–goat

N31732
Immunopure 1:1000 30 min, room

temperature
CD3 1 clone JC70A Mab Dako 1:900 Overnight

4�C
Goat multilink

MAD-001828QK
Master Diagnostica

Prediluted
10 min, room

temperature
Caspase 3 Pab R&D Systems 1:1000 Overnight

4�C
Swine anti–rabbit

E0353
Dako 1:200 30 min, room

temperature

Abbreviations: Mab, mouse monoclonal antibody; Pab, rabbit polyclonal antibody.
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TTCTA, identical to the sequence described in GenBank for

the canine species, proving that the genetic content of the xeno-

grafts was entirely canine.

Histopathologic Study in Canine Original Tumor
and Xenografts

The first model was histopathologically diagnosed as comedo-

type solid mammary carcinoma (CC). Large polygonal to pleo-

morphic epithelial cells with nondefined cytoplasmic limits

and some myoepithelial cells were observed. Some groups of

solid cells showed a necrotic center (comedo), in which

karyorrhexis and apoptotic bodies were identified. Xenografts

reproduced the histological features from the primary canine

tumor (Fig. 7). The second model was diagnosed as canine

mammary osteosarcoma (OS). As in the primary tumor, the

osteoid matrix was identified in xenografts (Fig. 8), and the

cells were markedly pleomorphic, showing anisokaryosis and

atypical mitoses. The third primary tumor was diagnosed as

inflammatory tubular solid carcinoma (IC), while some xeno-

grafts were diagnosed as tubular and some as solid carcinomas.

All IC xenografts were histologically categorized as grade III.

They showed marked edema (Fig. 9a) and occasionally pro-

duced ulceration (12.5%). Similar to the original tumor,

Figure 1. Adult SCID (BALB/cJHanTMHsd-PrkdcSCID) mouse No. 1. Mammary comedocarcinoma (CC) xenograft appearance at the site of sub-
cutaneous (SC) inoculation. Figure 2. Adult SCID mouse No. 2. Mammary osteosarcoma (OS) xenograft appearance at the site of SC inocula-
tion. Figure 3. Adult SCID mouse No. 3. Inflammatory mammary carcinoma (IC) xenograft appearance at the site of SC inoculation. Figure 4.
Mammary CC tumor; SCID mouse xenograft No. 1. Gross appearance of the CC xenograft. Figure 5. Mammary OS tumor; SCID mouse xeno-
graft No. 2. Gross appearance of the OS xenograft. Figure 6. Mammary IC tumor; SCID mouse xenograft No. 3. Gross appearance of the IC
xenograft. Figure 7. Mammary CC tumor; SCID mouse xenograft No. 1. Histological appearance of comedo structures formed by neoplastic
cell aggregates surrounding necrotic areas. Hematoxylin and eosin (HE). Figure 8. Mammary OS tumor; SCID mouse xenograft No. 2. Histo-
logical appearance of mammary osteosarcoma with osteoid matrix. HE. Figure 9. Mammary IC tumor; SCID mouse xenograft No. 3. Histo-
logical appearance: (a) IC tumor showing marked edema. HE. (b) Arrow showing tumor embolus in dermis. HE. (c) Skin; endothelial-like cells
(vasculogenic mimicry) forming a neoplastic embolus in the dermal blood capillary. Note the presence of a leukocyte inside the VM channel. HE.
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xenografts were composed of large and highly pleomorphic

cells with clearly defined limits, marked cytoplasmic atypia

and anisokaryosis, clumped chromatin, 1 to 2 nucleoli, a high

mitotic index, and atypical mitosis. The stroma was scant

(66.6%) or moderate (33.3%), with desmoplasia in 3 cases

(12.5%). Tumors showed a highly invasive character with

tumor emboli in the dermis (Fig. 9b) and in other tumor areas

(33.3% and 25%, respectively). Necrotic tumor cells were iden-

tified in the emboli in 3 cases. Lymphangiectasia and vasculo-

genic mimicry (Fig. 9c) were frequently identified (81% and

66.7%, respectively). Negative staining for endothelial marker

CD31 in vasculogenic mimicry areas confirmed the cells were

not endothelial in origin. Necrotic areas (87.5%) and pyknotic

cells (95.8%) were frequent.

Immunohistochemical Characterization of Tumor
Phenotype

Factor expression for characterization of tumor phenotype is

summarized in Table 2. For pancytokeratin, both the original

tumor and xenografts (93.3%) were slightly positive (þ) for

AE1/AE3 in comedocarcinoma. Strongly positive (þþþ)

cells, isolated or in small groups, with heterogeneous distribu-

tion were also found (Fig. 10a). Both canine and xenograft cells

were negative in osteosarcoma (Fig. 11a). However, both the

original tumor and xenografts in IC were strongly positive

(þþþ), and some positive cells were found in dermal emboli

(Fig. 12a). In CC, 80% of canine tumor cells and 10% to

30% of xenograft cells were positive (moderate to strong) for

CK14 (Fig. 10b). In many cases, these groups of cells were dis-

tributed in comedo formations. The OS model was negative for

this marker (Fig. 11b), but both canine and xenografts (83.3%)

showed a moderate positivity in IC (Fig. 12b). For vimentin,

both the canine tumors and xenografts in all 3 models showed

a light to moderate expression (Figs. 10c, 11c, 12c). For smooth

muscle actin, while CC showed moderate or intense positivity

(Fig. 10d), OS (Fig. 11d) and IC were negative for this marker.

However, stromal myofibroblasts were found in all models,

especially in IC (Fig. 12d).

Immunohistochemical Study for Tumor Proliferation

By counting Ki-67 marker-stained cells, the proliferation index

of both canine tumor and xenografts was obtained. Values for

the primary canine tumor and mean values + standard error for

xenografts are shown in Table 3. Significant differences (P <

.001) were found between the 3 models. The IC model had the

highest tumor proliferation index followed by CC and OS

(Figs. 13a, 14a, 15a). Xenografts had lower proliferation rates

than the primary canine tumors from which they came. A sig-

nificant relationship (P < .05) was found between the percent-

age of Ki-67 and the amount of stroma in both carcinomas and

the presence of dermal emboli in the IC model; consequently,

tumors with less stroma and the presence of dermal emboli had

a higher rate of tumor proliferation.

Immunohistochemical Study of Vascular Factors
and COX-2

Expression of factors related to tumor vascularization is shown

in Table 4.

VEGF-A immunostaining (Figs. 13b, 14b, 15b) was positive

in significantly (P < .001) more tumors in the IC model than in

the OS model. Positive expression was also higher in the IC

model than in the CC model, but it was not significant. Further-

more, in the IC model, increased expression of VEGF-A was

associated with a high proliferation index (P ¼ .048). VEGF-D

expression in the IC model was significantly increased

(P < .001) compared with CC and OS models (Figs. 13c,

14c, 15c). In the CC model, a significant positive association

(P¼ .001) between VEGF-A and VEGF-D was found. Higher

expression in IC tumors with dermal emboli (P ¼ .025) and

with a higher percentage of Ki-67–positive cells (P < .001)

was observed. VEGFR-3 expression, similar to VEGF-D, was

significantly higher (P < .001) in the IC model compared with

the CC and OS models (Figs. 13d, 14d, 15d). In the CC model,

a significant relationship between VEGFR-3 expression and

both VEGF-A (P ¼ .03) and the Ki-67 index (P ¼ .04) was

found, indicating that higher expression of VEGFR-3 corre-

lated with higher expression of VEGF-A and the tumor

Table 2. Immunohistochemical Characterization of Tumor Phenotype.

Comedocarcinoma Osteosarcoma Inflammatory Carcinoma

Factor Canine Tumor Xenografts Canine Tumor Xenografts Canine Tumor Xenografts

AE1/AE3 (pancytokeratin) 3 2 (6.6) 0 0 (100) 3 3 (100)
3 (93.3)

Cytokeratin 14 2 1 (60.0) 0 0 (100) 2 1 (16.7)
2 (40.0) 2 (83.3)

Vimentin 2 0 (15.8) 2 1 (15.8) 1 1 (62.5)
1 (52.6) 2 (84.2) 2 (37.5)
2 (31.6)

Actin 2 1 (10.5) 0 0 (100) 0 0 (100)
2 (89.5)

Immunoexpression was classified in categories from 0 to 3 based on the amount of positive cells and the staining intensity. In xenografts, the percentage of tumors
corresponding to this intensity is shown in parentheses.
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Figure 10. Mammary comedocarcinoma (CC) tumor; SCID (BALB/cJHanTMHsd-PrkdcSCID) mouse xenograft No. 1. (a) Strongly positive neoplas-
tic cells for pancytokeratin staining. Streptavidin-biotin-peroxidase anti–cytokeratin AE1/AE3, counterstained with hematoxylin. (b) Neoplastic
cells show moderate to strong positivity for cytokeratin 14. Streptavidin-biotin-peroxidase anti–cytokeratin 14, counterstained with hematoxylin.
(c) Neoplastic cells show a light to moderate expression for vimentin. Streptavidin-biotin-peroxidase antivimentin, counterstained with hematox-
ylin. (d) Neoplastic cells show moderate or intense positivity for actin. Streptavidin-biotin-peroxidase anti–smooth muscle actin, counterstained
with hematoxylin. Figure 11. Mammary osteosarcoma (OS) tumor; SCID mouse xenograft No. 2. (a) Neoplastic cells negative for pancytokeratin
staining. Streptavidin-biotin-peroxidase anti–cytokeratin AE1/AE3, counterstained with hematoxylin. (b) Neoplastic cells negative for cytokeratin
14. Streptavidin-biotin-peroxidase anti–cytokeratin 14, counterstained with hematoxylin. (c) Neoplastic cells show moderate expression for
vimentin. Streptavidin-biotin-peroxidase antivimentin, counterstained with hematoxylin. (d) Neoplastic cells negative for actin. Streptavidin-
biotin-peroxidase anti–smooth muscle actin, counterstained with hematoxylin. Figure 12. Mammary inflammatory carcinoma (IC) tumor; SCID
mouse xenograft No. 3. (a) Neoplastic cells strongly positive for pancytokeratin. Insert showing necrotic tumor cells in an embolus. Streptavidin-
biotin-peroxidase anti–cytokeratin AE1/AE3, counterstained with hematoxylin. (b) Neoplastic cells show moderate positivity for cytokeratin 14.
Streptavidin-biotin-peroxidase anti–cytokeratin 14, counterstained with hematoxylin. (c) Neoplastic cells show moderate expression for vimentin.
Streptavidin-biotin-peroxidase antivimentin, counterstained with hematoxylin. (d) Neoplastic cells negative for actin, with stromal myofibroblasts
intensely stained. Streptavidin-biotin-peroxidase anti–smooth muscle actin, counterstained with hematoxylin.
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proliferation index. Once again, increased expression of

VEGFR-3 was associated with the presence of dermal emboli

(P¼ .033) and a higher Ki-67 index (P¼ .03) in the IC model.

COX-2 expression was higher (P < .001) in the IC model com-

pared with CC and OS. In general, the primary CC tumor and

xenografts were negative for COX-2, but they showed some

intensively stained cells located at the edge of necrotic cen-

ters, near karyorrhectic areas (Fig. 13e). Immunostaining with

apoptosis marker caspase 3 in this model showed positive

apoptotic bodies and cells in the necrotic center of comedo-

type structures. The OS model was also considered negative

for COX-2, although it had some moderately positive cells

surrounding necrotic areas in both the primary canine tumor

and xenografts (Fig. 14e). In the IC model, canine tumor cells

and xenografts were heterogeneously positive with moderate

or slight intensity (Fig. 15e). COX-2 intensity was also asso-

ciated with the presence of tumor emboli (P ¼ .008) and with

VEGFR-3 expression intensity (P ¼ .027). Strong positive

cells, both isolated and grouped and not necessarily around

necrotic areas, were observed and related with increased

VEGF-D (P ¼ .13) and VEGFR-3 (P ¼ .023) expression.

Discussion

This is the first in vivo comparative study of human and canine

inflammatory breast carcinoma, with 2 other canine mammary

tumors (comedocarcinoma and osteosarcoma), through the

development of 3 models in immunocompromised mice. To the

best of our knowledge, there are no prior developed animal

models for canine mammary comedocarcinoma or canine

inflammatory carcinoma. However, 2 human IBC models were

developed in mice, MARY-X and WIBC-9.1,44 A canine mam-

mary osteosarcoma cell line, MCO-Y4, was also developed.54

Tumor genetic analysis in this study showed that 100% of

xenograft genetic content belongs to the canine species. No

metastases were observed in xenografts. Relatively few xeno-

grafts may reproduce the frequency and distribution of metas-

tases because this is a complex phenomenon that requires

special conditions.6

The comedocarcinoma model showed comedo structure for-

mation during tumor progression, with necrotic areas in the

center of neoplastic cell aggregates. Karyorrhectic residue and

apoptotic bodies identified with caspase 3 were observed in

these areas. This model confirms that these necrotic centers are

formed by a combination of apoptosis and necrosis, as has been

described in human CC.29

The osteosarcoma model showed a calcified osteoid matrix

with necrotic areas increasing with tumor duration. The inflam-

matory carcinoma model showed typical human and canine IC

characteristics.23,35 The invasion and dilatation of dermal lym-

phatic vessels by neoplasic emboli and the severe edema histo-

pathologically confirmed the diagnosis based on clinical

signs.17,41

Both CC and IC models were positive for AE1/AE3, CK14,

and vimentin, while actin was only positive in the CC model.

Pancytokeratin expression shows the epithelial origin of the

neoplasm,25,30 CK14 recognizes the basal/myoepithelial cells

of mammary tumors,19 and actin stains myoepithelial cells.52

Vimentin is a marker for mesenchymal origin cells, in both nor-

mal and tumoral tissues.2 According to the tumor phenotype

markers, all CC xenografts showed a basal/myoepithelial ori-

gin, whereas a basal epithelial origin was observed in IC xeno-

grafts. In the OS model, the immunoexpression was typical for

sarcoma, with vimentin-positive staining and negative expres-

sion for cytokeratins (AE1/AE3 and CK14) and actin. The high

malignancy of both carcinoma models is reflected in the coex-

pression of vimentin and cytokeratin, since it has been sug-

gested that malignant mammary tumors with this phenotype

are more aggressive and have a worse prognosis.50

In addition to marking myoepithelial cells, actin is used to

differentiate the tumor stromal myofibroblasts.52 Actin expres-

sion was observed in all 3 models. It has been proposed that

myofibroblasts have a role in tumor cell growth stimulation

by the secretion of stromal-derived factor. The presence of

myofibroblasts was higher in the IC model, possibly due to its

high malignancy. The increased presence of myofibroblasts in

canine IC stroma has been shown previously.8

Ki-67 antibody is used to determine the rate of tumor prolif-

eration by detecting a nuclear antigen, which is present only in

proliferative cells that are in all phases of the cell cycle, but not

after mitosis.15 Breast tumors with a higher histological malig-

nancy grade have a higher tumor proliferation index,11 and they

have been related to a poor prognosis in malignant mammary

tumors in both women47 and dogs.34 In our study, significant

differences were found in the rate of proliferation between the

3 models. As expected, the highest percentage of Ki-67 was

found in the IC model since it is considered the most aggressive

mammary malignancy with the worst prognosis,49 followed by

the CC model since human CC is the ductal carcinoma in situ

with the highest proliferation rate.27 All xenografts had a lower

proliferation index than their primary canine tumors, suggest-

ing a possible loss of proliferative capacity and histological

malignancy. In both carcinomas, the proliferation index was

lower in tumors with higher amounts of stroma, suggesting that

stroma may slow tumor growth, as previously observed.43

Although the number of tumor emboli is not considered a prog-

nostic factor in patients with IC, this IC model shows that

tumors with dermal emboli have a higher proliferation index

(P ¼ .02).

Table 3. Tumor Proliferation Index.

% Ki-67 Comedocarcinoma Osteosarcoma
Inflammatory
Carcinoma

Canine tumor 42 28.8 70
Xenografts

(mean +
standard
error)

33.8a + 1.7 17.5b + 0.8 44c + 1.4

Superscripted letters denote significant differences (P < .001) between the
different models.
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Figure 13. Mammary comedocarcinoma (CC) tumor; SCID (BALB/cJHanTMHsd-PrkdcSCID) mouse xenograft No. 1. (a) In total, 33.8% of neo-
plastic cells were positive for Ki-67. Streptavidin-biotin-peroxidase anti–Ki-67, counterstained with hematoxylin. (b) Neoplastic cells show light
expression for VEGF-A. Streptavidin-biotin-peroxidase anti–VEGF-A, counterstained with hematoxylin. (c) Neoplastic cells show light positivity
for VEGF-D. Streptavidin-biotin-peroxidase anti–VEGF-D, counterstained with hematoxylin. (d) Neoplastic cells show light expression for
VEGFR-3. Streptavidin-biotin-peroxidase anti–VEGFR-3, counterstained with hematoxylin. (e) Xenografts negative for COX-2 with neoplastic
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VEGF-A, VEGF-D, and VEGFR-3 showed increased

expression in the IC model compared with CC and OS, show-

ing the greater vascularization ability of IC. Higher VEGF-A

levels have been found in both canine8,28 and human IC.4,44

VEGF-A plays an important role in IC tumor angiogenesis, and

it is considered a potential therapeutic target for treatment.

VEGF-A inhibitors such as bevacizumab are currently being

investigated in patients with IC.12 Higher expression of

VEGF-C, VEGF-D, and VEGFR-3 has also been found in

human IBC malignant tumors compared with non-IBC,53 but

there are no previously published reports regarding canine

mammary tumors.8 Similar to VEGF-A, these lymphangio-

genic factors and their receptor could be investigated as thera-

peutic targets for IC, as previously suggested.18 According to

these results, higher VEGF-A expression in CC xenografts cor-

related with higher VEGF-D and VEGFR-3 expression. The

correlation between VEGF-A and VEGF-D was also observed

in canine and human mammary tumors.8,16 Moreover, a corre-

lation between VEGF-D and VEGFR-3 was found in the IC

model, which might be related to its lymphangiogenic proper-

ties as it was also observed in IMC8 and IBC.53 It seems that

angiogenic and lymphangiogenic processes are related in CC

while the lymphangiogenic process dominates in IC.

In both carcinoma models, the highest tumor proliferation

rate was found in tumors with the highest expression of all

analyzed vascular factors. A relationship between high

VEGF-A expression and a high rate of proliferation was found

in human breast tumors and canine IC.8,13 The relationship

between the Ki-67 index and VEGF-D and VEGFR-3 was sig-

nificant in IC xenografts, while in the CC model, a higher pro-

liferation index was significantly correlated with the VEGFR-3

receptor. These findings indicate that tumor vascularization

supports neoplasia development, since tumoral cells can prolif-

erate more with a greater flow of oxygen and nutrients. VEGF-

A, VEGF-D, and VEGFR-3 xenograft expression was equal to

or less than what was observed in the canine neoplasm. There-

fore, a decrease in the angiogenic and lymphangiogenic prop-

erties and the rate of cell proliferation showed a loss of

malignancy in xenografts compared with the primary canine

tumor.

Higher VEGF-D and VEGFR-3 expression was observed in

IC with dermal emboli. It has been shown that VEGF increases

the microvascular permeability;14,31 thus, tumors with higher

expression of these factors and receptors might stimulate the

neoplastic cell migration through tumor lymphatic vessels.

Vasculogenic mimicry (VM) was identified in the IC canine

tumor and numerous xenografts. VM has been shown to occur

more frequently in IC compared with other types of mammary

tumors, in both humans45 and dogs,7 and it might partially

replace the blood vessel function. Moreover, it would be

Figure 13. (continued). cells located at the edge of the necrotic center in comedo structures showing intense expression for COX-2. Insert
shows these intensely stained cells in detail. Streptavidin-biotin-peroxidase anti–COX-2, counterstained with hematoxylin. Figure 14. Mammary
osteosarcoma (OS) tumor; SCID mouse xenograft No. 2. (a) In total, 17.5% of neoplastic cells were positive for Ki-67. Streptavidin-biotin-
peroxidase anti–Ki-67, counterstained with hematoxylin. (b) Neoplastic cells show light expression for VEGF-A. Streptavidin-biotin-peroxidase
anti–VEGF-A, counterstained with hematoxylin. (c) Neoplastic cells show light positivity for VEGF-D. Streptavidin-biotin-peroxidase anti–
VEGF-D, counterstained with hematoxylin. (d) Neoplastic cells show negative expression for VEGFR-3. Streptavidin-biotin-peroxidase anti–
VEGFR-3, counterstained with hematoxylin. (e) Xenografts negative for COX-2 with some cells surrounding necrotic areas were moderately
positive. Streptavidin-biotin-peroxidase anti–COX-2, counterstained with hematoxylin. Figure 15. Mammary inflammatory carcinoma (IC) tumor;
SCID mouse xenograft No. 3. (a) In total, 44% of neoplastic cells were positive for Ki-67. Streptavidin-biotin-peroxidase anti–Ki-67, counterstained
with hematoxylin. (b) Neoplastic cells show moderate expression for VEGF-A. Streptavidin-biotin-peroxidase anti–VEGF-A, counterstained with
hematoxylin. (c) Neoplastic cells show intense positivity for VEGF-D. Streptavidin-biotin-peroxidase anti–VEGF-D, counterstained with hematox-
ylin. (d) Neoplastic cells show moderate expression for VEGFR-3. Streptavidin-biotin-peroxidase anti–VEGFR-3, counterstained with hematoxylin.
(e) Neoplastic cells show moderate expression for COX-2 with groups of intensely stained cells. Streptavidin-biotin-peroxidase anti–COX-2,
counterstained with hematoxylin.

Table 4. Immunoexpression of Vascularization Factors in Canine Tumors and Xenografts.

Comedocarcinoma Osteosarcoma Inflammatory Carcinoma

Factor Canine Tumor Xenografts Canine Tumor Xenografts Canine Tumor Xenografts

VEGF-A 1 0 (46.2) 1 0 (84.2) 0 0 (29.1)
1 (53.8) 1 (15.8) 1 (66.7)

2 (4.2)
VEGF-D 2 1 (45) 1 0 (11.8) 3 2 (66.7)

2 (55.0) 1 (58.8) 3 (33.3)
2 (29.4)

VEGFR-3 1 0 (42.1) 1 0 (94.7) 2 1 (41.7)
1 (57.9) 1 (5.3) 2 (58.3)

COX-2 0 0 (100) 0 0 (100) 2 1 (81)
2 (19)

Immunoexpression was classified into 4 categories (0 to 3), according to the percentage of positive cells and staining intensity. In xenografts, the percentage of
tumors corresponding to each intensity is shown in parentheses.
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closely related to the lymphatic circulation and may be another

mechanism of disease dissemination.20

It has been shown that COX-2 plays a role in the invasive

and angiogenic phenotype of IC.40,53 IC xenografts had a low

or moderate heterogeneous positivity for COX-2, with some

isolated and grouped strongly positive cells, while CC and

OS models showed negative expression. Other authors have

found higher levels of this molecule in canine IC tumors com-

pared with non-IC mammary tumors, suggesting a special role

for COX-2 in extracellular matrix degradation and lymphan-

giogenic pathway stimulation.8,38 In the current IC model,

COX-2 expression was also related to the presence of tumor

emboli in lymphatic vessels within the tumor, suggesting that

this molecule could stimulate formation of these emboli, since

COX-2 favors tumoral extravasation and distant metastases.32

The presence of cells with high COX-2 expression was

associated with increased VEGF-D (P ¼ .013) and VEGFR-3

(P¼ .023) expression in the IC model. A significant correlation

between COX-2 and angiogenic factors such as VEGF-A10,39

and lymphangiogenic factors such as VEGF-C51 has been

shown in both human and canine mammary tumors, suggesting

that COX-2 modulates the release of these angiogenic and lym-

phangiogenic factors. In a previous study,8 COX-2 expression

was associated with VEGF-A in malignant non-IC mammary

tumors, while it was associated with VEGF-D in IC tumors.

According to these results, it is possible that angiogenic and

lymphangiogenic mechanisms are different in both tumor

groups, with the lymphangiogenic process in IC being COX-

2 related.

The ability of COX-2 to suppress apoptosis has been stud-

ied. It has been shown that a decrease in the apoptosis level

promotes carcinogenesis by allowing the survival of cells that

have acquired mutations.21 In the CC model, although all the

tumors were considered negative for COX-2 expression, some

COX-2 intensively positive cells were found repeatedly at

the boundary of the comedo-type structures along the necrotic

center. This finding suggests that COX-2 is involved in the

apoptosis of the comedo structures. This role for COX-2 has

not been previously studied in either human or canine mam-

mary comedocarcinoma. Surprisingly, some COX-2–positive

cells around the necrotic areas in the OS model were also

observed.

In conclusion, inflammatory mammary carcinoma xeno-

grafts showed the highest vascular factor expression compared

with osteosarcoma and comedocarcinoma and were associated

with a high proliferation index. Likewise, IC xenografts

showed higher COX-2 expression associated with VEGF-D,

VEGFR-3, and the presence of lymphatic tumor emboli, sug-

gesting COX-2 participation in IC lymphangiogenesis. These

results show more evidence to consider the vascular factors,

their receptors, and COX-2 as therapeutic targets for both IBC

and IMC. However, due to the small number of samples used to

develop the xenografts, more studies are required. In addition,

the CC model shows that necrotic areas of comedo-type forma-

tion are a mixture of necrosis and apoptosis in which COX-2

has an important role, probably via apoptosis.
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