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Simple Summary: The chorioallantoic membrane (CAM) is a highly vascularized membrane found
in avian eggs. Tumor cell lines can be grown on the CAM, which allows for the further analyses of
the tumor grafts afterwards. We investigated the biological and growth characteristics of two breast
cancer cell lines that resemble two biologically different breast cancer subgroups. Known biological
features of the more aggressive breast cancer cell line were clearly confirmed in vitro and in the CAM
model. Furthermore, the tissue-based pathological variables assessed in the CAM model were similar
to those of the mouse xenografts and human patient tumor tissue. We suggest this in vivo model to
be a reliable alternative for breast cancer research to reduce murine animal experiments.

Abstract: The chorioallantoic membrane (CAM) assay is an alternative in vivo model that allows for
minimally invasive research of cancer biology. Using the CAM assay, we investigated phenotypical
and functional characteristics (tumor grade, mitosis rate, tumor budding, hormone receptor (HR)
and HER2 status, Ki-67 proliferation index) of two breast cancer cell lines, MCF-7 and MDA-MB-231,
which resemble the HR+ (luminal) and triple-negative breast cancer (TNBC) subgroups, respectively.
Moreover, the CAM results were directly compared with murine MCF-7- and MDA-MB-231-derived
xenografts and human patient TNBC tissue. Known phenotypical and biological features of the
aggressive triple-negative breast cancer cell line (MDA-MB-231) were confirmed in the CAM assay,
and mouse xenografts. Furthermore, the histomorphological and immunohistochemical variables
assessed in the CAM model were similar to those in human patient tumor tissue. Given the confirma-
tion of the classical biological and growth properties of breast cancer cell lines in the CAM model, we
suggest this in vivo model to be a reliable alternative test system for breast cancer research to reduce
murine animal experiments.

Keywords: mouse xenograft; CAM model; MCF-7; MDA-MB-231; HTB-26; tumor aggressiveness;
alternative in vivo model; 3R; hormone receptor
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1. Introduction

Invasive breast cancer represents both the most frequently diagnosed type of malignant
tumor in women, with 2.25 million new cases worldwide in 2020, and the leading cause of
cancer-associated death in women (0.68 million deaths in 2020) [1]. Prognostic and/or pre-
dictive clinical and pathological parameters are used for targeted therapy stratification [2].
In the early 2000s, an unsupervised clustering analysis of an mRNA-based gene expression
analysis of human breast cancer tissue revealed molecular breast cancer subtypes that
have both significant prognostic and predictive relevance. Using a signature of 50 genes
(PAM50), invasive breast cancer can be differentiated into four major molecular subgroups:
luminal A, luminal B, HER2-enriched, and basal-like [3–8]; molecular-like subtyping using
widely available and cost-effective immunohistochemistry (and in situ hybridization, if
needed) +/− tumor grade is used in daily routine diagnostics to estimate these molecular
subtypes. Invasive breast cancer that expresses the two hormone receptors (HRs), estrogen
receptor (ER), and progesterone receptor (PR) and presents a negative HER2 status and low
expression level of the proliferation marker Ki-67 (+/− low or intermediate tumor grade) is
classified as luminal A-like tumors; HR-positive, HER2-negative breast cancer with a high
Ki-67 level +/− high tumor grade (G3) is classified as the luminal B-like subtype. Moreover,
HER2-positive invasive breast cancer and triple-negative breast cancer (TNBC, i.e., tumors
lacking both HR expression and HER2 overexpression/amplification) must be recognized,
as they significantly predict prognosis and treatment response. Therefore, the assessment
of the molecular(-like) subtypes is mandatory and of high clinical relevance in pathological
diagnostics [9–14]. Hence, research on breast cancer biology should include the correlation
of new findings with molecular(-like) subtypes. In this application, breast cancer cell lines
are a valuable and popular option for both in vitro and in vivo studies given their very well
characterized biological features, including their molecular(-like) subtype [15–17], where
they are used, e.g., to obtain more insights into the complexity of breast cancer biology or to
test drug susceptibility. For example, while the breast cancer cell line MCF-7 represents an
HR+ (luminal) breast cancer subtype, the breast cancer cell line MDA-MB-231 biologically
shows triple-negative and more aggressive behavior [18,19].

In the past, in vivo studies that used breast cancer cell lines, including for drug
susceptibility testing, were performed using predominantly mouse models [20–24]. Because
of the use of this method for many decades, the biology and physiology of many mouse
models are very well known, and murine models have been improved to answer specific
scientific issues (e.g., humanized mouse models) [25]. Moreover, long observation time [26]
and in vivo imaging can be applied to this in vivo model [27]. However, the disadvantages
are obvious: Besides the long duration of the experiment, the high costs and large number
of animals needed for the mouse model as an animal experiment and the ethical aspects,
such as the stress, pain, and suffering of the animals, need to be compared with the scientific
gain of knowledge for human cancer patients. Moreover, many organizational aspects, such
as the long-term planning phase for the experiments, including the application procedure
for animal experiments and necessary Federation of European Laboratory Animal Science
Associations (FELASA) courses for the staff, must be considered [28–31].

In 1959, following the 3R principles (replacement, refinement, and reduction of ani-
mals in research), novel recommendations for the use of in vivo experiments have been
suggested [32]. The chorioallantoic membrane (CAM) assay is discussed as an alternative
in vivo model that allows for tissue transplantation/engineering, minimally invasive re-
search of cancer biology, and the susceptibility of the cancer cells to drugs [33]. Using the
CAM model, functional and phenotypical characteristics (e.g., growth and dissemination
potential, differentiation of cancers, mitosis and proliferation rates, and expression of clini-
cally relevant prognostic and predictive biomarkers) can be investigated by applying cancer
cell lines or patient-derived tumor tissue onto the CAM [34–36]. The hallmarks of cancer
can be studied in a simplified manner and in a very short time compared with murine
models, and because the CAM is not innervated, the inability of the chicken embryo to
feel pain is assumed [37–42]. For some solid cancer types, i.e., clear cell renal cell cancer
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(ccRCC), bladder cancer, and prostate cancer, successful engraftment rates of cancer cell
lines or patient-derived tumor tissue were reported while using the CAM model. Moreover,
for ccRCC, the ovografts showed histopathological and dissemination features similar to
those found in ccRCC mouse xenografts [28]. However, to the best of our knowledge, a
systematic comparison of the morphological and immunohistochemical features between
breast cancer cell line ovografts and mouse xenografts is currently lacking.

Hence, we investigated the phenotypical and functional characteristics (e.g., tumor
grade, mitosis rate, tumor budding, HR and HER2 status, and Ki-67 proliferation index) of
two breast cancer cell lines with a) different histological features and b) different biological
aggressiveness, namely, the HR+ (luminal) cell line MCF-7 and the more aggressive TNBC-
like cell line MDA-MB-231, in both the CAM and mouse xenograft models. Moreover, we
compared the pathological features of the in vivo xenograft models with those expressed
in human primary tumor specimens [43]. Moreover, functional differences in the aggres-
siveness between both breast cancer cell lines were analyzed in vitro and in vivo using the
CAM model.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

The human breast cancer cell lines MCF-7 (ATCC® HTB-22™) and MDA-MB-231
(ATCC® HTB-26™) were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Both cell lines were kept in Dulbecco’s modified Eagle’s medium
(DMEM, 41965039, Gibco/Life Technologies, ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS (P30-3306, PAN Biotech), 1% penicillin/streptomycin (P06-
07100, PAN-Biotech GmbH, Aidenbach, Germany), 1% nonessential amino acids (MEM-
NEAA, 11140-035, Gibco, ThermoFisher Scientific, Waltham, MA, USA), and 1% sodium
pyruvate (S8636, Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured in a humidified
atmosphere containing 5% CO2 at 37 ◦C. Cell line verification was performed through a
multiplex cell authentication test performed by Multiplexion (Heidelberg, Germany) as
described by Castro et al. [44]. Mycoplasma-free status was verified for both cell lines. All
cells were used in passages 3 to 10 in the experiments after thawing them from the original
stocks. The sources and the clinical and pathological characteristics of the tumors from
which the MCF-7 and MDA-MB-231 breast carcinoma cell lines originate are summarized
in Table 1 [45–48].

Table 1. Characteristics of the human breast carcinoma cell lines MCF-7 and MDA-MB-231.

Cell Line ER PR HER-2 Gene
Cluster Tumor Type Source Patient

MCF-7 + [+] – Luminal
Mammary

adenocarcinoma/invasive
ductal carcinoma

Metastatic site
(pleural effusion)

69-year-old
Caucasian

MDA-MB-231 – [–] – Basal-like *
Malignant, poorly

differentiated epithelial tumor
of the breast/adenocarcinoma

Metastatic site
(pleural effusion)

51-year-old
Caucasian

Source and clinical and pathological characteristics of the tumors are given. ER—estrogen receptor; PR—progesterone
receptor; HER-2—human epidermal growth factor receptor 2. (+) indicates expression, and (–) indicates no
expression; square brackets indicate that values were derived from mRNA values alone when protein data were
not available in the original publication. * Corresponding molecular-like subtype: triple-negative breast cancer
(TNBC) [45–48].

2.2. Human Patient Tissue

To compare the histopathological and immunohistochemical characteristics of the
breast cancer cell lines MCF-7 and MDA-MB-231 grown in the chorioallantoic membrane
(CAM) xenograft assays, five human hormone receptor-positive, HER2-negative breast
cancer samples and five human TNBC samples were used (n = 5 each). For each human
case, formalin-fixed and paraffin-embedded (FFPE) tumor tissue originating from surgical
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specimens was available. The hormone receptor-positive, HER2-negative and TNBC status
characterization was given in the diagnostic report. However, the histopathological and
immunohistochemical (IHC) characterization of the tumors was analogously repeated by a
pathologist experienced in breast cancer pathology for the IHC assessment of the breast
cancer cell lines (see below) to centrally confirm the hormone receptor-positive, HER2-
negative and TNBC status characteristics, respectively. For hormone receptor-positive,
HER2-negative breast cancer, the patients’ mean age (all female) at diagnosis was 63.4 years
(range of 36 to 82 years). The median tumor size was 2.1 cm (range of 1.9–2.1 cm). One
patient presented an invasive lobular breast cancer. For TNBC, the patient’s mean age
(all female) at diagnosis was 77.2 years (range of 48 to 92 years). The median tumor size
was 11.3 cm (range of 0.6–45.0 cm). One patient presented three foci of TNBC. Two TNBC
cases had associated ductal carcinoma in situ (DCIS); one of them had been treated with
neoadjuvant systemic therapy without achieving a pathological complete response (pCR;
remaining tumor size: 1.6 cm). The youngest patient presented a 45.0 cm tumor. The
investigation of human tumor samples was covered by the local ethics committee (ethics
vote iMODE-B No. 4514) in accordance with the institutional and national ethical standards
on human experimentation and with the Helsinki Declaration. Subjects were properly
instructed and provided written consent to participate. Patient privacy and anonymity are
fully protected.

2.3. Cell Morphology and Fluorescence Staining of Breast Cancer Cell Lines

Representative light microscopy images of the two investigated cell lines MCF-7 and
MDA-MB-231 were taken at ~70–80% confluency to compare the cell morphology using a
Leica DMi1 light microscope (inverse, 20× objective HI Plan I, Leica Microsystems). Images
of three independent cell culture plates per cell line were acquired.

For fluorescence staining, MCF-7 (3 × 104 cells/well) and MDA-MB-231
(2 × 104 cells/well) cells were seeded in ibidi® µ-slide 8-well ibiTreat cell culture plates
(80826, ibidi®). After 24 h, both cell lines had reached a confluency of ~80% and were fixed
with 4% phosphate-buffered formalin for 20 min, permeabilized with 0.1% TritonTM X-100
(T8787, Sigma-Aldrich, St. Louis, MO, USA) solution in PBS (P5368, Sigma-Aldrich) for
15 min, and blocked with 1% bovine serum albumin (BSA, T844.2, Roth) solution in PBS.
Then, F-actin was stained with AlexaFluor® 488-conjugated phalloidin (1:80 in PBS, #8878,
Cell Signaling), and nuclei were counterstained with Hoechst 33342 (B2261, Sigma-Aldrich).
Finally, the cells were covered with PBS solution, and fluorescence images were taken using
a Nikon Eclipse Ti-S fluorescence microscope (40× Plan Fluor objective, Nikon).

2.4. Spheroid Invasion Assay

To evaluate the invasive potential of the two breast cancer cell lines in vitro, which
is predictive of their dissemination potential in vivo, a three-dimensional (3D) spheroid
invasion assay was performed [49–53]. In this assay, the tumor cells are embedded in an
artificial extracellular matrix (ECM). The degradation and reorganization of the ECM as
well as the active migration through the surrounding matrix represent the cellular processes
responsible for tumor cell invasion [49–53]. For the spheroid formation, suspensions of
MCF-7 and MDA-MB-231 cells were seeded into the wells of a 96-well, round-bottom
ultralow attachment (ULA) plate (1 × 103 cells/well in a volume of 200 µL) and incubated
under normal cell culture conditions for 72 h to allow for multicellular spheroid formation
(one spheroid per well). Then, 100 µL of the medium was carefully removed, and 100 µL
of growth factor reduced Matrigel (Corning® Matrigel® Growth Factor Reduced (GFR)
Basement Membrane Matrix, phenol red-free, *LDEV-free, 356231, Corning) was added to
the remaining 100 µL of the cell culture medium. After mixing the medium and Matrigel by
carefully pipetting up and down, the 96-well ULA plate was centrifuged at 300× g for 3 min
at 4 ◦C to position the spheroids in the center of each well. Afterwards, the Matrigel was
allowed to solidify by incubation under normal cell culture conditions for 1 h. Then, 100 µL
of cell culture medium was added on top of the solidified spheroid-containing Matrigel
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layer, and the initial spheroid size (0 h) was documented using a light microscope (inverse,
4× objective HI Plan I, Leica Microsystems). The invasion area of the breast carcinoma
cell lines MCF-7 and MDA-MB-231 was captured after 24 h and 48 h of incubation. The
initial size of the spheroids (spheroid area at 0 h) and the invasion area (24 h and 48 h)
were measured in the obtained microscopy images using ImageJ software (Version 1.46r,
Rasband, W.S., U.S. National Institutes of Health). The relative invasion area was finally
determined as a measure of the invasive potential for the investigated cell lines at 24 h and
48 h by dividing the respective invasion area by the initial spheroid size (0 h). The assay
was carried out in two independent experiments with a total of 16 replicates per cell line.

2.5. Chorioallantoic Membrane Xenograft (CAM Ovograft) Assay

Fertilized specific pathogen-free (SPF) chicken eggs were obtained from Valo Biomedia
(Osternholz-Scharmbeck, Germany) and placed in an egg incubator at 37 ◦C and 70–80%
humidity. This day was counted as day 1 because incubation under the aforementioned
conditions initiated the embryogenesis. On day 8, a small window was created on the
eggshell, and the shell membrane was separated from the CAM by applying a small drop of
Dulbecco’s phosphate-buffered saline (DPBS) solution on the former, followed by scarring
so that the DPBS flowed between the eggshell membrane and the CAM. This helps to
easily remove the shell membrane without disturbing the developing vascular network
of the CAM. To prevent drying out and contaminating the CAM, the window was sealed
with a piece of silk tape. On day 9, 1 × 106 cells per cell line were transplanted into the
CAM, and the eggs were further incubated until day 14. On day 14, the primary tumor
was harvested, and the tumor volume was measured as previously described [54] and
according to the schematic workflow depicted in Figure 1. Then, the primary tumor was
fixed in 4% phosphate buffered formaldehyde for 24 h. As soon as the tumor was harvested,
the chick embryos were sacrificed by decapitation. Then, the chicken embryo liver was
collected and snap-frozen in liquid nitrogen. Until the DNA isolation for Alu qPCR, the
chicken embryo livers were stored at −80 ◦C.

After harvesting, ovografts were formalin-fixed and embedded into paraffin with
n = 10 MCF-7 and n = 12 MDA-MB-231 ovograft FFPE blocks, respectively, which harbored
sufficient tumor tissues for reliable histopathology/IHC assessments. The CAM xenograft
experiments were performed according to the Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the protection of animals used for
scientific purposes that do not include any restrictions for the application of nonmammalian
embryos [55]. In accordance with the German Animal Experiment and Welfare Guidelines,
no ethical approval was needed. A daily check was performed for embryonic viability. The
final chicken embryo death ratio was approximately 50% for both MCF7-ovografts and
HTB-26 ovografts.

2.5.1. Analysis of the Dissemination Potential In Vivo by Fluorescence Imaging

Analysis of the in vivo dissemination capability of MCF-7 and MDA-MB-231 breast
cancer cells was performed in the CAM xenograft assay as described above but with fluores-
cently prelabeled tumor cells (Cell Proliferation Staining Reagent–Deep Red Fluorescence–
Cytopainter, ab176736, Abcam, Cambridge, UK) and as recently reported [54].

2.5.2. Analysis of the Dissemination Potential In Vivo by Human-Specific Alu qPCR

Chicken embryo livers collected at the end of CAM xenograft experiments (EDD
14) were frozen in liquid nitrogen and stored at −80 ◦C until further use. For dissem-
ination detection using human-specific Alu qPCR, embryonic livers were thawed and
dissociated using the gentleMACSTM Octo Dissociator system with M tubes (Miltenyi
Biotec) according to the supplier’s instructions. Cell lysis (16 h, 56 ◦C) and genomic
DNA preparation were performed with the NucleoSpin® Tissue kit (Macherey-Nagel)
according to the user manual. Quantification and purity of isolated genomic DNA were
determined using a Nanodrop® ND-1000 system (Nanodrop). Then, 200 ng of total ge-
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nomic DNA was amplified by the application of the QuantiTect SYBR® Green PCR kit
(Qiagen) and the following primers specific to human Alu sequences (hAlu, Metabion):
primer hAlu.sense: 5′-ACGCCTGTAATCCCAGCACTT-3′; and primer hAlu.antisense:
5′-TCGCCCAGGCTGGAGTGCA-3′ [56]. DNA samples were subjected to an initial denat-
uration at 95 ◦C for 15 min, followed by 40 cycles at 94 ◦C for 15 s for further denaturation,
60 ◦C for 30 s for annealing, and 72 ◦C for 30 s for elongation. The number of hAlu se-
quences was normalized to chicken GAPDH (chGAPDH), which was detected using the
following primers: primer chGAPDH.sense: 5′-GAGGAAAGGTCGCCTGGTGGATCG-3′;
and primer chGAPDH.antisense: 5′-GGTGAGGACAAGCAGTGAGGAACG-3′ (Zijlstra
et al., 2002). Finally, relative hAlu sequence levels (relative amount of tumor cell dissemi-
nation) were determined with respect to a human genomic DNA control sample (human
genomic DNA, human mixed, G3041, Promega). The reference human genomic DNA was
applied at a concentration of 0.01 ng/mL, and the value obtained for this sample was set to
1.0. The sensitivity limit of the Alu qPCR method could be detected with 0.001 ng/mL of
human genomic control DNA, where samples reached a relative value of ~0.3, even though
a value of 0.1 would be expected. Therefore, a strict cutoff for tumor cell dissemination
detection was defined when using this specific PCR method, and samples with relative
values < 0.5 were defined as non-disseminated. The experiment was performed in technical
triplicate per sample (MCF-7: n = 10, MDA-MB-231: n = 12).
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Figure 1. General workflow of in vivo CAM ovograft experiments. Eggs were opened on embryonic
development day (EDD) 8. On the next day (EDD 9), tumor cell/Matrigel pellets (1 × 106 tumor
cells per pellet; optionally, fluorescence-labeled tumor cells for in vivo imaging) were applied to the
CAM. Then, ovografts were allowed to develop and grow for 5 days on the CAM. On EDD 14, CAM
ovografts were harvested, embryos were sacrificed by decapitation, and chicken embryo livers were
collected for further processing. The downstream investigations included the histological analysis
of CAM ovografts, in vivo imaging to identify fluorescently labeled tumor cells in chicken embryos
(dissemination), and human-specific Alu qPCR analysis to detect the DNA of human tumor cells in
chicken livers (dissemination).
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2.6. Mouse Model (Subcutaneous Murine Xenografts)

A total of 1 × 107 MCF-7 (n = 5 animals) and MDA-MB231 cells (n = 5 animals) were
subcutaneously injected at a cell viability of >95% into 6- to 8-week-old female NMRI
nu/nu mice. During the study, all animals received hormonal supplementation with
E2D (Sigma-Aldrich, Taufkirchen, Germany). Tumor size was measured using a caliper,
and tumor volumes were calculated by using the following equation: tumor volume
(TV) = (length × width2)/2. The tumor growth of MDA-MB231 tumors was determined
for 39 days and initially for 39 days for the MCF-7 tumors. Because no MCF-7 tumors were
visible after 39 days, experiments for MCF-7 (n = 5 animals) were repeated as described
above but for 75 days due to the poor growth potential of the MCF-7 cell line. Then,
mice were euthanized under isoflurane anesthesia by cervical dislocation, and tumors
were removed for further analyses and documentation. For further histopathological
analyses of FFPE murine xenograft tissue, n = 2 MCF-7 (due to too small tumor volumes in
n = 3 samples) and n = 4 MDA-MB-231 tumor xenografts (n = 1 died on observation
day 35) were available. The animal study was conducted at the EPO GmbH Berlin-Buch
in compliance with the United Kingdom Coordinated Committee on Cancer Research
guidelines and was approved and authorized by the Landesamt für Gesundheit und
Soziales, Berlin, Germany (approval No. G 0333/18).

2.7. Histopathological Evaluation and Assessment of Immunohistochemical Staining of Breast
Cancer Cell Lines Grown in CAM Ovografts, Mouse Xenografts, and Tumor Tissue of
TNBC Patients

Serial sections (2 µm) were cut from FFPE blocks of CAM ovografts (both MCF-
7 and MDA-MB-231), murine xenografts (both MCF-7 and MDA-MB-231), and human
patient tumor tissue and mounted on slides for (immuno-) histopathological evaluation.
One section per sample was stained with hematoxylin and eosin (H&E) according to
the in-house standard procedures in order to perform the histomorphological analyses.
Immunohistochemical (IHC) staining was performed according to the manufacturer’s
recommendations and in-house standards (accreditation of the Institute of Pathology of the
University Hospital Erlangen according to DIN ISO 17020) on adjacent serial slides using a
VENTANA BenchMark ULTRA automatic IHC staining system (Ventana Medical Systems,
Tucson, AZ, USA) with the following specific antibodies and dilutions: Phospho-histone H3
(PHH3; monoclonal, 1:200, Biocare Medical, Concord, CA, USA), pancytokeratin AE1/AE3
(polyclonal, 1:40, Zytomed Systems, Berlin, Germany), Ki-67 (monoclonal, clone MIB-1,
1:100 dilution, Dako, Glostrup, Denmark), progesterone receptor (PR) (monoclonal, clone
1E2, ready to use, Ventana Medical Systems), estrogen receptor (ER) (monoclonal, clone EP1;
1:40, Dako), human epidermal growth factor receptor (HER2) (polyclonal, 1:1000, DAKO),
androgen receptor (AR) (monoclonal, AR441; 1:50, Dako), cytokeratin 5 (CK5) (monoclonal,
clone XM26, 1:50, Zytomed Systems), and synaptophysin (monoclonal, clone Snp88, 1:50,
BioGenex, Fremont, CA, USA). Positive and negative controls were performed for each
IHC marker. All stained slides were scanned using Pannoramic scanners (3DHISTECH) for
digital analyses. For histopathological analyses, Case Viewer software (Version 2.0), Slide
Viewer software (Version 2.5, both 3DHISTECH), and a Zeiss Axio microscope (Imager.
A2), respectively, were used.

For each tumor, the histological subtype was assessed based on the H&E slides accord-
ing to the latest WHO Classification of Tumours: Breast tumours [57]. The tumor grade was
determined according to the grading method described by Elston and Ellis [58].

Both the mitotic count (PHH3 IHC) and tumor budding rate (AE1/AE3 IHC) of
tumor cells in the CAM ovografts were determined per high-power field (HPF, 400×
magnification); the average number of mitotic figures per HPF and the tumor buds at the
tumor invasion front (at least 3 and a maximum of 5 HPFs were evaluated per sample)
were determined in each sample. Tumor budding was assessed using pancytokeratin IHC;
tumor buds were defined as a single tumor cell or cell cluster of up to 4 tumor cells [59].
The relative vessel density of the CAM ovografts was assessed by an analysis of the H&E-
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stained tissue sections. For this analysis, the tumor area and then the intratumoral blood
vessels were first annotated. The relative vessel density was then calculated by dividing
the number of intratumoral blood vessels by the total area of the respective CAM ovografts
(number of vessels per mm2 of tumor area). Larger intratumoral white spaces resulting
from cutting artifacts or larger areas without focus were present in a few scans and were
excluded from the analysis [54].

For the assessment of the ER, PR, and AR status, the continuous percentage and
intensity of positively stained tumor cells was stated. Moreover, the immunoreactive score
(IRS) according to Remmele and Stegner was determined [60]. Positive staining for ER
and PR was defined as ≥1% [61]. The IHC expression of the proliferation marker Ki-67
was assessed as a continuous percentage of positively stained tumor cells. The HER2 IHC
score was documented as 0, 1+, 2+, or 3+ in accordance with the published guidelines [62].
Tumors with a score of 0 or 1+ were considered HER2-negative, and those with a score of
3+ were defined as HER2-positive. Samples with 2+ staining were analyzed for gene copy
numbers of HER2 using the chromogenic in situ hybridization (CISH) method. The HER2
gene copy numbers (GCN) and centromere GCN of the corresponding chromosome 17 were
visualized using a kit with two probes of different colors (ZytoDot® 2C SPEC ERBB2/CEN
17 Probe; Zytomed Systems GmbH, Berlin, Germany). The HER2 CISH assessment was
performed according to the current guidelines [62].

Molecular-like subtyping is explained in Table 2. Briefly, TNBC was characterized
by the lack of ER and PR expression and a negative HER2 status. The hormone receptor
(HR)-positive, HER2-negative luminal-like tumors were separated into luminal A-like
and luminal B-like tumors using tumor grade and/or Ki-67 value. If the tumor had a
positive HER2 status, HER2-positive breast cancer was stated; depending on the HR status,
it was classified as a luminal B-like HER2-positive BC if HRs were positive, whereas it was
classified as HER2-positive (non-luminal) if the expression of HRs was <1%.

Table 2. Molecular-like subtyping of invasive breast cancer using ER, PR, HER2, and Ki-67 expression
and tumor grade [9,10].

Molecular-like Subtype Subgroup ER PR HER2 Grading Ki-67 (%)

Luminal A-like + +/− - and G1, G2 or Low (<20%)

Luminal B-like HER2-negative + +/− - and G3 or High (≥20%)

HER2-positive + +/− + G1, G2, G3 Any value

HER2-positive
(nonluminal) - - + G1, G2, G3 Any value

Triple-negative - - - G1, G2, G3 Any value

For E-cadherin, the given expression was stated as “intact” or the lack of expression,
which would serve as an indicator for the histological subtype invasive lobular breast
carcinoma, which was stated as “loss”. Furthermore, using CK5, which serves as a marker
for basal differentiation, the percentage of positive tumor cells was assessed. For the
neuroendocrine marker synaptophysin, the IHC status was evaluated as either negative
(no expression) or positive (any expression).

2.8. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 7 software (GraphPad
Software, Inc., Insight Partners, New York City, NY, USA).

3. Results
3.1. In Vitro Cell Morphology and Invasive Potential of Breast Cancer Cell Lines

Both breast cancer cell lines showed viable tumor cells growing in aggregates (Figure 2).
The cytoskeleton architecture shown in the immunofluorescent F-actin staining revealed
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more scattered stress fibers at the borders in MCF-7 cells; in contrast, they were rather well
aligned in MDA-MB-231 cells. The nuclear shape was similar between both cell lines, with
MDA-MB-231 cells having a slightly more pronounced cytoplasm.
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Figure 2. Morphology and F-actin organization of MCF-7 and MDA-MB-231 breast cancer cells.
(Upper row) Representative images of the cell morphology of MCF-7 and MDA-MB-231 breast cancer
cells at ~70–80% confluency in adherent culture; scale bar: 100 µm (applies to both cell lines). (Lower
row) Examples of fluorescence images of the F-actin organization in MCF-7 and MDA-MB-231 breast
carcinoma cells; green—F-actin; blue—nuclei; scale bar: 50 µm (applies to both cell lines).

In the spheroid invasion assay, significant differences were detectable between MCF-7
and MDA-MB-231 cancer cell spheroids. MDA-MB-231 cancer cells invaded significantly
deeper into the Matrigel extracellular matrix (ECM) and showed enlarged invasion areas at
24 h and 48 h compared with the MCF-7 cancer cells, which grew only slightly during the
observation period (Figure 3). This effect was also observed in vivo (Figures 4 and 5).
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surrounding invasion area 0 h, 24 h, and 48 h after embedment into an artificial Matrigel ECM. 
Dotted lines mark the boundaries of the invasion area of MDA-MB-231 cells. Scale bar: 500 µm 
(applies to both cell lines and all images). (B) Digitally enlarged images of MCF-7 and MDA-MB-
231 spheroids already shown in (A) after 48 h of incubation. Scale bar: 500 µm (applies to both cell 
lines and all images). (C) Time-dependent invasive growth rate of MCF-7 (n = 16) and MDA-MB-
231 (n = 16) cells (defined as relative invasion area) as determined by dividing the measured invasion 
area (24 h and 48 h) by the initial spheroid size (area occupied by spheroids at 0 h). Mann‒Whitney 
test: values represent means ± standard deviations (SD). ** indicates p < 0.01; *** indicates p < 0.001. 

Figure 3. Invasive growth rate of MCF-7 and MDA-MB-231 breast cancer cells in vitro. (A) Repre-
sentative light microscopy images of MCF-7 and MDA-MB-231 spheroids and their surrounding
invasion area 0 h, 24 h, and 48 h after embedment into an artificial Matrigel ECM. Dotted lines mark
the boundaries of the invasion area of MDA-MB-231 cells. Scale bar: 500 µm (applies to both cell
lines and all images). (B) Digitally enlarged images of MCF-7 and MDA-MB-231 spheroids already
shown in (A) after 48 h of incubation. Scale bar: 500 µm (applies to both cell lines and all images).
(C) Time-dependent invasive growth rate of MCF-7 (n = 16) and MDA-MB-231 (n = 16) cells (defined
as relative invasion area) as determined by dividing the measured invasion area (24 h and 48 h) by
the initial spheroid size (area occupied by spheroids at 0 h). Mann-Whitney test: values represent
means ± standard deviations (SD). ** indicates p < 0.01; *** indicates p < 0.001.

3.2. In Vivo Growth and Characterization of Tumor Aggressiveness and Dissemination Potential of
MCF-7 and MDA-MB-231 Breast Cancer Cells in the CAM Xenograft Assay

Compared with MCF-7 ovografts, MDA-MB-231 CAM ovografts showed significantly
larger tumor volumes after harvesting 5 days post-engraftment (Figure 4A,B, Supplemental
Figure S1). Furthermore, MDA-MB-231 CAM ovografts presented significantly higher
mitotic rates than MCF-7 ovografts (Figure 4C,D). A higher aggressiveness of the MDA-MB-
231 cell line was also highlighted by the analysis of tumor budding, where a higher number
of tumor buds was detected within the MDA-MB-231 CAM ovografts compared with the
MCF-7 ovografts (Figure 4E,F). Although there was a trend, MDA-MB-231 CAM ovografts
did not show significantly higher intratumoral vessel density than MCF-7 ovografts. How-
ever, their growth appeared to be more aggressive, as shown by the low amount of residual
Matrigel compared with MCF-7 ovografts (Supplemental Figure S3A,B).

Using fluorescence imaging of the chicken embryo (Figure 5A,B), no significant dif-
ferences could be detected between the two cell lines with respect to their dissemination
potential; a subset of chicken embryo livers from MDA-MB-231-derived ovografts, however,
provided a particularly high signal in the human-specific Alu qPCR analysis (Figure 5C).

3.3. Analysis of the Growth Potential of MCF-7 and MDA-MB-231 Breast Cancer Cell Lines in
Murine Xenografts

Investigating the growth potential, the MCF-7-derived xenografts in the cutaneous
mouse model were significantly smaller, which showed their lower tumor-forming capabil-
ities (Figure 6A,B).
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Figure 4. In vivo growth and characterization of tumor aggressiveness of MCF-7 and MDA-MB-
231 breast cancer cells in the CAM xenograft assay. (A) Example ex ovo images of CAM ovografts
harvested five days post-engraftment of MCF-7 and MDA-MB-231 cells onto the CAM of fertil-
ized SPF chicken embryos. Scattered lines indicate tumor boundaries. Individual ruler segments
define a length of 1 mm. (B) Tumor volume of ovografts after 5 days of incubation on the CAM.
(C) Representative images of mitotic figures as detected in PHH3-stained tissue sections of MCF-7
and MDA-MB-231 CAM ovografts. (D) In vivo mitotic rate of MCF-7 and MDA-MB-231 cells as de-
termined by the average number of mitotic figures per high-power field (HPF) in PHH3 IHC-stained
tissue sections of CAM ovografts. (E) Example images of pancytokeratin-stained tissue sections
of MCF-7 and MDA-MB-231 CAM ovografts as applied for the assessment of invasiveness and
tumor budding at the tumor invasion front. (F) Tumor budding rate of MCF-7 and MDA-MB-231
cells as determined by the average number of tumor buds per HPF at the tumor invasion front in
pancytokeratin-stained tissue sections of CAM ovografts. All data are presented with medians, and
statistical analyses were performed using the Mann-Whitney test; MCF-7: n = 10, MDA-MB-231:
n = 12; *** indicates p < 0.001.

3.4. Histological Comparison of MCF-7 and MDA-MB-231 CAM Ovografts vs. Mouse Xenografts
vs. Human Patient Tumor Tissue

Histomorphologically, MCF-7 and MDA-MB-231 cell lines were presented in both the
CAM ovograft and murine xenograft as an invasive breast cancer of no special subtype
(NST). Of note, some of the MDA-MB-231 ovografts appeared to grow with looser cell
cohesion, which may be due to expansion within the Matrigel; the classical pattern of
invasive lobular carcinoma was not observed. For MDA-MB-231, the tumor grade was
G3 in both the CAM ovografts and murine xenografts. Immunohistochemistry analyses
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confirmed the negative status for ER, PR, and HER2 in MDA-MB-231 cells in both of
the in vivo models. For the MDA-MB-231 cells, the Ki-67 proliferation index was high
(median in the CAM ovograft: 30.0%; median in mouse xenograft: 52.5%; Figure 7A–H).
The human TNBC controls consisted of five invasive breast cancer samples (NST), each
with poor differentiation (G3). Here, the molecular-like subtype was TNBC (ER/PR/HER2
each negative) for each sample. The median Ki-67 expression was 65.0% (Figure 7I–L).
The comparison of MDA-MB-231 ovografts, MDA-MB-231 murine xenografts, and human
TNBC tissue showed similar tumor growth patterns and cytology. Figure 8 shows the tumor
cells of the MDA-MB-231 ovografts and a human TNBC presenting high pleomorphism
and a partly cord-like growth surrounded by fibromyxoid tumor stroma.

Cancers 2023, 15, x FOR PEER REVIEW 12 of 25 
 

 

 
Figure 5. In vivo dissemination capability of MCF-7 and MDA-MB-231 breast cancer cells in the 
CAM xenograft assay. (A) Representative images of chicken embryos as obtained by fluorescence 
imaging 5 days post-engraftment of deep-red fluorescence-labeled MCF-7 and MDA-MB-231 breast 
cancer cell pellets onto the CAM (unlabeled cells of both the MCF-7 and MDA-MB-231 cell lines 
served as controls). (B) Corrected average radiant efficiency as assessed by fluorescence imaging in 
chicken embryos to determine the in vivo dissemination potential of MCF-7 (n = 7) and MDA-MB-
231 (n = 10) cells. (C) Relative amount of disseminated tumor cells within the livers of chicken 
embryos as determined by human-specific Alu qPCR 5 days after engraftment of the breast cancer 
cell lines MCF-7 (n = 10) and MDA-MB-231 (n = 12). A value of 1 serves as a reference and indicates 
an amount of 0.01 ng/mL of human genomic DNA. The dotted line represents the cutoff for tumor 
cell dissemination detection, which was defined by the sensitivity limit of the Alu qPCR method. 
Medians of all data are presented as lines in the graphs. For statistical analysis, the Mann‒Whitney 
test was used; the post-analysis was performed using Dunn’s multiple comparison tests. 

3.2. In Vivo Growth and Characterization of Tumor Aggressiveness and Dissemination Potential 
of MCF-7 and MDA-MB-231 Breast Cancer Cells in the CAM Xenograft Assay 

Compared with MCF-7 ovografts, MDA-MB-231 CAM ovografts showed 
significantly larger tumor volumes after harvesting 5 days post-engraftment (Figure 4A,B, 
Supplemental Figure S1). Furthermore, MDA-MB-231 CAM ovografts presented 
significantly higher mitotic rates than MCF-7 ovografts (Figure 4C,D). A higher 
aggressiveness of the MDA-MB-231 cell line was also highlighted by the analysis of tumor 
budding, where a higher number of tumor buds was detected within the MDA-MB-231 
CAM ovografts compared with the MCF-7 ovografts (Figure 4E,F). Although there was a 
trend, MDA-MB-231 CAM ovografts did not show significantly higher intratumoral 

Figure 5. In vivo dissemination capability of MCF-7 and MDA-MB-231 breast cancer cells in the
CAM xenograft assay. (A) Representative images of chicken embryos as obtained by fluorescence
imaging 5 days post-engraftment of deep-red fluorescence-labeled MCF-7 and MDA-MB-231 breast
cancer cell pellets onto the CAM (unlabeled cells of both the MCF-7 and MDA-MB-231 cell lines
served as controls). (B) Corrected average radiant efficiency as assessed by fluorescence imaging in
chicken embryos to determine the in vivo dissemination potential of MCF-7 (n = 7) and MDA-MB-231
(n = 10) cells. (C) Relative amount of disseminated tumor cells within the livers of chicken embryos
as determined by human-specific Alu qPCR 5 days after engraftment of the breast cancer cell lines
MCF-7 (n = 10) and MDA-MB-231 (n = 12). A value of 1 serves as a reference and indicates an
amount of 0.01 ng/mL of human genomic DNA. The dotted line represents the cutoff for tumor
cell dissemination detection, which was defined by the sensitivity limit of the Alu qPCR method.
Medians of all data are presented as lines in the graphs. For statistical analysis, the Mann-Whitney
test was used; the post-analysis was performed using Dunn’s multiple comparison tests.
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Figure 6. In vivo growth potential of MCF-7 and MDA-MB-231 breast cancer cells in the subcutaneous
mouse model. (A) Resected tumor xenografts, scale bar: 1 cm (applies to both cell lines). (B) Tumor
volume in cm3 over time (days after inoculation of MCF-7 tumor cells (n = 5 animals) and MDA-MB-
231 tumor cells (n = 4 animals); mean/standard error of the mean).

In the MCF-7 ovografts, most tumors had a poor tumor grade (G3, n = 7), and the
remaining cases were of intermediate grade (G2, n = 3). Moreover, MCF-7 ovografts
showed luminal A-like (n = 3) and luminal B-like (HER2-negative) subtypes (n = 7) (ER/PR-
positive, HER2-negative; Figure 9). The occurrence of both luminal subtypes was due
to the varying tumor grade and Ki-67 proliferation index (median: 15.0%). The murine
MCF-7 xenografts (n = 2) showed an intermediate (G2) and poor tumor grade (G3) and
a luminal B-like phenotype with ER/PR positivity, negative HER2 status, and a median
Ki-67 of 75.0%. However, the immunohistochemical assessment was hampered due to
the unspecific background in the mouse xenografts (Figure 9E–H). When analyzing the
human control cases, a hormone receptor-positive, HER2-negative status was confirmed by
our central tumor grade and IHC; two cases presented luminal A-like tumors, and three
presented luminal B-like breast cancer. Four cases were classified as invasive breast cancer
NST, and one case was of the invasive lobular histological subtype with E-cadherin loss.
The tumor grade was G2 in four cases and G3 in one sample. The median Ki-67 was 20.0%,
which was close to the median proliferation rate of the MCF-7 ovografts.

With respect to the IHC markers AR (IRS 0/12-2/12), CK5 (mostly negative), and
synaptophysin (negative), there were no significant differences between both cell lines
and both in vivo models. Table 3 compares the most important immunohistochemical
analyses of the MDA-MB-231 and MCF-7 CAM ovografts with MDA-MB-231/MCF-7
mouse xenografts and human hormone receptor-positive, HER2-negative and TNBC tumor
tissue, showing good comparability between the in vivo models.
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Figure 7. Histological (A–C) and immunohistochemical comparison of MDA-MB-231 CAM ovografts
(A–D), MDA-MB-231 murine xenografts (E–H), and human TNBC tumor tissue (I–L). Representative
images of the histomorphology (hematoxylin and eosin) and immunohistochemical expression profile:
Expression of estrogen receptor (ER; B,F,J), human epidermal growth factor receptor 2 (HER2; C,G,K),
and the proliferation marker Ki-67 (D,H,L) (magnification: x400 each). All three tumors presented a
TNBC phenotype with a high-grade morphology, negativity for ER/PR (PR not shown) and HER2,
and a high Ki-67 proliferation index. Of note, the mouse xenografts showed some nonspecific
background staining (for higher magnification, see Supplemental Figure S4), which should not be
confused with specific nuclear and membranous staining of the tumor cells. Scale bar: 100 µm
(applies to both cell lines and all images).
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MCF-7 xenografts (n = 2) showed an intermediate (G2) and poor tumor grade (G3) and a 
luminal B-like phenotype with ER/PR positivity, negative HER2 status, and a median Ki-
67 of 75.0%. However, the immunohistochemical assessment was hampered due to the 
unspecific background in the mouse xenografts (Figure 9E–H). When analyzing the 
human control cases, a hormone receptor-positive, HER2-negative status was confirmed 
by our central tumor grade and IHC; two cases presented luminal A-like tumors, and 
three presented luminal B-like breast cancer. Four cases were classified as invasive breast 
cancer NST, and one case was of the invasive lobular histological subtype with E-cadherin 
loss. The tumor grade was G2 in four cases and G3 in one sample. The median Ki-67 was 
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Figure 8. Comparison of histomorphology in MDA-MD-231 CAM ovografts and TNBC patient
tumor tissue. Higher magnification of the MDA-MB-231 ovograft (Figure 7A) and human TNBC case
(Figure 7I). These images display tumor growth patterns similar to those observed in tumor areas of
both MDA-MB-231 CAM ovografts and TNBC patient tumor tissue. In both cases, the TNBC tumor
cells showed high pleomorphism and partial cord-like growth surrounded by fibromyxoid tumor
stroma (hematoxylin and eosin; each at 200× magnification). Scale bar: 200 µm (applies to both
cell lines).
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Table 3. Comparison of MCF-7 and MDA-MB-231 CAM ovografts with MCF-7 and MDA-MB-231 
mouse xenografts and human TNBC tumor tissue. The results obtained from the 
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Figure 9. Comparison of the histomorphology (hematoxylin and eosin; H&E) and immunohisto-
chemical expression of estrogen receptor (ER), HER2, and Ki-67 in MCF-7 CAM ovografts (A–D) vs.
MCF-7 mouse xenografts ((E–H); 400x magnification each). In the CAM ovograft, rather solid growth
can be observed, whereas some tubular formations can be detected in the mouse xenograft (A,E).
ER expression can be detected in both grafts (B,F). Neither the ovograft nor the mouse xenograft
showed HER2 overexpression. However, the Ki-67 proliferation index was higher in the mouse
xenograft, which was harvested on day 76 (CAM: ovograft harvested 5 days after engraftment). Note
that there is significant nonspecific background staining in the immunohistochemical slides of the
mouse xenograft, which hampers the biomarker assessment (F–H). This should not be confused with
a specific staining of the tumor cells (for higher magnification, see Supplemental Figure S5). Scale bar:
100 µm (applies to both cell lines and all pictures).

Table 3. Comparison of MCF-7 and MDA-MB-231 CAM ovografts with MCF-7 and MDA-MB-231
mouse xenografts and human TNBC tumor tissue. The results obtained from the immunohisto-
chemical evaluation of the in vivo CAM ovografts in comparison to tissue sections of MCF-7 and
MDA-MB-231 murine xenografts and human hormone receptor-positive, HER2-negative breast can-
cer and TNBC FFPE samples showed that the CAM assay is a good alternative in vivo model for
studying breast cancer phenotypes. Proliferation was determined as the percentage of proliferating
tumor cells as assessed by Ki-67 staining. (+) indicates IHC positivity, (–) indicates IHC negativity.
ER—estrogen receptor; PR—progesterone receptor; HER2—human epidermal growth factor receptor
2. MCF-7 CAM: n = 10; MDA-MB-231 CAM: n = 12; MCF-7 mouse: n = 2; MDA-MB-231 mouse:
n = 4; hormone receptor-positive, HER2-negative breast cancer patients: n = 5; TNBC patients:
n = 5. An histological comparing of both MCF-7 CAM and MDA-MB-231 CAM ovografts is given in
Supplemental Figure S2.

Xenograft/Tumor ER PR HER2 Proliferation
(Ki-67)

MCF-7 CAM ovograft + + – Low
Median: 15.0%

MDA-MB-231 CAM ovograft – – – High
Median: 30.0%

MCF-7 mouse xenograft + + – High
Median: 75.0%

MDA-MB-231 mouse xenograft – – – High
Median: 52.5%

Human hormone receptor-positive,
HER2-negative tumor tissue + + – Intermediate

Median: 20.0%
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Table 3. Cont.

Xenograft/Tumor ER PR HER2 Proliferation
(Ki-67)

Human TNBC tumor tissue – – – High
Median: 65.0%

4. Discussion

In the present study, we investigated the phenotype and biological behavior of an
aggressive, triple-negative breast cancer cell line (MDA-MB-231) and a luminal breast
cancer cell line (MCF-7) both in vitro and in vivo using the CAM model. The histopatho-
logical features observed in the CAM ovografts were directly compared with those of
murine xenografts and human breast cancer tissue. We investigated different hallmarks
of cancer, e.g., proliferation, invasion, dissemination, and angiogenesis [63,64], as well as
components of molecular-like subtyping, which is a prognostic and predictive biomarker
that is mandatory in routine clinical diagnostics.

4.1. Investigating the Hallmarks of Cancer Using the CAM Model

Using the CAM assay, the TNBC-like MDA-MB-231 cell line showed a higher growth
and invasion potential and a higher mitotic rate than the MCF-7 cells, which is in line with
our findings and other in vitro findings [45,65].

Dissemination Capability and Tumor Budding
Moreover, a higher dissemination capability of MDA-MB-231 cells in the ovografts,

which was assessed by the analysis of tumor budding, was observed in our study. This
pathologically assessed biomarker is defined as small clusters of cancer cells (<5 cells)
that are detached from the main tumor mass. Cells in these buds are proposed to actively
disseminate from the primary tumor in the first step of dissemination. Hence, in a variety
of cancers, including breast cancer, tumor budding has been shown to be a prognostic
indicator [59,66–69]. For human breast cancer tissue, it has been shown that the assessment
of tumor budding can be easily implemented in the histopathological biomarker assessment
of breast cancer [67]. For breast cancer cell lines, however, little is known about tumor
budding in the literature. In contrast, our group had already demonstrated the feasibility
of tumor budding assessment in the CAM model using human colorectal cancer cell lines
and corresponding knockout cell lines [70].

Although a subset of chicken embryo livers from MDA-MB-231-derived ovografts
showed a particularly high Alu qPCR signal, there was no significant difference in regard
to the dissemination capability of MDA-MB-231 compared with MCF-7 when using fluores-
cence imaging. The lack of a significant difference is in line with other findings. Although it
is assumed to be highly invasive in vitro, the MDA-MB-231 cell line has been presented as
rather poorly disseminating in in vivo models [16]. Although fluorescence imaging allows
for the detection of overall dissemination and patterns, Alu qPCR is superior when small
differences have to be detected [71,72].

4.2. Findings on Histopathological and Molecular Prognostic and Predictive Breast Cancer
Biomarkers Using Ovografts

In our study, both the histological subtype (NST) and tumor grade (G3; including
solid growth pattern, high nuclear pleomorphism, and high mitotic rate), clinically relevant
prognostic and predictive biomarkers [58,73,74], were comparable for MDA-MB-231 cells
in both in vivo models (CAM vs. mouse) and in human patient TNBC tissue. In the
work of Mota et al., who investigated the IHC expression of ER, PR, HER2, Ki-67, and
CK5, MDA-MB-231 cells presented a triple-negative status (although an expression of
<10% for ER/PR/HER2 is shown in Figure 3 of their publication; details on the exact
percentages are not shown) [43]. In line with these findings, we confirmed the negative ER,
PR, and HER2 status for both of the MDA-MB-231 in vivo models (CAM and mouse), hence
matching the known phenotype of this breast cancer cell line. The unspecific background
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of IHC staining due to the cross-reactivity of antibodies was more frequent in the murine
xenografts. This issue hampered IHC assessments (ER, PR, HER2, Ki-67) and led to the
exclusion of the tumor budding (pancytokeratin to be used) and PHH3 IHC assessments,
respectively. Nevertheless, for both MCF-7 and MDA-MB-231, the IHC results of the
ovografts and murine xenografts were comparable, which showed a luminal breast cancer
subtype (ER-positive, HER2-negative) and triple-negative subtype, respectively.

Proliferation Marker Ki-67 and Mitosis Marker PHH3
Regarding Ki-67, Mota and colleagues reported a Ki-67 proliferation index of > 80%

for both the MCF-7 and MDA-MB-231 breast cancer cell lines using paraffin-embedded
cell pellets; this is shown in Figure 3 of their publication. However, the details on the exact
Ki-67 percentages are not shown [43]. In another breast cancer cell line characterization
study, high Ki-67 levels in cell line pellets were confirmed for both the MCF-7 and MDA-
MB-231 cell lines (90.0% and 100.0%, respectively) [67]. A possible reason could be that
cell pellets do not represent the complex 3D growth of xenografts that also have contact
with the stroma and ECM of the host. Of further note, MCF-7 was defined as a luminal
A cell line; they did not use the Ki-67 expression or tumor grade for the classification but
only used the ER and/or PR positivity and negative HER2 status [67]. In our study, the
median Ki-67 proliferation index of MDA-MB-231 was the lowest in our CAM ovografts
(30.0%) compared with the murine xenografts (52.5%) and human TNBC tissues (62.5%).
Nevertheless, all values reflected a highly proliferative growth.

In human breast cancer diagnostics, the optimal use of Ki-67 is still under debate due
to the lack of international standardized protocols; however, efforts have already been
made to solve this issue [75]. In our study, we cannot directly compare our in vivo models
regarding the Ki-67 values due to the varying observation periods and different tumor
microenvironments. In the mouse model, animals with MDA-MB-231 xenografts were
observed for 39 days (median Ki-67 of 52.5%) and those with MCF-7 xenografts for 75 days
(median Ki-67 of 75.0%); ovografts in general were only harvested 5 days after tumor
cell engraftment, which might explain the lower ovograft Ki-67 values (MCF-7: median
Ki-67 of 15.0%; MDA-MB-231: 30.0%) compared with those seen in the murine xenografts.
Interestingly, the less aggressive cell line MCF-7 was presented as a murine xenograft
with the highest Ki-67 levels after the longest observation period, which was 15 times
higher than the observation period in the CAM assay. Moreover, the first experimental
setup for the MCF-7 mouse experiments passed without results. Therefore, we can note
two points of discussion here. First, Ki-67 might not be a perfect marker for comparing
the superiority of one of the two in vivo models due to the varying observation periods.
However, in the CAM model, MCF-7 ovografts presented lower Ki-67 than the MDA-MB-
231 ovograft, indicating a less aggressive biological behavior of the luminal breast cancer
cell line compared with the triple-negative one, which was in line with our expectations.
In contrast, a study investigating the features of breast cancer cell line-derived spheroid
xenografts in athymic nude rats reported both higher Ki-67 levels and PHH3 counts in
MCF-7 xenografts than in MDA-MB-231 xenografts [76]. Nevertheless, the mitosis marker
PHH3 might be a good alternative for Ki-67 [77], but this marker is not used in routine
breast cancer diagnostics.

In our CAM assay, the mitotic rate significantly differed between both breast cancer
cell lines when using the PHH3 IHC method, with more frequent mitoses being fea-
tured in the aggressive triple-negative cell line. Unfortunately, due to the nonspecific
staining background in the murine xenografts, a reliable assessment was not possible
for those xenografts. Hence, we could not compare the PHH3 in the ovografts with the
PHH3 in the murine xenografts. Second, we can state that the experimental time can
be significantly reduced when using the CAM assay (overall, 14 days per egg during
embryonic development).

Moreover, there was no unexpected need to repeat experiments for this in vivo model,
which contrasts with the long-lasting mouse experiments in which we had to perform
the experiments for the very slowly growing MCF-7 breast cancer cell line twice (i.e.,
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first experiments in 6–8-week-old mice + 39 days of observation + second experiments in
6–8-week-old mice + 75 days of observation). Even then, the mean tumor volume of MCF-7
murine xenografts was only 1/10th of that of the MDA-MB-231 murine xenografts, and
therefore, it was very difficult to obtain sufficient material for further histopathological
analyses (n = 2/10). The varying growth profile of MCF-7 cells in the two different in vivo
models is quite intriguing. However, in mice, the site of implantation and specific mouse
strains affect actual tumor growth. In this study, we used s.c. tumor implantation in NMRI
nu/nu mice for both tumor cell lines to better compare the tumor growth and related
parameters.

4.3. Advantages of the CAM Model

Following the 3R principles (replacement, refinement, and reduction of animals in
research) of Russel and Burch as published in 1959, animal experiments should be replaced
by alternatives, reduced in regard to the experiment number, and, if not replaceable, models
should be modified in a way such that animal suffering is limited to the lowest level [32].
The CAM in vivo model is less invasive than mouse models. This enables the analysis of
tissue grafts, the growth and dissemination potential of neoplasms, and angiogenic and
antiangiogenic molecules.

Moreover, it is a relatively easy to handle, highly reproducible, reliable, time-effective,
and low-cost model that allows for screening experiments and high throughput analyses in
a short experimental time. Within 5 days, tumor sizes of up to 1 cm may be seen with a
reasonable quantity of tumor cells engrafted, which allows for ovograft growth observation
using the naked eye of the investigator. However, one must admit that reaching a sufficient
tumor size for further tissue analyses may be hampered if engrafted tumor cells are only
slowly growing. Animal protocol approvals are not required for the use of the CAM model
(country-dependent). Moreover, being naturally immunodeficient until embryonic day
(ED) 10, transplantations from different tissues and species may be performed with only
minor immune responses, whereas at ED16, cytotoxic T cells and monocyte populations are
available [78]. Furthermore, in contrast to the CAM model, murine in vivo models allow
for a longer observation time. Additionally, detecting metastasis in the chicken embryo
might be challenging due to the short time period of growth and a circulation pattern that
differs from the human pattern. However, for both in vivo models (CAM and mouse), the
biological and physiological settings are well discovered. Moreover, both allow for in vivo
imaging (summarized in [28,33,36,38,78–80]).

Additionally, one has to account for a) the time required for preparing and approving
the animal testing application and b) the acquisition, housing, and care of the mice, which
is associated with significantly higher costs [28]. In regard to the IHC staining, the murine
xenografts more frequently showed an unspecific background staining, which hampered
IHC assessments due to cross-reactivities. In contrast, all IHC staining except for one
sample could be easily and reliably assessed in the ovografts when using our standardized
IHC protocols used for our human pathology routine diagnostics. This, again, saves time
and costs by avoiding the establishment of modified IHC protocols.

To date, comparisons between different xenograft models are lacking in the literature.
However, there are few studies for the biomarker assessment in glioblastomas [81] and
human epidermoid carcinoma cell line (HEp3) [82,83] and for the early evaluation of cancer
therapy and early drug toxicity [84], which already shows that the CAM model is an
excellent alternative for in vivo studies.

There are several studies about breast cancer using the CAM assay approach; the anti-
cancer drug effects of phospholipase D2 (PLD2) and histone deacetylase (HDAC) inhibitors
of the palladium complex BTC2 have been shown [85]. A novel hepatic micrometastatic
model of TNBC with 3D tissue engineering constructs and decellularized chick embryo
liver scaffolds might be a suitable platform for investigating the mechanisms of organ-
otropism [86]. Similarly, a comparative study between MDA-MB-231 cells and brain-tropic
MDA-MB-231 cells allowed us to draw conclusions about their stem cell activity and tu-
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morigenic capacity [87]. In this regard, a CAM-LDA (limiting dilution assay) method has
been developed as a tool to determine the stem cell activity of breast cancer cells [88].

However, more direct comparisons including CAM and mouse xenografts are neces-
sary to finally provide convincing argumentation to replace harmful animal experiments.

5. Conclusions

In conclusion, we successfully demonstrated the feasibility of using the in vivo CAM
assay to show differences in the phenotypical and biological features of the aggressive triple-
negative breast cancer cell line MDA-MB-231 and less aggressive luminal breast cancer cell
line MCF-7. All histopathological/immunohistochemical biomarkers recommended for
diagnosing early invasive breast carcinoma using the German national S3 guideline [14]
were similar in the ovografts, murine xenografts, and human patient tumor tissue controls.
Thus, we strongly suggest that before designing an in vivo experiment, researchers should
consider whether the CAM model could be used instead of rodent models.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/cancers15061704/s1: Figure S1: Positive and negative controls of IHC
staining; Figure S2: Comparison of MCF-7 CAM ovograft vs. MDA-MB-231 CAM ovograft; Figure
S3: Intratumoral vessels within an MCF-7 ovograft; Figure S4: Higher magnification of nonspecific
background staining of estrogen receptor (ER) and HER2 IHC in MDA-MB-231 mouse xenografts;
Figure S5: Higher magnification of nonspecific background staining of estrogen receptor (ER) and
HER2 IHC in MCF-7 mouse xenografts.

Author Contributions: Conceptualization, R.S.-S., R.E., and J.K.M.; methodology, J.K.M., R.E., R.S.-S.,
R.A.R., P.K., M.E., and W.W.; formal analysis, R.A.R., P.K., and J.K.M.; investigation, J.K.M., R.A.R.,
P.K., M.E., W.W., and R.E.; resources, M.R., P.A.F., M.W.B., H.H., R.E., A.H., R.S.-S., and W.W.;
data curation, J.K.M., R.E., R.S.-S., and P.K.; writing—original draft preparation, R.E., and R.S.-S.;
writing—review and editing, R.S.-S., R.E., R.A.R., and J.K.M.; visualization, J.K.M., R.E., C.I.G., and
T.B.; supervision, R.S.-S., and R.E.; project administration, J.K.M., R.E., and R.S.-S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Interdisciplinary Center for Clinical Research (IZKF,
Clinician Scientist Program) of the Medical Faculty FAU Erlangen-Nürnberg.

Institutional Review Board Statement: Regarding the human patient tumor tissue, the study was
conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee
of the Medical Faculty of Erlangen University Hospital (ethics vote iMODE-B No. 4514). The
mouse studies were conducted at EPO GmbH Berlin-Buch in compliance with the United Kingdom
Coordinated Committee on Cancer Research guidelines and were approved and authorized by the
Landesamt für Gesundheit und Soziales, Berlin, Germany (approval No. G 0333/18).

Informed Consent Statement: All subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee of the Medical Faculty of Erlangen University
Hospital (ethics vote iMODE-B No. 4514).

Data Availability Statement: Data not reported here are available upon request if the request is of
an academic/scientific nature.

Acknowledgments: Many thanks go to our technicians for their excellent technical support. Further-
more, this work was supported by the Interdisciplinary Center for Clinical Research (IZKF, Clinician
Scientist Program) of the Medical Faculty FAU Erlangen-Nürnberg. The present work was performed
in fulfillment of the requirements for obtaining the degree “Dr. rer. biol. hum.” for R.E. The present
work was performed in partial fulfillment of the requirements for obtaining the Master’s degree for
R.A.R.

https://www.mdpi.com/article/10.3390/cancers15061704/s1
https://www.mdpi.com/article/10.3390/cancers15061704/s1


Cancers 2023, 15, 1704 20 of 23

Conflicts of Interest: P.A.F. has received honoraria from Roche, Pfizer, Novartis, and Celgene. His
institution conducts research for Novartis, Cepheid, and BioNTech. A.H. has received honoraria from
BMS, MSD, Roche, AstraZeneca, Boehringer Ingelheim, AbbVie, Janssen-Cilag, and Ipsen. R.E. has
received honoraria from Roche, Eisai, Pfizer, BioNTech, Veracyte (PROCURE), Diaceutics, Mindpeak,
AstraZeneca, and Novartis, as well as travel grants from BioNTech. The institution of A.H. and R.E.
has conducted research for AstraZeneca, Roche, Janssen-Cilag, NanoString Technologies, Novartis,
Cepheid, Mindpeak, MSD, Gilead, palleos healthcare, and BioNTech. M.E. reports personal fees,
travel costs, and speaker’s honoraria from MSD, AstraZeneca, Janssen-Cilag, Cepheid, Roche, Astel-
las, and Diaceutics; research funding from AstraZeneca, Janssen-Cilag, STRATIFYER, Cepheid, Roche,
and Gilead; and advisory roles for Diaceutics, MSD, AstraZeneca, Janssen-Cilag, and GenomicHealth.
The other authors have no conflicts of interest to declare.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Korde, L.A.; Somerfield, M.R.; Carey, L.A.; Crews, J.R.; Denduluri, N.; Hwang, E.S.; Khan, S.A.; Loibl, S.; Morris, E.A.; Perez, A.;

et al. Neoadjuvant Chemotherapy, Endocrine Therapy, and Targeted Therapy for Breast Cancer: ASCO Guideline. J. Clin. Oncol.
2021, 39, 1485–1505. [CrossRef]

3. Perou, C.M.; Sørlie, T.; Eisen, M.B.; Van De Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.;
et al. Molecular portraits of human breast tumours. Nature 2000, 406, 747–752. [CrossRef] [PubMed]

4. Sorlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA
2001, 98, 10869–10874. [CrossRef] [PubMed]

5. Parker, J.S.; Mullins, M.; Cheang, M.C.U.; Leung, S.; Voduc, D.; Vickery, T.; Davies, S.; Fauron, C.; He, X.; Hu, Z.; et al. Supervised
Risk Predictor of Breast Cancer Based on Intrinsic Subtypes. J. Clin. Oncol. 2009, 27, 1160–1167. [CrossRef]

6. Nielsen, T.; Wallden, B.; Schaper, C.; Ferree, S.; Liu, S.; Gao, D.; Barry, G.; Dowidar, N.; Maysuria, M.; Storhoff, J. Analytical
validation of the PAM50-based Prosigna Breast Cancer Prognostic Gene Signature Assay and nCounter Analysis System using
formalin-fixed paraffin-embedded breast tumor specimens. BMC Cancer 2014, 14, 177. [CrossRef]

7. Nielsen, T.O.; Parker, J.S.; Leung, S.; Voduc, D.; Ebbert, M.; Vickery, T.; Davies, S.R.; Snider, J.; Stijleman, I.J.; Reed, J.; et al. A
Comparison of PAM50 Intrinsic Subtyping with Immunohistochemistry and Clinical Prognostic Factors in Tamoxifen-Treated
Estrogen Receptor–Positive Breast Cancer. Clin. Cancer Res. 2010, 16, 5222–5232. [CrossRef]

8. Liu, M.C.; Pitcher, B.N.; Mardis, E.R.; Davies, S.R.; Friedman, P.N.; Snider, J.E.; Vickery, T.L.; Reed, J.P.; DeSchryver, K.; Singh,
B.; et al. PAM50 gene signatures and breast cancer prognosis with adjuvant anthracycline- and taxane-based chemotherapy:
Correlative analysis of C9741 (Alliance). NPJ Breast Cancer 2016, 2, 15023. [CrossRef] [PubMed]

9. Goldhirsch, A.; Winer, E.P.; Coates, A.S.; Gelber, R.D.; Piccart-Gebhart, M.; Thürlimann, B.; Senn, H.-J. Personalizing the treatment
of women with early breast cancer: Highlights of the St Gallen International Expert Consensus on the Primary Therapy of Early
Breast Cancer 2013. Ann. Oncol. 2013, 24, 2206–2223. [CrossRef]

10. Von Minckwitz, G.; Untch, M.; Blohmer, J.-U.; Costa, S.D.; Eidtmann, H.; Fasching, P.A.; Gerber, B.; Eiermann, W.; Hilfrich, J.;
Huober, J.; et al. Definition and Impact of Pathologic Complete Response on Prognosis After Neoadjuvant Chemotherapy in
Various Intrinsic Breast Cancer Subtypes. J. Clin. Oncol. 2012, 30, 1796–1804. [CrossRef]

11. Huang, M.; O’Shaughnessy, J.; Zhao, J.; Haiderali, A.; Cortés, J.; Ramsey, S.D.; Briggs, A.; Hu, P.; Karantza, V.; Aktan, G.;
et al. Association of Pathologic Complete Response with Long-Term Survival Outcomes in Triple-Negative Breast Cancer: A
Meta-Analysis. Cancer Res. 2020, 80, 5427–5434. [CrossRef] [PubMed]

12. Schneeweiss, A.; Denkert, C.; Fasching, P.A.; Fremd, C.; Gluz, O.; Kolberg-Liedtke, C.; Loibl, S.; Lück, H.-J. Diagnosis and Therapy
of Triple-Negative Breast Cancer (TNBC) – Recommendations for Daily Routine Practice. Geburtshilfe und Frauenheilkd. 2019, 79,
605–617. [CrossRef]

13. Schneeweiss, A.; Fasching, P.A.; Fehm, T.; Gerber, B.; Jackisch, C.; Loibl, S.; Schmidt, M.; Stickeler, E.; Wöckel, A.; Janni, W.; et al.
AGO Algorithms for the Treatment of Breast Cancer: Update 2021. Geburtshilfe und Frauenheilkd. 2021, 81, 1101–1111. [CrossRef]

14. Leitlinienprogramm Onkologie (Deutsche Krebsgesellschaft, Deutsche Krebshilfe, AWMF): S3-Leitlinie Früherkennung, Diagnose,
Therapie und Nachsorge des Mammakarzinoms, Version 4.4. 2021. AWMF Registernummer: 032-045OL. Available online:
http://www.leitlinienprogramm-onkologie.de/leitlinien/mammakarzinom/ (accessed on 28 August 2021).

15. Smart, C.E.; Morrison, B.J.; Saunus, J.; Vargas, A.C.; Keith, P.; Reid, L.; Wockner, L.; Askarian-Amiri, M.; Sarkar, D.; Simpson,
P.; et al. In Vitro Analysis of Breast Cancer Cell Line Tumourspheres and Primary Human Breast Epithelia Mammospheres
Demonstrates Inter- and Intrasphere Heterogeneity. PLoS ONE 2013, 8, e64388. [CrossRef]

16. Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]
[PubMed]

17. Chen, N.; Ritsma, L.M.; Vrisekoop, N. In vivo characteristics of human and mouse breast tumor cell lines. Exp. Cell Res. 2019, 381,
86–93. [CrossRef]

http://doi.org/10.3322/caac.21660
http://doi.org/10.1200/JCO.20.03399
http://doi.org/10.1038/35021093
http://www.ncbi.nlm.nih.gov/pubmed/10963602
http://doi.org/10.1073/pnas.191367098
http://www.ncbi.nlm.nih.gov/pubmed/11553815
http://doi.org/10.1200/JCO.2008.18.1370
http://doi.org/10.1186/1471-2407-14-177
http://doi.org/10.1158/1078-0432.CCR-10-1282
http://doi.org/10.1038/npjbcancer.2015.23
http://www.ncbi.nlm.nih.gov/pubmed/28691057
http://doi.org/10.1093/annonc/mdt303
http://doi.org/10.1200/JCO.2011.38.8595
http://doi.org/10.1158/0008-5472.CAN-20-1792
http://www.ncbi.nlm.nih.gov/pubmed/32928917
http://doi.org/10.1055/a-0887-0285
http://doi.org/10.1055/a-1519-7089
http://www.leitlinienprogramm-onkologie.de/leitlinien/mammakarzinom/
http://doi.org/10.1371/annotation/1ba8c49a-f6cb-4565-8a36-7d7c429ea670
http://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
http://doi.org/10.1016/j.yexcr.2019.04.009


Cancers 2023, 15, 1704 21 of 23

18. Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor Subtyping. J. Cancer
2017, 8, 3131–3141. [CrossRef]

19. Gest, C.; Joimel, U.; Huang, L.; Pritchard, L.-L.; Petit, A.; Dulong, C.; Buquet, C.; Hu, C.-Q.; Mirshahi, P.; Laurent, M.; et al. Rac3
induces a molecular pathway triggering breast cancer cell aggressiveness: Differences in MDA-MB-231 and MCF-7 breast cancer
cell lines. BMC Cancer 2013, 13, 63. [CrossRef]

20. Li, H.; Pan, G.-F.; Jiang, Z.-Z.; Yang, J.; Sun, L.-X.; Zhang, L.-Y. Triptolide inhibits human breast cancer MCF-7 cell growth via
downregulation of the ERα-mediated signaling pathway. Acta Pharmacol. Sin. 2015, 36, 606–613. [CrossRef]

21. VanWeelden, K.; Flanagan, L.; Binderup, L.; Tenniswood, M.; Welsh, J. Apoptotic Regression of MCF-7 Xenografts in Nude Mice
Treated with the Vitamin D3Analog, EB10891. Endocrinology 1998, 139, 2102–2110. [CrossRef]

22. Kawasaki, Y.; Sendo, T. Three photoinitiators induce breast tumor growth in mouse xenografts with MCF-7 breast cancer cells.
Curr. Res. Toxicol. 2021, 2, 322–328. [CrossRef] [PubMed]

23. Dall, G.; Vieusseux, J.; Unsworth, A.; Anderson, R.; Britt, K. Low Dose, Low Cost Estradiol Pellets Can Support MCF-7 Tumour
Growth in Nude Mice without Bladder Symptoms. J. Cancer 2015, 6, 1331–1336. [CrossRef]

24. Adams, L.S.; Phung, S.; Yee, N.; Seeram, N.P.; Li, L.; Chen, S. Blueberry Phytochemicals Inhibit Growth and Metastatic Potential
of MDA-MB-231 Breast Cancer Cells through Modulation of the Phosphatidylinositol 3-Kinase Pathway. Cancer Res. 2010, 70,
3594–3605. [CrossRef] [PubMed]

25. Ito, R.; Takahashi, T.; Ito, M. Humanized mouse models: Application to human diseases. J. Cell. Physiol. 2018, 233, 3723–3728.
[CrossRef] [PubMed]

26. Tsukada, Y.; Muramatsu, F.; Hayashi, Y.; Inagaki, C.; Su, H.; Iba, T.; Kidoya, H.; Takakura, N. An in vivo model allowing
continuous observation of human vascular formation in the same animal over time. Sci. Rep. 2021, 11, 745. [CrossRef]

27. Paschall, A.V.; Liu, K. An Orthotopic Mouse Model of Spontaneous Breast Cancer Metastasis. J. Vis. Exp. 2016, 114, 54040.
[CrossRef]

28. Hu, J.; Ishihara, M.; I Chin, A.; Wu, L. Establishment of xenografts of urological cancers on chicken chorioallantoic membrane
(CAM) to study metastasis. Precis. Clin. Med. 2019, 2, 140–151. [CrossRef]

29. Swadi, R.R.; Mather, G.; Pizer, B.L.; Losty, P.D.; See, V.; Moss, D. Optimising the chick chorioallantoic membrane xenograft model
of neuroblastoma for drug delivery. BMC Cancer 2018, 18, 28. [CrossRef]

30. National Research Council. Guide for the Care and Use of Laboratory Animals; The National Academies Press: Washington, DC, USA,
1996. Available online: https://nap.nationalacademies.org/catalog/5140/guide-for-the-care-and-use-of-laboratory-animals
(accessed on 9 August 2022). [CrossRef]

31. Available online: https://www.eara.eu/animal-research-law?lang=de (accessed on 9 August 2022).
32. Available online: https://caat.jhsph.edu/principles/the-principles-of-humane-experimental-technique (accessed on 9 Novem-

ber 2021).
33. Schneider-Stock, R.; Ribatti, D. The CAM Assay as an Alternative In Vivo Model for Drug Testing. In Organotypic Models in

Drug Development; Schäfer-Korting, M., Stuchi Maria-Engler, S., Landsiedel, R., Eds.; Springer International Publishing: Cham,
Switzerland, 2021; pp. 303–323. [CrossRef]

34. Fischer, D.; Fluegen, G.; Garcia, P.; Ghaffari-Tabrizi-Wizsy, N.; Gribaldo, L.; Huang, R.Y.-J.; Rasche, V.; Ribatti, D.; Rousset, X.;
Pinto, M.T.; et al. The CAM Model—Q&A with Experts. Cancers 2022, 15, 191. [CrossRef]

35. Pizon, M.; Schott, D.; Pachmann, U.; Schobert, R.; Pizon, M.; Wozniak, M.; Bobinski, R.; Pachmann, K. Chick Chorioallantoic
Membrane (CAM) Assays as a Model of Patient-Derived Xenografts from Circulating Cancer Stem Cells (cCSCs) in Breast Cancer
Patients. Cancers 2022, 14, 1476. [CrossRef]

36. Chu, P.-Y.; Koh, A.P.-F.; Antony, J.; Huang, R.Y.-J. Applications of the Chick Chorioallantoic Membrane as an Alternative Model
for Cancer Studies. Cells Tissues Organs 2022, 211, 222–237. [CrossRef]

37. Moreno-Jiménez, I.; Hulsart-Billstrom, G.; Lanham, S.A.; Janeczek, A.A.; Kontouli, N.; Kanczler, J.M.; Evans, N.D.; Oreffo, R.O.
The chorioallantoic membrane (CAM) assay for the study of human bone regeneration: A refinement animal model for tissue
engineering. Sci. Rep. 2016, 6, 32168. [CrossRef] [PubMed]

38. Nowak-Sliwinska, P.; Segura, T.; Iruela-Arispe, M.L. The chicken chorioallantoic membrane model in biology, medicine and
bioengineering. Angiogenesis 2014, 17, 779–804. [CrossRef]

39. Ribatti, D.; Nico, B.; Vacca, A.; Presta, M. The gelatin sponge–chorioallantoic membrane assay. Nat. Protoc. 2006, 1, 85–91.
[CrossRef] [PubMed]

40. Ribatti, D.; Vacca, A.; Roncali, L.; Dammacco, F. The Chick Embryo Chorioallantoic Membrane as a Model for in vivo Research on
Anti-Angiogenesis. Curr. Pharm. Biotechnol. 2000, 1, 73–82. [CrossRef] [PubMed]

41. Kunzi-Rapp, K.; Rück, A.; Kaufmann, R. Characterization of the chick chorioallantoic membrane model as a short-term in vivo
system for human skin. Arch. Dermatol. Res. 1999, 291, 290–295. [CrossRef]

42. DeBord, L.C.; Pathak, R.R.; Villaneuva, M.; Liu, H.-C.; A Harrington, D.; Yu, W.; Lewis, M.T.; Sikora, A.G. The chick chorioallantoic
membrane (CAM) as a versatile patient-derived xenograft (PDX) platform for precision medicine and preclinical research. Am. J.
Cancer Res. 2018, 8, 1642–1660.

43. Mota, A.D.L.; Evangelista, A.F.; Macedo, T.; Oliveira, R.; Scapulatempo-Neto, C.; Vieira, R.A.; Marques, M.M.C. Molecular
characterization of breast cancer cell lines by clinical immunohistochemical markers. Oncol. Lett. 2017, 13, 4708–4712. [CrossRef]

http://doi.org/10.7150/jca.18457
http://doi.org/10.1186/1471-2407-13-63
http://doi.org/10.1038/aps.2014.162
http://doi.org/10.1210/endo.139.4.5892
http://doi.org/10.1016/j.crtox.2021.08.004
http://www.ncbi.nlm.nih.gov/pubmed/34522900
http://doi.org/10.7150/jca.10890
http://doi.org/10.1158/0008-5472.CAN-09-3565
http://www.ncbi.nlm.nih.gov/pubmed/20388778
http://doi.org/10.1002/jcp.26045
http://www.ncbi.nlm.nih.gov/pubmed/28598567
http://doi.org/10.1038/s41598-020-80497-6
http://doi.org/10.3791/54040
http://doi.org/10.1093/pcmedi/pbz018
http://doi.org/10.1186/s12885-017-3978-x
https://nap.nationalacademies.org/catalog/5140/guide-for-the-care-and-use-of-laboratory-animals
http://doi.org/10.17226/5140
https://www.eara.eu/animal-research-law?lang=de
https://caat.jhsph.edu/principles/the-principles-of-humane-experimental-technique
http://doi.org/10.1007/164_2020_375
http://doi.org/10.3390/cancers15010191
http://doi.org/10.3390/cancers14061476
http://doi.org/10.1159/000513039
http://doi.org/10.1038/srep32168
http://www.ncbi.nlm.nih.gov/pubmed/27577960
http://doi.org/10.1007/s10456-014-9440-7
http://doi.org/10.1038/nprot.2006.13
http://www.ncbi.nlm.nih.gov/pubmed/17406216
http://doi.org/10.2174/1389201003379040
http://www.ncbi.nlm.nih.gov/pubmed/11467363
http://doi.org/10.1007/s004030050410
http://doi.org/10.3892/ol.2017.6093


Cancers 2023, 15, 1704 22 of 23

44. Castro, F.; Dirks, W.G.; Fähnrich, S.; Hotz-Wagenblatt, A.; Pawlita, M.; Schmitt, M. High-throughput SNP-based authentication of
human cell lines. Int. J. Cancer 2013, 132, 308–314. [CrossRef]

45. Neve, R.M.; Chin, K.; Fridlyand, J.; Yeh, J.; Baehner, F.L.; Fevr, T.; Clark, L.; Bayani, N.; Coppe, J.-P.; Tong, F.; et al. A collection of
breast cancer cell lines for the study of functionally distinct cancer subtypes. Cancer Cell 2006, 10, 515–527. [CrossRef]

46. Soule, H.D.; Vazquez, J.; Long, A.; Albert, S.; Brennan, M. A Human Cell Line From a Pleural Effusion Derived From a Breast
Carcinoma 2. Gynecol. Oncol. 1973, 51, 1409–1416. [CrossRef]

47. Cailleau, R.; Young, R.; Olivé, M.; Reeves, W.J., Jr. Breast Tumor Cell Lines From Pleural Effusions2. J. Natl. Cancer Inst. 1974, 53,
661–674. [CrossRef]

48. E Burdall, S.; Hanby, A.M.; Lansdown, M.R.J.; Speirs, V. Breast cancer cell lines: Friend or foe? Breast Cancer Res. 2003, 5, 1–7.
[CrossRef] [PubMed]

49. Vinci, M.; Gowan, S.; Boxall, F.; Patterson, L.; Zimmermann, M.; Court, W.; Lomas, C.; Mendiola, M.; Hardisson, D.; Eccles, S.A.
Advances in establishment and analysis of three-dimensional tumor spheroid-based functional assays for target validation and
drug evaluation. BMC Biol. 2012, 10, 29. [CrossRef]

50. Vinci, M.; Box, C.; Eccles, S.A. Three-dimensional (3D) tumor spheroid invasion assay. J. Vis. Exp. 2015, 99, e52686. [CrossRef]
51. Berens, E.B.; Holy, J.M.; Riegel, A.T.; Wellstein, A. A Cancer Cell Spheroid Assay to Assess Invasion in a 3D Setting. J. Vis. Exp.

2015, 105, 53409. [CrossRef]
52. Barney, L.; Jansen, L.; Polio, S.; Galarza, S.; Lynch, M.; Peyton, S. The predictive link between matrix and metastasis. Curr. Opin.

Chem. Eng. 2016, 11, 85–93. [CrossRef]
53. Castillo, L.R.C.; Oancea, A.-D.; Stüllein, C.; Régnier-Vigouroux, A. Evaluation of Consistency in Spheroid Invasion Assays. Sci.

Rep. 2016, 6, 28375. [CrossRef]
54. Muenzner, J.K.; Kunze, P.; Lindner, P.; Polaschek, S.; Menke, K.; Eckstein, M.; Geppert, C.I.; Chanvorachote, P.; Baeuerle, T.;

Hartmann, A.; et al. Generation and characterization of hepatocellular carcinoma cell lines with enhanced cancer stem cell
potential. J. Cell. Mol. Med. 2018, 22, 6238–6248. [CrossRef]

55. Available online: https://eur-lex.europa.eu/legal-content/DE/ALL/?uri=celex%3A32010L0063 (accessed on 22 August 2022).
56. Zijlstra, A.; Mellor, R.; Panzarella, G.; Aimes, R.T.; Hooper, J.D.; Marchenko, N.D.; Quigley, J.P. A quantitative analysis of

rate-limiting steps in the metastatic cascade using human-specific real-time polymerase chain reaction. Cancer Res. 2002, 62,
7083–7092.

57. WHO Classification of Tumours Editorial Board. Breast Tumours. Lyon (France): International Agency for Research on Cancer,
5th ed.; WHO Classification of Tumours Series; WHO: Geneva, Switzerland, 2019; Volume 2, pp. 89–91, 96. Available online:
https://publications.iarc.fr/581 (accessed on 31 August 2021).

58. Elston, C.; Ellis, I. pathological prognostic factors in breast cancer. I. The value of histological grade in breast cancer: Experience
from a large study with long-term follow-up. Histopathology 1991, 19, 403–410. [CrossRef] [PubMed]

59. Lugli, A.; Kirsch, R.; Ajioka, Y.; Bosman, F.; Cathomas, G.; Dawson, H.; El Zimaity, H.; Fléjou, J.-F.; Hansen, T.P.; Hartmann, A.;
et al. Recommendations for reporting tumor budding in colorectal cancer based on the International Tumor Budding Consensus
Conference (ITBCC) 2016. Mod. Pathol. 2017, 30, 1299–1311. [CrossRef]

60. Remmele, W.; Stegner, H.E. Recommendation for uniform definition of an immunoreactive score (IRS) for immunohistochemical
estrogen receptor detection (ER-ICA) in breast cancer tissue. Pathologe 1987, 8, 138–140. [PubMed]

61. Allison, K.H.; Hammond, M.E.H.; Dowsett, M.; McKernin, S.E.; Carey, L.A.; Fitzgibbons, P.L.; Hayes, D.F.; Lakhani, S.R.;
Chavez-MacGregor, M.; Perlmutter, J.; et al. Estrogen and Progesterone Receptor Testing in Breast Cancer: ASCO/CAP Guideline
Update. J. Clin. Oncol. 2020, 38, 1346–1366. [CrossRef]

62. Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S.; Bilous, M.; Ellis, I.O.; Fitzgibbons,
P.; Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical
Oncology/College of American Pathologists Clinical Practice Guideline Focused Update. Arch. Pathol. Lab. Med. 2018, 142,
1364–1382. [CrossRef] [PubMed]

63. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
64. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
65. Alghanem, B.; Ali, R.; Nehdi, A.; Al Zahrani, H.; Altolayyan, A.; Shaibah, H.; Baz, O.; Alhallaj, A.; Moresco, J.J.; Diedrich, J.K.;

et al. Proteomics Profiling of KAIMRC1 in Comparison to MDA-MB231 and MCF-7. Int. J. Mol. Sci. 2020, 21, 4328. [CrossRef]
66. Cho, S.-J.; Kakar, S. Tumor Budding in Colorectal Carcinoma: Translating a Morphologic Score Into Clinically Meaningful Results.

Arch. Pathol. Lab. Med. 2018, 142, 952–957. [CrossRef]
67. Salhia, B.; Trippel, M.; Pfaltz, K.; Cihoric, N.; Grogg, A.; Lädrach, C.; Zlobec, I.; Tapia, C. High tumor budding stratifies breast

cancer with metastatic properties. Breast Cancer Res. Treat. 2015, 150, 363–371. [CrossRef]
68. Voutsadakis, I.A. Prognostic role of tumor budding in breast cancer. World J. Exp. Med. 2018, 8, 12–17. [CrossRef] [PubMed]
69. Huang, T.; Bao, H.; Meng, Y.-H.; Zhu, J.-L.; Chu, X.-D.; Chu, X.L.; Pan, J.-H. Tumour budding is a novel marker in breast cancer:

The clinical application and future prospects. Ann. Med. 2022, 54, 1303–1312. [CrossRef] [PubMed]
70. Steinmann, S.; Kunze, P.; Hampel, C.; Eckstein, M.; Bramsen, J.B.; Muenzner, J.K.; Carlé, B.; Ndreshkjana, B.; Kemenes, S.;

Gasparini, P.; et al. DAPK1 loss triggers tumor invasion in colorectal tumor cells. Cell Death Dis. 2019, 10, 895. [CrossRef]
[PubMed]

http://doi.org/10.1002/ijc.27675
http://doi.org/10.1016/j.ccr.2006.10.008
http://doi.org/10.1093/jnci/51.5.1409
http://doi.org/10.1093/jnci/53.3.661
http://doi.org/10.1186/bcr577
http://www.ncbi.nlm.nih.gov/pubmed/12631387
http://doi.org/10.1186/1741-7007-10-29
http://doi.org/10.3791/52686
http://doi.org/10.3791/53409
http://doi.org/10.1016/j.coche.2016.01.001
http://doi.org/10.1038/srep28375
http://doi.org/10.1111/jcmm.13911
https://eur-lex.europa.eu/legal-content/DE/ALL/?uri=celex%3A32010L0063
https://publications.iarc.fr/581
http://doi.org/10.1111/j.1365-2559.1991.tb00229.x
http://www.ncbi.nlm.nih.gov/pubmed/1757079
http://doi.org/10.1038/modpathol.2017.46
http://www.ncbi.nlm.nih.gov/pubmed/3303008
http://doi.org/10.1200/JCO.19.02309
http://doi.org/10.5858/arpa.2018-0902-SA
http://www.ncbi.nlm.nih.gov/pubmed/29846104
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.3390/ijms21124328
http://doi.org/10.5858/arpa.2018-0082-RA
http://doi.org/10.1007/s10549-015-3333-3
http://doi.org/10.5493/wjem.v8.i2.12
http://www.ncbi.nlm.nih.gov/pubmed/30211020
http://doi.org/10.1080/07853890.2022.2070272
http://www.ncbi.nlm.nih.gov/pubmed/35535687
http://doi.org/10.1038/s41419-019-2122-z
http://www.ncbi.nlm.nih.gov/pubmed/31772156


Cancers 2023, 15, 1704 23 of 23

71. Augustine, R.; Alhussain, H.; Hasan, A.; Ahmed, M.B.; Yalcin, H.C.; Al Moustafa, A.-E. A novel in ovo model to study cancer
metastasis using chicken embryos and GFP expressing cancer cells. Bosn. J. Basic Med. Sci. 2020, 20, 140–148. [CrossRef]

72. Rodrigo, M.A.M.; Casar, B.; Michalkova, H.; Jimenez, A.M.; Heger, Z.; Adam, V. Extending the Applicability of In Ovo and Ex
Ovo Chicken Chorioallantoic Membrane Assays to Study Cytostatic Activity in Neuroblastoma Cells. Front. Oncol. 2021, 11,
707366. [CrossRef] [PubMed]

73. A Rakha, E.; Reis-Filho, J.S.; Baehner, F.; Dabbs, D.J.; Decker, T.; Eusebi, V.; Fox, S.B.; Ichihara, S.; Jacquemier, J.; Lakhani, S.R.;
et al. Breast cancer prognostic classification in the molecular era: The role of histological grade. Breast Cancer Res. 2010, 12, 207.
[CrossRef]

74. Erber, R.; Gluz, O.; Brünner, N.; Kreipe, H.H.; Pelz, E.; Kates, R.; Bartels, A.; Huober, J.; Mohrmann, S.; Moustafa, Z.; et al.
Predictive role of HER2/neu, topoisomerase-II-alpha, and tissue inhibitor of metalloproteinases (TIMP-1) for response to adjuvant
taxane-based chemotherapy in patients with intermediate-risk breast cancer: Results from the WSG-AGO EC-Doc trial. Breast
Cancer Res. Treat. 2015, 150, 279–288. [CrossRef] [PubMed]

75. Nielsen, T.; Leung, S.C.Y.; Rimm, D.L.; Dodson, A.; Acs, B.; Badve, S.; Denkert, C.; Ellis, M.J.; Fineberg, S.; Flowers, M.; et al.
Assessment of Ki67 in Breast Cancer: Updated Recommendations From the International Ki67 in Breast Cancer Working Group.
Gynecol. Oncol. 2020, 113, 808–819. [CrossRef]

76. Mokhtari, R.; Qorri, B.; Sambi, M.; Baluch, N.; Kumar, S.; Das, B.; Szewczuk, M.; Yeger, H.; Cheng, H.-L. 3D Multicellular
Stem-Like Human Breast Tumor Spheroids Enhance Tumorigenicity of Orthotopic Xenografts in Athymic Nude Rat Model.
Cancers 2021, 13, 2784. [CrossRef]

77. Kim, J.-Y.; Jeong, H.S.; Chung, T.; Kim, M.; Lee, J.H.; Jung, W.H.; Koo, J.S. The value of phosphohistone H3 as a proliferation
marker for evaluating invasive breast cancers: A comparative study with Ki67. Oncotarget 2017, 8, 65064–65076. [CrossRef]

78. Wang, Y.; Rousset, X.; Prunier, C.; Garcia, P.; Dosda, E.; Leplus, E.; Viallet, J. PD-1/PD-L1 Checkpoint Inhibitors Are Active in the
Chicken Embryo Model and Show Antitumor Efficacy In Ovo. Cancers 2022, 14, 3095. [CrossRef] [PubMed]

79. Ribatti, D. The chick embryo chorioallantoic membrane (CAM) assay. Reprod. Toxicol. 2017, 70, 97–101. [CrossRef] [PubMed]
80. Lokman, N.A.; Elder, A.S.; Ricciardelli, C.; Oehler, M.K. Chick chorioallantoic membrane (CAM) assay as an in vivo model to

study the effect of newly identified molecules on ovarian cancer invasion and metastasis. Int. J. Mol. Sci. 2012, 13, 9959–9970.
[CrossRef]

81. Strojnik, T.; Kavalar, R.; A Barone, T.; Plunkett, R.J. Experimental model and immunohistochemical comparison of U87 human
glioblastoma cell xenografts on the chicken chorioallantoic membrane and in rat brains. Anticancer Res. 2010, 30, 4851–4860.
[PubMed]

82. Lyu, M.-A.; Choi, Y.-K.; Park, B.-N.; Park, B.-J.; Kim, B.-J.; Park, I.-K.; Hyun, B.-H.; Kook, Y.-H. Over-expression of urokinase
receptor in human epidermoid-carcinoma cell line (HEp3) increases tumorigenicity on chorio-allantoic membrane and in
severe-combined-immunodeficient mice. Int. J. Cancer 1998, 77, 257–263. [CrossRef]

83. Aguirre-Ghiso, J.A.; Ossowski, L.; Rosenbaum, S.K.; Atadja, P.; Gao, L.; Kwon, P.; Trogani, N.; Walker, H.; Hsu, M.; Yeleswarapu,
L.; et al. Green Fluorescent Protein Tagging of Extracellular Signal-Regulated Kinase and p38 Pathways Reveals Novel Dynamics
of Pathway Activation during Primary and Metastatic Growth. Cancer Res. 2004, 64, 7336–7345. [CrossRef]

84. Rupp, T.; Legrand, C.; Hunault, M.; Genest, L.; Babin, D.; Froget, G.; Castagné, V. A Face-To-Face Comparison of Tumor Chicken
Chorioallantoic Membrane (TCAM) In Ovo with Murine Models for Early Evaluation of Cancer Therapy and Early Drug Toxicity.
Cancers 2022, 14, 3548. [CrossRef]

85. Hwang, W.C.; Kang, D.W.; Kang, Y.; Jang, Y.; Kim, J.-A.; Min, D.S. Inhibition of phospholipase D2 augments histone deacetylase
inhibitor-induced cell death in breast cancer cells. Biol. Res. 2020, 53, 1–11. [CrossRef] [PubMed]

86. Guller, A.; Kuschnerus, I.; Rozova, V.; Nadort, A.; Yao, Y.; Khabir, Z.; Garcia-Bennett, A.; Liang, L.; Polikarpova, A.; Qian, Y.; et al.
Chick Embryo Experimental Platform for Micrometastases Research in a 3D Tissue Engineering Model: Cancer Biology, Drug
Development, and Nanotechnology Applications. Biomedicines 2021, 9, 1578. [CrossRef]

87. Dionísio, M.; Vieira, A.; Carvalho, R.; Conde, I.; Oliveira, M.; Gomes, M.; Pinto, M.; Pereira, P.; Pimentel, J.; Souza, C.; et al.
BR-BCSC Signature: The Cancer Stem Cell Profile Enriched in Brain Metastases that Predicts a Worse Prognosis in Lymph
Node-Positive Breast Cancer. Cells 2020, 9, 2442. [CrossRef]

88. Pinto, M.T.; Ribeiro, A.S.; Conde, I.; Carvalho, R.; Paredes, J. The Chick Chorioallantoic Membrane Model: A New In Vivo Tool to
Evaluate Breast Cancer Stem Cell Activity. Int. J. Mol. Sci. 2020, 22, 334. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.17305/bjbms.2019.4372
http://doi.org/10.3389/fonc.2021.707366
http://www.ncbi.nlm.nih.gov/pubmed/34540673
http://doi.org/10.1186/bcr2607
http://doi.org/10.1007/s10549-015-3310-x
http://www.ncbi.nlm.nih.gov/pubmed/25721604
http://doi.org/10.1093/jnci/djaa201
http://doi.org/10.3390/cancers13112784
http://doi.org/10.18632/oncotarget.17775
http://doi.org/10.3390/cancers14133095
http://www.ncbi.nlm.nih.gov/pubmed/35804865
http://doi.org/10.1016/j.reprotox.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27832950
http://doi.org/10.3390/ijms13089959
http://www.ncbi.nlm.nih.gov/pubmed/21187462
http://doi.org/10.1002/(SICI)1097-0215(19980717)77:2&lt;257::AID-IJC15&gt;3.0.CO;2-8
http://doi.org/10.1158/0008-5472.CAN-04-0113
http://doi.org/10.3390/cancers14143548
http://doi.org/10.1186/s40659-020-00294-3
http://www.ncbi.nlm.nih.gov/pubmed/32998768
http://doi.org/10.3390/biomedicines9111578
http://doi.org/10.3390/cells9112442
http://doi.org/10.3390/ijms22010334
http://www.ncbi.nlm.nih.gov/pubmed/33396951

	Introduction 
	Materials and Methods 
	Cell Lines and Culture Conditions 
	Human Patient Tissue 
	Cell Morphology and Fluorescence Staining of Breast Cancer Cell Lines 
	Spheroid Invasion Assay 
	Chorioallantoic Membrane Xenograft (CAM Ovograft) Assay 
	Analysis of the Dissemination Potential In Vivo by Fluorescence Imaging 
	Analysis of the Dissemination Potential In Vivo by Human-Specific Alu qPCR 

	Mouse Model (Subcutaneous Murine Xenografts) 
	Histopathological Evaluation and Assessment of Immunohistochemical Staining of Breast Cancer Cell Lines Grown in CAM Ovografts, Mouse Xenografts, and Tumor Tissue of TNBC Patients 
	Statistical Analysis 

	Results 
	In Vitro Cell Morphology and Invasive Potential of Breast Cancer Cell Lines 
	In Vivo Growth and Characterization of Tumor Aggressiveness and Dissemination Potential of MCF-7 and MDA-MB-231 Breast Cancer Cells in the CAM Xenograft Assay 
	Analysis of the Growth Potential of MCF-7 and MDA-MB-231 Breast Cancer Cell Lines in Murine Xenografts 
	Histological Comparison of MCF-7 and MDA-MB-231 CAM Ovografts vs. Mouse Xenografts vs. Human Patient Tumor Tissue 

	Discussion 
	Investigating the Hallmarks of Cancer Using the CAM Model 
	Findings on Histopathological and Molecular Prognostic and Predictive Breast Cancer Biomarkers Using Ovografts 
	Advantages of the CAM Model 

	Conclusions 
	References

