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Cancer Progression Is not Different in Mice of Different
Gender Inoculated With Cells of the Triple-Negative
4T1 Breast Cancer Model
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Abstract

Background: Breast cancer in men is a rare and poorly studied
disease, and its treatment is based on women breast cancer studies.
However, clinical outcome is not the same in men and women. Basic
studies and clinical trials in animal models provide detailed informa-
tion on cancer, origin, development, cell signaling pathways, sites of
metastasis, and target molecules. It is necessary to explore the biol-
ogy of breast cancer in male animal models that allow observing their
similarity.

Methods: The triple-negative 4T1 breast cancer model was developed
in both male and female mice and studied weekly during 4 weeks. For
that, twenty 8-week-old female and male BALB/c mice were used.
Sixteen mice (eight males and eight females) were inoculated into
the second left thoracic mammary pad with 20,000 4T1 cells, resus-
pended in 20 pL phosphate-buffered saline (PBS). All samples were
processed for immunodetection, characterized histopathologically
and immunohistochemically.

Results: In this work, we describe the development of a triple-neg-
ative 4T1 breast cancer model in male BALB/c mice. Breast tumors
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were characterized histopathologically at different time points and
corresponded to a moderately differentiated invasive ductal carcino-
ma, estrogen receptor ER-/progesterone receptor PR-/human epider-
mal growth factor receptor 2 HER2-/Ki67+, with histological grade
II (moderately differentiated; a solid mass with occasional duct for-
mation and moderate to severe nuclear pleomorphism), infiltrating
the adipose and muscular tissue, and metastasis to lungs. From the
results, we did not observe differences in the time of tumor devel-
opment, necrosis, color change of tumor tissue, and lung metastasis
between male and female mice. Even though we did not find his-
tological differences, response to treatment and molecular signaling
may be different.

Conclusions: The histogenesis of male breast tumors was similar
to that of female BALB/c mice. The histological and immunohisto-
chemical characteristics of male tumors also match the features re-
ported for stage IV human breast cancer of men and women. The
murine male breast cancer model described here can be a significant
tool to explore the molecular mechanisms involved in male breast
cancer tumorigenesis and metastasis and may bring new approaches
for clinical treatment of triple-negative breast cancer in men.

Keywords: Breast cancer; Histopathological; Immunohistochemical;
Animal model; TNBC; BALB/c mice; 4T1; Male

Introduction

Breast cancer is the most common type of cancer and the one
that causes the highest number of deaths in women worldwide
[1]. In contrast, this type of cancer is rare in men [2], account-
ing for approximately 1% of all breast cancer diagnoses in the
world [3]. The management of male breast cancer is based on
studies conducted on women or female animal models. How-
ever, triple-negative breast cancer in male patients is likely to
be at a more advanced stage at the time of diagnosis, often with
worse outcomes than in women. In addition, cancer treatments
in men are commonly extrapolated from those used to treat
postmenopausal women with breast cancer without evidence
to support this extrapolation from women to men [4]. Studies

Articles © The authors | Journal compilation © World | Oncol and Elmer Press Inc™ | www.wjon.org
This article is distributed under the terms of the Creative Commons Attribution Non-Commercial 4.0 International License, which permits 249
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited


https://crossmark.crossref.org/dialog/?doi=10.14740/wjon1517&domain=pdf&date_stamp=2022-09-14
https://orcid.org/0000-0003-3184-9675
https://orcid.org/0000-0002-5981-8355
https://orcid.org/0000-0002-9568-9140

Male Murine Breast Cancer

World ] Oncol. 2022;13(5):249-258

addressing the biology and management of breast cancer in
men (e.g., studies that correlate prognostic factors with treat-
ment outcomes) are limited, and often lack statistical power [2,
5-7]; data about risk factors, optimal treatment, and short-term
and long-term outcomes in men are also unknown [8].

Clinical studies report different characteristics of the dis-
ease in men and women [2]. For example, breast cancer in men
has a lower survival rate and a higher mortality than in women.
This type of cancer occurs at an older age in men and the lobu-
lar cancer is very rare compared to women. Male breast cancer
cases have higher levels of detectable estrogen receptors (ERs)
and progesterone receptors (PRs) and lower probability of being
positive for human epidermal growth factor receptor 2 (HER2)
than female breast cancer cases, therefore, the luminal subtype
is more common. Moreover, HER2-positive cases of cancer in
men have a higher mortality rate than in women. In women,
cases of triple-negative breast cancer account for 11% of cases,
while in men they represent less than 1% of cases. About 99% of
breast cancer cases in men are ER-positive and more than 96%
of cases are androgen receptor-positive and BRCA2 mutations
are more common in men than in women. The causes of these
differences in tumor biology are unknown. However, it has been
suggested that these differences may be related to distinct bio-
logical processes in men and women influencing tumorigenesis,
mainly hormonal variations related to androgens, estrogens, and
progestins. Genomic differences in breast cancer cases have also
been evidenced between men and women; for example, in ER-
and PR-positive male breast cancers mutations that are com-
mon in ER- and PR-positive female breast cancer cases (e.g.,
PIK3CA and TP53) are less likely to be identified in men [3,
8]. Molecular studies show that gene expression patterns and
the susceptibility to develop breast cancer are sex-dependent in
mice (BALB/c and C57BL/6) [9], supporting the idea that the
biology of breast cancer may be different in men and women.
Despite these observations, some authors have suggested that
breast cancer studies performed on females are suitable for the
study of breast cancer in men [10]. It is thus unclear whether
female-based studies are suitable for the management and treat-
ment of male breast cancer, and it is thus necessary to under-
stand the biology of breast cancer in men.

Studies addressing the biology of breast cancer and treat-
ment development strongly depend on available in vitro and in
vivo models [11, 12]. Thus far, the female 4T1 mouse model
has offered researchers several advantages for the study of fe-
male breast cancer: tumors develop at the correct anatomical
site (the breast) in immunocompetent animals, the efficiency
of tumor development is high (100% according to our expe-
rience and the available literature), spontancous metastasis is
observed at the same sites where women with breast cancer
develop metastases [11]; in addition, this animal model ef-
ficiently emulates the triple-negative female breast cancer in
stage 1V, which is a highly aggressive type of breast cancer
both in men and women [8, 13].

Typically, the 4T1 breast cancer model involves the in-
oculation of 6 - 15, 5- to 8-week-old female BALB/c with a
certain number of 4T1 tumor cells, which are injected subcu-
taneously in the mammary gland [11-15]. Similar to women,
triple-negative breast cancer in men is molecularly character-
ized by a lack of the expression of hormone receptors (ER, PR)
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and the HER2.

We hypothesized that male BALB/c could be used to
develop a male triple-negative 4T1 breast cancer model that
could be specifically applied to the study of breast cancer biol-
ogy and therapeutic strategies in men. The novel male triple-
negative 4T1 breast cancer model that we describe here may
help to strengthen, or possibly even to redirect, the current
management of male breast cancer, which is largely based on
studies performed on females.

Materials and Methods

The present study was developed following international
guidelines for the care and use of laboratory animals, NOM-
062 (Official Mexican Standard NOM-062-Z00-1999, Tech-
nical specifications for the production, care, and use of labora-
tory animals), and approved by the Internal Committee for the
Care and Use of Laboratory Animals of the Military School of
Medicine (Mexico City).

Cell culture

The culture of the 4T1 cell line was carried out following the
protocol suggested by the ATCC. RPMI-1640 medium (ATCC,
Cat. No. 30-2001), supplemented with 10% fetal bovine se-
rum (ATCC, Cat. No. 30-2020) was used. The cells were
cultured in a humidified atmosphere at 37 °C and 5% CO,.
Once 80% of confluence was reached, the cells were treated
with trypsin and washed with phosphate-buffered saline (PBS)
to be subsequently resuspended in PBS for inoculation. Cell
count was performed using the Muse Cell Analyzer equipment
(Merck Millipore, Muse Count & Viability Assay Kit, Cat. No.
MCH100102).

Experimental procedure

We used 20 BALB/c 8-week-old female and male mice (20 -
25 g in weight, Rismart S.A. de C.V). To compare the tumor
behavior in both sexes, animals were kept in ventilated racks
with light and dark cycles of 12 h, and water and food ad [li-
bitum (laboratory rodent diet 5001, Lab Diet, USA). Sixteen
mice (eight males and eight females) were inoculated in the
pad of the second left thoracic breast with 20,000 4T1 cells
(purchased from ATCC, Cat. No. CRL-2539, passage number
3), resuspended in 20 pL of PBS. Four mice constituted the
control group (two males and two females) and were injected
only with 20 pL of PBS in the second left thoracic breast.
After inoculation, mice were sacrificed in groups of four
per week (two males and two females), thus obtaining the
groups of first, second, third, and fourth weeks. One mouse
of the control group was sacrificed every week. All mice were
sacrificed by cervical dislocation after sedation with ketamine
50 mg/kg. Mice were dissected, then the primary tumor and
organs that are often metastasis targets (lung, liver, heart, and
kidney) [11, 12, 15], were extracted for analysis. Each tumor
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was measured with a Vernier caliper, and its volume was cal-
culated with the formula reported by Richtig et al [16]. All
samples were dehydrated and embedded in paraffin blocks.

Immunohistochemistry

The paraffin blocks of control sample tissues and the tumors
and organs of inoculated mice were cut to 3 um thickness with
a microtome and subjected to histopathological analysis. All
samples were processed for immunodetection, with antibod-
ies against the PR from clone BSB2 (Cat. No. BSB 2126), ER
from clone RBT11 (Cat. No. BSB 5491), Ki67 from clone EP5
(Cat. No. BSB 5708), and HER2 from clone RBT-HER2 (Cat.
No. BSB 2035); all antibodies were obtained from BIO SB.
Muscle (PR+), ovary (ER+), amygdala (Ki67+), and breast
cancer (HER2+) sample tissues were used as controls for each
antibody. Samples were de-waxed with xylol and rehydrated
ethanol at decreasing concentrations (100%, 70%, 60%, 30%,
and 0%). Antigenic retrieval was carried out for 10 min at 98 °C
with sodium citrate pH 6. Samples were subsequently washed
three times with distilled water. Then, endogenous peroxidase
blocking was performed for 5 min with a hydrogen peroxide
solution (1:20), followed by three washes with distilled water.

Samples were blocked for 10 min with bovine serum al-
bumin (ScyTek Cat. No. 52912). Subsequently, samples were
incubated with the corresponding antibodies for 1 h. Samples
were washed with x 1 Tris buffered saline (TBS) and incu-
bated with polymer-based biotin-free horseradish peroxidase
for 45 min, and then washed with x 1 TBS. The detection of
the target antigens was carried out with diaminobenzidine for
3 min, followed by washing with tap water. Counterstaining
was performed with Harris hematoxylin for 1 min, followed
by rinsing with tap water and washing with lithium carbonate.
Samples were dehydrated with ethanol at increasing concen-
trations (70%, 80%, 96%, and 100%), washed with xylol, and
finally, mounted using synthetic resin (Entellan). Each slide
was observed under a microscope at x 10, x 20, and x 40 mag-
nification. Photographs of each slide, stained with hematoxy-
lin and eosin and immunohistochemistry, were taken with an
Olympus CH30 microscope.

Statistical analysis

A two-way analysis of variance (ANOVA) test, followed by
Dunnett’s multiple comparison tests, was performed to analyze
the tumor growth per week. Mann-Whitney tests were used
to study the association between tumor volume and necrosis.
Relationships between necrosis and color change or lung me-
tastasis development were established through Fisher’s exact
tests. A two-way ANOVA statistical analysis was used to study
the effect of time (weeks post-injection) and the sex of the ani-
mals on necrosis development and color change. Chi-square
tests were used to determine the relationship between the time
(weeks post-injection) and the presence of metastasis in differ-
ent organs. All statistical analyses were performed using the
software GraphPad PRISM v7.0.
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Results

Breast tumor growth in male BALB/c mice

The 4T1 breast cancer model established in male BALB/c
mice revealed similar histological features in male and female
mice. Tumor growth was recorded from the first-week post-in-
jection (Fig. 1a, b) in mice of both sexes. The size of the tumor
increased after the first week (Fig. 1). The time elapsed after
inoculation was a significant factor determining the volume
of the tumor. The volume of the tumor increased considerably
after the third and fourth week post-inoculation. The largest
tumors were observed at the fourth week. At each time point,
tumor volume was very similar in male and female mice (Fig.
2). The average volume of the tumor was 0.054 + 0.025 cm?
at the first week, 0.138 = 0.035 cm? at the second week, 1.345
+ 0.240 cm? at the third week, and 9.430 + 0.415 cm? at the
fourth week.

Histological changes during breast tumor growth in
male BALB/c mice

During tumor development, we observed two important his-
tological features that were common for both sexes: necrosis
(Fig. 3a) and color change of the tumor tissue (Fig. 3b); these
two features were studied over time. At the first week of tumor
development, mild inflammation and edema were observed at
the site of inoculation in both sexes. In the second week, 50%
of the inoculated animals presented necrosis in about 5% of the
tumor mass. At the third week, all the inoculated animals pre-
sented coagulative necrosis in 30% to 40% of the tumor mass.
The tumors observed at the fourth week had already invaded
the skin and deep tissues, with extensive coagulative necrosis,
and ulceration of the skin.
Sites of metastasis in male BALB/c mice

In both male and female mice, the lung was the most affected
organ. A Chi-square analysis was carried out to determine if
there was a relationship between the time of tumor evolution
and the presence of metastasis to different organs; this analy-
sis confirmed that the lung is the most frequently metastasized
organ, especially after the third week (P = 0.029). A two-way
ANOVA statistical analysis showed no significant differences
in the frequency of lung metastasis (Fig. 3c¢) between sexes
(P >0.9999). We found a correlation between necrosis devel-
opment and lung metastasis (P = 0.0076, Fig. 4c). Metastatic
lesions were also observed in perirenal adipose tissue (mesen-
tery), skeletal muscle, and bone, while in the liver, kidney, and
heart, no metastasis was observed.

In mice of both sexes, the tumor observed at the first week
post-inoculation corresponded to a ductal carcinoma infiltrat-
ing the adipose and muscular tissue. Histopathological analy-
sis showed ducts with epithelial hyperplasia, containing cells
with nuclear pleomorphism and hyperchromasia, loss of the
normal nucleus-cytoplasm ratio, mitosis, and atypia; these fea-
tures corresponded to a premalignant lesion (florid ductal hy-
perplasia with atypia). At the second, third, and fourth weeks,
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Figure 1. Macroscopic changes observed as the breast tumor grew in male BALB/c mice after injection with 4T1 cells: (a, b)
first-week animals; (c, d) second-week animals; (e, f) third-week animals; (g, h) fourth-week animals. The tumor was clinically
observable from the first week. The largest tumors were obtained at the fourth week.

the tumors maintained the same histological characteristics of Histological characteristics of tumors are shown in Figure 5.

the first week; however, from the second week, the primary tu- Immunohistochemistry analysis showed that the molecu-

mors could be macroscopically observed in mice of both sexes. lar expression patterns in the tumors of both male and female
R K
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Figure 2. Analysis of tumor volume. Male and female BALB/c mice were inoculated with 4T1 cells. Tumor volume was recorded
for 4 weeks. A two-way ANOVA followed by a Dunnet’s multiple comparisons test was carried out to compare the tumor growth;
no significant differences in the tumor volume between male and female mice were observed (P = 0.1966) at any time point.
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Figure 3. Macroscopic changes during tumor development (a) necrosis, (b) color change and (c) lung metastasis. Necrosis, color
change, and lung metastasis were observed from the second week of tumor development; 100% of the animals had necrosis,
color change, and lung metastasis after the third week. No statistical differences were observed between female and male indi-
viduals (P > 0.9999).

animals corresponded to ER-/PR-/HER2-/Ki67+ (Fig. 6), a 4T1 breast cancer model in male BALB/c mice. This male
which corroborates that for both sexes the tumor had triple- breast cancer model was similar to the female breast cancer
negative features [13]. model of mice in terms of tumor histogenesis, necrosis, tumor
volume, tissue color change, and sites of metastasis.

In our model, primary tumors could be observed macro-

Discussion scopically after the first week post-inoculation, both in male
and female mice. We also found that the growth of the breast
In this work, we clearly show that it is possible to develop tumor exhibited a similar rate in male and female mice, with
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Figure 4. Relationship between necrosis development and (a) tumor volume, (b) tissue color change, and (c) lung metastasis.
Tumor volume correlated with necrosis development, and necrosis was related to tissue color change and lung metastasis.
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Figure 5. Images of tumors stained with hematoxylin and eosin. (a) Normal breast tissue (x 10; x 20 and x 40), showing (1)
healthy skin, (2) fatty tissue, (3) muscle tissue, and (4) mammary duct with a cell monolayer. (b) Tumor tissue (x 40) correspond-
ing to a premalignant lesion: (1) the duct is observed with various epithelial cell layers, (2) modifications in the nuclei. (c) Female
mouse tumor tissue (x 20), showing (1) area of central necrosis and (2) skin ulceration. (d) Female mouse tumor tissue (x 40),
the tumor in more advanced stages, with an area of lymphovascular infiltration. (e) and (f) correspond to tumor tissue in male
mouse, x 20 and x 40, respectively, with similar features to the female tumor tissue.

no significant differences in tumor volume between sexes at
any time point. These results are in keeping with previous re-
ports showing that, in female BALB/c mice, tumors were mac-
roscopically observed 1 week after inoculation with a similar
number of 4T1 cells [11, 12]. Thus, the time of tumor develop-
ment in our murine male breast cancer model is consistent with
available studies performed on females.

During tumor development, we observed three important
histopathological features that were common for both sexes:
necrosis, color change of the tumor tissue, and lung metasta-
sis. We found that, both in male and female mice, necrosis in-
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creased as the volume of the tumor increased, and that necrosis
was also directly associated with tissue color change. These
features were evident after the second week post-inoculation,
and after the third week these features were present in 100% of
the animals, regardless of their sex. Necrosis and color change
had not been reported previously, whereas lung metastasis is
a frequent observation in the female model, after animals are
injected with a wide range of 4T1 cell numbers [11, 12].

In terms of metastasis, the lung was the most affected or-
gan, both in male and female mice in our study. We observed
a correlation between necrosis and lung metastasis. These re-
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Figure 6. Immunohistochemistry of the breast tumors developed in male and female mice (images at x 40 magnification). Posi-
tive controls used for each antibody were: HER2+ (breast cancer), Ki67+ (amygdala), ER+ (ovary) and PR+ (muscle). The tumors
in both cases (male and female mice) were positive for Ki67, and negative for the hormone receptors: ER and PR, as well as for

HER2, in all samples from the first to the fourth week.

sults are in keeping with a report by Gregorio et al [12], who
found that, in female BALB/c mice both, the time necessary
to develop a palpable tumor, and the sites of metastasis are
a function of the number of inoculated cells [12]; they also
observed the highest frequency of metastasis in the lung. It
is worth noting that, in the present study, a similar number of
inoculated cells resulted in metastasis to the lung in male mice.
The accelerated growth and high metastatic potential (particu-
larly to the lungs) of tumors in our male breast cancer model
are consistent with stage IV human breast cancer [13].

In the present work, the tumors of both male and female
mice corresponded to a ductal carcinoma grade 11 (moderately
differentiated; a solid mass with occasional duct formation
and moderate to severe nuclear pleomorphism), infiltrating the
adipose and muscular tissue. Immunohistochemistry analysis
showed that both male and female tumors had triple-negative
features (ER-/PR-/HER2-/Ki67+) as expected. Our histologi-
cal data are in keeping with data reported by Tao et al [15],
who reported alteration of the tissue architecture and hyper-
chromatic nuclei. These histological and immunohistochemi-
cal characteristics, together with the presence of metastasis,
match the features reported for human stage IV breast cancer
in men and women [13].

The validation of an animal model for the study of cancer
biology and pharmacological response in the design of thera-
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peutic schemes or in the development of new drugs is of great
importance [17]. In this study, it is noteworthy that the model
generated in male mice satisfactorily emulates the behavior
of male breast cancer in humans, from the histopathological
point of view; the model is orthotopic and uses immunocom-
petent animals, which gives to it some advantages. It is also
necessary to remember that it is a syngeneic mouse model with
murine cells implanted in mice, which may imply some disad-
vantages. Therefore, its application will depend on the inter-
est of the specific research. Understanding the advantages and
limitations of breast cancer models is critical for investigators
exploring breast cancer therapies [17].

Orthotopic models have proven to be more suitable for
tumor development by allowing higher growth rates and more
effectively emulating the evolution of breast cancer in humans
compared to models developed in implantation sites other than
the breast, such is the case subcutaneous and intravenous im-
plantation [18, 19].

Within the orthotopic models, those developed by
xenotransplantation of tumor cells derived from patients have
gained strength and clinical relevance because they retain the
tumor heterogeneity, gene expression, and similar response to
treatment of the patient, thus, they give specific information
about the tumor under study and treatment [19, 20]. However,
they have the disadvantage of being developed in immunodefi-
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cient host strains; therefore, they omit immunological interac-
tions between the organism and tumor cells, which also has an
important role on tumor development [18]. These models cur-
rently have limited utilization for investigation on cancer im-
munotherapies such as immune checkpoint blockade therapy
[20].

It is worth noting that in this work we observed no differ-
ences in the time of tumor development, necrosis, color change
of the tumor tissue, and lung metastasis, between male and
female mice. This similarity is somewhat surprising because
under normal conditions, the development and the function of
mammary tissue are different in males and females. We chose
a triple-negative model because, in men, triple-negative breast
cancer is highly aggressive and has worse prognosis. The lack
of differences between males and females for all the vari-
ables that we measured may be partly related to the absence
of hormonal markers. However, the fact that in men breast
cancer (particularly triple-negative breast cancer) is more ag-
gressive than in women suggests that the underlying biology
of this type of cancer is different in men and women. Thus,
we cannot rule out the existence of molecular differences be-
tween males and females in our breast cancer model, even if
the somewhat general features of male tumor development and
metastasis that we analyzed were quite similar between sexes.
This may be particularly important, considering that we did
not delve deep into the analysis of the molecular mechanisms
involved in tumor development and metastasis. As a whole,
our murine male model is robust, as its features are in line
with the available literature on both mice and humans. In a
similar model of breast cancer (induced with luminescent 4T1
cells) developed in female BALB/c mice, it was shown that
even the cell implantation method generates significant differ-
ences in gene expression patterns, even though animals of the
same sex were used. Moreover, the authors also observed in
this orthotopic model that the course of the disease is modified
if the second or fourth mouse mammary pad is chosen for cell
implantation [18]. Therefore, it is essential that this model be
molecularly validated to determine its similarity with respect
to human breast cancer in men and determine its usefulness
for the study of cancer biology and the prediction of pharma-
cological response in humans. This fact reinforces the impor-
tance, not only of molecularly studying the model that we have
presented, but also of joining efforts for the development of
specific studies of breast cancer for the male sex, because the
biological environment has a significant impact on tumor de-
velopment, histopathologic features, sites of metastases, and
survival [18].

More studies are needed to develop suitable animal mod-
els for the study of breast cancer. We are far from having ideal
models, but within the available alternatives, it is necessary
to visualize the relevance of selecting the appropriate model
for each study. In addition, the development of new models
that provide new approaches for the development of successful
therapies for the treatment of breast cancer is necessary [17].

The murine male breast cancer model described here can
be a significant tool to explore the molecular mechanisms in-
volved in male breast cancer tumorigenesis and metastasis.
The information resulting from future studies will be highly
relevant for the development of therapeutic strategies specifi-
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cally designed for men that are not based on studies conducted
on female subjects.

Conclusions

We have successfully developed a murine male cancer model
in BALB/c mice injected with 4T1 cells. Our male breast can-
cer model was similar to the female breast cancer model of
mice in terms of tumor histogenesis, necrosis, tumor volume,
tissue color change, and sites of metastasis, and is consistent
with human stage IV breast cancer. The histological and im-
munohistochemical characteristics of male tumors also match
the features reported for stage IV human breast cancer of men
and women. We observed no differences in the time of tumor
development, necrosis, color change of the tumor tissue, and
metastasis, between male and female mice, but we cannot rule
out the existence of molecular differences underlying tumor
development and metastasis in males and females. Thus, future
molecular studies are needed to better understand this model.
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