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Abstract
Background: The incidence of ductal carcinoma in situ (DCIS), a pre-invasive malignancy of the breast,
has increased sharply in the U.S. following routine mammographic screening. Since not all DCIS progress
to invasive ductal cancer (IDC), identifying prognostic markers predictive of progression may reduce
potential for overtreatment. Mammary myoepithelial cells serve a barrier function in the progression of
DCIS to IDC, and associations between myoepithelial cell differentiation status, in�ammation, and risk of
DCIS progression are reported. However, immune-competent mouse models of DCIS are limited. To
address this gap, we interrogated whether orthotopic transplant models using syngeneic cell lines in
immune-competent mice recapitulate early breast cancer progression from in situ to invasive disease.

Methods: In immune-competent BALB/c and C57BL/6 mice, we used a non-surgical method to deliver six
different mouse mammary tumor cell lines (D2.OR, D2A1, 4T1, EMT6, EO771, and Py230) directly into the
main lactiferous duct. Mammary glands were dissected 11-35 days later and analyzed for lesion type
(DCIS and IDC), myoepithelial cell differentiation state, and immune cell in�ux.

Results: Intraductal injection of murine mammary cancer cell lines resulted in the formation of IDC at the
earliest time-points in the absence of DCIS, which associated with immune cell in�ltrate and loss of
myoepithelial cell differentiation markers p63, SMA, and calponin. In contrast, intraductal delivery of
human breast cancer cell lines (HCC70, MCF7) into immunocompromised mice readily formed DCIS-like
lesions with intact myoepithelium. Meanwhile, murine mammary tumor cells intraductally injected into
immunocompromised mice still failed to develop DCIS, and rapidly progressed to IDC. These data
suggest that loss of the myoepithelial barrier function and progression to invasion is not exclusively
dependent on an intact immune system.

Conclusions: Six different mouse mammary tumor cells lines failed to form DCIS-like lesions after
intraductal injection, and instead rapidly progressed to invasive disease, even in immunocompromised
hosts. To interrogate the role of the immune system in DCIS progression, improved immune-competent
murine models of DCIS are needed. Of potential signi�cance, these isogenic intraductal models may be
useful for the study of invasive breast cancers that occur in the absence of a non-obligatory DCIS stage.

Background
Ductal carcinoma in situ (DCIS) is a pre-invasive malignancy of the breast. Since the implementation of
mammographic breast cancer screening in the 1980s, the incidence of DCIS has increased signi�cantly
(1, 2). In the US, DCIS accounts for approximately 20% of detected breast cancer cases (3), with an
estimated 50,000 women being diagnosed with DCIS each year (3). While DCIS is non-lethal (4), it is a
non-obligate precursor to life-threatening invasive ductal carcinoma (IDC). To minimize the risk of
progression to IDC, standard treatments for DCIS involve breast-conserving surgery followed by radiation,
or unilateral or bilateral mastectomy, with up to 40% of young women opting for mastectomy (1).
Although these therapies reduce the risk of invasive breast cancer, only ~ 33% of DCIS cases are predicted
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to progress to invasive disease if untreated (5, 6), suggesting that many women with DCIS are being over-
treated. To reduce overtreatment of indolent DCIS, there is a pressing need to identify prognostic markers
that can predict the risk of progression from in situ to invasive disease.

In breast cancer, progression from DCIS to IDC is characterized by malignant cancer cells escaping the
con�nes of the myoepithelial cell layer and underlying basement membrane and gaining access to the
surrounding parenchyma. Unfortunately, the mechanisms involved in progression from in situ to invasive
disease are not well understood, and there are currently no biomarkers that adequately predict which
DCIS lesions are likely to progress to invasive breast cancer. The myoepithelium is thought to serve as an
active barrier to inhibit tumor cell invasion (7–12). Differentiated myoepithelial cells are characterized by
the expression of tumor protein p63 (p63), α-smooth muscle actin (SMA), and calponin (13–15). With
progression from in situ to invasive disease, myoepithelial cells lose expression of these differentiation
markers, and this loss occurs prior to local tumor invasion (16). While the factors that control the loss of
myoepithelial cell differentiation in DCIS progression remain unclear, studies have associated lymphocyte
in�ltration with focally compromised myoepithelial cells (15, 17), suggesting that the immune system
may act as a mediator. Unfortunately, there are a lack of immune-competent mouse models of DCIS,
which limits the ability to study interactions between mammary myoepithelial cells and immune cell in
DCIS progression.

The most common mouse models of breast cancer include patient-derived and human breast cancer cell
line-derived xenografts, where human breast cancer cells are orthotopically injected into the murine
mammary fat pad. These models lack an intact immune system, and the resulting tumors do not readily
display epithelial organization patterns characteristic of human breast cancers. Further, since early-stage
disease arises from the mammary epithelium and initially grows within the con�nes of mammary ducts,
mammary fat pad orthotopic models bypass many coordinated biological process of early-stage disease.

Mouse mammary intraductal (MIND) models represent anatomically correct mouse models of pre-
invasive disease (16, 18–21). In these models, tumor cells are injected directly into the mammary ducts
of mice, allowing for the initial growth of cells within the con�nes of the mammary ducts. Intraductal
delivery of cancer cells allows the study of early processes during breast cancer invasion by
recapitulating interactions between cancer cells and luminal, epithelial and myoepithelial cells, as well as
the ductal basement membrane. Previous studies using human breast cancer cell lines, including
MCF10DCIS.com, SUM-225, and HCC70 (16, 18), as well as patient-derived xenografts (22), demonstrate
that intraductal injection results in the development of lesions which closely mimic human DCIS, which
over a 2–3 month timeframe can progress to invasive cancer (18, 22–24). Although current MIND models
incorporate important components of the mammary myoepithelial cell microenvironment, they are limited
by the use of human cell lines in immunocompromised mice. To better understand how the immune
system may contribute to early-stage disease progression, especially myoepithelial cell barrier function,
immune-competent mouse models of DCIS are required.
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Here, we investigated immune-competent mouse models of DCIS by combining a pre-established
intraductal delivery model with syngeneic murine mammary carcinoma cell lines and immune-competent
hosts. We utilized two different mouse strains, BALB/c and C57BL/6 strains, which have distinct baseline
immune milieus, and characterized six different mammary tumor cell lines; four BALB/c cell lines, D2A1,
D2.OR, 4T1, and EMT6, and two C57BL/6 cell lines, EO771 and Py230. Compared to mammary fat pad
xenograft models, we �nd that intraductal injection of syngeneic mouse mammary tumor cells results in
tumors with histological phenotypes more similar to human breast cancer. However, even at early time
points (< 2 weeks post tumor cell injection) the lesions that formed were primarily IDC, with little evidence
of DCIS. Myoepithelial cell differentiation markers p63, SMA, and calponin were severely reduced even
around small tumors at early time points, data consistent with progression to IDC in the absence of a
DCIS precursor stage. Similarly, intraductal delivery of murine mammary tumor cells into
immunocompromised hosts failed to develop DCIS lesions, but formed IDC with evidence for loss of
myoepithelial barrier function, as measured by SMA and calponin staining. These data show that a
functional adaptive (T cell and B cell activity) immune system is not required for the loss of barrier
function and low incidence of DCIS formation observed in immune-competent mice. Together, these data
suggest that intraductal injection of mouse mammary tumor cells model human pure IDC disease that
appears to develop in the absence of an obligate DCIS precursor stage.

Methods

Cell culture
Six different murine mammary carcinoma cell lines were used within this study. Four BALB/c cell lines
that were derived from three independent mammary tumors established in the BALB/c mouse strain (4T1,
D2A1, D2.OR, EMT6); and two C57BL/6 mammary tumor cell lines that were independently derived from
mammary tumors established in the C57BL/6 mouse strain (Py230, EO771). These cell lines have
different intrinsic subtypes (25–27)(Supplementary Table 1). The 4T1 cell line was provided by Dr. Heide
Ford (University of Colorado, Aurora, CO), and cultured in DMEM, supplemented with 10% fetal calf serum
(FCS), 1% L-Glutamine, and 1% MEM non-essential amino acids. D2A1 and D2.OR cell lines were
generously donated by Jeffrey E. Green (Laboratory of Cell Biology and Genetics, National Cancer
Institute), and cultured in DMEM supplemented with 10% FCS. EMT6 cells were purchased from American
Type Culture Collection (ATCC) and cultured in DMEM supplemented with 10% FCS. Py230 cells were
purchased from ATCC and cultured in Hams F-12K Medium, supplemented with 0.1% MITO + serum
extender, and 5% FCS. EO771 cells were purchased from CH3 Biosystems, and cultured in RPMI1640
supplemented with 5% FCS.

Two different human breast cancer cell lines were used: MCF7 and HCC70. Both cell lines were obtained
from the University of Colorado Cancer Center Protein Production/Mab/Tissue Culture Core and cultured
as previously described (16).

Human tissue sample collection
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Formalin-�xed, para�n-embedded (FFPE) invasive breast cancer samples were provided by Sheila
Weinmann from Kaiser Permanente Northwest, under a joint Oregon Health & Science University (OHSU)
Kaiser Institutional review board protocol. All cases were de-identi�ed to the research team at all points.

Animal studies
All animal procedures were approved by the OHSU Institutional Animal Care and Use Committee. Female
BALB/c mice of 9–12 weeks old, and female C57BL/6 mice of 10 weeks old were purchased from
Charles River Laboratories (MA, USA). For experiments using severe combined immunode�cient mice
(SCID) animals, 10-week-old B6.CB17-Prkdcscid/SzJ were purchased from The Jackson Laboratory (MA,
USA).

Mouse Intraductal injection
For the intraductal delivery model, tumor cells were delivered into the mammary teat in the absence of
any surgical manipulation as previously described (16, 28). In brief, mice were anesthetized with
iso�urane and the hair surrounding the third thoracic and fourth inguinal mammary glands trimmed with
�ne scissors and wiped with 70% ethanol. A 25-µL Wiretrol II disposable glass micropipette (no. 5-000-
2050; Drummond Scienti�c Company, Broomall, PA) was drawn and �re-polished into a �ne tip of 60–
75µm. The glass pipette was washed with 70% ethanol, then rinsed with 1×PBS. Tumor cells suspended
in PBS were back-loaded into the micropipette using a stainless steel plunger. The micropipette tip was
gently inserted directly into the teat canal with the help of a micromanipulator, and tumor cells were
slowly ejected into the mammary glands of mice. Mammary cancer cell lines were injected at various
concentrations: D2A1 (1×104 cells or 5×104 cells), D2.OR (1×104 cells or 5×104 cells), EMT6 (1×104 cells
or 5×104 cells), 4T1 (1×104 cells or 5×104 cells), Py230 (1×104 cells or 5×104 cells), and EO771 (5×103

cells or 5×104 cells) depending on the experiment. An overview of the intraductal delivery method is
presented in Fig. 1A. All cells were injected in a total volume of 2µL, except for experiments in Fig. 1B-C,
which used a 5µL injection volume.

Mammary fat pad injections
Mammary fat pad injections were performed as previously described. Brie�y, 10µL of murine mammary
cancer cell lines EO771 (5 ×104 in 10µL PBS) or Py230 (5 ×104 in 10µL PBS) were injected into the
mammary fat pad of C57BL/6 mice, using an insulin syringe (1mL, 28G).

Mammary whole mount staining
Inguinal mammary glands were dissected from mice and stained as whole mounts with carmine
aluminum. Brie�y, mammary glands were air-dried on glass slides for 5 minutes, then �xed in modi�ed
Carnoy’s �xative (25% glacial acetic acid, 75% ethanol) for 2 hours at room temperature. Mammary
glands were transferred to carmine aluminum stain (0.2% carmine, 0.5% aluminum potassium sulfate)
overnight at room temperature with agitation. Slides were dehydrated by passing through a series of
increasing ethanol concentrations, cleared with xylene, and mounted using Cytoseal 60. Whole mount
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images were captured using a Zeiss Axio Observer Z1 Microscope, and images were analyzed using
Zeiss ZEN software.

Following whole mount analysis, mammary glands were processed for histological and
immunohistochemical analysis. Brie�y, coverslips were removed from whole mounts following imaging
through soaking in xylene for 6 hours. Mammary glands were transferred into tissue cassettes, prior to
embedding in para�n wax.

Hematoxylin-eosin staining and immunohistochemistry
Hematoxylin and eosin (H&E) and immuohistochemical (IHC) staining was performed on 4µm thick
tissue sections. For H&E analysis of human breast cancer samples and murine mammary glands and
tumors, sections were dewaxed in xylene, and subsequently passed through decreasing ethanol
concentrations for rehydration. Slides were stained with hematoxylin and counterstained with eosin, prior
to dehydrating and mounting with mounting medium.

For IHC analysis of murine mammary glands and tumors, sections were dewaxed in xylene, and passed
sequentially through decreasing concentrations of ethanol for rehydration. Antigen retrieval was
performed in EDTA Solution (Dako) in a pressure cooker (Pascal) at 125°C for 5 minutes. Slides were
blocked for endogenous peroxidases using 3% H2O2 in methanol. Slides were subsequently incubated in
5% normal goat serum and 2.5% bovine serum albumin to block non-speci�c binding sites. Sections were
incubated with primary antibodies, including p63 (BioCare, 1:200, 1 hour at room temperature), smooth
muscle actin (SMA)(Abcam, 1:400, 1 hour at room temperature), calponin (Abcam, 1:4000, 1 hour at room
temperature), and CD45 (BD Pharm, 1:50, 1 hour at room temperature). Slides were washed in 1×TBST,
prior to incubation with a pre-diluted HRP-conjugated secondary antibody (Dako). Antibody binding was
visualized using AEC (HRP; Vector Laboratories) or DAB (HRP; Agilent) peroxidase, as per manufacturer’s
instructions. Slides were counterstained with hematoxylin, prior to dehydrating and coverslipping. Stained
tissue sections were imaged using a Leica Aperio AT2 Scanscope (Leica Biosystems).

Statistics
All data were assessed using Graph Pad Prism (Version 8.4.3). Differences in tumor incidence, tumor
multiplicity, and tumor burden were compared between mammary cancer cell lines using one way
analysis of variance (ANOVA) with post-hoc comparisons performed. Data were considered signi�cant
when p < 0.05.

Results
To develop an immune-competent mouse model of early-stage disease and breast cancer progression, we
used a previously established MIND model developed by our group (16, 28), which allows for cancer cell
lines to be injected directly up the teat of mice in the absence of surgical manipulation and surgery’s
associated pathologic in�ammation. Using this method, we characterized tumor formation and
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progression of six murine mammary tumor cell lines (D2A1, D2.OR, 4T1, EMT6, Py230, EO771), in two
strains of immune-competent mice (BALB/c, C57BL/6).

Intraductal injection results in tumor cell dispersion without
compromising ductal integrity
We �rst con�rmed that intraductal injection results in uniform dispersion of mammary cancer cells
throughout the mammary gland. A total of 5µL of 0.4% trypan blue in PBS were injected directly into the
teats of immune-competent mice, and widespread intraductal dispersion con�rmed by the spread of
trypan blue dye throughout the mammary ductal tree. Ductal integrity was inferred by the lack of leakage
of trypan blue into the surrounding parenchyma (Fig. 1B). To further con�rm that tumor cells are con�ned
within the mammary ducts following intraductal delivery, H&E analysis was performed on mammary
glands collected 5 minutes post-tumor cell injection. Tumor cells within the ducts were evident, with no
evidence of tumor cell leakage into the stroma (Fig. 1C).

Since progression from in situ to invasive disease involves disruption of ductal integrity over time, we
lastly veri�ed that intraductal delivery of tumor cells at the time of tumor cell delivery did not compromise
luminal nor myoepithelial cell layer integrity. IHC analysis was performed to assess expression of E-
cadherin and calponin as biomarkers of epithelial and myoepithelial cells, respectively. No evidence of
disruption of ductal integrity was observed immediately after tumor cell injection, as re�ected by the
uniform expression of E-cadherin and calponin throughout the mammary gland (Fig. 1D). All subsequent
intraductal tumor cell injections were limited to 2µL to assure ductal integrity, a key requisite for the study
of DCIS progression.

Murine mammary cell lines delivered intraductally model
human invasive breast cancer
We next sought to compare the histology of mammary tumors derived from mammary fat pad injections
—the most common transplant model approach—to the histology of tumors derived from intraductal
injection. To achieve this, murine mammary cancer cell lines, Py230 or EO771, were intraductally injected
into the 4th right mammary teat of C57BL/6 mice. In the contralateral 4th left mammary gland, Py230 or
EO771 tumor cells were injected directly into the mammary fat pad. Tumors were collected 14 days
(EO771) or 37 days (Py230) later, and assessed through H&E staining.

Injection of EO771 (Fig. 2A) and Py230 (Fig. 2B) cells directly into the mammary fat pad resulted in the
formation of solid, invasive tumors with necrotic cores. In contrast, intraductal injection of these same
cells resulted in the development of heterogeneous tumors, with phenotypes more consistent with
invasive human breast carcinoma. Speci�cally, MIND model EO771 tumors were characterized by an
in�ltrating fat phenotype (Fig. 2C), similar to some human breast cancers (Fig. 2E). MIND Py230 tumors
were characterized as having phenotype more comparable to ‘pushing’ border human breast cancers
(Fig. 2D,F). These data are consistent with previously published work demonstrating that tumors which
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arise from intraductal tumor cell delivery more closely re�ect human breast cancer histology than tumors
derived from mammary fat pad injections (19, 20, 22).

Intraductal injection of murine mammary cell lines into BALB/c immune-competent hosts does not
recapitulate human DCIS

We next determined whether intraductal delivery of murine mammary tumor cells into immune-competent
hosts form DCIS-like lesions. BALB/c mammary tumor cell lines, D2A1, D2.OR, 4T1, or EMT6, were
intraductally delivered into the mammary gland of immune-competent BALB/c mice. Based on
preliminary experiments designed to �nd optimal cell numbers and time to overt tumor development, cells
were intraductally injected at 1x104 (10K) or 5x104 (50K) cells per gland, and glands collected between
11–33 days post tumor collection (Supplementary Table 2). These time-points were prior to the
development of overt lesions as assessed by palpation, but concurrent with micro-lesions as con�rmed
by histological assessment (Fig. 3).

To evaluate presence of DCIS-like lesions, mammary glands were assessed for myoepithelial layer
integrity, which de�nes whether the tumor has progressed from in situ to invasive disease. We stained for
expression of myoepithelial markers p63, calponin, and SMA, which clinically are used to delineate DCIS
from IDC. We found that intraductal injection of all four BALB/c mammary tumor cell lines primarily
resulted in invasive disease, with DCIS rarely detected. We observed multifocal, invasive lesions
associated with disrupted ductal integrity as measured by loss of p63, SMA, and calponin staining
(Fig. 3A,B). Two cell lines (4T1 and EMT6), when injected at lower concentrations, displayed DCIS-like
lesions as a rare event (Fig. 3B; 1/10 and 1/11 injections, respectively), and these DCIS-like lesions were
coincident with IDC lesions (Fig. 3C; Supplementary Fig. 1; Supplementary Table 2). These �ndings
suggest that these BALB/c mammary tumor cell lines, when delivered intraductally into immune-
competent hosts, do not form stable DCIS-like lesions nor progress through an in situ DCIS stage prior to
invasion.

One mechanism that may contribute to the low DCIS incidence in these immune-competent BALB/c mice
is the presence of a Th2-skewed immune system. In the BALB/c host, the Th2-skewed immune system is
characterized by an abundance of regulatory T cells, and reduced abundance of cytotoxic CD8 + T cells
(29). This immune milieu is tumor promotional in other settings, and thus may accelerate progression
from in situ to invasive disease. We assessed for CD45 (common lymphocyte antigen) expression and
found an accumulation of CD45 + cells around these intraductally-derived tumors (Fig. 3A); an
observation consistent with tumor cell injection stimulating an immune response, despite tumor cells
being derived from the same BALB/c background.

To further explore if the host immune skew might in�uence DCIS formation, we next investigated a
C57BL/6 immune-competent MIND model for its ability to support DCIS development. The C57BL/6
mouse strain is associated with a Th1-skewed immune milieu, characterized by an increased abundance
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of cytotoxic CD8 + T cells (29, 30). As this Th1-skewed immune milieu is suggested to be tumor inhibitory
(31), it is possible that the immune milieu of C57BL/6 mice may better facilitate DCIS development.

Intraductal injection of murine mammary cell lines into C57BL/6 immune-competent hosts does not
recapitulate human DCIS.

C57BL/6 tumor cell lines Py230 and EO771 were injected intraductally into mammary glands of C57BL/6
mice. Based on preliminary experiments designed to �nd optimal cell numbers and time to overt tumor
development, Py230 cells were intraductally injected at 1x104 (10K) and 5x104 (50K) cells per gland, and
EO771 cells were injected at 5x103 (5K) or 5x104 (50K) cells per gland. For Py230 intraductal injections,
mammary glands were collected 14 days post-injection. For EO771 intraductal injections, we extended
the EO771 model to 35 days post-tumor cell injection. These time-points were prior to the development of
overt lesions as assessed by palpation, but concurrent with micro-lesions as con�rmed by histological
assessment (Fig. 4). Mammary glands were collected and tumor incidence, multiplicity and progression
to invasive disease assessed. To assess prevalence of DCIS, tumors were stained for myoepithelial p63,
SMA and calponin expression.

Similar to our observations in the BALB/c model, we found that intraductal tumor cell injection resulted in
the establishment of multifocal invasive lesions within the mammary gland (Fig. 4A, B). At 35 days post
injection, intraductal injection of EO771 cells resulted in only invasive tumors, at both high and low cell
numbers (Fig. 4C,D). The majority of Py230 lesions were locally invasive (57/63; 90.5% IDC) and a
minority were DCIS-like (6/63; 9.5% DCIS). Of note, DCIS lesions formed only in a single Py230 injected
gland (1/11) (Fig. 4C), with invasive disease also observed in this gland. It is noteworthy to highlight that
injecting fewer cells did not increase the incidence of DCIS for any cell line (Fig. 4C; Supplementary Fig. 2;
Supplementary Table 2). Similar to the BALB/c model, when assessed for CD45 expression, there was an
accumulation of CD45 + cells around the intraductally-derived tumors (Fig. 4A), consistent with tumor cell
injection stimulating an immune response in this C57BL/6 mouse model.

Murine mammary tumor cell lines do not recapitulate in situ disease when intraductally injected into
immunocompromised hosts.

The in�ux of CD45 + cells into intraductally-derived tumors in both BALB/c and C57BL/6 mice, together
with the low incidence of DCIS, suggests that a host immune response might impair the ability of DCIS
lesions to form in syngeneic, immune-competent mouse models. Previous studies have demonstrated
that human breast cancer cell lines injected intraductally into immunocompromised mice progress
through a long-lived (months) DCIS stage prior to invasion (16, 18, 19). Therefore, we next sought to
determine whether intraductal injection of murine mammary cancer cell lines into immunocompromised
hosts similarly permits progress through a pre-invasive, in situ stage.

First, using human breast cancer cell lines HCC70 and MCF-7, we con�rmed DCIS-like lesion formation in
SCID mice when using our surgery-free intraductal delivery model. For both cell lines, intraductal injection
resulted in the development comparatively large of tumors that histologically resembled DCIS, and were
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con�rmed to be in situ lesions through H&E analysis and by intact calponin staining in the surrounding
myoepithelium (Fig. 5). Next, murine mammary tumor cell lines Py230 and EO771 were injected into the
mammary glands of SCID/C57BL/6 (SCID) mice. In parallel, tumor cells were injected into wild-type
C57BL/6 (WT) mice as controls. Intraductal delivery of Py230 and EO771 cell lines into
immunocompromised mice again did not result in the development of DCIS-like lesions. All Py230 and
EO771 lesions that formed in the immunocompromised mice were invasive lesions as determined by the
loss of myoepithelial markers SMA and calponin (Fig. 6). Intriguingly, while tumor incidence did not differ
between SCID and WT mice, tumor multiplicity and average tumor size per gland was signi�cantly
increased in immunocompromised mice (Supplementary Fig. 3). Thus, while the use of
immunocompromised mice did not increase incidence of DCIS, the attenuated immune response in SCID
mice led to more successful establishment and growth of lesions. (Supplementary Fig. 3, Supplementary
Table 3).

Discussion
Breast cancer survival is signi�cantly reduced with progression from in situ to invasive disease; however,
only approximately 33% of in situ lesions progress to invasive. Thus, understanding the molecular
mechanisms that underlie disease progression is essential for tailoring treatments to at-risk individuals
and reducing overtreatment of indolent DCIS. Despite the need for characterizing progression from in situ
to invasive disease, there are a lack of tractable models available for studying early-stage disease
progression, such as those provided by tumor transplant models. The aim of this study was to develop a
syngeneic, immune-competent, mouse mammary tumor transplant model of breast cancer that
recapitulates breast cancer progression from in situ to invasive disease. Interestingly, despite the use of
two different strains of mice and six different cell lines, intraductal injection of murine carcinoma cells
almost always resulted in the rapid development of invasive breast cancer without the formation of DCIS
precursor lesions. DCIS derived from mouse mammary tumor cells also failed to develop in
immunocompromised mice. Reducing cell numbers in an attempt to slow progression also did not
signi�cantly increase the number of DCIS lesions that formed. Further, low incidence of DCIS was
observed in all six mouse mammary cell lines, independent of their intrinsic subtype. In contrast to these
�ndings, intraductal injection of two different ER + human breast cancer cell lines readily formed DCIS
lesions. Currently, the underlying mechanisms that contribute to low DCIS incidence in mouse mammary
tumor cells remain unclear.

Progression from DCIS to IDC is characterized by the loss of the surrounding myoepithelial layer, and the
invasion of tumor cells into the surrounding parenchyma. While the factors that control the loss of the
myoepithelium in DCIS progression remain unclear, previous studies have implicated the immune system
as a possible mediator. Immune cell accumulation is observed in areas of myoepithelium destabilization
and micro-invasion (15, 17). Further, immune cell in�ltration is associated with high-risk pathological
features of DCIS, including grade, histologic subtype, and recurrence (32–37), as well as micro-invasion
(17, 38–41) and metastasis (42–45). Together, these data suggest that early tumor cell recognition and
immune response to tumor may contribute to the low DCIS incidence in immune-competent mice.
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However, our �ndings are not entirely consistent with a role for the immune system in impairing DCIS
development.

We found that incidence of DCIS was low in both BALB/c and C57BL/6 mice; mice with distinct baseline
immune milieus (46), suggesting that the baseline immune response may not drive DCIS progression in
mouse models. Consistent with this possibility, intraductal injection of the same cell lines into
immunocompromised mice—mice with impaired B and T cell immunity—similarly resulted in the
development of invasive breast cancer, with DCIS rarely detected. Together, these observations suggest
that an adaptive immune system is not the sole driving factor for loss of myoepithelial barrier function
and the observed progression to IDC in the absence of DCIS. Of note, intraductal injection of murine
mammary tumor cells into immunocompromised mice did result in increased IDC multiplicity and size,
compared to wild type mice, suggesting that an immune response to tumor indeed plays role in slowing
tumor growth, yet, this immune response is insu�cient to allow for progression through an in situ stage.

Our �ndings may be perceived as contrasting with some recently published studies, which demonstrate
that intraductal delivery of murine mammary tumor cells permits progression through an in situ stage. In
such studies, intraductal delivery of 4T1 cells into BALB/c mice resulted in the development of transient
in situ lesions, which were detectable early, within one-week post injection (47–49). In C57BL/6 mice,
intraductal injection of Py230 cells (1×105 cells) resulted in the development of DCIS-like lesions, also
only detectable up to one-week post injection. Similarly, in FVB mice, intraductal injection of Mvt-1
mammary carcinoma cells (1×104 cells) resulted in the development of DCIS-like structures, up to 2
weeks post injection (47). Of note, the methodology of these studies differed from ours. Several of the
studies used a Y-shaped incision to visualize the inguinal gland (47, 49); whereas our study was
performed in the absence of surgery to minimize in�ammation as a potential confounder (16). Further,
one study reporting DCIS injected tumor cells intraductally in a 1:10 ratio with Matrigel (48), which is
highly enriched in basement membrane proteins and may bypass early stages of tumor cell-myoepithelial
cell interactions. Additionally, all studies relied on H&E and SMA staining to de�ne DCIS-like lesions, with
other biomarkers for myoepithelial cell integrity not evaluated. In contrast, we focused our analyses on
three myoepithelial cell markers to more fully de�ne DCIS, including p63, SMA, and calponin, as a gain of
SMA in surrounding cancer-associated �broblasts (50, 51), or gain of intratumoral p63 expression (16),
can limit the usefulness of a single biomarker for de�ning DCIS. Finally, these previous studies that report
transient DCIS lesions, also report rapid progression to IDC, and thus do not readily permit investigation
of factors that distinguish between indolent and progressing DCIS.

It is intriguing to consider whether the murine breast cancer MIND models we have described here, which
fail to robustly recapitulate in situ disease, might better model human invasive breast cancer that does
not progress through an in situ stage. Pure IDC, which is thought to develop de novo in the absence of
DCIS, is a more aggressive disease with an increased risk of progression, compared to IDC diagnosed
concurrently with a DCIS component (mixed IDC) (52–54). Another possibility is that these murine breast
cancer MIND models might provide insight into interval breast cancer; cancers that emerge after a non-
suspicious mammogram, but before the patient’s next scheduled screen (55–58). Interval breast cancers
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are rapidly progressing cancers that appear to bypass a durable DCIS stage, as DCIS is readily detected
by mammographic screening whereas interval breast cancer is by de�nition, mammographically silent.
With further research, syngeneic MIND mouse models may prove to be suitable models for pure IDC or
interval breast cancers.

Conclusions
For breast cancer, prognostic markers that predict risk of progression for in situ lesions are needed to
reduce overtreatment of indolent DCIS. However, to date, there are a lack of tractable tumor transplant
models for studying biomarkers in the context of DCIS progression. Here we aimed to develop an
immune-competent mouse model of DCIS that could be used to elucidate mechanisms of DCIS
progression. Unfortunately, with low incidence of DCIS, it is unlikely these synergistic mouse mammary
tumor models will be useful for the study of DCIS progression. However, while we were unable to model
DCIS, these immune-competent mouse models still provide signi�cant advantages over mammary fat
pad xenografts for modelling invasive disease, as the arising tumors more accurately re�ect the
histologic heterogeneity of human breast cancer. In addition, the fact that these syngeneic MIND model
tumors appear to bypass an in situ stage, and rapidly progress to invasive disease may indicate their
suitability for the study of pure IDC which appears to develop in the absence of a DCIS precursor stage,
as well as for interval breast cancers, a highly lethal form of breast cancer that is undetected by
mammography. Further research into the potential relevance of these syngeneic, intraductally derived
mouse mammary tumors as models for human interval breast cancer are warranted.
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Figures

Figure 1

Validation of tumor cell dispersion and maintenance of ductal integrity after intraductal tumor cell
delivery. (A) Schematic overview of the experimental procedure. (B) Dispersion of trypan blue dye (0.4% in
PBS, 5µL) throughout the mammary ductal tree following intraductal injection into the mammary gland
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of C57BL/6 mice. (C) Hematoxylin-eosin staining of mammary glands collected immediately after
intraductal injection of EO771 cells (1×105 cells in 5µL). (D) Immunohistochemical analysis of E-cadherin
(green) and calponin (brown) expression demonstrating maintained ductal and myoepithelial cell layer
integrity. Insets show higher magni�cation.

Figure 2
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Hematoxylin-eosin analysis of tumors derived from intraductal injections, compared to mammary fat pad
injections. Hematoxylin-eosin stains of tumors derived from the injection of murine mammary cell lines
(A) EO771 (5×104 cells in 10µL) or (B) Py230 (5×104 cells in 10µL) into the 4th left mammary fat pad of
C57BL/6 mice. In parallel, (C) EO771 (5×104 cells in 2µL) or (D) Py230 (5×104 cells in 2µL) were
intraductally injected into the contralateral 4th right mammary gland. Hematoxylin-eosin stains of
invasive human breast cancer samples characteristic of (E) in�ltrating fat breast cancer and (F) pushing
border breast cancers. 
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Figure 3

Characterization of tumors derived from intraductal injection of mammary cell lines into BALB/c immune-
competent hosts. Murine mammary cell lines D2A1, D2.OR, 4T1, or EMT6 were intraductally injected into
the 4th mammary glands of BALB/c mice at either 1×104 (10K) cells or 5×104 (50K) cells in 2µL.
Mammary glands were collected when the �rst tumor became palpable. (A) Whole mount and
histochemical staining of mammary glands injected with murine mammary cancer cell lines. (B) The
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total number of injected mammary glands that developed tumors. (C) The proportion of lesions that were
ductal carcinoma in situ (DCIS) or invasive carcinoma (IDC). Abbreviations: MG = Mammary Gland.

Figure 4

Characterization of tumors derived from intraductal injection of mammary cell lines into C57BL/6
immune-competent hosts. Murine mammary cancer cell lines EO771 or Py230 were intraductally injected
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into the 4th mammary glands of C57BL/6 mice at various concentrations: EO771 (5×103 (5K) or 1×104

(10K) cells in 2µL) or Py230 (1×104 (10K) or 5×104 (50K) cells in 2µL). Mammary glands were collected
either 35 days (EO771) or 14 days (Py230) post-injection and assessed for tumors. Whole mount analysis
and histochemical staining of tumors derived from intraductal injection of (A) EO771 and (B) Py230 cell
lines. (C) The total number of injected mammary glands that developed tumors. (D) The proportion of
lesions that were ductal carcinoma in situ (DCIS) or invasive carcinoma (IDC). Abbreviations: MG =
Mammary Gland.
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Figure 5

Histological and immunohistochemical analysis of breast cancer cell lines intraductally injected into the
mammary gland. Representative hematoxylin-eosin stain and immunohistochemical analysis of calponin
in mouse mammary glands injected with (A) HCC70 or (B) MCF7 breast tumor cells (5×104 cells in 2µL). 
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Figure 6

Characterization of tumors derived from intraductal injection of mammary cell lines into C57BL/6/SCID
immunocompromised hosts. Murine mammary cell lines EO771 (5×104 cells in 2µL) or Py230 (5×104

cells in 2µL) were intraductally injected into the 4th right mammary glands of C57BL/6/SCID (SCID) mice
or wild-type C57Bl/6 (WT) mice. Mammary glands were collected 2 weeks later and assessed for tumors.
Whole mount and histochemical staining of mammary glands collected from SCID mice that were
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injected intraductally with (A) EO771 or (B) Py230 mammary cancer cells. Tumors are identi�ed by
arrows. (C) The number of injected mammary glands that developed tumors following intraductal
injection. (C) Proportion of lesions that were in situ (DCIS) or invasive carcinoma (IDC), as de�ned
through p63, SMA and calponin immunohistochemical analysis. Abbreviations: MG = Mammary Glands
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