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ABSTRACT

The influence of breast cancer cells on normal cells of the microenvironment, such
as fibroblasts and macrophages, has been heavily studied but the influence of normal
epithelial cells on breast cancer cells has not. Here using in vivo and in vitro models we
demonstrate the impact epithelial cells and the mammary microenvironment can exert
on breast cancer cells. Under specific conditions, signals that originate in epithelial
cells can induce phenotypic and genotypic changes in cancer cells. We have termed
this phenomenon “cancer cell redirection.” Once breast cancer cells are redirected,
either in vivo or in vitro, they lose their tumor forming capacity and undergo a genetic
expression profile shift away from one that supports a cancer profile towards one that
supports a non-tumorigenic epithelial profile. These findings indicate that epithelial
cells and the normal microenvironment influence breast cancer cells and that under
certain circumstances restrict proliferation of tumorigenic cells.

INTRODUCTION

Tissue microenvironments are complex regions
that consist of multiple cell types such as epithelial cells,
adipocytes, fibroblasts, vascular endothelial cells, resident
and transient immune cells, and somatic stem cells [1].
A range of intercellular signals is produced by each cell
type and helps regulate cell growth, homeostasis, and
supports normal development. These naturally occurring
signals direct cell differentiation and potentially prevent
tumor progression by producing anti-proliferative and
apoptotic signals for abnormal cells. Irregularities in
production of needed stimuli or pathways that control
cell proliferation will lead to uncontrolled apoptosis,
tumor formations, and cancer [2]. Several studies have
demonstrated that abnormal cellular transformation
could be repressed as long as cancer cells were restricted

to a tumor-hostile location within the tissue, and that
the normal microenvironment can suppress cancer
formation by cellular signaling from the surrounding
cells and matrix [3-5]. These results suggest that cancer
cells are responsive to external stimuli and can even be
reverted back to the wild-type tissue phenotype by the
signaling from cells within a healthy environment. This
phenomenon has been termed “cancer cell redirection” [6].

The mammary gland is an excellent system to study
stem cells, microenvironments, and development as the
vast majority of cellular growth and differentiation occurs
during puberty [7]. The glandular epithelium undergoes
vast proliferation and differentiation during puberty. Cyclic
remodeling of the mammary epithelium occurs during
every menstrual cycle. Additional glandular expansion
occurs during pregnancy and lactation followed by massive
cellular remodeling during involution, that returns the gland
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to near pre-pregnancy conditions. Using rodent models, it
was discovered that when mammary epithelial cells were
transplanted into a mammary fat pads of pre-pubescent
female mice devoid of endogenous epithelium an entire
functional mammary outgrowth could be recapitulated
regardless of age or parity status of the transplanted cells
[8-10]. When dispersed cell suspensions of mammary
epithelial cells are used in these models the cells participate
in the formation of new microenvironments allowing for
the normal development of mammary outgrowths.

The deterministic capacity of normal mammary
microenvironments has been demonstrated by the
incorporation of non-mammary stem cells into the reforming
microenvironments. Stem cells isolated from the central
nervous system, bone marrow, testes, and embryonic
stem cells (ESCs) have been introduced into reforming
mammary microenvironments and adopted mammary
epithelial phenotypes [11-14]. Lineage-traced daughter cells
of the non-mammary stem cells participated in the normal
development of mammary ductal trees and differentiated into
luminal epithelial cells, myoepithelial cells, and milk protein-
producing secretory epithelial cells during lactation [11-14].

RESULTS

Human HER2* breast cancer cells are redirected
in vivo

It has been demonstrated previously that human
triple negative breast cancer cells and human testicular
carcinoma cells are redirected to adopt a mammary
epithelial phenotype when co-transplanted with normal
mammary epithelial cells (MECs) in a specific ratio
of 1:50 (1 cancer cell for every 50 MECs) into cleared
mammary fat pads of prepubescent female mice [4, 5]. We
transplanted HER2" breast cancer cells that constitutively
express RFP (SkBr3-RFP) with and without MECs.
When the HER2" breast cancer cells were transplanted
alone RFP" mammary tumors formed in 100% of the
recipient animals (4/4) (Figure 1A). However, when the
HER2" breast cancer cells were co-transplanted with
MECs using the same 1:50 ratio no mammary tumors
formed, and we found normal mammary ductal growth
(Figure 1A and 1B). The resulting mammary ducts had
RFP* cells incorporated throughout the entire ductal
trees (Figure 1B). Human HER2" breast cancer cells
are redirected to adopt a normal mammary epithelial
phenotype in a similar fashion as erbB2* mouse mammary
cancer cells, human TNBC cells, and human testicular
embryonal carcinoma cells in vivo [3-5].

Human HER2* breast cancer cells are redirected
in vitro

We have developed and validated an in vitro model
of cancer cell redirection using mouse mammary epithelial

cells and mouse mammary tumor cells [6, 15, 16]. The
mammary tumor cell lines redirected were derived from
tumors that developed in MMT V-neu transgenic female
mice. The MMTV promoter drives expression of the
oncogene neu resulting in overexpression of erbB2 in
the mammary glands of the mice. These tumors exhibit
pathological similarities to human ER/PR/HER2" breast
tumors [3, 17]. Furthermore, following redirection, erbB2
remains overexpressed on the cell surfaces but signaling
of erbB2 is attenuated [3, 6]. We use loss of receptor
signaling as a biomarker of cancer cell redirection.

We introduced human breast epithelial cells
(MCF10A cells) and human HER2" breast cancer cells
(SKBR3, BT474, HCC1954) into our in vitro model to
assess the redirection capacity of human breast cancer
cells. When HER2" breast cancer cells were cultured alone
they expressed both HER2 and phospho-HER?2 indicating
that the receptor was signaling (Figure 1C). Conversely,
breast epithelial cells do not express detectable levels
of HER2 or phospho-HER?2 in vitro (Figure 1C). When
the two cell types are co-cultured in equal numbers (1:1
ratio) the cancer cells continue to express both HER2
and phospho-HER2 (Figure 1C). However, when the
two cell types are co-cultured using the redirection ratio
of 1:50, the cancer cells continue to express HER2, but
phosphorylation of the receptor is absent (Figure 1C,
arrows). The reduction of HER2 phosphorylation was
detected in all three HER2" breast cancer cell lines used
(SkBr3, BT474, HCC1954) (Figure 1D). This indicates
that the HER2" breast cancer cells have undergone
phenotype redirection.

The question “Is apoptosis involved in cellular
redirection” was addressed. HER2" breast cancer cells
were treated with doxorubicin and the results compared
to untreated cancer cells and redirected cancer cells
(Figure 1E and 1F). Doxorubicin induced apoptosis in
the cancer cells, but very low levels of apoptosis were
detected in untreated cancer cells and 1:50 co-cultures
suggesting that apoptosis is not a major factor in cancer
cell redirection in vitro.

In vitro redirection induces phenotype changes

Having demonstrated that human HER2" breast
cancer cells undergo phenotype redirection in vivo and in
vitro, we investigated whether in vitro redirection results
in a permanent phenotype change. The HER2" cancer cells
were co-cultured with MECs for 4 days then magnetically
sorted based on HER2 expression. HER2 remains
overexpressed on redirected cells and the normal cells do
not express HER2; this allows their separation by magnetic
sorting. The sorted fractions were then transplanted into
cleared mammary fat pads of 3-week old female athymic
nude mice. Transplantation of normal MECs resulted in
normal mammary ductal tree formation in the recipient
animals (Figure 2A and 2B). Transplantation of RFP-
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Figure 1: Human HER2* breast cancer cells are redirected in vivo and in vitro. (A) Transplantation results of cancer cells
alone or co-transplanted with MECs in a 1:50 ratio. (B) Mammary gland whole mount of mammary outgrowth comprised of RFP* cancer
cells and MECs after 9 weeks. Left-light image, middle-fluorescent image of left, Right-higher power image of box in middle. (C) IFC of
SkBr3 and MCF10A cells grown alone or in co-cultures at the ratios indicated. Green-HER2, red-P-HER2, nuclei stained with DAPI. Scale
bars = 100 um. (D) Quantification of HER2 and P-HER2 expression. (E) Images of HER2 IFC (green) and TUNEL results (red), nuclei
stained with DAPI. Scale bars = 100 um. (F) Quantification of E.
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expressing cancer cells resulted in the formation of
mammary tumors in all instances (4/4) (Figure 2C and
2D). The mammary tumors that formed were comprised
entirely of RFP* cells (Figure 2C and 2D). When the
HER2" fractions from 1:1 co-cultures of cancer cells
and epithelial cells were transplanted normal epithelial
growth was found in 75% of the animals in which RFP*
cells were also observed (Figure 2E and 2F). Mammary
tumors formed in all animals, but the onset of tumor
formation was delayed compared to transplantations of
tumor cells alone (Figure 2J). When the HER2" fractions
from 1:50 co-cultures of cancer cells and epithelial cells
were transplanted normal epithelial growth was found in
75% of the animals (Figure 2G and 2I). Many of the ducts
contained RFP* cells (Figure 2H). No mammary tumors
formed as a result of the transplantation of the HER2"
RFP* sorted fractions which had been redirected in vitro
(Figure 2I). These results suggest that the HER2" breast
cancer cells underwent phenotype redirection when co-
cultured with breast epithelial cells and the effects of the
redirection were maintained during transplantation and
subsequent mammary ductal outgrowth.

In vitro redirection induces gene expression
profile changes

HER2" cancer cells that undergo redirection, either
in vivo or in vitro, maintain cell surface overexpression
of HER?2 [3, 6, 16]. By leveraging this we were able to
sort co-cultures of HER2" cancer cells and epithelial cells
into HER2" and HER2- fractions (Figure 3A). Co-cultures
of 1:1 and 1:50 as well as monocultures of HER2" breast
cancer cells and breast epithelial cells were subjected
to magnetic sorting and the resulting fractions were
subjected to RNAseq analysis. After RNA sequencing was
performed, data analysis using R/Bioconductor software
package limma was applied in order to read, normalize
the data set, and perform differential expression analyses
(Figure 3B). After filtering of low-count genes and
quantile normalization, gene expression profiles revealed
patterns specific to both cancer cells and epithelial control
cells (Figure 3C and 3D). No significant differences
were found between gene expression of cancer cells that
were or were not subjected to magnetic sorting prior to
RNA collection (Figure 3E). However, significant gene
expression differences were found between the control
epithelial cells that did or did not undergo magnetic
sorting prior to RNA collection (Figure 3F). Given this
possible sorting effect, and since all RNA collected
from co-cultured cells was derived from cells which
underwent magnetic sorting, it was decided to only use
RNA collected from epithelial cells or cancer cells that
underwent magnetic sorting would be used in all further
comparisons.

When the RNAseq profiles of the six cell
combinations are visualized using a heatmap two

major distributions are revealed (Figure 4A). One gene
distribution consists of the HER2" breast cancer cells
cultured alone or with breast epithelial cells in the 1:1
ratio. The second distribution consists of the breast
epithelial cells cultured alone, those from the 1:1 and 1:50
co-cultures, and the HER2" cells grown in the 1:50 co-
culture. The clustering of the HER2" cells grown in the
1:50 co-culture suggests that they have been redirected in
vitro and are assuming a normal epithelial gene expression
phenotype. When the HER2" profiles are compared to
the breast epithelial profile 5614 genes were found to
be differentially expressed (DE) (Figure 4B). This result
matches our previous findings using mouse mammary
tumor cells that over express erbB2, the mouse homolog
of HER2 [16].

The comparisons between the normal epithelial
cells or the HER2" breast cancer cells and the sorted
populations of the co-cultures revealed interesting results.
The comparison of the 1:1 HER2" population to control
epithelial cells revealed 3673 DE genes (Figure 4C)
while 6235 genes were found to be DE in the comparison
between the 1:1 HER2" population and the normal
epithelial cells (Figure 4D). This difference in DE genes
is in line with the observation of 5614 genes DE between
the HER2" cancer cells and the normal control cells.
Similarly, when the 1:1 HER2- population was compared
to the HER2" cancer cells 5629 genes were found DE
(Figure 4E) while only 2631 genes were DE in the 1:1
HER2" population vs. HER2" cancer cells comparison
(Figure 4F). When the HER2- population was compared to
the epithelial control population only 98 genes were found
DE indicating that the two populations express essentially
the same profile (Figure 4G). However, when the 1:50
HER2" population was equated to the epithelial control
population 99 genes were found DE (Figure 4H). The
opposite was found when 1:50 populations were matched
to the expression profile of the HER2' cancer cells.
In both instances, HER2" and HER2", the populations
grown in the 1:50 condition had over 6389 and 6428
DE genes compared to the cancer cells respectively
(Figure 41 and 4J). These results are consistent with the
hypothesis that the HER2" cells have been redirected to
adopt a breast epithelial phenotype and move away from a
cancer cell phenotype.

Preranked gene set enrichment analysis (GSEA)
was performed against the Hallmark collection using the
HER2" breast cancer cell dataset and the control breast
epithelial dataset [18]. Gene sets with adjusted p-values
< 0.05 were considered significantly perturbed in cancer
samples relative to the controls. In total, 34 gene sets were
significantly perturbed in the cancer and control normal
groups (Figure 4K). Pre-ranked GSEA was also used to
evaluate the gene set differences between the cancer cells
and the redirected population. This comparison revealed
22 gene sets to be significantly altered (Figure 4L). The
gene sets highlighted in bold appear on both lists. Only
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2 of the gene sets listed on the cancer vs redirected
comparison are not included in the cancer vs normal
epithelial comparison.

DISCUSSION

Here we investigate a phenomenon we discovered
in which cancer cells undergo a switch in phenotype
when grown in conjunction with normal mammary
epithelial cells either in vivo or in vitro. We have named
this phenotype switching “cancer cell redirection.” Cancer
cell redirection was previously shown using mouse
mammary cancer-derived cell lines, triple negative breast
cancer cell lines, and embryonic carcinoma cells [3-5].
When incorporated into growing ductal trees, stem cell
niches direct which phenotype cells will assume during
growth [3, 6, 11-16]. Analogous results are shown here for
human HER2" breast cancer cells. After being co-cultured
with mammary epithelial cells resulting in redirection,
the HER2" breast cancer cells lose their tumor forming
capacity in vitro and give rise to fully developed ductal
tree when implanted into cleared mammary fat pads of
athymic mice. The differences between the phenotypes
of redirected cells and their parent cells are likely due to
changes in gene expression levels.

Our data indicates that more than a half of the
genes assayed by our RNAseq analysis are significantly
DE with absolute fold changes > 2.0 between our breast

cancer and epithelial cell lines. Examples of detected DE
genes associated with cell-cell interactions include CD44
and TNF-receptors, those involved in apoptotic signaling
such as TGF-B, and many others. Elevated expression of
these mentioned genes and proteins leads to faster cell
proliferation and elimination of apoptotic signaling. In
redirected cells, gene expression profiles revert to patterns
much more similar to those observed in epithelial cells.
HER2*-derived redirected cells show very little differences
with mammary epithelial (MCF10A) expression profiles;
however, HER2"-derived redirected cells significantly
differ from the original SkBr3 breast cancer cell line.
One notable differentially expressed gene is CD44.
CD44 is used as a biomarker for breast cancer stem cells
[19]. We found CD44 to be significantly differentially
expressed between the cancer cells and epithelial cells
(p value 1.89E-13) and between the cancer cells and
redirected cells (p value 1.53E-13). However, there was
no significant difference in CD44 expression between
the epithelial cells and the redirected cells. CD44 is also
included in many of the pathways found to be significantly
altered between the cancer cells and epithelial cells and
between the cancer cells and redirected cells including
the EMT, TNFo._via NFkB, apoptosis, [IL6 JAK STAT3
and IL2 STATS pathways. All five of these pathways are
differentially active between the breast cancer cells and
both epithelial and redirected cells further indicating that
redirected cells are adopting a normal epithelial phenotype.
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Figure 2: Transplantation results following in vitro redirection. (A, B) H&E staining of mammary outgrowth following MEC
transplantation. (C) H&E staining of mammary tumor that formed following transplantation of SkBr3-RFP cells. (D) Fluorescent image of
C. (E) H&E staining of mammary outgrowth and mammary tumor following transplantation of HER2" 1:1 fraction. (F) Fluorescent image
of E. (G) H&E staining of HER2" 1:50 fraction. (H) Fluorescent image of outlined area in G. (I) Transplantation results. (J) Survival curve
of animals listed in I. Scale bars A, B, E, F, G =200 pm, C, D, H =400 pm.
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CD44 is known to co-localize with HER2 preventing the
binding of the anti-HER2 cancer treatment trastuzumab
through steric hinderance [20, 21]. CD44 expression is
reduced in redirected cells and redirected cells lose tumor
forming ability. Our findings are consistent with the
hypothesis that the redirected cancer cells are adopting a
normal epithelial phenotype.

Breast cancers are classified as belonging to one of
six types of tumors; luminal A, luminal B, basal, claudin-
low, normal-like, or HER2 [22]. Of the six classes, only
the luminal B and HER2 classes contain HER2" breast
cancers. Notably, the HER2" breast cancer cells used in
the majority of experiments in this study (SkBr3) are
classified as belonging to the HER2 group [23]. We were

able to redirect two additional HER2* cell lines. The
BT474 cell line is classified as Luminal B [23] while the
HCC1954 cell line is classified as basal [24]. Since we
are able to redirect multiple breast cancer subtypes, triple
negative breast cancer cells [5], and embryonal testicular
carcinoma cells [4], this indicates that the phenomenon of
cancer cell redirection is not limited to a specific cancer
subtype. With additional investigation into other cancer
types, cancer cell redirection may provide new targets
for the treatment of cancer. If the intracellular pathways
involved or the intercellular signals involved can be
identified, then they can be modulated.

In conclusion, our data collectively argue that
epithelial cells provide signals that influence HER2" breast
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Figure 3: Breast cancer cells express different genes than epithelial cells. (A) Schematic describing magnetic sorting approach.
(B) Effects of quantile normalization; left-before normalization, right-after normalization. (C) Similarity heatmap comparing samples of
sorted and unsorted cancer and epithelial cells. (D) Clustered heatmap of the top 500 most variable genes, by expression, across sorted and
non-sorted samples. A color scale bar represents relative gene expression levels within centered rows. (E) Volcano plot showing differential
expression of 15647 measured genes contrasting sorted and unsorted breast cancer cells. (F) Volcano plot showing differential expression
of 15647 measured genes contrasting sorted and unsorted epithelial cells. Dashed blue horizontal lines are the adjusted p-value threshold
(< 0.05); dashed red lines are fold change thresholds (fold change > 2.0 or < -2.0). Red dots are genes that passed both thresholds and are

those reported as DE in this study.
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cancer cells to reduce tumor formation. The reduction in
tumor-forming capacity is due to a shift in gene expression
profiles from a tumorigenic towards a normal epithelial
profile. The phenotypic switch, known as cancer cell

redirection, includes changes in the activity of multiple
intracellular signaling pathways. Modulation of these
affected pathways may be a new approach towards cancer
treatments.
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Figure 4: RNAseq results demonstrating differences between normal, cancer, and redirected cells. (A) Clustered heatmap
of the 500 most variable genes, by expression, across all samples. Volcano plots show differential expression of 15647 measured genes
contrasting (B) cancer and epithelial cells, (C) 1:1 HER2- fraction and epithelial cells, (D) 1:1 HER2" fraction and epithelial cells, (E) 1:1
HER2- fraction and breast cancer cells, (F) 1:1 HER2" fraction and breast cancer cells, (G) 1:50 HER2- fraction and epithelial cells, (H)
1:50 HER2" fraction and epithelial cells, (I) 1:50 HER2- fraction and breast cancer cells, (J) 1:50 HER2" fraction and breast cancer cells.
Dashed blue horizontal lines are the adjusted p-value threshold (< 0.05); dashed red lines are fold change thresholds (fold change > 2.0 or
<-2.0). Red dots are genes that passed both thresholds and are those reported as DE in this study. (K) Table of significantly de/activeated
pathways between breast cancer cells and epithelial cells. (L) Table of significantly de/activated pathways between breast cancer cells and

redirected cells. Pathways highlighted in bold appear in both Tables.
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MATERIALS AND METHODS

Cell culture

BT474 and SkBr3 lines were grown in DMEM
with 10% FBS and 1% Pen-Strep. HCC1954 cells were
cultured with RPMI media plus 10% FBS and 1% Pen-
Strep, while MCF10A cells were grown in DMEM media
supplemented with bovine pituitary extract (52 mg/ml),
hydrocortisone (0.5 mg/ml), human epidermal growth
factor (10 ng/ml), insulin (5§ mg/ml), 10% FBS, and 1%
Pen-Strep. All cell lines were cultured at 37°C and 5%
CO,.
Lentiviral transfection

Lentiviral transfection was performed as previously
reported elsewhere [6]. Briefly, all cell lines (MCF10A,
BT-474, HCC1954, and SkBr3) were seeded separately
into 96-well plates and grown under normal culture
conditions (37°C and 5% CO,) until 100% confluent.
Media was removed and new media without antibiotics
was added to the wells. Cultures were grown overnight
at 37°C and 5% CO,. The cells were washed with PBS,
and 30 pl of appropriate media without antibiotics, 20 pl
of Cignal Lenti Reporter (Qiagen) or negative control,
and 5 pl of SureENTRY Transduction Reagent (Qiagen)
were added to each well. BT-474, SkBr3, and HCC1954
cells were transfected with red fluorescent protein protein
(RFP) particles, while MCF10A cells were transfected
with green fluorescent protein (GFP) particles. Cells were
incubated for 24 hours at 37°C and 5% CO,. The media
was then removed from each well and 100 pl of fresh
media containing 500 ng/ml of puromycin was added to
select transfected cells in order to generate stable cell lines
containing only transfected cells. Puromycin containing
media was replaced every 3 days for 12 days, after which
it was substituted with cell appropriate media containing
10% FBS and 1% Pen-Strep.

Magnetic sorting

Cancer cell lines were co-cultured with MCF10A
cells in either 1:1 or 1:50 ratios. The co-cultures were
then magnetically sorted using Mini and MidiMACS Kits
(MACS Miltenyi Biotech). Cells were detached using
Trypsin, re-suspended in 500 pL of cold buffer (PBS, pH
7.2, 0.5% BSA, 2 mM EDTA), and centrifuged at 300 x
g for 10 minutes. The supernatant was aspirated off, and
the cell pellet was re-suspended in 300 pL of cold buffer.
100 pL of cold FcR Blocking Reagent was added to block
non-specific binding, and 100 pL of cold anti-ErbB-2
MicroBeads was added. After mixing, the solution was
incubated for 30 minutes at 4°C. Cells were washed with
500 pL of buffer, centrifuged at 300 x g for 10 minutes, and
re-suspended in 500 pL of buffer. The cell suspension was

then passed through a LS Column, and unlabeled cells were
collected into a 15 mL centrifuge tube. The LS Column
was washed three times with 3 mL of buffer, and the flow-
through was added to the unlabeled fraction. A new 15
mL centrifuge tube was placed under the LS Column, the
magnet was removed, and 5 mL of buffer was immediately
flushed through using a plunger system. The resulting flow-
through contained the magnetically labelled cells. Both
cell fractions were stored for future implantation or were
centrifuged for 5 minutes at 300 % g and re-suspended in
100 pL of RNA /ater for subsequent RNA isolation.
Quality of sorting was determined by flow cytometry,
based on presence of fluorescence in the red or green
spectrums. Cells were considered successfully transfected
only if more then 95% of the culture presented fluorescence.

Transplantation studies

The transplantation technique used was based on
the technique pioneered by DeOme et al. and described
elsewhere [8]. Briefly, 3-week old, athymic female mice
were anesthetized. The endogenous epithelium of the
inguinal mammary glands was removed and 10 pL of cell
suspension was injected into the remaining fat pad. After
9 weeks, the animals were euthanized, and mammary
outgrowths excised. Half of the samples were prepared
for whole mount carmine alum staining and fluorescent
observation [25, 26], while the other half was fixed in 10%
formalin solution overnight and embedded into paraffin.

The protocols and procedures used to perform
the experiments upon the animals were reviewed and
approved by the Animal Care and Use Committee of The
National Cancer Institute (NCI). Housing and care during
the experimental period conformed to the guidelines
provided by the National Institutes of Health.

Histological analysis

Paraffin sections (5 um) were deparaffinized in
xylene and rehydrated in 100% and 95% ethanol then
washed with tap water. Rehydrated slides were stained
with Hematoxylin and Eosin (H&E) for 5 minutes,
dehydrated, and coverslipped.

For fluorescent analysis, sections were deparaffinized
and treated with 4',6-diamidino-2-phenylindole (DAPI) to
stain nuclei. Slides were coverslipped using ProLong Gold
Antifade mounting medium (Invitrogen).

Immunostaining

Each cancer cell line (BT474, HCC1954, SkBr3)
was mixed in a 1:50 ratio with MCF10A cells in a twelve-
well plate containing a cover glass slide and MEGM. Cells
were grown to 100% confluency and cultured for four
days to allow redirection to occur. Cells were then fixed
for 10 minutes with 4% paraformaldehyde and washed
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3x for 5 minutes each with PBS. Each cover glass slide
was blocked with 10% goat serum for 45 minutes at room
temperature. The first primary antibody (anti-ErbB-2)
diluted in 1% bovine serum albumin (BSA) solution in
PBST (PBS supplemented with 0.1% Tween 20) was
applied and incubated for one hour at room temperature.
Slides were washed three times in PBS for five minutes,
and the first secondary antibody conjugated to Alexa488
in 1% BSA in PBST was applied for 1 hour at room
temperature in the dark. Cells were washed three times in
PBS for five minutes, and 10% donkey serum was applied
and incubated for 30 minutes at room temperature. The
second primary antibody (andit-phospho-ErbB2 in 1%
BSA/PBST) was incubated for 1 hour at room temperature
in the dark, and cells were washed three times with PBS
for five minutes. Next, the second secondary antibody
conjugated to Alexa568 in 1% BSA/PBST was applied
and incubated in the dark for one hour, and the slide was
washed three times with PBS for five minutes. Samples
were incubated in DAPI for 15 minutes and mounted using
Prolong Antifade medium (Invitrogen).

DNA fragmentation assay

Each cancer cell line (BT474, HCC1954, SkBr3) was
mixed in a 1:50 ratio with MCF10A cells in a twelve-well
plate containing a cover glass slide and 2-3 mL of mammary
epithelial cell growth (MEGM) media. Cells were grown
to 100% confluency and cultured for four days to allow
redirection to occur. /n situ BrdU-Red DNA Fragmentation
Assay Kit (TUNEL: terminal deoxynucleotidyl transferase
dUTP nick end labeling; Abcam) was used according to
standard manufacture protocol in order to detect apoptosis.
For positive control SkBr3 cells were incubated with 0.2 pg/
ml of Doxorubicin in DMEM overnight.

RNA isolation and RNAseq

Total RNA was isolated using RNAqueous Micro
Kits (Ambion, Austin, TX) that utilize purification
achieved through glass fiber column filtration. Possible
DNA contamination was removed from isolated RNA
by treating the samples with DNase (Qiagen, Valencia,
CA). The concentration of RNA was determined using a
NanoDrop and the RNA integrity was analyzed with an
RNA nanochip on a Bioanalyzer (Agilent Technologies,
Santa Clara, CA).

Samples were pooled and sequenced via mRNA-seq
(10 different groups with three repeats each) on NextSeq
using Illumina TruSeq Stranded mRNA Library Prep and
paired-end sequencing. Obtained reads were trimmed of
low-quality bases and adapter sequences were removed
using Cutadapt v1.18 [27]. Mapping of reads to the
GRCh38 (hg38) human reference genome was performed
using STAR v2.6.1 in 2-pass mode [28]. Then, RSEM
v1.2.31 was used to quantify gene-level expression, with

counts normalized to library size as counts-per-million
[29]. Finally, limma-voom v3.34.5 was used for quantile
normalization and differential expression of genes analysis
[30]. Genes that were both significantly differentially
expressed relative to control (adjusted p < 0.001) and that
had absolute fold changes relative to control > 2.0 were
retained for further analysis.

Pathway Overrepresentation analysis (using
Fisher’s Exact Test) against the Hallmarks collection was
performed. Results were filtered based on adjusted p-value
then sorted on Normalized Enrichment Score (NES).

Statistics

All numerical data is presented as the mean value
+ standard deviation. One-way ANOVA was used for
variance comparison. Repeated measures ANOVA was
used for the analysis of image intensity for fluorescent
microscopy. Statistical difference was considered
significant if P-value was less than 0.05.

Author contributions

A.FXK, G.H.S and B.W.B designed experiments and
wrote the paper. A.F.K., JM., H.C.J. and M.R. performed
in vitro experiments. A.F.K., C.A.B. and L.R. performed
transplantations. T.J.M. conducted all bioinformatic
analyses. All authors approved the final manuscript.

ACKNOWLEDGMENTS

The authors wish to dedicate this work to the loving
memory of Gilbert H. Smith.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

FUNDING

This work was supported by the NIGMS grant
#P20GM103499 (SC INBRE), Clemson University Calhoun
Honors College, and the CCR/NCI intramural program.

REFERENCES

1. Hassiotou F, Geddes D. Anatomy of the human mammary
gland: Current status of knowledge. Clin Anat. 2013;
26:29-48. https://doi.org/10.1002/ca.22165. [PubMed]

2. Frank-Kamenetskii A, Booth BW. Redirecting Normal and
Cancer Stem Cells to a Mammary Epithelial Cell Fate. J
Mammary Gland Biol Neoplasia. 2019; 24:285-292. https://
doi.org/10.1007/s10911-019-09439-x. [PubMed]

3. Booth BW, Boulanger CA, Anderson LH, Smith GH.
The normal mammary microenvironment suppresses

www.oncotarget.com

2927

Oncotarget


https://doi.org/10.1002/ca.22165
https://www.ncbi.nlm.nih.gov/pubmed/22997014
https://doi.org/10.1007/s10911-019-09439-x
https://doi.org/10.1007/s10911-019-09439-x
https://www.ncbi.nlm.nih.gov/pubmed/31732837

10.

11.

13.

14.

the tumorigenic phenotype of mouse mammary tumor
virus-neu-transformed mammary tumor cells. Oncogene.
2011; 30:679-689. https://doi.org/10.1038/onc.2010.439.
[PubMed]

Bussard KM, Boulanger CA, Booth BW, Bruno RD, Smith
GH. Reprogramming human cancer cells in the mouse
mammary gland. Cancer Res. 2010; 70:6336—6343. https://
doi.org/10.1158/0008-5472.CAN-10-0591. [PubMed]

Bussard KM, Smith GH. Human breast cancer cells are

redirected to mammary epithelial cells upon interaction
with the regenerating mammary gland microenvironment
in-vivo. PLoS One. 2012; 7:¢49221. https://doi.org/10.1371/
journal.pone.0049221. [PubMed]

Park JP, Blanding WM, Feltracco JA, Booth BW. Validation
of an in vitro model of erbB2(+) cancer cell redirection. /n
Vitro Cell Dev Biol Anim. 2015; 51:776-786. https://doi.
0rg/10.1007/s11626-015-9889-8. [PubMed]

McBryan J, Howlin J. Pubertal Mammary Gland
Development: Elucidation of /n Vivo Morphogenesis Using
Murine Models. Methods Mol Biol. 2017; 1501:77-114.
https://doi.org/10.1007/978-1-4939-6475-8 3. [PubMed]
DeOme KB, Faulkin LJ Jr, Bern HA, Blair PB. Development
of mammary tumors from hyperplastic alveolar nodules

transplanted into gland-free mammary fat pads of female
C3H mice. Cancer Res. 1959; 19:515-520. [PubMed]

Daniel CW, De Ome KB, Young JT, Blair PB, Faulkin LJ
Jr. The in vivo life span of normal and prencoplastic mouse
mammary glands: a serial transplantation study. Proc Natl
Acad Sci U S A. 1968; 61:53-60. https://doi.org/10.1073/
pnas.61.1.53. [PubMed]

Daniel CW, Deome KB. Growth of Mouse Mammary
Glands in Vivo after Monolayer Culture. Science. 1965;
149:634-636. https://doi.org/10.1126/science.149.3684.634.
[PubMed]

Booth BW, Mack DL, Androutsellis-Theotokis A, McKay RD,
Boulanger CA, Smith GH. The mammary microenvironment

alters the differentiation repertoire of neural stem cells.
Proc Natl Acad Sci U S A. 2008; 105:14891-6. https://doi.
0rg/10.1073/pnas.0803214105. [PubMed]

Boulanger CA, Bruno RD, Mack DL, Gonzales M, Castro NP,
Salomon DS, Smith GH. Embryonic stem cells are redirected

to non-tumorigenic epithelial cell fate by interaction with the
mammary microenvironment. PLoS One. 2013; 8:¢62019.
https://doi.org/10.1371/journal.pone.0062019. [PubMed]

Boulanger CA, Bruno RD, Rosu-Myles M, Smith GH. The
mouse mammary microenvironment redirects mesoderm-
derived bone marrow cells to a mammary epithelial
progenitor cell fate. Stem Cells Dev. 2012; 21:948-954.
https://doi.org/10.1089/s¢d.2011.0148. [PubMed]
Boulanger CA, Mack DL, Booth BW, Smith GH. Interaction
with the mammary microenvironment redirects spermatogenic
cell fate in vivo. Proc Natl Acad Sci U S A. 2007; 104:3871—
3876. https://doi.org/10.1073/pnas.0611637104. [PubMed]

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Roche K, Feltus FA, Park JP, Coissiecux MM, Chang
C, Chan VBS, Bentires-Alj M, Booth BW. Cancer cell
redirection biomarker discovery using a mutual information
approach. PLoS One. 2017; 12:¢0179265. https://doi.
org/10.1371/journal.pone.0179265. [PubMed]

Schmucker HS, Park JP, Coissieux MM, Bentires-Alj M,
Feltus FA, Booth BW. RNA Expression Profiling Reveals
Differentially Regulated Growth Factor and Receptor

Expression in Redirected Cancer Cells. Stem Cells Dev.
2017; 26:646-655. https://doi.org/10.1089/scd.2016.0340.
[PubMed]

Cardiff RD, Anver MR, Gusterson BA, Hennighausen L, Jensen
RA, Merino MJ, Rehm S, Russo J, Tavassoli FA, Wakefield LM,
Ward JM, Green JE. The mammary pathology of genetically

engineered mice: the consensus report and recommendations
from the Annapolis meeting. Oncogene. 2000; 19:968-988.
https://doi.org/10.1038/sj.onc.1203277. [PubMed]

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub
TR, Lander ES, Mesirov JP. Gene set enrichment analysis:

a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci U S A. 2005;
102:15545-15550. https://doi.org/10.1073/pnas.0506580102.
[PubMed]

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF. Prospective identification of tumorigenic breast
cancer cells. Proc Natl Acad Sci U S A. 2003; 100:3983—
3988. https://doi.org/10.1073/pnas.0530291100. [PubMed]

Palyi-Krekk Z, Barok M, Isola J, Tammi M, Szollosi J,
Nagy P. Hyaluronan-induced masking of ErbB2 and CD44-
enhanced trastuzumab internalisation in trastuzumab
resistant breast cancer. Eur J Cancer. 2007; 43:2423-2433.
https://doi.org/10.1016/j.ejca.2007.08.018. [PubMed]

Pereira PMR, Ragupathi A, Shmuel S, Mandleywala K,
Viola NT, Lewis JS. HER2-Targeted PET Imaging and
Therapy of Hyaluronan-Masked HER2-Overexpressing
Breast Cancer. Mol Pharm. 2020; 17:327-337. https://doi.
org/10.1021/acs.molpharmaceut.9b01091. [PubMed]

Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS,
Rees CA, Pollack JR, Ross DT, Johnsen H, Akslen LA,
Fluge O, Pergamenschikov A, Williams C, et al. Molecular
portraits of human breast tumours. Nature. 2000; 406:747—
752. https://doi.org/10.1038/35021093. [PubMed]

Holliday DL, Speirs V. Choosing the right cell line for
breast cancer research. Breast Cancer Res. 2011; 13:215.
https://doi.org/10.1186/bcr2889. [PubMed]

Grigoriadis A, Mackay A, Noel E, Wu PJ, Natrajan
R, Frankum J, Reis-Filho JS, Tutt A. Molecular
characterisation of cell line models for triple-negative
breast cancers. BMC Genomics. 2012; 13:619. https://doi.
org/10.1186/1471-2164-13-619. [PubMed]

Landua JD, Visbal AP, Lewis MT. Methods for preparing
fluorescent and neutral red-stained whole mounts of mouse
mammary glands. J] Mammary Gland Biol Neoplasia. 2009;

www.oncotarget.com

2928

Oncotarget


https://doi.org/10.1038/onc.2010.439
https://www.ncbi.nlm.nih.gov/pubmed/20890308
https://doi.org/10.1158/0008-5472.CAN-10-0591
https://doi.org/10.1158/0008-5472.CAN-10-0591
https://www.ncbi.nlm.nih.gov/pubmed/20647316
https://doi.org/10.1371/journal.pone.0049221
https://doi.org/10.1371/journal.pone.0049221
https://www.ncbi.nlm.nih.gov/pubmed/23155468
https://doi.org/10.1007/s11626-015-9889-8
https://doi.org/10.1007/s11626-015-9889-8
https://www.ncbi.nlm.nih.gov/pubmed/25898824
https://doi.org/10.1007/978-1-4939-6475-8_3
https://www.ncbi.nlm.nih.gov/pubmed/27796948
https://www.ncbi.nlm.nih.gov/pubmed/13663040
https://doi.org/10.1073/pnas.61.1.53
https://doi.org/10.1073/pnas.61.1.53
https://www.ncbi.nlm.nih.gov/pubmed/4301594
https://doi.org/10.1126/science.149.3684.634
https://www.ncbi.nlm.nih.gov/pubmed/14331183
https://doi.org/10.1073/pnas.0803214105
https://doi.org/10.1073/pnas.0803214105
https://www.ncbi.nlm.nih.gov/pubmed/18809919
https://doi.org/10.1371/journal.pone.0062019
https://www.ncbi.nlm.nih.gov/pubmed/23637952
https://doi.org/10.1089/scd.2011.0148
https://www.ncbi.nlm.nih.gov/pubmed/21649558
https://doi.org/10.1073/pnas.0611637104
https://www.ncbi.nlm.nih.gov/pubmed/17360445
https://doi.org/10.1371/journal.pone.0179265
https://doi.org/10.1371/journal.pone.0179265
https://www.ncbi.nlm.nih.gov/pubmed/28594912
https://doi.org/10.1089/scd.2016.0340
https://www.ncbi.nlm.nih.gov/pubmed/28112572
https://doi.org/10.1038/sj.onc.1203277
https://www.ncbi.nlm.nih.gov/pubmed/10713680
https://doi.org/10.1073/pnas.0506580102
https://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1073/pnas.0530291100
https://www.ncbi.nlm.nih.gov/pubmed/12629218
https://doi.org/10.1016/j.ejca.2007.08.018
https://www.ncbi.nlm.nih.gov/pubmed/17911008
https://doi.org/10.1021/acs.molpharmaceut.9b01091
https://doi.org/10.1021/acs.molpharmaceut.9b01091
https://www.ncbi.nlm.nih.gov/pubmed/31804840
https://doi.org/10.1038/35021093
https://www.ncbi.nlm.nih.gov/pubmed/10963602
https://doi.org/10.1186/bcr2889
https://www.ncbi.nlm.nih.gov/pubmed/21884641
https://doi.org/10.1186/1471-2164-13-619
https://doi.org/10.1186/1471-2164-13-619
https://www.ncbi.nlm.nih.gov/pubmed/23151021

26.

27.

28.

14:411-415. https://doi.org/10.1007/s10911-009-9155-3.
[PubMed]

Rasmussen SB, Young JT, Smith GH. Preparing Mammary
Gland Whole Mounts from Mice. In: Ip MM, and Asch
BB, eds. Methods in Mammary Gland Biology and Breast
Cancer Research. Boston, MA: Springer. 2000 pp.75—85.
https://doi.org/10.1007/978-1-4615-4295-7 7.

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J. 2011; 17:10-12.
https://doi.org/10.14806/¢j.17.1.200.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski
C, Jha S, Batut P, Chaisson M, Gingeras TR. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;
29:15-21. https://doi.org/10.1093/bioinformatics/bts635.
[PubMed]

29.

30.

Li B, Dewey CN. RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference
genome. BMC Bioinformatics. 2011; 12:323. https://doi.
org/10.1186/1471-2105-12-323. [PubMed]

Phipson B, Lee S, Majewski 1J, Alexander WS, Smyth
GK. Robust Hyperparameter Estimation Protects against
Hypervariable Genes and Improves Power to Detect
Differential Expression. Ann Appl Stat. 2016; 10:946-963.
https://doi.org/10.1214/16-A0AS920. [PubMed]

www.oncotarget.com

2929

Oncotarget


https://doi.org/10.1007/s10911-009-9155-3
https://www.ncbi.nlm.nih.gov/pubmed/19936989
https://doi.org/10.1007/978-1-4615-4295-7_7
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/bts635
https://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1214/16-AOAS920
https://www.ncbi.nlm.nih.gov/pubmed/28367255

