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HER2-positive (HER2") breast cancers (BrCs) contain approximately
equal numbers of ERa*HER2" and ERa"HER2" cases. An enduring
obstacle is the unclear cell lineage-related characteristics of these
BrCs. Although ERa*HER2" BrCs could lose ERx to become ERaHER2*
BrCs, direct evidence is missing. To investigate ERa dependencies and
their implications during BrC growth and metastasis, we generated
ERa“"RFP-T mice that produce an RFP-marked ERa* mammary gland
epithelial cell (MGEC) lineage. RCAS virus-mediated expression of
Erbb2, a rodent Her2 homolog, first produced comparable numbers
of ERa*RFP*Erbb2* and ERa"RFP™Erbb2* MGECs. Early hyperplasia
developed mostly from ERa*RFP*Erbb2* cells and ERa"RFP~Erbb2*
cells in these lesions were rare. The subsequently developed ductal
carcinomas in situ had 64% slow-proliferating ERa*RFP*Erbb2*
cells, 15% fast-proliferating ERa RFP*Erbb2* cells derived from
ERa*'RFP*Erbb2* cells, and 20% fast-proliferating ERe”RFP~Erbb2*
cells. The advanced tumors had mostly ERa~RFP*Erbb2* and ERa"RF-
P Erbb2* cells and only a very small population of ERa*RFP*Erbb2*
cells. In ERa"RFP*Erbb2* cells, GATA3 and FoxA1 decreased expres-
sion and ERx promoter regions became methylated, consistent with
the loss of ERx expression. Lung metastases consisted of mostly
ERa RFP*Erbb2* cells, a few ERa"RFP~Erbb2* cells, and no ERa*RF-
P*Erbb2* cells. The high metastatic capacity of ERa”RFP*Erbb2*
cells was associated with ERK1/2 activation. These results show
that the slow-proliferating, nonmetastatic ERa*RFP*Erbb2* cells pro-
gressively lose ERa during tumorigenesis to become fast-proliferating,
highly metastatic ERa"RFP*Erbb2™* cells. The ERa"Erbb2* BrCs with an
ERa™ origin are more aggressive than those ERa~Erbb2™ BrCs with an
ERa~ origin, and thus, they should be distinguished and treated
differently in the future.
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he mammary gland (MG) epithelium contains both ERa™

and ERa™ luminal epithelial cells (1). Breast cancers (BrCs)
may arise from either ERa* or ERa™ MG epithelial cells (MGECs).
BrCs are heterogeneous and can be roughly grouped into ERa™,
HER2™, and triple negative BrCs. About 70% of BrCs belong to
the ERa™* group, which is associated with a relatively good prog-
nosis, and about 20% fall into the HER2" group with a much worse
prognosis. About 50% of HER2" BrCs express ERa (2), so HER2*
BrCs are accordingly designated as ERa *HER2" and ERa"HER2*
BrCs. In ERa*HER2™" cancers, the cross-talk between ERa and
HER?2 signaling pathways and loss of ERa partially account for
resistance to endocrine therapy (3, 4). ERa*HER2" cancers
exhibit a wide range of disease relapse time, metastatic potential,
and responsiveness to anti-HER2 treatment, while ERo"HER2*
cancers generally are more malignant with earlier relapse, stronger
metastatic potential, and much worse prognosis (5-13). ERa and
HER?2 expression vary during tumor progression, and patients can
have both ERa* primary tumors as well as ERa™ metastases (3, 14,
15). In some patients with recurrent BrCs, the ratios of ERa™ to
ERa™ cancer cells may be reduced (16). These observations suggest
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that some ERa*HER2* BrCs may progress to ERa HER2*
BrCs; yet, direct evidence is missing since cell lineage tracing in
people is unethical.

To elucidate the relationships among the HER2™ BrC subtypes,
we set out to answer three unresolved biomedical questions: First,
do ERa"HER2™ cancers lose ERa to become the more aggressive
ERa HER2™" cancers? Second, do ERa"HER2* BrCs originate
directly from ERo™ MGECs or indirectly from ERa*HER2" can-
cer cells? Third, are ERo0"HER2* cancers derived from preexisting
ERa*HER2* cancers and do ERa"HER2* cancers that stem from
ERoa™ MGECG:s have different cell proliferation rates and metastatic
capabilities? To answer these important questions, we developed a
trigenic mouse model that allows for in vivo tracing of the ERa* and
ERa™ MGEC lineages during tumorigenesis and metastasis. In this
model, breast carcinogenesis was induced by Erbb2 (the rodent
homolog of HER?2) expression in both ERa* and ERa™ MGECs
in adulthood, and all tumor cells arising from the ERa* MGEC
lineage were traced with red fluorescent protein (RFP) expres-
sion during the entire process of cancer initiation, progression,
and metastasis. ERa expression history, cell proliferation rate, and
metastatic capability were compared and characterized among dif-
ferent subtypes of BrC cells.

Significance

HER2* breast cancers (BrCs) are heterogeneous, but they are
treated as a single type. Using a mouse model with Erbb2 (the
rodent homolog of HER2)-induced BrC and cell lineage-tracing
capacity, we found that ERa"Erbb2* cancer cells proliferate
slowly and are nonmetastatic but then progressively lose ERx
expression to become fast proliferating and highly metastatic
ERa Erbb2* cancer cells. ERa”Erbb2* cancer cells with an ERa™
origin proliferate fast, but they metastasize weakly. These find-
ings suggest: 1) ERx expression should be preserved in ERo*HER2*
BrCs to restrict growth and metastasis; 2) ERa”HER2* BrCs
contain a highly metastatic subtype with an ERa* origin and
a weakly metastatic subtype with an ERa™ origin, indicating
a future need to identify and differentially treat these two
subtypes.
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Fig. 1. ERa*RFP*Erbb2* tumor cells progressively cease ERa expression while
they transform into ERa"RFP*Erbb2* tumor cells during MG tumor progression.
(A) Analysis of Erbb2* cells by double IF at week 1 after viral infection. Data
collected from 12 analyzed sections prepared from six MGs with two sections/MG
showed 17 + 3 Erbb2*ERa*, 15 + 5 Erbb2*RFP*, 20 + 7 Erbb2*ERa~, and 15 + 6
Erbb2*RFP™ cells per MG. The ERa*RFP*Erbb2* cell number represents both
ERa*Erbb2* and RFP*Erbb2* cells since these cells overlap as confirmed by double
IF for ERx and RFP at this stage. ERaErbb2* and RFP~Erbb2™" cells also overlap. The
percentages of each cell type numbers compared to total ERa*RFP*Erbb2* and
ERa"RFP Erbb2* cell number are presented. ERa"RFP*Erbb2* cells were not ob-
served. (B) At week 4, IF staining for Erbb2 and double IF staining for ERax and RFP
were performed on adjacent sections. Six sections from each MG and a total of six
MGs were examined. For each section, the Erbb2* hyperplasia regions were
identified, and the numbers of ERa*RFP* and ERa"RFP™ cells in these regions were
counted. The data are presented as average percentages of the indicated cell type
numbers compared to total Erbb2* cell number. ERa"RFP* cells were not observed
in Erbb2* hyperplasia regions. (C) At week 13, adjacent sections were prepared, IF
staining was performed, and data were collected and presented as described in B.
(D) At week 27, five pieces of tissues (1 cm x 1 cm x 0.3 cm) were sampled from
different regions of each large tumor (n = 8), and sections were prepared from
each tissue piece. IHC was performed to detect Erbb2, ERa, and RFP on each set of
three serial sections. All stained sections were imaged for analysis. ImageJ soft-
ware was used to quantify ERa*RFP*Erbb2*, ERa RFP*Erbb2*, and ERa RF-
P*Erbb2* cells in the tumor sections. Shown are average numbers relative to the
respective areas each cell type occupied in the tumor sections. The red-dotted line
demarcates the regions with ERa"RFP*Erbb2* and ERa"RFP Erbb2* cells. The
boxed areas in the Upper panels with ER*RFP*Erbb2* cells are amplified in the
Lower panels. “+" and “-" indicate regions with positive and negative immu-
noreactivities of the indicated proteins. n.s. in A, not significant (P > 0.05), and **
in B and C, P < 0.01, by Student’s t test (A and B) or one-way ANOVA test (C).

Results and Discussion

In Vivo Cell Lineage Tracing Revealed a Progressive Loss of ERx Expression
in Erbb2* Tumor Cells during MG Tumor Growth and Progression.
Heterozygous trigenic ER“RFP-T mice were generated by
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cross-breeding ERa-F2A-Cre mice with Cre expression in ERa-
positive cells, Rosa26-LoxP-STOP-LoxP-tdRFP mice with a Cre-
activated RFP expression cassette, and mouse mammary tumor
virus long terminal repeat-tumor virus A (MMTV-TVA) mice
(17-19) (SI Appendix, Fig. S14). Replication-competent avian
leukosis virus long terminal repeat with splice acceptor-Erbb2ZHA
(RCAS-Erbb2HA) virus was introduced into the MG ductal lumens
of 9-wk-old ER“RFP-T mice as described previously (19, 20). In
ER““RFP-T mice, Cre expressed in ERa* MGECs activates RFP
expression driven by the Rosa26 locus and is used as a lineage-
tracing marker. No ERa"RFP" MGECs were detected, indicat-
ing that normal ERa* MGECs always maintain ERa expression (SI
Appendix, Fig. S1B). TVA, a receptor for RCAS avian virus, was
expressed in both ERa"RFP" and ERa"RFP~ MGECs, allowing
the RCAS-Erbb2HA virus to infect both types of MGECs. The
RCAS-Erbb2HA virus mediates stable expression of the hem-
agglutinin antibody epitope (HA)-tagged rodent Erbb2 active protein
(21). Palpable MG tumors were detected 14 wk after RCAS-
Erbb2HA virus injection into the MG lumens of ER“RFP-T
mice, and these tumors grew rapidly (SI Appendix, Fig. S24). Im-
munohistochemistry (IHC) staining for HA-tagged Erbb2 protein
identified Erbb2* tumor cells in ductal carcinoma in situ (DCIS)
lesions at week 13, and Erbb2* poorly differentiated tumor cells in
advanced large MG tumors at week 27. Luminal epithelial markers
such as K8 and E-cadherin were expressed in these Erbb2* tumor
cells at both stages. Progesterone receptor (PR), which usually is
coexpressed with ERa in MGECs, was detected in DCIS cells at
week 13, but not in most of the Erbb2* tumor cells at week 27. K14,
a myoepithelial marker, was observed only in Erbb2™ myoepithelial
cells. Vimentin, a mesenchymal cell marker, was not detected in
any of the Erbb2* tumor cells (SI Appendix, Fig. S2B). These results
suggest that these MG tumors emerged as highly differentiated
DCIS lesions and then progressed into poorly differentiated
luminal-type BrCs.

One week after viral infection, the HA-tagged Erbb2 protein
was detected in comparable numbers of ERa*RFP* and
ERa"RFP™ MGEGs, indicating that RCAS-Erbb2HA virus in-
fected both types of MGECs with similar efficiency. There were
no detectable ERa"RFP*Erbb2* cells at this stage (Fig. 14). Four
weeks after infection, we observed atypical hyperplastic lesions that
consisted of 93% ERa"RFP*Erbb2* cells and only 7%
ERa RFP Erbb2* cells. ERa"RFP*Erbb2* cells still were not
found at this stage (Fig. 1B). These observations indicate that
ERo*RFPErbb2* cells detected at week 1 survived better or
proliferated faster than ERa"RFP™Erbb2* cells, and that ERa
expression is well maintained at this stage. At 13 wk, we detected
DCIS lesions that contained 64.2% ERa™RFP*Erbb2* and 20.4%
ERa RFP Erbb2* tumor cells, as well as 15.4% ERo RFP Erbb2™*
tumor cells that often were colocalized with ERa*RFP*Erbb2* tu-
mor cells (Fig. 1C and SI Appendix, Fig. S3). These results indicate
that a subset of ERa*RFP*Erbb2* cells detected at weeks 1 and 4
have lost ERa expression to form a new ERo”RFP*Erbb2* tumor
cell population. At 27 wk, most tumor volumes reached 13,500 mm®
at an experimental endpoint (SI Appendix, Fig. S24). In these ad-
vanced large tumors, the number of ERa*RFP*Erbb2™* tumor cells
became quite few, averaging only 1.8% of the total Erbb2* tumor
cells, and clusters of ERa " RFP*Erbb2" or ERoa"RFP Erbb2* tu-
mor cells were frequently observed (Fig. 1D). However, the ratio of
ERa RFP*Erbb2* to ERa RFP Erbb2* tumor cells varied sig-
nificantly in the eight examined tumors: Tumor Nos. 1 through 3
and Nos. 6 through 8 consisted of mostly ERo"RFP"Erbb2™* and
ERo RFP*Erbb2* tumor cells, respectively; No. 4 had 62%
ERo RFP Erbb2* and 38% ERoa RFPTErbb2* tumor cells;
and No. 5 had similar numbers of ERa"RFP Erbb2* and
ERo " RFPErbb2* tumor cells (Fig. 1D). Although ERa RF-
P*Erbb2* and ERa"RFP Erbb2* tumor cells originated from
different luminal cell lineages, they exhibited indistinguishable
morphologies. These results demonstrate that the predominant
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ERa"RFP*Erbb2* cell population at week 13 has become a
minor cell population at week 27, while ERa”RFP*Erbb2* or
ERa RFP Erbb2™* cells have become dominant cell populations
at week 27. These cell lineage-tracing data prove that ERa*RF-
P*Erbb2" and ERa RFP Erbb2* tumor cells originated from
ERa™ and ERa~ MGECs, respectively, and that a significant pro-
portion of the ERa*RFP*Erbb2™* cells progressively abrogated
ERa expression to become ERa"RFP*Erbb2™ cells that prolif-
erate and become a substantial cell population in many advanced
tumors. Although the initial ERa"RFP Erbb2* cells do not mul-
tiply well at an early stage, their numbers also progressively in-
creased at later stages to become one of the two major tumor cell
populations.

FoxAl and GATA3 are required for normal ERa expression
(22, 23). FoxAl and GATAS3 protein levels were high in ERa*RF-
PYErbb2* cells, but much lower in ERa RFP*Erbb2* and
ERo RFP Erbb2* cells (SI Appendix, Fig. S4). DNA methylation
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has been implicated as a mechanism to silence ERa expression in
ERa™ BrC (24). Three CpG islands are predicted in the ERa
promoter regions (SI Appendix, Fig. S54). Our DNA methyl-
ation assays revealed moderately methylated CpG sites in island
1 in normal ERa~ MGECs and ERa”RFP™Erbb2* tumor cells,
and no methylation in this island in normal ERa" MGECs and
ERo RFP*Erbb2* tumor cells (SI Appendix, Fig. S5B).). In island
2, no methylation was detected in normal ERa™ MGECs, but
normal ERa™ MGECs showed moderate levels of CpG methyl-
ation. Moderate to high levels of methylation were observed in
ERa RFP*Erbb2* and ERa"RFP™Erbb2™ cells, with relatively
high levels at CpG sites —113 and —108 (SI Appendix, Fig. S5B).
No CpG methylation was detected in island 3 in all examined
cells. In agreement with the methylated CpG islands 1 and/or 2,
ERa mRNA levels were high in normal ERa* MGECs, but ex-
tremely low in normal ERa~ MGECs, ERa"RFP*Erbb2* cells,
and ERa RFP Erbb2* cells (SI Appendix, Fig. S5C). Together,
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Loss of ERa expression is associated with a robust increase in cell proliferation. (A) At week 4 after viral infection, adjacent sections were prepared

from six MGs and double IF was performed for Erbb2/ERa and for Ki67/ERa. At this stage, all ERa*Erbb2* cells were RFP positive (Fig. 1B). The numbers of
Erbb2*ERa* cells and Ki67*ERa™ cells in hyperplastic regions were identified and counted, and 972 + 162 ERa*Erbb2* and 51 + 9 Ki67*ERa™* cells per section
were identified. ERaErbb2* and Ki67*/ERa~ cells were rare and their proliferation rate could not be determined at this stage. The arrowhead indicates a
Ki67*/ERa* cell. (B) At week 13, adjacent sections were prepared from six MGs for Erbb2/ERa/Ki67 and Erbb2/RFP/Ki67 triple IF staining. The numbers of Ki67*
cells were counted in ERa*RFP* (n = 4,469), ERa"/RFP* (n = 7,290), and ERa/RFP™ (n = 6,960) cell populations. **P < 0.01 by one-way ANOVA test. (C) At week
27, five pieces of tumor tissues with a volume of 1 x 1 x 0.3 (cm) per piece were sampled from different regions of each tumor. Serial tumor sections were
prepared from eight tumors as described in Fig. 1D. IHC was performed with sets of four serial sections for Erbb2, ERa, RFP, and Ki67. Images were obtained by
scanning the stained sections. Quantitative image analysis was performed by identifying the tumor regions containing Erbb2*ERa*RFP*, Erbb2*ERa"RFP*, and
Erbb2*ERa"RFP~ cells and then determining the relative number of Ki67* cells in each region.
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these results suggest that decreased FoxAl and GATA3 ex-
pression and ERa promoter methylation indicatively contribute
to the loss of ERa expression during the progression of ERoa*RF-
P*Erbb2™" cells to ERa"RFPErbb2* cells.

The Loss of ERa Expression in ERa*RFP*Erbb2* Tumor Cells Is Associated
with Robustly Increased Cell Proliferation. One week after viral infec-
tion, both ERa*RFP*Erbb2* and ERo"RFP Erbb2* MGECs
were not proliferating and appeared as individual cells among
normal MGECs (Fig. 14). At week 4, Ki67 THC revealed pro-
liferating cells in about 5% of ERa*RFP*Erbb2* cells in
atypical hyperplastic lesions (Fig. 24). The very low number of
ERa RFP Erbb2* cells at this stage foiled reliable quantifica-
tion of their proliferating cells. In DCIS lesions analyzed at week
13, Ki67 was expressed in 5% of ERoa*RFP*Erbb2™ cells and in
25% of ERa RFP*Erbb2* cells, indicating that loss of ERa
expression is associated with dramatically increased cell prolif-
eration. The proliferation rate of ERa"RFP Erbb2* cells was
higher than the rates of ERa*RFP*Erbb2* and ERa RF-
P Erbb2™" cells (Fig. 2B). This high proliferation rate of ERo”RF-
P Erbb2™ cells explained the increase in this cell population at week
13 compared to what we found at week 4. In advanced tumors at
week 27, Ki67 immunostaining and BrdU incorporation assays
revealed that very few ERa*RFP*Erbb2™ tumor cells were prolif-
erating, while ERa"RFP"Erbb2* and ERa RFP Erbb2* tumor
cells were highly proliferative (Fig. 2C and SI Appendix, Fig. S6).
These results indicate that the initial ERa*RFP*Erbb2* tumor
cells originating from ERa* MGECs multiply slowly, but while
they progressively lose ERa expression they become fast-proliferating
ERo RFP*Erbb2* tumor cells and, consequently, largely replace
the population of slow-proliferating ERo* RFP*Erbb2* tumor cells
of early hyperplastic lesions. On the other hand, ERa"RFPErbb2*
tumor cells that originated from ERa™ MGEC:s are fast-proliferating
tumor cells throughout the cancer progression process.

In normal MGs of adult mice, ERa* MGECs barely prolif-
erate, while ERa™ MGEC:s are highly proliferative in response to
hormonal stimulation (25). The slow- and fast-proliferating
features of ERa*RFP*Erbb2* and ERa”RFP Erbb2* tumor
cells may be inherited from their parental ERa* and ERa~
MGECs. Together, these findings suggest that ERa plays an
important role in restricting the proliferation of both normal
ERa" MGEC and ERa"RFP*Erbb2* tumor cells.

The Loss of ERa Expression in ERa*RFP*Erbb2* Cells Is Associated with
Distant BrC Metastasis. To determine the metastatic potentials of
ERoa"RFP*Erbb2*, ERa"RFPTErbb2*, and ERa"RFP Erbb2*
cells, we sectioned through the lungs of eight ER““RFP-T mice
with large MG tumors at week 27 after viral infection. We examined
Erbb2, ERa, and RFP expressions in tumor cells on adjacent sec-
tions by IHC and calculated the percentage of areas occupied by
ERa RFP*Erbb2* and ERa"RFP Erbb2™ tumor cells relative to
total lung areas examined. We found that most lung metastases
were made of ERa"RFP*Erbb2* tumor cells, and only a few
metastatic nodules contained ERa"RFP"Erbb2* cells. Three mice
(Nos. 6 through 8) bearing MG tumors with mostly ERa™RF-
PTErbb2* cells developed extensive lung metastases containing the
same type of tumor cells, while other mice (Nos. 1 through 5) carrying
similar size MG tumors with predominantly ER«"RFP Erbb2™" tu-
mor cells only developed low grade lung metastases (Figs. 3.4 and B
and 1D and SI Appendix, Fig. S24). We did not find any
ERa*RFP*Erbb2* cells in all examined lungs, suggesting that
these tumor cells do not metastasize (Fig. 3 A and B). Interest-
ingly, the ratios of ERa"RFP*Erbb2* to ERa RFP Erbb2*
cells showed a positive correlation, while ERa”RFP~Erbb2* to
ERa RFP*Erbb2* cell ratios showed a negative correlation
with lung metastasis burdens (Fig. 3C).

To confirm the significantly different metastatic competence
of ERo"RFP*Erbb2* and ERa RFP Erbb2* cells, we then
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grew cell line-specific tumors in mouse xenograft models. Since
the advanced MG tumors at week 27 mainly consisted of
ERa RFP*Erbb2" and ERa"RFP™Erbb2™ tumor cells with only
a few ERa"RFP™ tumor cells (Fig. 1D), we used flow cytometry to
isolate RFP* and RFP~ tumor cells from these large tumors. We
orthotopically inoculated a half million cells of each RFP type as
well as a 1:1 mixture of both into the MG fat pads of severe
combined immunodeficiency (SCID) mice (Fig. 44). The growth
rates of xenograft tumors developed from these three groups were
similar (SI Appendix, Fig. STA). As expected, we did not find any
ERa Erbb2* tumor cells in these tumors, and the tumors derived
from RFP* and RFP~ cell groups mainly had ERoa"RFP*Erbb2*
and ERa"RFP Erbb2* tumor cells, respectively. The tumors de-
rived from the cell mixture averaged about 40% ERa RFP*Erbb2*
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Fig. 3. The number of ERa"RFP*Erbb2* tumor cells in the primary MG tu-
mors was positively associated with lung metastasis. (A) IHC analysis of
Erbb2, ERa, and RFP expression in adjacent sections of lung metastases at
week 27 after viral infection. (B) Quantitative analysis of lung metastasis
developed from the indicated types of tumor cells in eight ER“RFP-T mice
at week 27 after viral infection. Each whole lung was sectioned, and sets of
three serial sections with a 50-um interval between each set were used for
IHC to assay Erbb2, ERa, and RFP expression. Digital images were taken from
each stained section for quantifying areas with ERa*RFP*, ERa"RFP*Erbb2*,
and ERa"RFP™Erbb2* metastatic tumor cells using ImagelJ software. The sum
of metastatic areas of each indicated tumor cell type on all examined sec-
tions was used to represent the metastasis burden of each mouse lung. The
primary MG tumors in mice Nos. 1 through 3 and 6 through 8 mainly con-
sisted of ERa"RFP~Erbb2* and ERa"RFP*Erbb2* tumor cells, respectively. The
lung metastasis burdens developed in mice Nos. 6 through 8 were signifi-
cantly more severe than that in mice Nos. 1 through 3 (*P < 0.05 by one-way
ANOVA test). (C) The percentages of ERa RFP*Erbb2* and ERa"RFP~Erbb2*
tumor cells in the advanced MG tumors at week 27 were positively and
negatively correlated with the lung metastasis burdens, respectively.
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and 60% ERo RFPErbb2* cells (Fig. 44 and SI Appendix, Fig.
S7B). The xenograft tumors with predominantly ERa"RFP*Erbb2*
cells produced the most lung metastases within ERa"RFP*Erbb2*
nodules, while the ones with mostly ERa"RFP Erbb2* cells
developed the fewest lung metastases. The xenografts with mixed
ERa RFPErbb2* and ERa"RFP™Erbb2* cells produced the
second most lung metastases with nodules that consisted of
mainly ERa"RFPErbb2* cells (Fig. 4B). We did not find any
ERa"RFP*Erbb2* tumor cells in the lung metastases of all ex-
amined mice (SI Appendix, Fig. S8). These results demonstrate that:
1) ERa*RFP*Erbb2* tumor cells originating from ERa* MGECs
are nonmetastatic; 2) ERa"RFP Erbb2* tumor cells originating
from ERo™ MGECs are weakly metastatic; and 3) ERa"RFP*Erbb2™*
tumor cells that derived from ERa*RFP*Erbb2* tumor cells after
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losing ERa are extremely metastatic. Accordingly, these findings
defined an interesting hierarchy for metastatic capacity that is de-
termined by both ERa expression status and origin of the BrC
cell lineage.

The ERK1/2 MAPKs Are Activated in ERe”RFP*Erbb2* Tumor Cells but
Not in ERa~RFPErbb2* Tumor Cells. We compared the transcriptomes
of ERa"RFP*Erbb2* and ERa”RFP Erbb2* tumor cells and
identified 230 up-regulated and 143 down-regulated transcripts
in ERa"RFPErbb2™ cells (SI Appendix, Fig. S94 and Table S1).
Gene set enrichment analysis revealed several cancer-related
pathways, including Ras, cell adhesion, and PI3K-AKT signaling
pathways (SI Appendix, Fig. SO9B). The increased levels of Rasgrfl
and Fgf13 expression in the Ras pathway and Prlr, LamC3, and
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ERa"RFP*Erbb2* cancer cells were much more metastatic than ERa”RFP Erbb2* cancer cells. (A) RFP* and RFP~ tumor cells were isolated from MG

tumors at week 27 after viral infection and orthotopically inoculated into female SCID mice as sketched. Xenografts were collected 8 wk after inoculation.
Five tissue pieces from different regions of each tumor were sampled for preparing sections. Double IF for Erbb2 and RFP was performed on sections of all tissue
pieces to determine the percentage of RFP*Erbb2* tumor cells to RFP"Erbb2* tumor cells. *P < 0.05, and **P < 0.01 by Student’s t test. n = 8, 6, and 6 assayed
tumors for Upper, Middle, and Lower bar graphs, respectively. (B) H&E staining and double IF for Erbb2 and RFP were performed with sets of serial sections
prepared from each lung of SCID mice bearing RFP*Erbb2* (n = 8 mice), RFP"Erbb2* (n = 6 mice), and 1:1 mixture (n = 6 mice) xenografts. Stained sections were
imaged by scanning. The lung tissue and the RFP*Erbb2* and RFP"Erbb2* cancer cell areas (pixels) in all section sets were measured using ImageJ software. The
percentage of tumor cell area compared to lung area is presented as lung metastasis burden. * and **P < 0.05 and P < 0.01 by one-way ANOVA test. (C) A model
depicting dynamic changes of the relative ratios of ERa*RFP*Erbb2*, ERa"RFP"Erbb2*, and ERa"RFP*Erbb2* tumor cell populations during primary MG tumor
growth, progression, and lung metastasis, and estimating lung metastasis capacity for each cancer cell lineage. Our quantitative data suggest that the relative
lung-metastatic potencies of ERa*RFP*Erbb2*, ERa"RFPErbb2*, and ERa"RFP*Erbb2* tumor cells could be assigned as 0, 1, and 14 folds, respectively.
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Itga7 expression in the PI3K-AKT pathway were validated in
ERa RFP*Erbb2* cells versus ERa"RFPErbb2* cells by RT-
qPCR assays (SI Appendix, Fig. S9C). The PI3K-AKT pathway
and the Ras pathway that activates MAPK ERK1/2 are known to
promote cancer growth and metastasis. We found that the ex-
pression levels of AKT and ERK1/2 mRNAs as well as the phos-
phorylated active AKT showed no changes in these cells. However,
levels of phosphorylated ERK1/2 were high in ERa* RFP*Erbb2*
and ERa RFP*Erbb2* cells in 13-wk hyperplasia and in
ERoa RFPTErbb2* cells in 27-wk tumors, but were detected
only in a very small proportion of ERa"RFP™Erbb2* cells in
tumors at both stages (SI Appendix, Figs. S10 and S11). ERK1/2
phosphorylation activates these kinases to translocate into the
nucleus where they phosphorylate nuclear targets. Our results
suggest that the high ERK1/2 activity is associated with the
ERa™ tumor cell lineage, which may be responsible in part for
the fast-proliferating and strong-metastatic capabilities of the sub-
sequent ERa"RFPErbb2™" cancer cells. Further future studies are
needed to understand why the slow-proliferating and nonmetastatic
ERa"RFP*Erbb2* tumor cells also have high ERK1/2 activities.
In summary, overexpression of Erbb2 can transform ERa*
and ERa~ mouse MGECs into BrCs. ERa"Erbb2* tumor cells
from the ERa* cell lineage have high ERK1/2 activities, but
proliferate slowly and do not metastasize if they maintain ERa
expression. However, due to decreased FoxAl and GATA3 ex-
pression and ERa promoter methylation, these cells with high
ERK1/2 activities progressively lose ERa to become fast-
proliferating and highly metastatic ERa"Erbb2* cancer cells.
ERa Erbb2* tumor cells from the ERa™ cell lineage proliferate
fast, but have much weaker metastatic capability compared to
ERa Erbb2™ cancer cells with an ERa* origin (Fig. 4C). These
findings indicate that cell lineage origin and ER expression status
are crucial factors contributing to the heterogenous growth and
metastasis features of HER2" BrCs. A future BrC treatment
objective could be to prevent the transformation of ERa* Erbb2*
cancer cells into aggressive ERo Erbb2* cancer cells with an
ERa™ origin while treating ERa"Erbb2* cancers. Our results also
suggest that the ERa"HER2* human BrCs that are currently treated
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as a single type can consist of a more aggressive ERa"HER2" sub-
type with an ERa* origin and a less aggressive ERa”HER2™" subtype
with an ERa™ origin. A new objective then should involve the
discovery of molecular markers specific to each subtype for a more
distinguished diagnosis. Indeed, our findings warrant future studies to
develop inherent molecular markers for these two BrC subtypes and
to identify subtype-specific molecular targets for precision therapy.

Materials and Methods

Mouse Models. ERa-F2A-Cre mice were cross-bred with Rosa26-LoxP-STOP-LoxP-
tdRFP and MMTV-TVA mouse lines (17-19) to generate heterozygous trigenic
ERRFP-T mice. Mouse genotypes were assayed by PCR using allele-specific
oligonucleotide primers as described previously (17-19). RCAS-Erbb2HA virus
was produced in DF-1 chicken fibroblasts, and 1 million viral particles were in-
troduced into the ductal lumina of every fourth MG in 9-wk-old female
ER"®RFP-T mice as described previously (19, 20). After viral infection, these fe-
male ER“®RFP-T mice were maintained to allow MG tumor development. For
xenograft models, flow cytometry-sorted mouse tumor cells were injected into
the fourth pair of MG fat pads of 8-wk-old female SCID mice. Each fat pad
received 5 x 10° cells in 100 pL Matrigel (354230, Corning). Tumor growth,
histopathology, and lung metastasis were examined as described previously (20,
26). The animal protocol was approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine.

Tissue collection, H&E staining, immunohistochemistry, immunofluores-
cence (IF), DNA methylation assay, flow cytometry, transcriptome analysis, RT-
gPCR, and statistical analysis were performed as described in S/ Appendix,
Supplemental Methods.

Data Availability. The FASTQ file for RNA-Seq data has been deposited in the
BioProject category of the NCBI Sequence Read Archive database, accession
no. PRINA713819 (27). All other study data are included in the article and/or
supporting information.
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