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Abstract
Purpose: Synchronous bilateral breast cancer (SBBC) patients present with cancer in both
breasts at the time of diagnosis or within a short time interval. They show higher rates of
metastasis and lower overall survival compared to women with unilateral breast cancer. Here we
established the first preclinical SBBC model and used molecular imaging to visualize the
patterns of metastasis from each primary tumor.
Procedures: We engineered human breast cancer cells to express either Akaluc or Antares2 for
bioluminescence imaging (BLI) and tdTomato or zsGreen for ex vivo fluorescence microscopy.
Both cell populations were implanted into contralateral mammary fat pads of mice (n=10), and
dual-BLI was performed weekly for up to day 29 (n=3), 38 (n=4), or 42 (n=3). Primary tumors
and lungs were fixed, and ex vivo fluorescence microscopy was used to analyze the cellular
makeup of micrometastases.
Results: Signal from both Antares2 and Akaluc was first detected in the lungs on day 28 and
was present in 9 of 10 mice at endpoint. Ex vivo fluorescence microscopy of the lungs revealed
that for mice sacrificed on day 38, a significant percentage of micrometastases were composed
of cancer cells from both primary tumors (mean 37%; range 27 to 45%), while two mice
sacrificed on day 42 showed percentages of 51% and 70%.
Conclusions: A high degree of metastatic cross-seeding of cancer cells derived from bilateral
tumors may contribute to faster metastatic growth and intratumoral heterogeneity. We posit that
our work will help understand treatment resistance and optimal planning of SBBC treatment.

Key words: Synchronous bilateral breast cancer, Mouse model, Spontaneous metastases,
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Introduction
Synchronous bilateral breast cancer (SBBC) is defined as the
detection of breast cancer in both breasts at the time of

diagnosis or within a short interval of 3–12 months [1].
SBBC accounts for 2–11% of all breast cancer cases, and the
estimated risk of SBBC development is 2–6 times higher in
patients already diagnosed with breast cancer [2, 3]. Several
clinical studies have found that compared to patients with
unilateral breast cancer (UBC), SBBC patients have higher
rates of distant metastasis and lower overall survival [2–7].Correspondence to: John Ronald; e-mail: jronald@robarts.ca
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In 2015, Jobsen and colleagues reported that the aggressive-
ness of primary tumors in SBBC patients does not appear to
differ from UBC patients, as measured by malignancy
grading, mitotic activity index, hormone receptor status,
and the presence of positive lymph nodes [2]. They
suggested that the worse prognosis of SBBC is due to the
combined effect of two tumors, resulting in a higher chance
of metastasis. Using a competing risks model, Mejdahl et al
found that the combined effect of having two cancers leads to
excess mortality and poorer prognosis in comparison with
UBC [7]. These studies suggest that increased tumor burden
and metastasis may explain the lower survival of SBBC
patients; however, little is known about the spread and growth
of metastatic cells from each primary tumor over time.

Animal models of UBC have existed for decades and
have provided vital information on the steps, kinetics, and
mechanisms of breast cancer metastasis, as well as the
development and testing of anti-metastatic treatments [8–
12]. Similar animal models of SBBC are lacking, and to our
knowledge, there are no cell lines derived from SBBC
patients. Since it is likely that SBBC patients experience
worse outcome due to increased tumor burden rather than
tumor aggressiveness, we believe SBBC may be modeled
with traditional breast cancer cell lines. Thus, to complement
the data from clinical SBBC studies, we developed a
xenograft mouse model of SBBC where each mouse formed
two contralateral primary breast cancer tumors with sponta-
neous metastasis. Cancer cells implanted into each mam-
mary fat pad were pre-engineered to express a unique set of
imaging reporter genes allowing us to distinctly visualize the
metastatic fate of cancer cells from each tumor using non-
invasive in vivo dual-bioluminescence imaging (BLI) and
ex vivo fluorescence microscopy.

BLI relies on the reaction between luciferases and
exogenously delivered substrates to produce light that is
then detected by a charge-coupled device [13]. In this study,
we used two highly sensitive BLI reporters Antares2 and
Akaluc to improve our ability to monitor SBBC metastasis
in deep tissues. Antares2 is an enhanced version of the
original Antares reporter developed by Dr. Michael Lin’s
group. Antares is a bioluminescence resonance energy
transfer (BRET) reporter protein consisting of the BLI
reporter NanoLuc fused to two copies of the orange
fluorescent protein CyOFP1 [14]. Reacting with furimazine,
a synthetic analog of the Renilla luciferase substrate
coelenterazine, NanoLuc emits blue light that can be
absorbed by CyOFP1 and re-emitted as orange light
(583 nm emission peak), allowing better tissue penetration.
Antares2 was developed by replacing NanoLuc with a
mutant named teLuc [15]. Akaluc is a recently described
luciferase that also promotes red-shifted light emission
(677 nm emission peak) [16]. This BLI reporter was
developed by Dr. Atsushi Miyawaki’s group through
successive rounds of mutagenesis of firefly luciferase to
optimize pairing with the substrate AkaLumine hydrochlo-
ride [16]. Akaluc has been shown to be able to achieve

detection of single cells at depth (lungs) in mice [16]. In
addition to these BLI reporters, the fluorescence reporters
zsGreen and tdTomato were co-expressed by either Antares2
or Akaluc-expressing cells, respectively, to enable ex vivo
microscopic cell characterization of SBBC metastases [17].

Using this first SBBC model, we aimed to identity the
patterns of SBBC metastasis over time. We demonstrate that
the vast majority of individual lung metastases are formed
from cancer cells derived from both primary tumors rather
than from one individual tumor, highlighting a high degree
of cross-seeding. If present in SBBC patients, this high level
of cross-seeding from distinct primary tumors may contrib-
ute to tumor heterogeneity and treatment resistance. Future
work using our model and potential variants may help
further elucidate the biological mechanisms underlying the
worse prognosis of SBBC patients.

Methods

Lentiviral Construction and Production

Third-generation lentiviral packaging and envelope-
expression plasmids pMDLg/pRRE, pRSV-Rev, and
pMD2.G were gifts from Didier Trono (Addgene plasmids
#12251, #12253, and #12259, respectively) [18]. pUltra-
Chili-Luc, a third-generation lentiviral transfer vector encod-
ing tdTomato (tdT) and firefly luciferase (FLuc) separated
by a P2A self-cleaving peptide sequence, was a gift from
Malcolm Moore (Addgene plasmid #48688). All cloning
was performed using In-Fusion HD Cloning (Takara Bio
USA, Inc.). As previously reported [19], we built a pEF1α-
tdT/FLuc2 transfer vector by replacing FLuc with FLuc2
and the ubiquitin C promoter with a human elongation factor
1 alpha promoter (pEF1α) in the pUltra-Chili-Luc vector. To
generate a pEF1α-tdT/Akaluc transfer plasmid, the Fluc2
sequence in pEF1α-tdT/FLuc2 was replaced with Akaluc
obtained from the pcDNA3-Venus-Akaluc Vector (Cat.
RDB15781, RIKEN BioResource Research Center). To
generate a pEF1α-zsG/Antares2 transfer plasmid, the
pEF1α-tdT/FLuc2 vector was modified to replace tdT with
the fluorescence reporter zsGreen 1 (zsG) obtained from the
pLVX-ZsGreen1-N1 Vector (Cat. 632565, Takara Bio USA,
Inc.) and FLuc2 was replaced with the Antares2 sequence
obtained from pcDNA3-Antares2 c-myc, a gift from
Huiwang Ai (Addgene plasmid #100027) [15]. To
produce pEF1α-zsG/Antares2 and pEF1α-tdT/Akaluc len-
tiviruses, the packaging, envelope, and one of the
transfer plasmids were co-transfected into human embry-
onic kidney (HEK 293T) cells using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufac-
turer’s lentiviral production protocol. Lentivirus-
containing supernatants were harvested 24- and 48-
h post-transfection, filtered through a 0.45-μm filter,
and stored at −800C prior to use.
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Cell Culture and Lentiviral Transduction

Human triple negative breast cancer cells (MDA-MB-231)
were obtained from a commercial supplier (American Type
Culture Collection; ATCC) and cultured in DMEM supple-
mented with 10% fetal bovine serum at 37°C and 5% CO2.
All cells were routinely verified as free of mycoplasma
contamination using the MycoAlert mycoplasma detection
kit (Lonza). Cells were transduced with pEF1α-zsG/An-
tares2 lentivirus overnight in the presence of 4- to 8-μg/ml
polybrene. Transduced cells were washed, collected, and
sorted for zsG expression using a FACSAria III
fluorescence-activated cell sorter (BD Biosciences), gener-
ating Antares2-expressing cells with 995% purity. A second
population of MDA-MB-231 cells were transduced with the
pEF1α-tdT/Akaluc lentivirus and sorted for tdT expression
to generate Akaluc-expressing cells with 995% purity.

Furimazine and AkaLumine-HCl

Furimazine was purchased as NanoLuc substrate in the
Nano-Glo® Luciferase Assay System (Promega) and was
diluted 50× in media for in vitro experiments and 50× in
PBS for in vivo experiments, as previously described [20].
AkaLumine-HCl (TokeOni; Sigma-Aldrich) was diluted in
PBS to 5 mM for in vivo experiments. Further dilutions to
250 μM were made in media for in vitro experiments.

In Vitro Studies

Fluorescence microscopy was performed on an Olympus IX50
Inverted System Microscope to visualize zsG in Antares2-
expressing cells and tdT in Akaluc-expressing cells. To assess
Antares2 and Akaluc activity and the correlation between cell
number and BLI signal, increasing cell numbers from 1×104 to
1.5×105 cells were seeded in a 24-well plate. The next day, media
was removed and replaced with 200 μl of furimazine diluted 50×
in media for Antares2-expressing cells, or 200 μl of 250 μM
AkaLumine-HCl in media, and images were acquired 5 min later.

Proliferation assays were performed to evaluate whether
genetic engineering had an effect on in vitro cell growth.
Naïve cells, Antares2-expressing, and Akaluc-expressing
cells were plated in 24-well plates at 2×104 cells per well
in triplicate. Viable cell numbers were counted by Trypan
Blue dye exclusion at 24, 48, 72, and 96 h.

To evaluate the substrate in vitro cross-reactivity of
furimazine with Akaluc and AkaLumine-HCl with Antares2,
two 24-well plates were plated with 5×104 Akaluc-
expressing cells, Antares2-expressing cells, naïve cells, and
equivalent volume of media. The next day, media was
removed and replaced with 200 μl of 250 μM AkaLumine-
HCl in media in one plate, and 200 μl of furimazine diluted
50× in media in another plate. Images were acquired 5 min
after incubation. After initial images were acquired, cells
were washed with PBS, incubated with 1 ml of fresh media,

and signal decay was measured for up to 3 h. Cells were
washed again every 24 h followed by BLI until signal
reached background levels. Results were obtained from three
independent experiments with three replicates for each
condition. The mean signal across replicates was determined
for each independent experiment.

In Vivo Studies

Animals were cared for in accordance with the standards of
the Canadian Council on Animal Care and under an
approved protocol of the University of Western Ontario’s
Council on Animal Care (2017-032). Six to eight-week-old
female nu/nu mice were obtained from Charles River
Laboratories (Willington, MA, USA).

We first evaluated the kinetics of Antares2 and Akaluc in vivo
in nu/nu mice. Mice received orthotopic injections of either
Antares2-expressing cells (5×105; n=4) or Akaluc-expressing
cells (5×105; n=4) into the right fourth mammary fat pad (day 0).
On day 5, all mice received an intravenous injection of 100 μl of
furimazine (diluted 50× in PBS), and images were acquired every
60 s for 30 min, as well as at 1, 2, 3, and 24 h. On day 6, all mice
received intraperitoneal injections of 100μl of 5mMAkaLumine-
HCl in PBS, and images were acquired every 60 s for 30 min and
then at 1, 2, 7, 8, 11, 24, and 36 h. BLI was performed on an IVIS
Lumina XRMS In Vivo Imaging System (PerkinElmer). For all
imaging, mice were anesthetized with 1–2% isoflurane using a
nose cone attached to an activated carbon charcoal filter for
passive scavenging. Regions of interest (ROIs) were manually
drawn around tumor borders using Living Image software to
measure bioluminescent average radiance (p/s/cm2/sr).

To generate a SBBC model, 8-week-old female NOD
scid-gamma (NSG) mice were obtained from an in-house
colony (Dr. David Hess; Western University). Each mouse
received orthotopic injections of 3×105 Antares2-expressing
cells into the right fourth mammary fat pad and 3×105

Akaluc-expressing cells into the left fourth mammary fat pad
(day 0; n=10). Antares2 BLI was performed weekly starting
day 0 for up to 6 weeks. Images were acquired for up to 10
min. Akaluc BLI was performed on the same or on
consecutive days after scans taken prior to AkaLumine-
HCl injection confirmed lack of Antares2 signal. Images
were acquired for up to 30 min. Mice 1–3 were sacrificed on
day 29 upon detection of both Antares2- and Akaluc-
expressing lung metastasis, and tissues were collected for
histological analysis. The remaining seven mice were
monitored for primary tumor growth and metastasis until
endpoint, determined by the development of primary tumor
necrosis (day 42 for mice 4–6 and day 38 for mice 7–10).

Histology

At endpoint, mice were sacrificed by isoflurane overdose
and perfused with 4% paraformaldehyde (PFA) via the left
ventricle. Mammary fat pad tumors and lungs were removed
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and fixed in 4% PFA for an additional 48 h, cryopreserved
in ascending concentrations of sucrose (15 and 30% w/v) for
24 h each. Tissues were then immersed in OCT medium
(Sakura Finetek), frozen using dry ice, and sectioned at 14-
μm thickness. Nuclei were stained with Hoechst, and
fluorescence microscopy of sections was performed on an
EVOS FL Auto 2 Imaging System to evaluate zsG and tdT
expression.

To analyze cell distribution of metastases from each
primary tumor, individual micrometastases were identified in
the lung. Micrometastases were identified as clusters of cells
with a diameter larger than 200 μm, distinct from isolated
tumor cells with a diameter less than 200 μm. The number of
micrometastases composed of cells expressing zsG only, tdT
only, or both zsG and tdT were manually counted in 5 fields
of view per lung section for 3 lung sections for two mice
sacrificed on day 42 and four mice sacrificed on day 38.

Statistics

Linear regression analysis was performed to determine the
goodness-of-fit coefficient (R2 value) for BLI signal versus
number of Akaluc- or Antares2-expressing cells. Unpaired
two-tailed t tests were performed using GraphPad Prism
software (Version 8.1.2 for Mac OS X, GraphPad Software
Inc., La Jolla California, USA, www.graphpad.com) to
compare BLI signal from Akaluc- and Antares2-expressing
cells for in vitro and in vivo experiments. A p-value less
than 0.05 was considered statistically significant. For cell
proliferation and imaging measurements over time, one-way
ANOVA and Tukey’s multiple comparison post hoc test was
performed.

Results
Antares2 and Akaluc Do Not Exhibit Substrate
Cross-Reactivity

We first generated lentiviral vectors encoding either a
pEF1α-zsG/Antares2 or a pEF1α-tdT/Akaluc cassette (Fig.
1a). Human breast cancer cells were transduced with each
lentivirus and sorted for zsG or tdT to obtain Antares2- and
Akaluc-expressing cell populations with 995% purity (Fig.
1b). Fluorescence microscopy also confirmed zsG and tdT
expression in purified Antares2-expressing and Akaluc-
expressing cell populations, respectively (Fig. 1c). As
expected, Antares2-expressing cells also exhibited some
red fluorescence due to CyOFP1 in the fusion protein. To
test for Antares2 and Akaluc functionality, increasing
numbers of cells were seeded in a well plate, and BLI signal
was measured after co-incubation with the appropriate
substrate (Fig. 1d/e). A significant linear correlation was
found between BLI signal and the number of both Antares2-
expressing cells (Fig. 1d; n=3, R2=0.9810, pG0.0001) and
Akaluc-expressing cells (Fig. 1e; n=3, R2=0.9944,

pG0.0001). Cell proliferation assay of naïve cells,
Antares2-expressing cells, and Akaluc-expressing cells over
a 96-h period showed that there were no significant differ-
ences in cell growth at any of the time points (Fig. 1f).

To validate the use of Antares2 and Akaluc reporters for
dual-BLI of SBBC growth and metastasis, we first needed to
confirm a lack of substrate cross-reactivity of furimazine
with Akaluc and AkaLumine-HCl with Antares2. Akaluc-
expressing cells, Antares2-expressing cells, naïve cells, and
an equivalent volume of media were incubated with
furimazine. Antares2-expressing cells showed significantly
higher BLI signal (103-fold) than Akaluc-expressing cells,
naïve cells, and media (Supplementary Fig. 1A; n=3,
pG0.05). Similarly, when treated with AkaLumine-HCl,
Akaluc-expressing cells showed a significantly higher BLI
signal (103-fold) than Antares2-expressing cells, naïve cells,
and media (Supplementary Fig. 1B; n=3, pG0.01). We next
characterized the in vitro signal kinetics to determine the
time for Antares2 and Akaluc signal to decay to background
levels. Antares2- and Akaluc-expressing cells were treated
with the appropriate substrate and imaged 5 min later. Cells
were then washed with PBS and incubated in fresh media
without substrate, and images were acquired over time with
additional washes every 24 h until negligible signal
remained. Antares2-expressing cells showed negligible
signal remaining by 24 h after substrate treatment
(Supplementary Fig. 1C). In contrast, Akaluc-expressing
cells showed some signal remaining at 24 h but negligible
signal by 48 h (Supplementary Fig. 1D). This data suggests
that Antares2 and Akaluc dual-BLI can be performed on
consecutive days for in vitro experiments, with Akaluc BLI
following Antares2 BLI.

We next evaluated the substrate cross-reactivity between
Antares2 and Akaluc in vivo. Nude mice were implanted
with either Antares2- or Akaluc-expressing cells into the
mammary fat pad (n=4 per cell line). We allowed the tumors
to grow and become palpable before conducting cross-
reactivity tests. On day 5, furimazine was injected intrave-
nously in all eight mice, and BLI signal from mammary fat
pad tumors were measured. On day 6, prescans confirmed
the loss of Antares2 signal if previously present, and
AkaLumine-HCl was injected intraperitoneally in all mice,
and BLI signal was measured. Antares2 tumors showed
significantly higher signal (102-fold) than Akaluc tumors
when mice were injected with furimazine (Supplementary
Fig. 2A; n=4, pG0.01). Similarly, Akaluc-expressing tumors
showed significantly higher signal (104-fold) than Antares2-
expressing tumors after injection of AkaLumine-HCl
(Supplementary Fig. 2B; n=4, pG0.01). These data validate
the lack of substrate cross-reactivity between Antares2 and
Akaluc both in vivo and support their use in dual-BLI. For
in vivo kinetics studies, nude mice bearing Antares2 or
Akaluc mammary fat pad tumors were injected with the
appropriate substrate and imaged over time until negligible
signal remained. Antares2 BLI signal peaked immediately
and dropped to background levels by 3 h after furimazine
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injection (Supplementary Fig. 2C). In contrast, Akaluc BLI
signal peaked at 30 min and dropped to background levels
by 36 h after AkaLumine-HCl injection (Supplementary Fig.
2D). From these results, in vivo Antares2 and Akaluc dual-
BLI could be performed on the same day or on consecutive
days, with Akaluc BLI following Antares2 BLI.

Dual-BLI of Contralateral Tumors Shows
Spontaneous Metastasis of Both Antares2- and
Akaluc-Expressing Cells to the Lungs

To generate a SBBC mouse model, Antares2-expressing
cells were implanted into the right mammary fat pad and

Akaluc-expressing cells into the left mammary fat pad of ten
NSG mice. NSG mice were chosen for our SBBC model as
they allow for a more accurate representation of spontaneous
metastasis seen in human breast cancer patients in compar-
ison to nude mice [21, 22]. We had six mice in our first
cohort (mice 1–6) and four mice in a second cohort (mice 7–
10). Dual-BLI was performed on the same or consecutive
days weekly to track the growth of primary tumors and
development of spontaneous metastases. Mice were imaged
until endpoint as determined by the first presence of both
Antares2 and Akaluc BLI signal in the lungs (day 29 for
mice 1–3) or when evidence of ulceration of the primary
tumors was present (day 38 for mice 7–10 and day 42 for
mice 4–6).

Figure. 1. Lentiviral transduction of MDA-MB-231 cells to express fluorescent and bioluminescent reporter genes: a Reporter
gene constructs for co-expression of zsGreen (zsG) and Antares2, and tdTomato (tdT) and Akaluc. b Histograms of control
(naïve) and transduced MDA-MB-231 cells fluorescence-activated cell sorted for zsG or for tdT. c Fluorescence microscopy of
sorted MDA-MB-231 cells engineered to express zsG/Antares2 or tdT/Akaluc, with excitation laser/emission filter wavelengths.
d Bioluminescence imaging (BLI) signal vs number of Antares2-expressing cells after administration of furimazine. e BLI signal
vs number of Akaluc-expressing cells after administration of AkaLumine-HCl. f Cellular proliferation of naïve cells, Antares2-
expressing cells, and Akaluc-expressing cells. The data are presented as mean ± SD.
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On day 0, only the Antares2 tumor was visualized upon
administration of furimazine, and on day 1, only the Akaluc
tumor was visualized upon administration of AkaLumine-
HCl (Fig. 2a). Average radiance of BLI signal significantly
increased over time for both Antares2 and Akaluc mammary
fat pad tumors (Fig. 2b; pG0.05).

Metastases were first detected in the lungs in six of the 10
mice on day 15 using Akaluc BLI, with all mice showing
Akaluc signal in the lungs by day 29 (Fig. 2c). Antares2-BLI
detected lung metastasis in four of the 10 mice by day 28
and in six of the seven mice on day 35. By endpoint, nine of
the 10 mice showed both Antares2 and Akaluc signal in the
lungs. Average radiance significantly increased over time for
both Antares2 and Akaluc BLI signal from the lungs (Fig.
2d, pG0.05).

A High Percentage of Micrometastases Are
Composed of Cancer Cells from Both Primary
Tumors

At endpoint, primary tumors and lungs were collected for
analysis. Of the 10 mice, one mouse (mouse 4) was not
preserved properly and thus excluded from further analysis.
Akaluc primary tumors showed only tdT fluorescence, while
Antares2 primary tumors showed only zsG fluorescence
(Supplementary Fig. 3). We believe the absence of visible

orange-red CyOFP1 fluorescence in Antares2-expressing
cells is due to the perfusion fixation of the mice.

The lungs of the 3 mice sacrificed on day 29 showed both
zsG- and tdT-expressing cancer cells, which were mostly
found in unique loci and isolated from each other (Fig. 3a/b).
No micrometastases, defined as lesions with a diameter
larger than 200 μm, had yet developed in these lungs, yet
both Antares2 and Akaluc signal was clearly visible. For
mice sacrificed on day 38 (mice 7 through 10), there were
micrometastases present, with many composed of zsG-
expressing cells, a moderate fraction composed of both
zsG- and tdT-expressing cells, and a small fraction com-
posed solely of tdT-expressing cells (Fig. 3a/b,
Supplementary Fig. 4). Finally, for the two mice sacrificed
on day 42 (mice 5 and 6), many micrometastases were
present in the lungs, with a large fraction qualitatively
composed of both zsG- and tdT-expressing cells (Fig. 3a/b).

To quantify the composition of micrometastases, the
number of lung micrometastases in mice 5 through 10
composed of only tdT-expressing cells, only zsG-expressing
cells, or both cell types was manually counted in five fields
of view in each of three lung sections (Fig. 4a). For mice 7–
10 sacrificed on day 38, the mean percentage of micro-
metastases composed of both cell types was 37%, with
percentages ranging from 27 to 45% (Fig. 4b). For mice 5
and 6 sacrificed on day 42, 51% and 70% of micro-
metastases were composed of both cell types, respectively.

Figure. 2. Dual-bioluminescence imaging (BLI) of mammary fat pad tumors and lung metastasis in NOD scid-gamma mice: a
Representative images of a mouse bearing contralateral mammary fat pad tumors imaged with Antares2 BLI on day 0 and
Akaluc BLI on day 1. b Quantification of Antares2 (left) and Akaluc (right) mammary fat pad tumor BLI signal over time (n=10). c
Representative images of Akaluc and Antares2 BLI of lung metastasis. d Quantification of Akaluc (left) and Antares2 (right) lung
BLI over time (n=10). *pG0.05, ****pG0.0001 when compared to the initial data point. The data are presented as mean ± SEM.
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When averaged across all six mice, there was a significantly
higher percentage of micrometastases composed of both cell
types compared to the percentage of micrometastases
composed of only tdT-expressing cells (Fig. 4c; pG0.001).
We noticed that for mice 7–10, there was a large proportion
of zsG-only micrometastases compared to tdT-only

micrometastases. We then analyzed the primary tumor
masses of the mice at endpoint and found that while mice
5 and 6 had similar zsG/Antares2 and tdT/Akaluc tumor
masses, for mice 7–10, the masses of the zsG/Antares2
tumors were significantly higher than the masses of the tdT/
Akaluc tumors (Fig. 4d/e; pG0.001), likely explaining the

Figure. 3. Fluorescence microscopy lungs of mice sacrificed on day 29, day 38, and day 42: a Representative whole lung
sections of mice sacrificed at the three endpoints showing the presence of metastatic tdTomato (tdT) and zsGreen (zsG)-
expressing cells. b Higher magnification images (10×) showing micrometastases composed of cells derived from both
mammary fat pad tumors (white arrows) and micrometastases composed of only zsG-expressing cells (green arrows). No
micrometastases composed of only tdT-expressing cells were identified in these fields of view.
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high percentage of zsG-only micrometastases in this partic-
ular cohort.

Discussion
SBBC is being presented to clinicians as an emerging
concern, with increasing incidence due to improved screen-
ing technologies, prolonged life expectancy, and a growing
awareness of the disease [1, 3]. Several retrospective clinical
studies indicate that SBBC patients have higher rates of
distant metastasis and higher mortality rates [2, 3]. However,
due to the lack of longitudinal data characterizing the growth
of SBBC metastases, little is known about the patterns of
metastasis, undermining our ability to understand why
SBBC patients are at increased risk of death. Characterizing
the dynamics of SBBC metastasis will deepen our under-
standing of this disease and may eventually offer insights
into mechanisms that may be targeted by anti-metastatic
therapies, treatment resistance, and ways to better manage
SBBC patients.

In this study, we developed the first animal model to
characterize metastatic SBBC. We genetically engineered
human breast cancer cells to express either Antares2 or
Akaluc for BLI and zsG or tdT for fluorescence microscopy.
We then implanted these cell populations bilaterally into
contralateral mammary fat pads of mice and used in vivo

dual-BLI and ex vivo fluorescence microscopy to analyze the
cell distribution of lung metastases arising from each
mammary fat pad tumor. Akaluc BLI first detected lung
metastasis on day 15, whereas Antares2 BLI first detected
lung metastasis on day 28. This is believed to be due to the
lower sensitivity of the Antares2 reporter in vivo. By their
respective endpoints, nine of 10 mice showed metastasis of
both mammary fat pad tumors to the lungs. Analysis of the
locations of these cells in mice sacrificed on day 42 showed
that a majority of micrometastases in the lungs were
composed of both zsG- and tdT-expressing cells, indicating
metastasis of cells from both primary tumors to the same
locations or the cross-seeding between zsG or tdT lung
metastases once formed. We then performed this experiment
again due to having only two mice sacrificed on day 42. In
this second cohort of mice, due to the size of the primary
tumors, these mice were sacrificed on day 38. Again, at
endpoint we saw a significant portion of micrometastases
composed of both zsG- and tdT-expressing cells, but
compared to mice sacrificed on day 42, more micrometa-
stases were composed of only zsG-expressing cells. We
believe this to be due to faster-growing zsG/Antares2
mammary fat pad tumors in this particular cohort compared
to the first cohort, as shown by a significantly higher average
primary tumor mass at endpoint. When averaged across all
six mice, we found that the percentage of micrometastases

Figure. 4. Cell composition analysis of lung micrometastases. The number of micrometastases (9200 μm diameter) composed
of only zsGreen (zsG)-expressing cells, only tdTomato (tdT)-expressing cells, or both were counted in 5 fields of view at 3 lung
sections for mice 5–6 (sacrificed on day 42) and mice 7–10 (sacrificed on day 38). Quantification of the types of
micrometastases is expressed as total counts (a) or percentages of the total count (b). (c) Mean percentages of
micrometastases types for mice 5–10 (n=6, ***pG0.001). (d) Mammary fat pad tumor masses for individual mice at endpoint.
(e) Average mammary fat pad tumor masses for mice 7–10 (n=4, ***pG0.001). The data are presented as mean ± SD.
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composed of both cell types was significantly higher than
the percentage of micrometastases composed of only tdT-
expressing cells.

Our results provide new information on the patterns of
metastasis in an SBBC mouse model, suggesting that two
contralateral tumors may preferentially co-populate individ-
ual metastases in a process we call metastatic cross-seeding.
This is similar to a phenomenon known as tumor self-
seeding, in which circulating tumor cells (CTCs) that
disseminate from a primary tumor travel through the
circulation and seed back to the original tumor [23, 24].
This process has been hypothesized to be due to leaky
microvasculature of the original tumor, providing a favor-
able environment to infiltrate into and populate. Similarly,
CTCs have been shown to seed onto established metastatic
sites possessing favorable survival conditions [25–27]. We
have recently found that systemically administered CTCs
can readily self-home to pre-established spontaneous metas-
tases that have disseminated throughout the body and used
this to develop a novel cell-based theranostic [27]. Another
possibility is that cells from metastases in the lungs
disseminate again and seed onto other metastases in the
organ, further contributing to mixed zsG- and tdT expression
within the same tumor. In the future, it will be of value to
study this phenomenon with more invasive imaging tech-
nologies, such as intravital fluorescence microscopy, in
order to visualize this process in real time. These mecha-
nisms supporting the metastatic cross-seeding phenomenon
may be an explanation for the current study’s findings that
cells are more likely to seed onto pre-established metastases,
contributing to a high percentage of lung metastases
composed of cells that originated from distinct primary
tumors.

The cross-seeding of contralateral tumors may help
explain the accelerated growth of SBBC metastasis and
ultimately the poorer outcomes shown by retrospective
clinical studies. Importantly, if the primary cancers are
discordant in tumor biology including histopathologic
classification, mutation status, hormone receptor status, and
HER2 receptor status, metastatic cross-seeding may lead to
increased intratumoral heterogeneity, adding another layer of
complexity when choosing the optimal treatment plan. A
study of the pathological profiles of 2542 SBBC patients
found estrogen receptor status, progesterone receptor status,
and HER2 status discordance rates between the two primary
tumors of 14.2%, 23.4%, and 14.6%, respectively, with an
overall molecular subtype discordance rate of 24.2% [28].
With these factors being established biomarkers for expected
treatment response and prognosis, hormone receptor discor-
dance in SBBC patients has been associated with increased
rate of metastasis and higher mortality at 5 years [29, 30]. A
cohort study on the effect of adherence to the German
national S3-guideline for adjuvant therapy on the survival
outcome of bilateral breast cancer patients showed that
patients who were treated guideline-adherent for only the
primary index tumor suffered a significantly decreased

recurrence-free survival compared to patients treated
guideline-adherent for both tumors [31]. Although this study
shows a need to maximize targeting of both lesions, the risk
of adverse side effects of rigorous therapy plans must also be
considered. The limited scientific evidence on the disease
and a current lack of international guidelines on therapeutic
management calls for a need to further investigate the
properties of SBBC and the impact of various treatment
plans on survival.

A limitation of our work is that we only characterized the
cellular composition of metastases in the lungs where cells
were located using in vivo BLI. Besides the lungs, SBBC
patients also commonly show metastasis to the bone, liver,
brain, and axillary lymph nodes [2, 5]. In our model, the
growth of the primary tumors hindered our ability to image
for a longer period of time. Surgically removing the primary
tumors may allow us to prolong our study until metastasis in
other organs can be detected. This has previously been
demonstrated in a mouse model of breast cancer, where
removal of the primary tumor extended the life span of mice
but did not inhibit metastasis to distant organs [32].
Enhancing the sensitivity of our BLI reporters may also
enable detection of other metastases. The sensitivity of
Antares2 could be improved by pairing it with diphenylter-
azine (DTZ), a more optimal substrate [15]. Akaluc BLI
could be improved by increasing the concentration of its
substrate AkaLumine-HCl. By improving the sensitivity of
Antares2 and Akaluc and covering the primary tumors and
lungs to avoid saturation of the CCD camera, it may be
possible to detect metastasis in other organs. Another
limitation is that Antares2 shows some red fluorescence
due to the presence of the orange fluorescent protein
CyOFP1 in the fusion protein, which is visible in in vitro
images. However, fluorescence microscopy of the Antares2
tumor did not show any perceptible red fluorescence, which
we believe is due to the perfusion fixation of the mice,
leading to reduced CyOFP1 fluorescence intensity. In
addition, tdT-expressing cells do not show any green
fluorescence, so all red fluorescence from lung sections is
from tdT.

Future preclinical research on SBBC will aim to study the
generalizability of the cross-seeding mechanism to other cell
lines and to explore the effect of primary tumor discordance
in hormone receptor and HER2 status. Our model consisted
of concordant triple-negative breast cancer primary tumors,
while in the clinic, it has been shown that only 3.3–3.6% of
SBBC patients have this phenotype [28]. A large proportion
of SBBC patients have discordant tumor molecular subtypes
(e.g., HER2+/HER2-), and it is therefore of great interest to
develop more clinically relevant models. Models consisting
of cells taken directly from both primary tumors in SBBC
patients may be more biologically relevant, although patient-
derived xenograft (PDX) models are difficult to establish
and the ability to establish PDX in both mammary fat pads
may be even more difficult [33]. Future work in clinical
research of SBBC could involve genome sequencing of
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tumors to track the lineages of metastatic cells. Mutational
profiling has previously been performed to determine
whether primary tumors in SBBC patients were of indepen-
dent or clonal origin, which may have clinical implications
[34]. Similarly, gene sequencing techniques could also be
applied to elicit the origin of metastatic tumors and
determine their heterogeneity.

Conclusions
In this work, we established the first animal model of SBBC
and evaluated the metastatic cell distribution of contralateral
mammary fat pad tumors using in vivo dual-BLI and ex vivo
fluorescence microscopy. We found that the majority micro-
metastases in the lungs are composed of cells from both
primary tumors, suggesting a high degree of metastatic
cross-seeding which we posit may contribute to intratumoral
heterogeneity and treatment resistance. Our work deepens
our understanding of the mechanisms underlying poor
outcomes of SBBC patients and may offer insight into
optimal management of SBBC.
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