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Abstract
Purpose: The aim of this study is to use multicolor intravital imaging together with an inducible
cell model to compare metastatic behavior of control and genetically modified breast cancer cell
populations within the intact primary tumor of a mouse.
Procedure: GFP-MTLn3-ErbB1 cells were generated with doxycycline-regulated conditional
transgene expression using lentiviral TREAutoR3-cyan fluorescent protein (CFP). CFP
expression together with tumor cell motility is monitored in vitro and in vivo.
Results: Effective and tight control of doxycycline-induced CFP expression was observed both in
vitro and in vivo. Intravital multiphoton microscopy on intact orthotopic tumors allowed a clear
discrimination betweenGFP-only and (GFP+CFP) cell populations, which enables direct comparison
of the motility behavior of two different cell populations in the same microenvironment in vivo.
Conclusions: This system is robust and versatile for conditional gene expression and can be
used to study the role of individual candidate metastasis genes in vitro and in vivo. This
technology will allow investigations of cellular events in cancer metastasis and in particular
intravasation within a primary tumor.
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Introduction

D espite many years of laboratory and clinical research,
still a large number of women die of breast cancer

metastasis formation [1]. Therefore, it is crucial to under-
stand the underlying mechanisms of metastasis formation
and especially tumor cell intravasation [2, 3]. Improved
models are required to study the role of individual candidate
metastasis genes involved in this individual steps and in
particular in the intravasation steps [4].

So far, constitutive ectopic expression of wild-type genes,
their deletion mutants, or shRNA-mediated knockdown is
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Significance: The underlying mechanisms leading to breast cancer metastasis
formation are still poorly understood. To enable the analysis of the role of
individual candidate metastasis-modifying genes, in this manuscript, we have
carefully characterized and determined the feasibility of a methodology that
combines the use of an inducible lentiviral expression systems and two-photon
intravital multicolor imaging. We anticipate our methodology will have an
important impact on the future detailed analysis of tumor cell autonomous
mechanisms of metastasis formation, an important area of cancer research.
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typically used to study the role of candidate metastasis
genes. Often, this by itself affects already the tumor
formation and/or is toxic to cells. Indeed, overexpression
of a deletion mutant or knockdown of a protein may affect
cell proliferation or survival and consequently the tumor
growth in vivo, so no conclusion can be drawn on the effect
of the candidate gene on tumor cell invasion capacity. In that
case, the choice for an experimental metastasis assay is made
to still assess the metastatic capacity of the cells. To
circumvent this problem, conditional gene expression strat-
egies allowing the expression of target gene only when
desired are invaluable tools for cancer research [5, 6]. For
example, after orthotopic injection of the transgenic cell line,
ideally, one waits until the tumor reaches a certain size and
at a desired moment induces overexpression of a deletion
mutant and studies its affect by quantifying the lung burden.
An inducible system is relevant not only for studying the
effect of gene candidates on metastasis formation but also
when combined with dual-color imaging for observing at the
same time in the same microenvironment the motility
behaviors of the control cells and the genetically modified
cells.

Currently, available systems often have limited in vivo
functionality because of leakiness, insufficient levels of
induction, lack of tissue specificity, or complicated designs
[7, 8]. We evaluated the use of a highly versatile lentiviral
vector-based tool that allows conditional expression of any
candidate metastasis gene of interest [9]. This approach
allows one to analyze the behavior of different manipulated
cell populations in the same tumor microenvironment by
optical imaging. Two-photon intravital imaging of fluores-
cent protein-expressing tumors enables cell motility to be
observed with great detail and at great depth within tissue
[10–13]. In addition to detecting tumor cells, two-photon
intravital imaging can provide information about cell move-
ment and interactions between cells and the microenviron-
ment [12, 14, 15]. Our ultimate goal is to compare the
metastatic behavior (e.g., number of tumor cells in blood and
number and size of lung metastases) of two distinct tumor
cell populations (control cells and modified cells with
overexpression or knockdown of a target gene) within the
same primary tumor. Since there is a correlation between
patterns in gene expression in cells with varying metastatic
potential and differences in cell motility and polarization in
vivo, our aim is to relate the motility cell behavior of the two
cell subpopulations and their metastatic capacity. For this
purpose, we use two-photon intravital microscopy combined
with fluorescently labeled cells. The use of green fluorescent
protein (GFP) and cyan fluorescent protein (CFP) can be
simultaneously imaged in a living tumor [12, 16]. In this
proof-of-concept study, we chose this fluorophore combination
to be able to discriminate between control GFP-labeled cells
and GFP-labeled cells that also harbor conditional expression
of CFP alone in the same tumor microenvironment.

Here, as a concept, we generated a GFP-MTLn3-ErbB1
cell line that harbors the lentiviral TREAutoR3-CFP con-

struct and established the functionality of this lentiviral
vector-based tool that allows conditional expression for both
in vitro and in vivo study. We systematically characterized
the induction kinetics of CFP expression and demonstrated
that doxycycline-induced CFP expression does not influence
cell proliferation and motility properties in vitro or in vivo.
Our data clearly show that two-photon intravital imaging can
be used to simultaneously image cell migration of GFP-only
and CFP-labeled tumor cells, collagen fibers, and macro-
phages in established tumors in the living animal. Thus, in
the very same tumor microenvironment, we can study the
effect of the expression of a gene candidate on the metastatic
behavior of individual tumor cells since both control and
modified cells can be tracked simultaneously by using two-
photon intravital imaging. In the context of metastasis
formation, this model will allow the future evaluation of
candidate metastasis target genes on tumor cell dissemina-
tion programs to the lung.

Materials and Methods
Reagents
Mouse antihuman ErbB1 was purchased from Calbiochem (EMD
Biosciences, San Diego, CA, USA). Goat antimouse APC was
purchased from Cedarlane (Ontario, CA, USA). Alpha modified
minimal essential medium (αMEM), fetal bovine serum, phosphate-
buffered saline (PBS), and trypsin were from Life Technologies
(Rockville, MD, USA).

Cloning and Lentivirus Production
The lentiviral vector TREAutoR3 was kindly provided by Dr.
Jurgen Seppen [9]. An AgeI–PstI digest of TREAutoR3 released
the d2eGFP fragment. The CFP fragment from Clontech vector
CFP-C1 was cloned into the AgeI–PstI digest of TREAutoR3 to
create the TREAutoR3-CFP vector. Lentiviral vectors were
prepared as reported previously [17].

Transfection and Stable Cell Line Selection
MTLn3 rat mammary adenocarcinoma cells [18] were cultured
as previously described [19]. MTLn3-GFP-ErbB1 cell lines were
kindly provided by Dr. Jeffrey E. Segall [20] and were
maintained in αMEM (Life Technologies, Inc., Gaithersburg,
MD, USA) supplemented with 5% fetal bovine serum (Life
Technologies). TREautoR3 virus containing supernatant was
added to the medium of the MTLn3 cells. After 24-h trans-
duction, the medium was refreshed, and after 48 h the cells were
cultured to be frozen at −80°C and selected for CFP expression after
doxycycline exposure.

Immunofluorescence
Cells were cultured on 12-mm collagen-coated glass coverslips and
fixated in 4% (w/v) formaldehyde in PBS. Subsequently, coverslips
were mounted in Aqua PolyMount (Polysciences, Warrington, PA,
USA). Imaging occurred using a Bio-Rad Radiance 2100 MP
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confocal laser scanning system with a Nikon Eclipse TE2000-U
inverted fluorescence microscope and a ×60 Nikon objective.

Cell Proliferation and Motility Assays
GFP-MTLn3-ErbB1-TREAutoR3-CFP cells were cultured in 24-
well plates in the absence or presence of doxycycline for 5 days.
Cells were washed with PBS and subsequently scanned with a
Typhoon Imager 9400 (Amersham Biosciences) with both 457 and
488 nm laser lines. Total GFP fluorescence which is equivalent
with total number of cells was determined with ImageQuant 5.2
software. For cell motility assays, cells were plated onto collagen-
coated, 24-well, glass-bottom plates (Sensoplate, Greiner Bio-One)
and after 2 h of serum starvation stimulated with either epidermal
growth factor (EGF; 10 mM) or hepatocyte growth factor (HGF;
10 ng/ml) and followed with time lapse microscopy for 2 h. Image
acquisition was performed using a Nikon TE2000 combined with a
Prior stage and controlled by NIS Element Software. Using GFP
and CFP filters for epifluorescence microscopy, time lapse videos
were recorded using a charge-coupled device (CCD) camera
controlled by NIS Element Software.

In Vivo Tumor Growth and Metastasis Formation
Six-week-old Rag2−/− γc−/− mice were obtained from in-house
breeding. Animals were housed in individually ventilated cages
under sterile conditions containing three mice per cage. Sterilized
food and water were provided ad libitum. To measure spontaneous
metastasis, tumor cells were grown to 70% to 85% confluence
before being harvested for cell counting. Cells (5×105) were
injected into the right thoracic mammary fat pads. The cells were
injected in a volume of 100 μl of PBS with Ca2+ (1 mM) and Mg2+

(2 mM) through a 25-gauge needle. Tumor growth rate was
monitored at weekly intervals after inoculation of tumor cells.
Horizontal (h) and vertical (v) diameters were determined, and
tumor volume (V) was calculated (V=4/3π(1/2[√(h×v)]3)). After
4 weeks, the animals were anesthetized with isoflurane, and the
lungs were excised and rinsed in ice-cold PBS after having
performed intravital imaging (see below). The right lung was used
to count the tumor burden. For rough estimation, the right lungs
were imaged with the fluorescent imaging unit IVIS (see below).
And for detailed quantification, the flat side of the right lung was
analyzed with the immunofluorescence microscope. With a ×10
objective lens (NA 0.25), we screened the flat surface of the lobe
and counted the number of GFP- or CFP-positive metastases.
Following that step, the right lung was cut into two pieces and
fixated in 4% paraformaldehyde. The left lung was injected with
ink solution and thereafter destained in water and fixated in
Fekete’s (4.3% (v/v) acetic acid, 0.35% (v/v) formaldehyde in
70% ethanol). Lung tumor burden was also determined by counting
the number of surface metastases. The primary tumors and lungs
from each mouse were used for histologic analysis. Samples were
fixed in formalin and embedded in paraffin, and 5-μm sections
were stained with hematoxylin and eosin (H&E).

Intravital Imaging by Multiphoton Microscopy
Tumor imaging was done as described previously [10, 12, 16, 20].
Cells (5×105) were injected into the mammary fat pads of Rag2−/−γc−/−

mice as described above and allowed to grow for 4 weeks. The animal
was placed under isoflurane anesthesia, and the tumor was exposed

using a simple skin flap surgery, with as little disruption of the
surrounding vasculature as possible. Eventually, by injecting 200 µl of
20 mg/ml of Texas Red dextran in PBS 2 h prior to imaging, we can
also visualize the blood vessels and the macrophages in the primary
tumor [12, 15]. The animal was then placed in a 30°C temperature
chamber on an inverted Nikon TE2000-U microscope and imaged
using a ×20 Nikon objective (Plan Apo, NA 0.75). Briefly a 5-W
Tsunami laser (Spectra Physics, Mountain View, CA, USA) was used
to run a Radiance 2100 multiphoton system (Bio-Rad, Hercules, CA,
USA) at 860 nm using a 450/480-nm filter to image matrix and CFP
and a 515/530-nm filter to image CFP and GFP. Time lapse images of
CFP and GFP-labeled MTLn3-ErbB1 generated tumors were taken at
1-min interval for 30 min. The images were collected using Bio-Rad’s
Lasersharp 2000 software. During each 1-min interval, a z series of ten
images was taken at a spacing of 10 μm between images, beginning at
the periphery of the tumor and moving into the tumor. For each tumor,
this image acquisition process was repeated for 30 min, resulting in a
time lapse three-dimensional z series for analysis of tumor cell
motility. Image analysis and cell tracking were done with Image Pro
Software.

Fluorescent Imaging
Fluorescent imaging was performed with a highly sensitive, cooled
CCD camera mounted in a light-tight specimen box (IVIS™;
Xenogen). Imaging was controlled by the acquisition and analysis
software Living Image® (Xenogen). The light emitted from the
biofluorescent metastases or cells were detected by the IVIS™
camera system, integrated, digitized, and displayed. For ex vivo
imaging, lungs were excised, placed into a petri dish, and imaged
for 1–2 min.

Statistical Analysis
Student’s t test was used to determine if there was a significant
difference between two means (pG0.05). When multiple means
were compared, significance was determined by one-way analysis
of variance (pG0.05). Significant differences are marked in the
graphs.

Results
Conditional Transgene Expression In Vitro

To study two different cell populations (with differential
transgene expression) in the same microenvironment in vivo,
a model is required that uses two different fluorescent
proteins in order to discriminate these populations. More-
over, given the possible effect of transgene expression or
knockdown on tumor growth and the microenvironment,
such a transgene expression should be conditional. Here, we
chose to work with GFP and CFP, two fluorescent proteins
that can be visualized by two-photon intravital imaging and
thus in vivo [16]. Furthermore, to test whether a cell line
with inducible expression of candidate metastasis controlling
genes can be used for in vivo studies, we used the
established GFP-MTLn3-ErbB1 cell line and verified first
the functionality of the lentiviral vector TREAutoR3 in vitro
[9, 20, 21]. We generated a TREAutoR3 lentiviral vector
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that expresses CFP after doxycycline-mediated induction to
create breast cancer cells that either lack or express a transgene
upon treatment with doxycycline (Fig. 1a). We transduced
GFP-MTLn3-ErbB1 cells, and directly after transduction, we
added doxycycline to sort the positive cells by FACS analysis
for both CFP and GFP expressions (data not shown). In
addition, similar levels of ErbB1 were observed in both the
original cell line (GFP-MTLn3-ErbB1) and the new cell line
(GFP-MTLn3-ErbB1-TREAutoR3-CFP) (data not shown).
Next, we determined whether the expression of the transgene
was tightly and effectively controlled by doxycycline. CFP

expression was upregulated after 24 h of doxycycline treatment
with all concentrations. The most optimal concentration was
1,000 ng/ml at which over 90% of the cells were CFP positive
(Fig. 1b). In the absence of doxycycline, no CFP expression
was observed, indicating that transgene expression was tightly
and effectively controlled by doxycycline (Fig. 1b). We also
checked the kinetics of the CFP transgene expression over
time. After 8 h, around 50% of the cells were CFP positive,
while after 24 h already approximately 90% of the cells were
CFP positive (Fig. 1c). Together, these data show that the
autoregulatory lentiviral vector TREautoR3 does not leak at all

Fig. 1. In vitro drug-controllable transgene expression. a Schematic representation of the constructed lentiviral vector. b
Doxycycline dose–response of the TRE-autoR3-CFP vector. Transduced GFP-MTLn3-ErbB1 cells were cultured in the
absence or presence of doxycycline at different concentrations for 24 h (from 50 until 1,000 ng/ml doxy) and visualized by
confocal microscope. In this titration experiment, the percentage of CFP-positive cells was calculated. c Induction kinetics of
the CFP expression of GFP-MTLn3 cells transduced with TREautoR3 vector. Dual-color imaging of cells exposed to 1,000 ng/
ml of doxycycline after different time points. The number of CFP-expressing cells after doxycycline induction was counted.
Scale bar for b, c=100 µm.
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in the absence of the drug and that the regulation of the
transgene expression is sensitive, fast, and tight. Moreover,
with this one cell line with inducible expression of CFP, we
generated a versatile tool to study the effect of transgene
expression compared to control situation in one experiment
where all conditions are exactly the same.

Doxycycline-Mediated Expression of CFP
in MTLn3 Cells Does Not Affect Cell Proliferation
and Cell Motility

The use of such an inducible system together with CFP
expression might affect cell properties. Therefore, we care-
fully checked whether doxycycline-mediated expression of
CFP alone affects two important aspects in the breast cancer
progression: cell proliferation and cell motility. To deter-
mine the effect of doxycycline-mediated CFP expression on
cell proliferation, our conditional cell line was cultured in 24
wells for 5 days either untreated or treated with doxycycline
to induce CFP expression. At indicated time points, the
increase in GFP and CFP fluorescence was determined as a
measurement of proliferation using a fluorescent imager.
After 5 days, no significant effect was observed in cell
proliferation rate when cells were exposed to doxycycline
(Fig. 2a). Next, we verified whether cell motility remains the
same after doxycycline-induced CFP expression. Cell
motility of GFP-only or GFP/CFP cells was determined
using a random cell migration assay with wide field
fluorescent microscopy. No significant difference was

observed in cell motility between GFP and GFP/CFP cells
under control conditions or after stimulation of the cells with
either EGF or HGF (Fig. 2b). Thus, doxycycline-mediated
expression of CFP does not affect in vitro cell proliferation
and motility.

Effective Doxycycline-Induced CFP Expression
In Vivo Does Not Affect Tumor Growth and Lung
Metastasis Formation

We also checked whether doxycycline-mediated expression
of CFP alone affects tumor growth and lung metastasis
formation. We used inbred Rag2−/−γc−/− mice and injected
orthotopically in the fat pad 500,000 GFP-MTLn3-ErbB1-
TREAutoR3-CFP cells. Three groups were defined based on
the doxycycline administration time point. The control group
received sucrose drinking water without doxycycline. The
second group received doxycycline sucrose drinking water
starting from day 1 and the third group starting from day 28,
which is approximately 48 h before sacrificing the animals
(Fig. 3a). We measured the tumor progression with a caliper
during the entire length of the experiment, and no significant
difference was found in tumor growth rate between the three
groups (data not shown). After sacrifice, tumor volume and
weight were measured with no differences observed between
different treatments (Fig. 3b). Also, histological analysis of
tumor tissue sections is similar in the three test groups
(Fig. 3c). Next, we quantified with both fluorescence
imaging (FLI; Fig. 4a) and fluorescence microscopy

Fig. 2. Doxycycline-mediated CFP expression does not affect cell proliferation and migration in vitro. a Cell proliferation in the
absence or presence of doxycycline (1,000 ng/ml) quantified by measuring the total GFP fluorescence over the time using the
Typhoon imager. b Cell motility determined in a random cell migration assay after EGF or HGF stimulation in the presence or
absence of doxycycline. Cells were followed with epifluorescence for 2 h. Scale bar for b=50 µm.
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(Fig. 4b) the lung tumor burden. In all the three groups, an
average number of 400 lung metastases were counted,
showing no difference in metastasis formation after doxycy-
cline-induced CFP expression. Histological observations of
the lungs did not reveal any difference between the three
groups (Fig. 4c). In conclusion, tumor growth and lung
metastasis formation are not affected by doxycycline-
induced CFP expression.

Tightly Controlled CFP Expression in Both Tumor
and Lung Metastases

Since we want to use this inducible system in vivo, it was
essential to evaluate the effectiveness of doxycycline-
induced CFP expression. With two-photon intravital imag-
ing, we checked whether doxycycline CFP induction was
successful in the tumor and in the lung metastases. No CFP
expression at all was detected in the control group, yet robust
CFP expression was detected in over 90% of the whole tumor
when doxycycline was added in the drinking water from day 1
and in more than 70% of the tumor when doxycycline was
added 48 h before sacrificing the animals (Fig. 5a). We
observed the same CFP induction when analyzing the lung
metastases with two-photon excitation after sacrifice (Fig. 5b):
in the control group, only GFP-positive and no CFP-positive
metastasis could be observed throughout the entire lung. When
doxycycline was added in the drinking water from day 1,
almost all the lung metastases were CFP positive. A period of
48-h doxycycline exposure resulted in approximately 70%
CFP-positive lungmetastasis. Together, these data demonstrate
that our GFP-MTLn3-ErbB1-TREAutoR3 model allows for

the effective, fast, and tightly controlled transgene expression.
Moreover, we can easily discriminate the GFP-only and GFP/
CFP-positive lung metastases which are a prerequisite to
evaluate the effect of transgene expression on lung metastasis
formation.

Two Distinct Tumor Cell Subpopulations
Can Be Tracked in the Same Tumor
Microenvironment and Doxycycline-Induced CFP
Expression Does Not Affect Cell Motility In Vivo

Multiphoton imaging technology can be used to get an
insight into the microenvironment and understand its role in
the invasion and intravasation steps of metastasis inside
living mammary tumors [11, 12, 14, 20]. Results show that
the tumor microenvironment is a dynamic place where
interactions between tumor cells, macrophages, blood
vessels, and extracellular matrix (ECM) fibers define the
metastatic phenotype [13, 15, 22]. In our setup, we used a
Bio-Rad Radiance 2100 multiphoton microscope with an
inverted Nikon TE2000 connected to a Spectra Physics
Tsunami Ti-Sapphire laser of 5 W. As previously shown by
E. Sahai and colleagues [16], wavelengths around 880 nm
were most suitable for simultaneous imaging of GFP and
CFP. We used for all experiments 860 nm. The selected
emission filters enabled us to visualize at the same time CFP
(480/30), GFP (515/30), and the extracellular matrix (450/80)
simultaneously (Fig. 7 and supplementary movie 1). Collagen
type I which is very abundant in the tumor microenvironment
can be visualized with second harmonic generation generated
by the pulsed laser used in two-photon microscopy [23–25]. In

Fig. 3. Doxycycline-mediated CFP expression does not affect tumor cell growth in vivo. a Schedule of in vivo doxycycline
treatment. We defined in total three groups: control group (n=5) which gets only sucrose drinking water, group 2 (n=5) which
gets doxycycline in the drinking water from day 0, and group 3 (n=5) which gets doxycycline in the drinking water 48 h before
sacrifice. b At sacrifice, the tumor was isolated and the weight measured. c Sectioned tumors were stained with H&E, and
representative pictures are shown.
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addition, when injecting Texas Red dextran (620/60) in the tail
vein of the animal 2 h prior to imaging, the blood flow and the
macrophage in the tumor can be visualized. Together, this
provides information about the tumor microenvironment and
its host cells (Fig. 6a and supplementary movie 2).

To get a better insight into metastasis mechanisms, we
want to be able to track two cell subpopulations within a

primary tumor which differentially express a candidate
metastasis target gene by using two-photon intravital
imaging. For this purpose, we checked firstly whether we
were able to discriminate the GFP-only and GFP/CFP cells,
and secondly whether the tumor cell motility in vivo was not
affected by doxycycline-induced CFP expression. We
performed two-photon intravital imaging in primary tumors

Fig. 4. Doxycycline-mediated CFP expression does not affect the number of lung metastases. a Fresh isolated lungs were
visualized with FLI. Control group is “− doxy” and group 2 is “+ doxy.” b Using epifluorescence, we counted the number of
fluorescent lung metastases only on one side of the small lobe. c Part of the isolated lungs was injected with ink and the rest of
the lungs were stained with H&E, and representative pictures are shown.

Fig. 5. Tightly controlled CFP expression in both tumor and lung metastases. Fresh isolated lungs and tumors were imaged
with multiphoton microscopy. Control group is “− doxy” and group 2 is “+ doxy.” Simultaneous capture of GFP, CFP, and
collagen second harmonic fluorescence (blue) in the mammary tumors (a) and lung metastases (b) of control group and group.
Scale bar for a, b=100 µm.
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of both control and doxycycline groups. We could easily
detect, discriminate, and track the two tumor cell subpopu-
lations: GFP-only and GFP/CFP cells (Fig. 6b). We also
observed equal amount of cell migration events in both
groups. The very few observed migrating cells were solitary
with an ameboid morphology. Protrusion, crawling, and host
cell events were equally observed in the three animal groups.
These cells were often observed moving linearly in
association with the ECM fibers. Figure 6b (and supple-
mentary movies 3 to 5) shows time series of both GFP-only
cells (green) and GFP–CFP (cyan) cells moving along
collagen fibers as imaged by second harmonic generation
(blue). After tracking the cells with image analysis software,
we could determine the cell speed of both cell types. This
speed was approximately 7.5 µm/min, which is nearly ten
times faster as normally observed on two-dimensional
substrates in vitro (Fig. 2b). Doxycycline-induced CFP
expression did not affect average migration speed of
individual tumor cells (Fig. 6c). These data fit with the
identical metastatic spread to the lungs under both con-
ditions (Fig. 4a, b). In summary, we can directly compare
the behavior of cells with different phenotype that can be
tightly controlled by doxycycline induction in the same
tumor environment in vivo.

Discussion
A better understanding of the mechanisms of increased
tumor cell motility and migration within the primary breast
tumor is required. Constitutive expression of a transgene or
knockdown of a gene in breast cancer cells may affect
critical processes that are required for primary tumor growth.
To study the role of specific candidate metastasis genes on
tumor cell motility and subsequent metastasis formation, a
model is needed in which gene expression can be induced
after a primary tumor is formed. Here, we set up and
describe a breast cancer model in which gene expression can
be induced at any time point during tumor progression using
a doxycycline-dependent conditional gene expression breast
cancer cell line combined with two-photon intravital imag-
ing. This model enabled us to study tumor cell motility and
intravasation processes of the control and manipulated breast
cancer cell populations within the same primary tumor
environment.

Currently available drug-inducible systems have often
limited in vivo functionality because of leakiness and
insufficient levels of induction [7, 8]. Our results demon-
strate a high degree of robustness and versatility in allowing
drug-controllable transgene expression in comparison to

Fig. 6. The microenvironment of a mammary tumor can be imaged using multiphoton microscopy. a Simultaneous imaging of
macrophages (red) that are seen outside dextran-labeled vessels (arrow) and the tumor cell mass (green). b Differences in
motility can be determined by imaging cells with different transgene expression in the same tumor. The panels show time series
of images of mammary tumor with cells either expressing GFP only or combined GFP/CFP after doxycycline induction. c
Doxycycline-induced CFP expression does not affect cell motility in vivo. The tumor cells move at a rate of around 7.5 µm/min
over the course of the 30-min time lapse. Scale bar for a, b=100 µm.
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classical systems based on transactivation of synthetic
promoters [7, 8]. A similar system for conditional transgene
expression and gene knockdown has been recently described
for its efficiency and versatility but not yet in the dual-color
imaging model we are aiming for [6, 26]. Indeed, Szulc J.
and coworkers designed a lentiviral vector-based that
controls conditionally the regulation of endogenous proteins
in vitro and in vivo. They were able to perform in vivo
doxycycline switches to turn endogenous tp53 expression
off in a primary tumor at both RNA and protein levels. The
GFP marker contained in the same vector was used to track
the cells with a knockdown. Since GFP could be replaced by
CFP, we also could use this construct to track the cells with
a knockdown of a specific metastasis-related protein using
two-photon intravital microscopy.

Cancer cell migration in primary tumors can be directly
observed by multiphoton microscopy [11, 13]. Two-photon
laser scanning microscopy (TPLSM) offers important advan-
tages over laser scanning microscopy, such as deep tissue
penetration and three-dimensionally localized excitation. Here,
we used an already well-described pair of fluorescent proteins
in dual-color imaging with TPLSM, GFP, and CFP. Nowa-
days, EGFP and the monomeric version of DsRed (mRFP1) are
widely used for dual-color imaging experiments using laser
scanning confocal microscopy [27–35]. Nonetheless, this

combination of fluorophores is not yet very suitable for two-
photon intravital imaging. Indeed, the high-intensity pulsed
infrared lasers still commonly used for two-photon microscopy
produce light in the 750–980-nm range and are unable to excite
RFPs efficiently in deep tissue since the output of most of Ti-
Sapphire lasers drops off significantly with the increasing
wavelength. Thus, the combination of fluorophores GFP/CFP
to track two different subpopulations is still the most suitable
for the common two-photon microscope setups. More impor-
tantly, with this pair of fluorophores, there is still a free window
to use fluorescent molecules in the far red spectrum such as
Texas-Red-conjugated dextran to detect blood vessels in the
primary tumor which is crucial for visualizing intravasation
events. So during image acquisition, we are able to visualize
and track tumor cell subpopulations, the blood vessels and
macrophages, and the extracellular matrix, all the different
components indispensable to understanding mechanisms of
metastasis formation. The group of E. Sahai is using this dual-
color imaging to monitor tumor motility of two cell subpopu-
lations in vivo. For instance, using multiphoton confocal
imaging in a mixed tumor population, MDA-MB-231 C15-4-
GFP parental control cells was found to bemoremotile than the
MDA-MB-231 15-20-CFP MRTF-depleted cells [36]. Very
recently, they also performed intravital imaging of a “mosaic”
tumor containing MTLn3 CFP-expressing control cells and

Fig. 7. Schematic view of the methodology illustrated with an example (conditional expression of a CFP-tagged dominant
negative protein that alters cell migration). Control cells are injected in the mammary fat pad and allowed to grow in a primary
tumor without doxycycline exposure. In general, three groups of animals can be included in the experimental setup: (1) a control
group to assess the metastatic capacity of the control GFP-MTLn3-ErbB1 cells (lungs full of GFP-positive metastases), (2) a
series of animals where expression of the CFP-tagged dominant negative protein can be induced at different time points during
the experiment (the earlier the induction, the lower the number of GFP-positive lung metastases), (3) a final group to perform
intravital imaging in which CFP expression is induced half-way through the experiment (not all the cells are CFP positive so that
we can compare the motility behaviors of the control and the modified cells).
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MTLn3 transforming growth factor (TGF)-βR-DN-GFP-
expressing cells [37]. Analysis of time lapses made in the
“mosaic” tumors revealed that the overexpression of a
dominant negative of the TGF-β receptor completely inhibits
single-cell movement while control cells still exhibit both
single and cohesive cell migrations. Our approach combines
both a relevant inducible breast cancer model together with a
successful dual-color imaging. In this way, we can quantify the
effect of targeting a certain gene in metastasis formation and
correlate those data with the distinct motility behavior analyzed
with intravital imaging. In the case of an overexpression of a
dominant negative protein (Fig. 7), a potential experimental
setup would include (1) a control group which is not exposed to
doxycycline and which cells metastasize to the lungs, (2) a
series of treatment groups exposed at different times to
doxycycline to evaluate the reduction of lung metastases, and
(3) a final group exposed only at the end of the experiment to
doxycycline so that not all the cells are CFP positive which
allow intravital imaging to determine the motility behavior of
both cell types and correlate it to their metastatic capacity. We
anticipate no problem in discriminating GFP and (GFP + CFP)
cells due to the relative expression of the fluorophores since an
even low CFP signal can be easily detected.

Our presently described methodology is based on an end-
point observation of the tumor. It would be more efficient to
know exactly at what time point the angiogenic switch,
thereby allowing and facilitating intravasation of tumor cells,
takes place so that the intravital imaging of the primary
tumor would reveal many cell events of intravasation. A
combination of monitoring the tumor progression with a
noninvasive method (whole-body imaging with fluorescence
or bioluminescence) and TPLSM where tumors can be
visualized at the single-cell resolution would be very
powerful, thus predicting the most optimal moment to
monitor a maximum number of intravasation events within
the primary tumor. Still whole-body imaging using fluo-
rescence is not yet as optimal as bioluminescence although
promising results have described the use of a new
fluorescent variant tdTomato [38, 39]. The latter could also
be used for TPLSM since its brightness and photostability
are much better than mRFP or mCherry. Recently, a new
fluorophore pair EGFP-mKeima has been also described as
optimal for two-photon dual-color imaging [40]. If mKeima
is as performant for whole-body imaging as tdTomato, this
new pair EGFP-mKeima could suit both whole-body
imaging and TPLSM.

To avoid the end-point experiment due to the skin flap
surgery needed to access the primary tumor for visualization,
Kedrin and coworkers just published a new technique
perfectly adapted for monitoring tumor cell migration within
a mammary primary tumor for prolonged time [41]. They
design a mammary imaging window so that there is no need
any more to perform a skin flap surgery and most of all to
sacrifice the mouse after imaging. Moreover, it is now
possible to monitor tumor cell migration for more than 24 h
and at different time points during tumorigenesis. A perfect

model for understanding metastatic behavior of breast cancer
cells would be the use of this new technique combined with
our doxycycline-dependent conditional gene expression cell
line.

Currently, our established multicolor tumor model system
allows visualization of tumor cells with two different
phenotypes that may interact with their microenvironment
such as the extracellular matrix and other tumor host such as
macrophages. Tumors with distinct cell populations and its
microenvironment (macrophages and ECM) are uniquely
identified by their fluorescence colors. The multicolor tumor
cell–environment interaction model system allows observa-
tions at the single-cell level in fresh tissue, affording further
insights into the role of a specific protein in relation with the
tumor microenvironment in tumor growth and progression
and especially tumor cell motility. This is particularly very
important for understanding the intravasation process. The
model will now be used to elucidate the role of target genes
within tumor cells with predicted roles in breast cancer
progression. Our model is also excellently suited to evaluate
the effect of targeted therapeutics that should block cell
motility and consequently intravasation and thereby tumor
cell dissemination.
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