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Genetically encoded fluorescence resonance energy transfer (FRET) reporters are powerful tools for analyz-
ing cell signaling and function at single-cell resolution in standard 2D cell cultures, but these reporters rarely
have been applied to 3D environments. FRET interactions between donor and acceptor molecules typically
are determined by changes in relative fluorescence intensities, but wavelength-dependent differences in light
absorption complicate this analysis method in 3D settings. Herein we report fluorescence lifetime imaging
microscopy (FLIM) with phasor analysis, a method that displays fluorescence lifetimes on a pixel-wise basis in
real time to quantify apoptosis in breast cancer cells stably expressing a genetically encoded FRET reporter.
This microscopic imaging technology allowed us to identify treatment-induced apoptosis in single breast can-
cer cells in environments ranging from 2D cell culture, spheroids with cancer and bone marrow stromal cells,
and living mice with orthotopic human breast cancer xenografts. Using this imaging strategy, we showed
that combined metabolic therapy targeting glycolysis and glutamine pathways significantly reduced overall
breast cancer metabolism and induced apoptosis. We also determined that distinct subpopulations of bone
marrow stromal cells control the resistance of breast cancer cells to chemotherapy, suggesting heterogeneity
of treatment responses of malignant cells in different bone marrow niches. Overall, this study establishes
FLIM with phasor analysis as an imaging tool for apoptosis in cell-based assays and living mice, enabling
real-time, cellular-level assessment of treatment efficacy and heterogeneity.

INTRODUCTION
Apoptosis, a common form of programmed cell death, is funda-
mental to cancer biology and therapy (1). Resistance to apopto-
sis defines a hallmark feature of cancer initiation and progres-
sion, allowing cells to overcome cell-intrinsic and tissue-level
safeguards against malignant transformation (2). Apoptosis also
defines a common mechanism of cell death caused by most
cancer chemotherapeutic drugs. In response to inciting events
such as drug-mediated DNA damage, the blockade of pathways
necessary for cell survival, or immunotherapy, cancer cells be-
gin a well-characterized cascade of molecular events that in-
volve the activation of caspases, a family of proteases (3). The
apoptotic cascade culminates with the activation of a common
effector molecule, caspase-3, which cleaves numerous intracel-
lular substrates to produce chromatin condensation and other
phenotypic changes during cell death. Therefore, imaging
caspase-3 activity provides a noninvasive, real-time method for
quantifying apoptosis in response to environmental stresses and
drugs in cell-based assays and living mice.

As a direct result of the importance of apoptosis in cancer
and cancer therapy, investigators have developed several differ-
ent approaches to image caspase-3 activity or other markers of

apoptosis, such as changes in cell membrane composition. These
imaging strategies encompass modalities, including positon
emission tomography, bioluminescence, photoacoustics, or
magnetic resonance imaging, using either genetically engi-
neered reporters or exogenous probes (4-7). Although these
approaches have successfully detected apoptosis in animal mod-
els and even initial patient studies, these imaging modalities
define apoptosis at population-level scales of resolution rather
than individual cells. Bulk measurements of tumor responses to
therapy cannot capture heterogeneous responses among sub-
populations of cancer cells, a key determinant of treatment
success or failure (8).

Fluorescence imaging allows for the detection and quanti-
fication of apoptosis in single cells, complementing and ex-
panding upon the capabilities of whole-organism imaging
techniques. For example, apoptosis has been imaged with ge-
netically encoded reporters in which fluorescence resonance
energy transfer (FRET) occurs between 2 different fluorescent
proteins linked by the specific amino acid motif (aspartate,
glutamate, valine, and aspartate, designated by the single-letter
amino acid code DEVD) for cleavage by caspase-3 (9). The intact
reporter holds the fluorescent proteins in close proximity, per-
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mitting energy transfer from the donor to the acceptor fluores-
cent protein. Caspase-3 cleavage separates the fluorescent pro-
teins and eliminates FRET, which can be detected by optical
imaging. Studies of apoptosis with caspase-3-based FRET re-
porters typically have been performed in cultured cells, although
a limited number of studies have used intravital microscopy to
quantify changes in FRET in living organisms (10, 11). These
prior in vivo imaging studies of apoptosis have quantified FRET
by changes in ratios of intensities of donor and acceptor fluo-
rescent proteins. Although ratiometric imaging works well in
cultured cells, fluorescence intensities in tissues are affected by
greater absorption of shorter versus longer wavelengths of vis-
ible light (12). Therefore, ratios of fluorescence intensities may
show depth-dependent changes independent of FRET, compli-
cating the analysis of imaging data for caspase activation.

In addition to changes in fluorescence intensities, FRET
interactions shorten the fluorescence lifetime of a donor fluo-
rescent protein. Fluorescence lifetime refers to the amount of
time a fluorescent molecule remains in the excited state before
releasing a photon. Because fluorescence lifetime is independent
of intensity as long as there is a signal detectable above back-
ground, measurements of this parameter are not affected by
depth within tissue. We capitalized on advantages of fluores-
cence lifetime imaging microscopy (FLIM) to analyze caspase-3
activity with a genetically encoded FRET reporter as a marker of
apoptosis in breast cancer cells in vitro and in living mice (13).
To further improve our ability to detect changes in FRET from
our caspase-3 reporter, we used frequency-domain FLIM, which
derives changes in fluorescence lifetime based on phase delay
and the modulation ratio of light emitted from a fluorescent
molecule relative to the excitation light (14). Frequency-domain
FLIM allows for the rapid acquisition of fluorescence lifetime
images, an advantage that permits nearly real-time imaging of
dynamic events in living systems. Using FLIM imaging of a
caspase-3 reporter, we detected apoptosis in cells in 2D and 3D
cultures and orthotopic breast tumor xenografts after treatment
with chemotherapeutic drugs or experimental targeting of me-
tabolism. Overall, this study demonstrates that FLIM can mea-
sure apoptosis at single-cell resolution in preclinical model
systems, facilitating analyses of intercellular heterogeneity in
responses to therapy that may improve the design of future
treatment protocols.

METHODS
Cells
We cultured HEK 293T cells (Thermo Fisher Scientific, Carls-
bad, CA), MDA-MB-231 breast cancer cells (ATCC), and HS-5
and HS-27A bone marrow stromal cells (ATCC) in Dulbecco’s
modified eagle’s medium (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (FBS) (HyClone; GE
HealthCare, Logan, UT). For microscopy, we replaced the
culture medium with phenol red-free DMEM (Thermo Fisher
Scientific) supplemented with 1% FBS, 0.1 nM estrogen, 1%
penicillin/streptomycin, 1% pyruvate, and 2.5% glutamine
unless stated otherwise. Cells were cultured at 37°C in an
incubator with 5% CO2.

Stable Cell Lines
To generate a lentiviral vector with a blasticidin selection
marker, we amplified the blasticidin reading frame from
pCDNA6 (Thermo Fisher Scientific) using the polymerase chain
reaction (PCR) primers phosphorylated 5=-GTGGTTTTCCTTT-
GAAAAACACGATGATAATATGGCCAAGCCTTTGTCTC-3= and
5=-CCAGACGCGTTCAATTAATTAGCCCTCCCACACATAACCAG-3=.
We ligated the PCR product into the BmgB1 and MluI sites of
lentiviral vector pLVX IRES puromycin (Clontech, Mountain
View, CA), removing the puromycin cassette to generate pLVX
IRES blasticidin. We amplified the fluorescent protein large
Stokes shift (LSS)-mOrange (gift of V. Verkhusha, Albert Einstein
College of Medicine) by PCR using the primers 5=-AT-
GCGCTAGCGCCACCATGGTGAGCAAGGGCGAGGAG-3= and 5=-
GCATGCGGCCGCTTACTTGTACAGCTCGTCCATGCCGC-3=. The
PCR product was digested and ligated into corresponding NheI and
NotI sites in pLVX IRES blasticidin. We produced lentiviruses by
transiently transfecting HEK 293T cells (15). We selected MDA-
MB-231 and HEK 293T cells stably expressing LSS-mOrange by
selection with blasticidin. To generate stable cells expressing the
caspase-3 reporter LSS-mOrange-DEVD-mKate2, we excised
the FRET reporter cassette with NheI and NotI and ligated it into the
corresponding sites in the PiggyBac transposon vector (Systems
Bioscience, Mountain View, CA). We transfected HEK 293T or
MDA-MB-231 cells with this vector and the transposase plasmid
using calcium phosphate or FuGENE 6 (Promega, Madison, WI),
respectively. We sorted for the top 30% of fluorescent cells by flow
cytometry. This approach established a population of cells with
relatively uniform levels of the apoptosis reporter while maintain-
ing inherent heterogeneity known to exist within cancer cell lines.

2D Cell Culture Experiments
For selected experiments with HEK 293T cells, we transiently
transfected cells with increasing concentrations of a plasmid
encoding the proapoptotic protein Bcl-2-associated X (Bax) (gift
of S. Galbán, University of Michigan) using calcium phosphate
as described (15). We seeded cells into 6-well plates at 1.4 � 105

cells per well 1 day after transfection and imaged cells the
following day. We seeded MDA-MB-231 cells at the same den-
sity. We treated cells with the following conditions 1 day before
imaging studies: (1) 10 nM trametinib (Selleckchem, Houston,
TX), 1 �M staurosporine (Cell Signaling Technology, Beverly,
MA), or dimethyl sulfoxide vehicle control; (2) 40 mM dichlo-
roacetate (DCA) (Sigma-Aldrich, St. Louis, MO); or (3) complete
phenol red-free DMEM with 10% FBS, medium without glucose,
medium without glutamine, or medium lacking both glucose
and glutamine.

Metabolic Flux Studies
We seeded 10 � 103 MDA-MB-231 cells per well in 80 �L of
complete medium in a Seahorse Bioscience (North Billerica, MA)
XF96 cell culture 96-well plate. The next day we replaced the
medium with 1 of 4 of the following different media and drug
conditions:

1. Glutamine media: phenol red-free DMEM, 1% FBS, 0.1 nM
estrogen, 1% penicillin/streptomycin, 1% pyruvate, and
2.5% glutamine

2. Glutamine media plus 40 mM DCA
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3. No glutamine media: phenol red-free DMEM, 1% FBS, 0.1
nM estrogen, 1% penicillin/streptomycin, and 1% pyru-
vate

4. No glutamine media plus 40 mM DCA

The following day we performed a glycolysis stress test using the
Seahorse Bioscience XF Analyzer. Before running the experi-
ment we replaced the media with the Seahorse XF glycolysis
stress test assay medium, excluding glutamine in conditions 3
and 4. After incubating in a CO2-free incubator for an hour, we
added 10 mM glucose, 2 mM oligomycin, and 100 mM 2-de-
oxyglucose to the injection ports. After calibrating the analyzer,
we ran the experiment for a total time of 80 minutes.

Spheroid Model
We seeded 3 � 103 total cells (20% MDA-MB-231 cells express-
ing LSS-mOrange or LSS-mOrange-DEVD-mKate2 mixed with
80% HS5 or HS27A cells) per well in complete phenol red-free
medium in nonadhesive 384-well plates (Corning Inc., Corning,
NY). The next day we replaced the medium with 20 �L of
complete phenol red-free medium containing 100 nM tra-
metinib or DMSO vehicle control and imaged cells 24 hours
later.

Animal Studies
All animal experiments were approved by the University of
Michigan Committee for the Care and Use of Animals. We
implanted 5 � 105 cells (MDA-MB-231 cells expressing LSS-
mOrange or LSS-mOrange-DVD-mKate2) in the mammary fat
pads of ten 12- to 14-week-old female NSG (Jackson) mice as
described (16). After implants formed 3- to 4-mm tumors by day
20, we treated the mice daily with 1 mg/kg trametinib or vehicle
control in 50-�L doses by oral gavage (17). We imaged tumors
by intravital microscopy after 8 and 14 consecutive days of
treatment.

FLIM and Data Analysis
We imaged orthotopic mammary tumors by 2-photon micros-
copy using an upright Olympus FV1000-MPE and a 25�, 1.05
numerical aperture objective as we reported previously (18).
Using an 80-MHz pulsed scanning laser tuned to 820 nm (Mai
Tai-DeepSee, Spectra-Physics, Santa Clara, CA) and 572/15-nm
emission filter, we captured FLIM images using the FastFLIM
frequency domain instrument (ISS, Champaign, IL) with a 256 �
256 pixel image size and 100 microsecond per pixel scan speed
over 15-30 acquisition frames.

We processed FLIM data using VistaVision software (ISS).
This software represents fluorescence lifetime on a phasor plot
by transforming the fluorescence intensity decay of each image
pixel to a point coordinate on the phasor plot (19). To eliminate
noise, we set the minimum count threshold at 10 counts and
used the smoothing operation. We used the “Zoom” operation to
select regions of interest and the “Go to Peak” operation to
objectively determine the average phasor values for individual
cells.

Histology
After completing the intravital imaging studies, we fixed tumors
in 10% formalin for histology with hematoxylin and eosin and

immunohistochemistry for cleaved caspase-3 (Cell Signaling
Technology) performed through the University of Michigan Unit
for Laboratory Animal Medicine Core. A person unaware of
treatment groups quantified numbers of cells positive for
cleaved caspase-3 in 3 to 6 randomly selected fields per tumor.

Statistics
We compared differences between experimental groups with a t
test that used GraphPad Prism 6 (San Diego, CA), with P � .05
defining statistically significant differences. We performed ex-
periments a minimum of 2 times.

RESULTS
Caspase Reporter Shows Changes in Fluorescence
Lifetime after Incubation with Proapoptotic Stimuli
To develop a reporter for single-cell FLIM analysis of apoptosis
in vitro and in vivo, we used a FRET reporter based on the fusion
of fluorescent proteins LSS-mOrange and mKate2 with an in-
tervening caspase-3 cleavage site (amino acids DEVD) (13). In
cell-based assays, this reporter has previously been shown to
indicate apoptotic activity via changes in FRET after cleaving
caspase-3 (Figure 1A).

To validate reporter function, we transiently transfected
HEK-293T cells with the functional caspase-3 reporter or control
LSS-mOrange fluorescent protein plus increasing concentra-
tions of Bax, a proapoptotic molecule. We quantified reporter
cleavage by FLIM after overnight incubation. To quantitatively
assess differences in apoptotic activity, we used phasor analysis,
which plots fluorescence lifetimes of individual image pixels as
a graphical display (Figure 1C). The semicircle on the phasor plot
denotes lifetimes with a single exponential decay, whereas pix-
els containing molecules with a multiexponential fluorescence
lifetime are displayed within the semicircle. Fluorescence life-
times with shorter or longer values appear on the right and left,
respectively. We defined a region of interest (ROI) for the longer
fluorescence lifetime of LSS-mOrange after caspase-3 cleavage
of the reporter and loss of FRET with mKate 2 based on data from
cells transfected with LSS-mOrange alone and without Bax.
Cells transfected with the caspase-3 reporter without Bax de-
fined the ROI for the shorter fluorescence lifetime of
LSS-mOrange in the intact reporter. For each experimental con-
dition, we then assigned lifetimes for each pixel to either cleaved
(yellow circle) or intact (red circle) reporter ROIs. We then high-
lighted corresponding pixels in sample images with the same
color scheme to show the localization of the cleaved and intact
reporters. By our FLIM analysis, cells with greater apoptotic
activity are expected to exhibit more extensive reporter cleav-
age and thus a greater percentage of yellow-highlighted im-
age pixels.

Comparisons between cells transfected with control LSS-
mOrange or with a functional reporter established a resolvable
difference in fluorescence lifetimes of intact and cleaved report-
ers with the cleaved, or unfused, reporter exhibiting a longer
fluorescence lifetime (Figure 1B). Compared with control cells
transfected with a functional reporter, FLIM images of cells
additionally transfected with increasing concentrations of Bax
showed greater percentages of yellow-highlighted pixels (Figure
1D), indicating more reporter cleavage and greater apoptosis. As
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an auxiliary indicator of apoptosis, cells transfected with higher
concentrations of Bax also showed more spherical morphology
and reduced adherence to the plate. These results validate a
functional reporter and image-analysis method for single-cell
FLIM analysis of apoptosis.

For further analyses of caspase-3 activity in cell-based
assays and living mice, we generated MDA-MB-231 breast can-
cer cells stably expressing the imaging reporter. We then tested
these cells in standard 2D cultures for inducing apoptosis by
treatment with trametinib, a clinically approved MEK inhibitor,
or staurosporine, a nonspecific kinase inhibitor known to induce
apoptosis (20). Overnight treatment with these compounds pro-
duced modest cleavage of the reporter compared with a very low
level of caspase-3 activity in cells treated with vehicle control
(Figure 2A, B). These data indicate that trametinib functions at

least in part by activating caspase-3 and apoptosis in cancer
cells.

Metabolic Stresses Initiate Apoptosis in
Breast Cancer Cells
Metabolic reprogramming is a hallmark feature of cancer, pro-
viding motivation for identifying and targeting metabolic pro-
cesses that are required for survival of cancer cells (2). We used
stable MDA-MB-231 reporter cells to analyze caspase-3 activity
in response to metabolic stress conditions. After overnight in-
cubation in normal growth medium or medium deprived of
glucose and/or glutamine, FLIM analysis showed minimal re-
porter cleavage in both full media and glutamine-deprived
growth conditions. However, we observed significantly greater
cleavage of the caspase-3 reporter in conditions without glu-

Figure 1. Validation of caspase-3 reporter activity. (A) Schematic of FRET with the caspase-3 reporter. Intact
LSS-mOrange-DEVD-mKate2 produces a shorter fluorescence lifetime of LSS-mOrange, whereas cleavage at the DEVD
site in the reporter prolongs the fluorescence lifetime of LSS-mOrange. (B) Representative images of 293T cells transiently
transfected with control (LSS-mOrange) or functional caspase-3 reporter plus increasing concentrations of a plasmid for
Bax. Control cells were cotransfected with the highest amount of empty vector. Representative images are shown 24
hours after transfection with pixels pseudo-colored in red or yellow corresponding to shorter or longer fluorescence life-
times, respectively. Pixels not highlighted in red or yellow correspond to autofluorescence. (C) Each image pixel is repre-
sented as an individual coordinate in the phasor plot, where coordinates nearer to the origin have a longer lifetime. The
red region of interest represents the shorter intact reporter lifetime, and the yellow region of interest represents the longer
cleaved reporter lifetime. (D) Graph shows the percentages of cleaved reporter (yellow in panel C) in each representa-
tive image. The bar for each condition defines aggregate pixels from multiple cells within a single image field, with life-
times corresponding to fluorescence from the cleaved reporter, which accounts for absence of error bars.
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cose, particularly when combined with the loss of glutamine
(Figure 3A, B; P � .05 and P � .01 for glucose deprivation and
glutamine/glucose deprivation conditions, respectively). These
results show that glucose deprivation activates caspase-3 in

MDA-MB-231 breast cancer cells, suggesting that blocking gly-
colysis may initiate apoptosis in these cells.

Because metabolic reprogramming facilitates the survival
of cancer cells, concurrent targeting of key metabolic processes

Figure 2. Trametinib activates
caspase-3 in MDA-MB-231 cells.
(A) Representative images of sta-
ble MDA-MB-231 reporter cells
treated overnight with 10 nM
trametinib, 1 �M staurosporine
(positive control), or vehicle con-
trol. Fluorescence lifetimes in
each pixel are pseudo-colored
red or yellow corresponding to
intact or cleaved reporters, re-
spectively. (B) Graph shows the
percentages of highlighted pixels
in each representative image with
fluorescence lifetimes of
LSS-mOrange corresponding with
caspase-3 cleavage of the re-
porter. The bar for each condi-
tion defines aggregate pixels
from multiple cells within a single
image field with lifetimes corre-
sponding to fluorescence from the
cleaved reporter, which accounts
for absence of error bars.

Figure 3. Glucose deprivation
initiates apoptosis in MDA-MB-
231 breast cancer cells. (A) Rep-
resentative images of MDA-MB-
231 reporter cells assayed in full
media or media deprived of glu-
cose (Gluc) and/or glutamine
(Gln). (B) Graph shows mean
values � SEMs (n � 4 per condi-
tion) of the percentages of pixels
corresponding to a longer lifetime
of LSS-mOrange after cleavage at
the caspase-3 site (*P � .05;
**P � .01).
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may enhance the efficacy of cancer therapy. To query this
possibility, we studied the effect of DCA on cancer cells under
simultaneous metabolic stress. DCA is a chemical that inhibits
pyruvate dehydrogenase kinase and funnels pyruvate toward
mitochondrial metabolism to create excess reactive oxygen spe-
cies (ROS), thus inducing apoptosis (21). Because glutamine
serves as a precursor of �-ketoglutarate, a metabolite that elim-
inates ROS, glutamine-deprived media could enhance the apo-
ptotic effect of DCA by insufficiently neutralizing DCA-driven
ROS accumulation. FLIM analysis of stable MDA-MB-231 re-
porter cells treated with 40 mM DCA in full media or media
deprived of glutamine showed significantly more yellow-high-
lighted pixels in the absence of glutamine (Figure 4A, B; P �
.05), indicating greater reporter cleavage. These results show
that simultaneous glutamine deprivation enhances the DCA
effect on caspase-3 activity, supporting ongoing efforts to de-
velop drugs that target steps in glycolysis and glutaminolysis in
cancer cells.

To further investigate the effects of metabolic stress on
MDA-MB-231 cells, we performed metabolic flux studies to
compare metabolic activity of cancer cells under each condi-
tion. Measurements of the extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) reported glyco-
lysis and oxidative phosphorylation, respectively. Control
cells grown in full medium were most metabolically active for
both ECAR and OCR (Figure 4C). Although cells either treated
with DCA or deprived of glutamine showed reduced meta-
bolic flux, simultaneously treating both conditions dramati-
cally reduced cellular metabolism as assessed by ECAR and
OCR. These data further illustrate that glutamine deprivation
enhances the effect of DCA in curbing cancer cell metabolic
activity and promoting apoptosis in MDA-MB-231 breast
cancer cells.

Fluorescence Lifetime Imaging Identifies Cell Death in
3D Spheroid Environments
Breast cancer commonly metastasizes to bone and bone marrow,
causing considerable morbidity (22). Previous studies have re-
ported that bone marrow stromal cells exhibit heterogeneous
phenotypes (23-25). We used immortalized human bone marrow
stromal cells HS5 and HS27A as representative examples of
phenotypically distinct bone marrow stroma. These cell lines
exhibit distinct profiles of cytokine expression, including
chemokine (C-X-C) motif ligand 12, interleukin-6, and other
molecules known to regulate the proliferation of hematopoietic
stem and progenitor cells (26, 27).

To determine the effects of different bone marrow stro-
mal environments on resistance to trametinib, we formed 3D
spheroids composed of 10% stable MDA-MB-231 reporter
cells with either HS5 or HS27A bone marrow-derived stromal
cells. After cells formed compact spheroids, we added either
trametinib or vehicle control for 24 hours before FLIM anal-
ysis. Control spheroids with either HS5 or HS27A cells
showed minimal cleavage of the caspase-3 reporter in MDA-
MB-231 cells, suggesting that breast cancer cells in a bone
marrow stromal cell environment undergo limited spontane-
ous apoptosis. However, compared with untreated spheroids,
FLIM analysis of both HS5 and HS27A spheroids treated with
trametinib showed significantly greater percentages of apo-
ptotic (yellow-highlighted) pixels (Figure 5A, B; P � .005 and
P � .01, respectively), corresponding to more caspase-3 ac-
tivation in MDA-MB-231 breast cancer cells. More notably,
breast cancer cells showed significantly greater caspase-3
activation in HS27A spheroids compared with HS5 spher-
oids (P � .01), suggesting a possible role of bone marrow
stromal cells in differentially regulating the effect of tra-
metinib treatment.

Figure 4. Deprivation of glu-
tamine enhances the effects of DCA
on caspase-3 activity and meta-
bolic flux. (A) Representative im-
ages of transduced MDA-MB-231
cells treated with 40 mM DCA in
full media or media deprived of
glutamine. (B) Graph shows mean
values � SEMs (n � 7-9 per condi-
tion) of the percentages of pixels
with the fluorescence lifetime of
unfused LSS-mOrange after
caspase-3 cleavage (*P � .05). (C)
Graph shows mean values � SEMs
of ECARs and OCRs, where more
metabolically active cells exhibit
higher ECARs and OCRs (n � 20
per condition).
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Intravital Microscopy Identifies Treatment-Induced Cell
Death In Vivo
To investigate FLIM for detecting apoptosis in vivo, we estab-
lished orthotopic tumor xenografts of 231-LSS-Orange or 231-
caspase-3 reporter cells, respectively. When tumors reached
approximately 3 to 4 mm in diameter, we randomly assigned
mice to treatment with the MEK inhibitor trametinib or vehicle
control delivered daily. We imaged mice by intravital 2-photon
microscopy, using FLIM to identify apoptotic cells based on
changes in the lifetime of LSS-Orange in the caspase-3 reporter
construct.

Mice with control 231-LSS-Orange tumors showed cancer
cells with the expected fluorescence lifetime of unfused LSS-
Orange, and treatment with trametinib did not affect the lifetime
of this protein (data not shown). In animals with 231-caspase-3
reporter tumors, studies in mice treated with vehicle control
predominantly showed pixels with the shorter fluorescent life-
time of LSS-Orange fused to mKate2, although cells did show
low levels of cleaved caspase-3 by intravital microscopy (Figure
6A, B). We validated the presence of active caspase-3 in control
mice by immunohistochemistry (Figure 6C). These results are
consistent with prior studies that showed apoptotic cells even in

growing tumors (28). By comparison, treatment with trametinib
significantly increased the number of apoptotic 231-caspase-3
cells, as evidenced by a higher percentage of yellow-highlighted
pixels corresponding to the cleaved reporter (Figure 6D). Immu-
nohistochemistry for cleaved caspase-3, the active form of this
enzyme, corroborated that treatment with trametinib increased
the number of apoptotic cells in 231-caspase-3 tumors. Collec-
tively, these data establish the ability to image caspase-3 activ-
ity at single-cell resolution by intravital 2-photon microscopy
and FLIM.

DISCUSSION
Investigators have generated several FRET-based reporters for
fluorescence microscopy of processes such as cell signaling
molecules, kinases, and proteases (29). The vast majority of
studies with FRET reporters, particularly genetically encoded
reporters with fluorescent proteins, have been performed in 2D
cell cultures. In this experimental context, FRET reporters have
proven to be powerful tools for quantifying signaling pathways
and biologic events such as apoptosis at the single-cell level.
However, only a small number of studies have utilized this
fluorescence technique for microscopy studies in 3D environ-

Figure 5. Bone marrow stromal cells in 3D culture differentially regulate the activation of caspase-3 in MDA-MB-231
cells. (A) Representative images of spheroids composed of MDA-MB-231 reporter cells with HS5 or HS27A bone mar-
row stromal cells treated overnight with 1 �M trametinib or vehicle control. Shorter and longer fluorescence lifetimes are
depicted as red and yellow pixels, respectively. Pixels not highlighted correspond to autofluorescence and are pseudo-
colored on a scale by counts. The table shows pixels corresponding to intact and cleaved caspase-3 reporter highlighted
as red and yellow, respectively. �� and �m define phase and modulation lifetimes from phasor analyses of FLIM data.
(B) Graph shows mean values � SEMs (n � 4-5 per condition) of the percentages of pixels with the fluorescence lifetime
of unfused LSS-mOrange after caspase-3 cleavage (**P � .01, ***P � .001).
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ments, including tissue-engineered constructs and living ani-
mals (30-32). Methods that facilitate FRET microscopy in 3D
environments offer the potential to greatly enhance understand-
ing of normal physiology, disease, and therapy because regula-
tion, dynamics, and functional outputs of many cell-signaling
pathways differ markedly between 2D and 3D settings (33-35).

As we have demonstrated, FLIM provides a facile approach
for detecting FRET signals in 3D environments by eliminating
quantification based on fluorescence intensities from donor and
acceptor molecules. Particularly for fluorescent proteins emit-
ting visible light, preferential absorption of shorter wavelength
light in tissues can potentially produce depth-dependent shifts
in detected ratios of donor and acceptor light independent of
actual changes in FRET. Measuring changes in the fluorescence
lifetime of a donor fluorophore in the presence or absence of a
FRET interaction overcomes 1 key challenge to the standard use
of FRET microscopy beyond 2D cultures. Unlike a time-domain
analysis of fluorescence lifetimes, which requires exponential

fitting of fluorescence decay, the phasor approach graphically
displays fluorescence lifetimes on a pixel-by-pixel basis in real
time (19). The phasor display format allows for the analysis of
data based on a clustering of pixels, facilitating the identifica-
tion of heterogeneous responses of FRET reporters on a cellular
or even subcellular basis.

The ability to identify responses of subpopulations of cells
within a tumor is especially advantageous for studies of tumor
heterogeneity, which increasingly is recognized as a central
challenge in cancer biology and therapy (36). Understanding the
mechanisms of tumor heterogeneity and developing new ap-
proaches to overcome it require therapeutic approaches for an-
alyzing tumors at cellular rather than whole-tumor resolution.
The FLIM technique and reporter construct described in this
study meet the need for cellular-level analysis of apoptosis in
cell culture systems and in living mice. Using phasor analysis of
FRET interactions, we identified subsets of cells undergoing
apoptosis in complex multicellular, 3D environments. In pre-

Figure 6. Intravital microscopy reveals therapy-induced apoptosis in breast cancer cells. (A) Representative images of
transduced MDA-MB-231 breast cancer cells in orthotopic tumors in mice treated with trametinib or vehicle control; pix-
els are pseudo-colored by fluorescence lifetime, with red and yellow defining the shortest and longest values, respec-
tively. Pixels not highlighted correspond to autofluorescence and are pseudo-colored on a scale by counts. (B) Graph
shows mean values � SEMs (n � 4-5 imaging fields per condition) of the percentages of pixels with the fluorescence
lifetime of unfused LSS-mOrange after caspase-3 cleavage (*P � .05). (C) Representative images of tumor histology sec-
tions stained for cleaved caspase-3. (D) Graph shows mean values � SEMs of the cleaved caspase-3 cell count per field
of view (**P � .01).
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clinical models, FLIM imaging of the FRET reporter can be used
to test the effects of existing drugs to induce apoptotic cell death
in cancer cells, optimize the efficacy of dosing protocols and
treatment combinations, and assess the effects of novel thera-
pies targeting processes such as cancer metabolism. More gen-
erally, FLIM provides a sensitive, rapid method for quantifying
multiple biologic processes and diseases other than apoptosis in
cancer using endogenous fluorophores or FRET from different
reporter constructs or imaging probes. Although genetically
encoded reporters are restricted to preclinical studies, fluores-
cence imaging methods are advancing to clinical medicine for
applications that include image-guided surgery and endoscopy,
and initial studies show that FLIM is feasible in patients (37).
Therefore, FLIM-based analysis techniques can potentially ad-
vance understanding of cancer, normal physiology, and other
diseases in preclinical model systems and may be translated to
focused clinical applications in image-guided detection and
therapy.

As 1 application of the apoptosis reporter and FLIM tech-
nology, we investigated induction of apoptosis in response to
metabolic stresses. Malignant cells reprogram metabolic path-
ways to survive and proliferate in different tumor environments,
creating potential vulnerabilities for targeted therapy (38). Most
types of cancer cells uptake extracellular glucose to a greater
extent than normal tissues and preferentially utilize glycolysis
even under aerobic conditions, a phenomenon known as the
Warburg effect (39, 40). Consistent with past observations about
the dependence of cancer cells on glycolysis, we demonstrated
that culturing breast cancer cells without glucose significantly
increased apoptosis. Although glutamine is also a major meta-
bolic building block for cancer cells (41), cells grown without
this amino acid showed only basal levels of apoptosis. However,
depriving both glucose and glutamine synergistically increased
apoptosis in breast cancer cells, suggesting that targeting mul-
tiple pathways is necessary to overcome metabolic plasticity of
malignant cells. We also showed that treatment with the glyco-
lysis inhibitor DCA plus glutamine deprivation induced apopto-
sis and decreased both glycolytic and oxidative metabolism.
Because glutamine serves as a precursor of �-ketoglutarate, a
metabolite that eliminates ROS, deprivation of glutamine could

enhance the apoptotic effect of DCA-driven ROS (42). These data
further support ongoing efforts to block both glycolysis and
glutaminolysis for cancer therapy and highlight uses of imaging
for identifying effective treatments targeting cancer cell metab-
olism (43).

In addition to metabolic stress, we used this imaging method to
analyze the effects of bone marrow stromal cells on the resistance
of cancer cells to chemotherapy, a critical determinant of treatment
failure in breast cancer and many other malignancies (44). HS5 and
HS27A bone marrow stromal cells, originally isolated and immor-
talized from the same normal volunteer, represent functionally
distinct subpopulations of mesenchymal stromal cells regulating
stem cell niches (45). These cell lines show distinct patterns of
cytokine secretion with HS5 cells producing molecules that pro-
mote differentiation of hematopoietic stem and progenitor cells,
whereas HS27A cells secrete cytokines typically associated with
maintaining undifferentiated stem cells (27, 46). Because metastatic
cancer cells may displace normal hematopoietic stem and progen-
itor cells from niche environments, HS5 and HS27A cells model
different potential sites for cancer cells in bone marrow (47, 48).
Notably, we discovered that trametinib, a clinically approved MEK
inhibitor, produced significantly greater apoptosis of MDA-MB-
231 cells in spheroids with HS27A relative to HS5 cells. We are
currently investigating mechanisms underlying the differences in
drug resistance between these 2 bone marrow stromal cell environ-
ments. These data emphasize the effects of different bone marrow
stromal cell environments on treatment efficacy and the utility of
analyzing these effects with single-cell FLIM in 3D environments.

Overall, this research demonstrates the capabilities of FLIM in
analyzing apoptosis at single-cell resolution using the same FRET
reporter across standard 2D cultures, engineered 3D coculture en-
vironments, and living animal models. We demonstrated applica-
tions of this imaging approach to establish apoptosis under condi-
tions of metabolic stress and stromal-mediated drug resistance in
breast cancer, but the technology could be applied readily to quan-
tify apoptosis in other cancers or disease processes. More generally,
we expect FLIM with phasor analysis will enable investigators to
transition single-cell FRET microscopy from 2D cultures to more
complex environments, advancing understanding of disease pro-
cesses and therapy in vivo.
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