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Abstract

Purpose: The reprogramming of cellular metabolism is a hallmark of cancer. The ability to noninvasively
assay glucose and lactate concentrations in cancer cells would improve our understanding of the
dynamic changes in metabolic activity accompanying tumor initiation, progression, and response to
therapy. Unfortunately, common approaches for measuring these nutrient levels are invasive or inter-
rupt cell growth. This study transfected FRET reporters quantifying glucose and lactate concentration
into breast cancer cell lines to study nutrient dynamics and response to therapy.

Procedures: Two FRET reporters, one assaying glucose concentration and one assaying lactate con-
centration, were stably transfected into the MDA-MB-231 breast cancer cell line. Correlation between
FRET measurements and ligand concentration were measured using a confocal microscope and a cell
imaging plate reader. Longitudinal changes in glucose and lactate concentration were measured in
response to treatment with CoCl,, cytochalasin B, and phloretin which, respectively, induce hypoxia,
block glucose uptake, and block glucose and lactate transport.

Results: The FRET ratio from the glucose and lactate reporters increased with increasing concentration
of the corresponding ligand (p <0.005 and p < 0.05, respectively). The FRET ratio from both reporters
was found to decrease over time for high initial concentrations of the ligand (p <0.01). Significant dif-
ferences in the FRET ratio corresponding to metabolic inhibition were found when cells were treated
with glucose/lactate transporter inhibitors.

Conclusions: FRET reporters can track intracellular glucose and lactate dynamics in cancer cells, provid-
ing insight into tumor metabolism and response to therapy over time.

Key words Fluorescence - Time-resolved microscopy - MDA-MB-231 - Metabolism -
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Introduction

Solid tumors are characterized by the presence of irregular
vasculature [1], resulting in a spatially heterogeneous envi-
ronment with both insufficient delivery of nutrients, such as
glucose and oxygen, and reduced ability to remove metabolic
wastes. To meet the high demand in energy production and
biosynthesis in proliferating tumors, cancer cells adapt to the
microenvironment with altered metabolism, which is one of
the hallmarks of cancer [2]. Warburg [3, 4] discovered that in
cancer cells glucose is converted to lactate with a high rate of
glycolysis even in the presence of sufficient oxygen. Although
not fully understood, it is thought that tumor cells are highly
glycolytic to maintain rapid proliferation. While glycolysis
is significantly less efficient in generating ATP compared to
oxidative phosphorylation, it generates ATP at a faster rate
[5, 6]. Furthermore, glycolysis functions as a carbon influx
to provide materials for downstream biosynthesis [4, 7]. Fol-
lowing glycolysis, lactate is converted from pyruvate by lac-
tate dehydrogenase (LDH) and creates an acidic environment
favoring tumor cells over normal cells [8, 9]. The control
of intracellular and extracellular acidity is associated with
tumorigenesis, cancer progression, diffusion, invasion, and
escape from immune destruction [10, 11]. Thus, glucose and
lactate play important roles in driving tumor metabolism and
progression.

The ability to measure glucose and lactate concentration
would improve our understanding of cancer metabolism and
guide development of new therapies targeting metabolic path-
ways. Glucose analogs with radioactive labels like 2-deoxy-
2-['8F]fluoro-D-glucose (['*F]FDG) [12] or fluorescent labels
like 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-de-
oxyglucose (2-NBDG) [13] are used to study the kinetics of
glucose uptake, but they inhibit glycolysis and block down-
stream reactions. Common approaches for measuring lactate
are based on enzymatic reactions followed by photometric
or amperometric procedures [14, 15]. These approaches are
invasive as they require the consumption of substrate and/
or the sample and require large quantities of cells. In the
present work, we utilize two FRET (Forster or fluorescence
resonance energy transfer) reporters for the measurement of
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glucose [16] and lactate [17] concentrations. Figure 1 illus-
trates the design of the glucose and lactate FRET reporters.
The binding of the target molecules would lead to a confor-
mational change that alters the distance/orientation between
the coupled fluorescent proteins, resulting in an increase/
decrease in FRET efficiency. Since their development, these
reporters have been applied to study metabolic signaling and
neuronal activity in astrocytes [18—22]. They also have been
employed in breast cancer cells to study the role of carbonic
anhydrase IX in hypoxia [23-25], the interaction between
stromal and breast cancer cells [26, 27], bioenergetics and
toxicity of mitochondria [28, 29], and intra-tumor hetero-
geneity of metabolic states [30]. Importantly, these previ-
ous studies employed measurements at a single time point
or measurement of kinetics on a time scale of seconds to
minutes. To the best of our knowledge, longer term monitor-
ing of glucose and lactate dynamics in cancer cells has not
been performed.

In this study, we constructed stably transfected glucose
and lactate FRET reporters in the triple negative breast cancer
cell line, MDA-MB-231. We established a standard curve
for ligand concentration—dependent FRET ratio response at
a single time point and measured the longitudinal FRET ratio
change when the cells were supplied with different glucose
or lactate concentrations. We then perturbed the cellular
glucose and lactate concentrations by introducing a hypoxia
inducer or inhibitors of glucose or lactate transport. We found
that FRET reporters can be used to track changes in glucose
and/or lactate concentration over time and detect dynamic
changes in cancer cell metabolism in response to therapy.

Materials and Methods

Cell Culture and Transfection

The triple negative breast cancer cell line, MDA-MB-231,
was obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and grown in high-glucose (25 mM)
Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo
Fisher Scientific, Waltham, MA) containing 10 % fetal bovine
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Fig. 1. lllustrations of the design of the glucose (a) and lactate (b) FRET reporters. The FRET reporters exploit the resonance energy transfer
between a pair of fluorescent proteins, with a ligand-binding domain for the target molecule. The FRET efficiency depends on the distance
and orientation between the fluorescent proteins. a The conformational change of the glucose reporter when bound to glucose leads to an
increase in the FRET efficiency. b The conformational change of the lactate reporter when bound to lactate leads to a decrease in the FRET

efficiency.
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serum, 2 mM L-glutamine, and 100 units/ml penicillin—strep-
tomycin at 37 °C/5 % CO,.

The plasmid carrying the glucose FRET sensor, pcDNA3.1
FLII12Pglu-700uDelta6 (17,866, gift of Wolf Frommer [16]),
and the plasmid carrying the lactate FRET sensor, Laconic/
pcDNA3.1(-) (44,238, gift of Luis Felipe Barros [17]) were
obtained from Addgene (Watertow, MA). Prior to transfec-
tion, MDA-MB-231 cells were seeded in a 6-well plate and
allowed to achieve 70-80 % confluence. Transfection with
plasmids containing either glucose or lactate FRET-based
reporters was performed with Lipofectamine LTX & PLUS
Reagent (Thermo Fisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s instructions. Transfection medium
(Opti-MEM I Reduced-Serum Medium, Thermo Fisher Sci-
entific, Waltham, MA) contained no serum or antibiotics. Six
hours post-transfection, the transfection medium was replaced
with DMEM culture medium. Three days post-transfection,
selection was initiated using DMEM containing 100 pg/mL
G418 (Sigma-Aldrich, St. Louis, MO). After 2 weeks of
selection, the cells were resuspended in medium at 1 x 10°
cells/ml and sorted with a BD FACSAria flow cytometer (BD
Biosciences, San Jose, CA). The sorting was based on YFP
(yellow fluorescent protein) emission where untransfected
cells were used as negative control. Sorted cells expressing
the FRET reporters were collected and re-cultured for sub-
sequent studies.

Measurement of Glucose and Lactate from
Extracted FRET Reporters

Prior to protein extraction, MDA-MB-231 cells transfected
with either the glucose or lactate FRET reporter were seeded
in a T-175 flask and allowed to achieve 80-90 % conflu-
ence. The Halt Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, Waltham, MA) was added to the
cell lysis reagent CelLytic M (Sigma-Aldrich, St. Louis, MO)
in a 1:100 ratio. Whole-cell proteins containing the glucose
or lactate reporter were extracted with cell lysis reagent
according to the manufacturer’s instructions.

The solution of whole-cell protein extraction containing
the glucose or lactate reporter was added to a 96-well black
plate and diluted in phosphate buffered saline (PBS, Caisson
Labs, Smithfield, UT) to glucose or lactate concentrations
of 0, 0.1, 0.2, 0.5, 0.8, 1, 2, 5, 8, or 10 mM. PBS with the
same glucose or lactate concentration was added to the same
96-well plate as a control group. Fluorescence was measured
with a BioTek Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek Instruments, Inc., Winooski, VT) at 37 °C/5 % CO,.
The proteins were excited at a wavelength of 433 nm, and
fluorescence emissions of CFP (cyan fluorescent protein) and
YFP were measured at a wavelength of 485 nm and 528 nm.
The ratio between the emissions was used to characterize
the reporters. For glucose, the FRET ratio was defined as
the fluorescence intensity at 528 nm divided by the intensity

at 485 nm. For lactate, the FRET ratio was defined as the
fluorescence intensity at 485 nm divided by the intensity at
528 nm, due to differences in the construction of the glucose
and lactate reporters. More specifically, the binding of glu-
cose reduces the distance between the donor and the acceptor,
leading to an increase in energy transfer, while the binding
of lactate increases the distance between the donor and the
acceptor, reducing the energy transfer. Measurements were
performed on at least three independent protein extracts. The
standard deviation was calculated from 3 measurements. The
values from the control group were quantified to determine
background noise and subtracted from the values of the wells
containing the FRET reporters.

Measurement of Glucose and Lactate in Intact
Cells

Twenty-four hours prior to imaging, MDA-MB-231 cells
transfected with either glucose or lactate FRET reporter were
seeded in an 8-well chamber slide and allowed to achieve
30-40 % confluence. The cells were placed in glucose-free
medium for 30 min before adding glucose to the cell culture
to achieve final concentrations of 0, 0.5, 1.0, 2.0, 5.0, 10.0, or
15.0 mM. The images were scanned three times with dwell
time 0.1 ms/pixel before and after the addition of glucose by
ISS Alba v5 Laser Scanning Confocal Microscope (ISS, Inc.,
Champaign, IL). The images were taken by the 405-nm laser
light focused through a 20 X objective (UPLSAPO, Olympus)
and the fluorescence CFP and YFP were detected by two
avalanche photodiodes (SPCM-AQR-15, Perkin Elmer) after
passing the bandpass filters (445/40, 585/40 nm, Semrock),
respectively.

Imaging was also performed using a BioTek Cytation 5
Cell Imaging Multi-Mode Reader. Twenty-four hours prior
to imaging, MDA-MB-231 cells expressing either the glu-
cose or lactate FRET reporter were seeded in a 96-well black
plate and allowed to achieve 3040 % confluence. Cell culture
medium was changed to DMEM with different glucose or lac-
tate concentrations (0, 0.1, 0.2,0.5,0.8, 1, 2, 5, 8, or 10 mM)
and incubated at 37 °C for 10 min. Images were captured with
a CFP (excitation wavelength 445 nm, emission wavelength
510 nm) filter cube and a CFP-YFP-FRET V2 (excitation
wavelength 400 nm, emission wavelength 550 nm) filter cube.
For longitudinal experiments, images were collected at 0, 1,
2,3,6,9, and 12 h after media change. The standard devia-
tion was calculated from 24 images.

FRET Image Processing

Image preprocessing was performed using Gen5 Software on
the plate reader (BioTek Instruments, Inc., Winooski, VT).
An automatic background flattening with default parameters
was applied to images from CFP channel and CFP-YFP-FRET
channel with the background set to “dark.” All subsequent
image processing was performed in Matlab (The Mathworks,



Inc., Natick, MA). First, a k-means clustering approach was
applied on the CFP channel images using the Matlab func-
tion “kmeans” to segment cells expressing the FRET reporter
[31]. The resultant mask was applied to the images from both
the CFP channel and CFP-YFP-FRET channel. For the glu-
cose reporter, the FRET ratio at each pixel was calculated by
dividing the signal intensities from the masked CFP-YFP-
FRET images over the signal intensities from the masked
CFP images, as is commonly done for the quantification of
FRET reporters [16]. For the lactate measurements, the signal
intensities from the masked CFP images were divided by the
signal intensities from the masked CFP-YFP-FRET images.
Pixels with FRET ratios greater than 97.5 % or lower than 2.5
% of the population distribution were considered outliers and
excluded from analysis. The FRET ratio for each image was
calculated as the average of all non-zero pixel-wise FRET
ratios.

For all experiments, the mean and the standard deviation
of FRET ratios of all the images collected were calculated.
Values greater than or smaller than two times the standard
deviation from the mean value were considered outliers and
removed [32]. Additionally, for experiments with multiple
timepoint measurements, the mean and the standard deviation
of FRET ratios of all the images from all time points were
calculated and values greater than or smaller than two times
the standard deviation from the mean value were considered
outliers and removed.

To account for inter-assay differences in FRET measure-
ments, quantification of FRET was expressed as a normalized
ratio relative to a measurement made in the absence of ligand
(0 mM glucose or lactate). The normalized ratio was calcu-
lated from the function: r,,,,,,=r/ r;, where r is the measured
FRET ratio and ryis the ligand-free FRET ratio. The FRET
measurements were fit to a single site-binding isotherm:

S = (r —1lf)/(rsa — rlf ) = [ligand]/(Ka + [ligand]) (1)

where S is the saturated-binding portion; [ligand] is the
ligand (glucose or lactate) concentration; r is the FRET ratio
at the prescribed concentration; ry is the ligand-free FRET
ratio; r,,, is the FRET ratio at saturation; and K, is the bind-
ing affinity between the ligand and the reporter [16]. Fitting
the data to Eq. (1) was performed in Matlab with the least
square optimization algorithm “Isqcurvefit” to minimize the

residual sum of squares.

Longitudinal Imaging of Glucose and Lactate in
Response to Therapy

Following characterization and validation of glucose and lac-
tate measurements using FRET reporters, we then employed
them to image treatment response. Figure 2 illustrates the
pathways and interventions involved in this treatment study.
All imaging of therapeutic response was performed using a
BioTek Cytation 5 Cell Imaging Multi-Mode Reader at 37
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Fig. 2. lllustration of cell metabolism pathways and targets of
nutrient perturbation assayed in this study. Interventions to alter
metabolism (shown in blue boxes) were cytochalasin B, which
inhibits GLUT1; phloretin, which inhibits GLUT1 and MCT4; and
CoCl,, which inhibits oxidative phosphorylation. GLUT, glucose
transporter; MCT, monocarboxylic transporter; TCA cycle, tricar-
boxylic acid cycle.

°C/5 % CO,. Twenty-four hours prior to imaging, MDA-
MB-231 cells transfected with the FRET reporter were
seeded in a 96-well black plate and allowed to achieve 30—40
% confluence. We introduced CoCl, to induce hypoxia and
inhibit oxidative phosphorylation [33] in MDA-MB-231 cells
transfected with the lactate FRET reporter. The medium was
changed to DMEM with 5 mM glucose and CoCl, of different
concentrations (0, 50, 100, 200, and 500 pM). Images were
acquired at 0, 6, 12, 24, 36, 48, and 60 h after addition of
CoCl,. To inhibit glucose uptake by tumor cells via glucose
uptake transporters (GLUT) [34], we employed cytochalasin
B (a GLUT1 inhibitor) [20, 35, 36]. MDA-MB-231 cells
transfected with the glucose and lactate FRET reporters were
incubated in DMEM with 5 mM glucose and cytochalasin B
at concentrations of 0, 1, 2, and 4 pM. Images were acquired
at 0, 24, and 60 h. Finally, we perturbed lactate export via
monocarboxylic transporter (MCT) inhibition [37, 38] using
phloretin, which is both a GLUT1 and MCT4 inhibitor [17,
39]. MDA-MB-231 cells transfected with the glucose and
lactate FRET reporters were incubated in DMEM with 5 mM
glucose and phloretin concentrations of 0, 10, and 20 pM.
Images were acquired at 0, 24, and 60 h. The standard devia-
tion was calculated from 48 images at each time point.

Statistical Analysis
All statistical analysis was performed with Matlab. The Z-test

was used to determine significant differences in FRET ratio
change before and after addition of glucose. Spearman’s
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rank correlation coefficient (p) was used for comparison
between FRET ratio and ligand concentration or time. One-
way ANOVA and two-sample unpaired 7-test were used to
determine differences in FRET ratio in response to therapy.
Differences were considered significant if p <0.05.

Results

Generation and Characterization of MDA-MB-231
Cells with Glucose or Lactate Reporters

Stable transfection of MDA-MB-231 cells expressing either
a glucose or lactate FRET reporter was generated by antibi-
otic selection followed by expression-based sorting with flow
cytometry. When the cells were excited with the excitation
wavelength for CFP, emission from both CFP and CFP-YFP-
FRET channels (Fig. 3) was observed, demonstrating energy
transfer from CFP to YFP in the presence of the correspond-
ing ligand (glucose or lactate).

To characterize the function of the glucose FRET reporter,
MDA-MB-231 cells stably expressing the glucose FRET
reporter were imaged with a confocal microscope before
and after the addition of glucose into glucose-free medium.
The acquired images were processed to generate the masks
labeling the fluorescent signals for CFPex/CFPem images
(CFP-mask, Fig. 4a, c¢) and CFPex/YFPem images (YFP-
mask, Fig. 4b and d), where the suffixes “ex” and “em”
refer to excitation and emission, respectively. Imaging was
performed before (Fig. 4a and b) and after the addition of
glucose (Fig. 4c and d). The distribution of CFP emission
(Fig. 4e) shifted to the left after addition of glucose (i.e.,
a lower intensity), while the distribution of YFP emission

Fig.3. Representative images
of MDA-MB-231 cells consti-
tutively expressing the glucose
FRET reporter. a displays a
bright field image. b displays a
fluorescent image with excita-
tion wavelength for CFP and
emission wavelength for CFP,
which detects the donor fluo-
rophore of the FRET reporter.
¢ displays a fluorescent image
with excitation wavelength for
CFP and emission wavelength
for YFP, which detects the
acceptor fluorophore of the
FRET reporter. d displays the
merged fluorescent signals
from (b) and (¢). The fluores-
cent signals co-localized in
the cytoplasm from both CFP
and CFP-YFP-FRET channels
with an excitation wavelength
for CFP demonstrated energy
transfer from CFP to YFP.

(Fig. 4f) slightly shifted to the right. The average CFP inten-
sity decreased by 10.7+0.6 % (p <0.0001), while the average
YFP increased by 6.2+1.0 % (p <0.0001), demonstrating an
increased FRET ratio. The pixel-wised FRET ratio was calcu-
lated, and the distribution of the FRET ratio before and after
the addition of glucose was compared. The distribution of the
FRET ratio (Fig. 4g) shifted to the right after addition of glu-
cose, reflecting an average FRET ratio increase of 22.5 +0.8
% (p<0.0001). The FRET ratio normalized to the ratio of the
cells in glucose-free medium increased with increasing glu-
cose concentration (Fig. 4h; p=0.98, p <0.0005). The trend
aligns well with our previous study [40].

Characterization of glucose or lactate FRET reporters was
also performed using a cell plate reader equipped with a cell
culture chamber to enable long-term imaging. The normal-
ized FRET ratio of the solution containing the extracted glu-
cose reporter was found to increase with increasing glucose
concentration (Fig. 5a; p=0.96, p <0.0001). The normalized
FRET ratio of the solution containing the extracted lactate
reporter was also found to increase with increasing lactate
concentration (Fig. 5b; p=0.96, p <0.0001). For intact cells,
the normalized FRET ratio from cells expressing the glu-
cose reporters increased with increasing glucose concentra-
tion (Fig. 5c¢; p=0.87, p <0.0005). Similarly, the normalized
FRET ratio from cells stably expressing the lactate reporters
also increased with increasing lactate concentration (Fig. 5d;
p=0.69, p<0.005).

Longitudinal Dynamics of FRET Ratio with
Different Initial Ligand Concentrations

We performed longitudinal imaging to determine how
the FRET ratio changed over time as glucose and lactate




Fig.4. FRET signals from the
glucose reporter measured with
a confocal microscope display
response to glucose. a displays
the mask of CFP emissions with
0 mM glucose. b displays the
mask of YFP emissions with

0 mM glucose. (Note that the
color map for (a) and (b) are
different for better display.)

c displays the mask of CFP
emissions with 15 mM glucose.
d displays the mask of YFP
emissions with 15 mM glucose.
e shows the distribution of
CFP emission with 0 mM and
15 mM glucose. f shows the
distribution of YFP emission
with 0 mM and 15 mM glucose.
g shows the distribution of
pixel-wised FRET ratio with

0 mM and 15 mM glucose,
indicating an increase in FRET
measurement after the addition
of glucose. h shows the relation-
ship between average normal-
ized FRET ratios and glucose
concentration across a range

of glucose values. The FRET
ratio normalized to the ratio of
cells in glucose-free medium
increased with increasing
glucose concentration. The nor-
malized FRET ratios are shown
in blue, while a curve fitting a
single site-binding isotherm are
displayed as an orange dashed
line. The error bars indicate the
standard deviation of the nor-
malized FRET ratio calculated
from each image.
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Fig.5. The FRET ratios for
both the glucose and lactate
reporters are ligand concentra-
tion dependent as measured

by plate reader. a shows the
normalized FRET ratio from the
solution of extracted whole-

cell protein containing the
glucose reporter. b shows the
normalized FRET ratio from the
solution of extracted whole-cell
protein containing the lactate
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were consumed and produced by cellular metabolism. At
each time point, the normalized FRET ratio from the cell
line expressing the glucose reporter was found to increase
with increasing glucose concentration (Fig. 6a; all p>0.81,
p <0.005). The normalized FRET ratio for glucose was found
to decline over time with significance for initial glucose
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concentration >2 mM (p < 0.05), while there was no signifi-
cant change for initial glucose concentration below 2 mM. At
each time point, the normalized FRET ratio from the cells sta-
bly expressing the lactate reporter was found to increase with
increasing lactate concentration (Fig. 6b; p> 0.85, p <0.005).
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Fig. 6. Longitudinal FRET ratio measurements over 12 h with different initial concentrations of ligand. a shows the longitudinal FRET
ratio change with different initial glucose levels. The normalized FRET ratio decreased over time corresponding to glucose consump-
tion by the cells. At each time point, the normalized FRET ratio increased with increasing glucose concentration. b shows the longitu-
dinal FRET ratio change with different initial lactate levels. The normalized FRET ratio decreased over time as lactate was consumed for
initial lactate levels = 2 mM. At each time point, the normalized FRET ratio increased with increasing lactate concentration.



For cells with initial lactate concentration of 10 mM, the nor-
malized FRET ratio decreased over time (p <0.05).

Measuring the Accumulation of Lactate Induced
by Hypoxia

CoCl, is known to induce hypoxia and thus could lead to the
accumulation of lactate as a result of enhanced glycolysis in
the tumor cells. We imaged cells expressing the lactate FRET
reporter over time to study the effect of CoCl, on the intracel-
lular lactate level. At 6, 12, 36, 48, and 60 h, the normalized
FRET ratio was found to increase with increasing CoCl, con-
centration (Fig. 7a; p=1.00, p <0.05). In particular, for cells
treated with 500 pM CoCl,, the normalized FRET ratio was
found to increase over time (p=1.00, p <0.005). For cells
treated with lower concentrations of CoCl,, there were no
significant correlations between the normalized FRET ratio
and time. At baseline, there were no significant differences
among the normalized FRET ratio of cells treated with dif-
ferent concentrations of CoCl,. However, at 60 h, there was
a significant difference (p <0.01) between cells treated with
200 or 500 pM CoCl, and cells treated with lower concen-
trations, as well as between cells treated with 200 pM CoCl,
and cells treated with 500 pM CoCl, (Fig. 7b; p <0.0001).

Measuring the Effect of Nutrient Transporter
Inhibitors on Glucose and Lactate Concentrations

Cytochalasin B is a GLUT inhibitor that inhibits glucose
uptake but does not directly target lactate transport. We
imaged cells expressing the glucose or lactate FRET reporter
over time to study the effect of cytochalasin B on intracel-
lular nutrient level. For the glucose reporter, immediately
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following addition of cytochalasin B, there was a significant
difference between the normalized FRET ratio of cells with-
out treatment and cells treated with 1 pM (p < 0.0005), and
cells without treatment and cells treated with 2 pM cytocha-
lasin B (p <0.0005). At 24 h and 60 h, the FRET-derived
glucose concentration was found to decrease with increas-
ing dose of cytochalasin B (Fig. 8a). At 60 h, there was a
significant difference between the glucose concentrations of
cells treated with all doses of cytochalasin B (all p <0.05).
For the lactate reporter, immediately following addition of
cytochalasin B, there was a significant difference between the
normalized FRET ratio of cells treated with 1 pM and 4 pM
(»<0.05). At 60 h, there was a significant difference between
the FRET-derived lactate concentration of cells without treat-
ment and cells treated with 4 pM (p <0.01), cells treated with
1 pM and 2 pM (p <0.05), cells treated with 1 pM and 4 pM
(»<0.0001), and cells treated with 2 pM and 4 pM (p <0.01).
The maximum changes from untreated control cells were
04+0.2 %, 0.9+0.2 %, and 1.0+0.3 % at baseline, 24 h,
and 60 h (Fig. 8c).

Phloretin can function as an inhibitor of both GLUT
and MCT4, the latter of which exports lactate. We imaged
cells expressing the glucose or lactate FRET reporter over
time to study the effect of phloretin on intracellular nutrient
level. For the glucose reporter, immediately following addi-
tion of phloretin, there was a significant difference between
the normalized FRET ratio of cells without treatment and
cells treated with 20 pM (p <0.0005), and cells treated with
10 pM and 20 pM phloretin (p <0.05). At 24 h, there was
a significant difference between the FRET-derived glucose
concentration of cells without treatment and cells treated
with 20 pM (p < 0.0005), and cells treated with 10 pM and
20 pM phloretin (p <0.05). At 60 h, there were significant
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Fig.7. Longitudinal FRET ratio of cells treated with CoCl,. a shows the normalized FRET ratio for the lactate reporter in MDA-MB-231 cells
treated with 0 uM, 50 uM, 100 pM, 200 pM, and 500 uM CoCl, over 60 h. Different colors represent different doses, with error bars calculated
from 48 images of cells with the same dose. At each time point after baseline, the normalized FRET ratio increased with increasing CoCl, con-
centration. b displays boxplots of the normalized FRET ratio for cells treated with different CoCl, concentrations at 0 h and 60 h. Significance

level is marked: n.s.=no significance; **=p <0.01; ****=p < 0.0001.
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24, and 60 h of treatment with phloretin. c displays the normalized FRET ratio for the lactate reporter after 0, 24, and 60 h of treat-
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48 images. Cells treated with cytochalasin B exhibited decreased glucose concentration but minimal decline in lactate concentration.
Cells treated with phloretin exhibited decreased glucose concentration and increased lactate concentration.

differences between the normalized FRET ratio of cells with-
out treatment and cells treated with 10 pM (p <0.0001), and
cells without treatment and cells treated with 20 pM phlo-
retin (Fig. 8b; p <0.0001). For the lactate reporter, immedi-
ately following addition of phloretin, there was a significant
difference between normalized FRET ratio of cells without
treatment and cells treated with 20 pM (p <0.0001), and
cells treated with 10 pM and 20 pM phloretin (p < 0.005). At
24 h and 60 h, there was a significant difference between the
FRET-derived lactate concentration of cells treated with all
doses of phloretin (all p <0.0001). The maximum changes
from untreated control cells were 1.8 +0.4 %, 5.5+0.2 %, and
17.7+0.2 % at baseline, 24 h, and 60 h (Fig. 8d).

Discussion

This study employed FRET reporters to assess intracellular
glucose and lactate concentrations in a breast cancer cell line
and monitor glucose and lactate dynamics. This approach
can be used to elucidate the altered metabolism found in

tumor cells. To accomplish this task, we stably transfected a
glucose FRET reporter and lactate FRET reporter into a tri-
ple negative breast cancer cell line. We quantified the FRET
ratio with both a confocal microscope and a live cell imag-
ing plate reader and demonstrated correlation with ligand
(glucose/lactate) concentration. We also performed longitu-
dinal imaging to show that these reporters can noninvasively
monitor changes induced by cellular metabolism. Finally, we
used CoCl,, cytochalasin B, and phloretin to perturb tumor
cell metabolism and detected longitudinal changes in FRET
reporters corresponding to metabolic inhibition.

Using a confocal microscope, the normalized FRET ratio
was found to increase with increasing glucose concentration,
demonstrating that intracellular glucose concentration can be
measured via the FRET ratio. However this approach only
imaged a small area of the cells and can be time-consuming
to acquire a large quantity of images. Therefore, we used
a live cell multi-mode reader for data acquisition for the
remainder of this study. Using this system, we were able to
acquire multiple images from a 96-well plate, allowing com-
parison of the FRET ratio with different ligand concentrations



supplied in the media. The positive correlation between the
FRET ratio and the ligand concentration was confirmed for
both glucose and lactate reporters. Using the plate reader with
controlled temperature and CO,, we performed longitudinal
assessment of the glucose and lactate reporters. We found a
positive correlation between FRET measurement and ligand
concentration at each time point, meaning the ligand con-
centration—dependent FRET ratio response was robust and
the FRET reporter could assay these ligands over time. For
cells with glucose of 1 mM or higher, FRET measurements
detected reduced glucose concentration over time, as tumor
cells consumed glucose. The lack of significant correlation
at lower glucose concentrations may stem from relatively
smaller changes in the glucose concentration and suggests
a limit in the sensitivity of this technique to detect small
changes in glucose concentration. For cells plated in high
lactate concentration media, we found a decline in the nor-
malized FRET ratio over time. This putatively reflects utiliza-
tion of lactate by tumor cells as extra nutrient resources. The
FRET ratio showed different responses between low and high
initial lactate concentrations, suggesting the reporters could
be used as an indicator to detect metabolic switches.

The FRET reporters were used to examine the effect of
several drugs intended to perturb intracellular nutrient levels.
When cells were treated with CoCl, to induce hypoxia, a
dose- and time-dependent increase in lactate was observed.
Cytochalasin B, a GLUT1 inhibitor which inhibits glucose
uptake, lowered glucose concentration in a dose- and time-
dependent manner. Similarly, the cells treated with phloretin
exhibited a lower normalized ratio for the glucose reporter
compared to the control, reflecting blockage of the GLUT1
receptor. Additionally, phloretin led to higher measured
lactate levels, reflecting the dual function of phloretin as
it inhibited both glucose uptake and lactate export through
MCT4. There were smaller, but significant, changes in the
FRET ratio of the lactate reporter when cells were treated
with cytochalasin B. This suggests alterations in intracellular
lactate in response to GLUT1 blockage that may be investi-
gated in future studies. The longitudinal nature of these stud-
ies provides insight into the dynamics of cytochalasin B and
phloretin treatment. Both of these molecules induced changes
in the FRET ratio at baseline, indicating that they have rapid
activity. These studies of nutrient perturbation suggest that
FRET reporters may be useful in developing other treatments
that target cell metabolism by enabling longitudinal monitor-
ing of treatment response. By comparing the relative change
of glucose and lactate over time, we may be able to identify
the potential target pathways and mechanisms for new drugs.

This work was performed in a single breast cancer cell
line, but the results may be applicable across a range of
cancer cells with similar metabolic pathways. Alternately,
transfection of these FRET reporters in other cell lines may
identify differences in metabolism between different cancers.
For instance, GLUT1 is overexpressed in breast cancers [41]
and MCT4 is expressed at a high level in MDA-MB-231
cells [42], but differences in these transporters across cell
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lines may lead to differential responses to therapy. While the
work performed in this study was limited to in vitro studies,
adoption of these tools for in vivo work is possible. Intravital
imaging of these FRET reporters may permit in vivo imag-
ing in preclinical cancer models [19, 30, 43]. Importantly,
these in vivo studies would permit physiologically relevant
monitoring of changes in metabolism, rather than requir-
ing changes in cell media which do not fully reflect in vivo
metabolism.

The present work develops an imaging platform for stud-
ying intracellular glucose and lactate concentrations with
FRET reporters in a breast cancer cell line. This approach
does not require an advanced imaging setup, specific buffer-
ing medium, or well-designed calibration. However, because
of the simplistic design, we used a normalized FRET ratio
to measure a relative change in glucose or lactate level in
response to changes in ligand concentration or treatment. The
reliable concentration ranges for the glucose FRET reporter
and lactate FRET reporter are 0.05 to 9.6 mM [16] and 1 to
10 mM [17], respectively. While our current approach with
plate-reader imaging could provide an easy and fast meas-
urement to track the longitudinal change of glucose/lactate
concentrations, it presented limited sensitivity at low ligand
level, not taking the full advantage of these highly sensitive
reporters. In addition, we assumed an equilibrium state of the
nutrient concentration at each measurement point because of
the relatively short measurement time (a few seconds for each
image) compared to measurement interval (varying from 1 to
12 h) in our experiments. We also did not consider the kinet-
ics of nutrient uptake and corresponding FRET ratio change
in a short time scale (from seconds to minutes). We did not
consider the effect of photobleaching, as the FRET reporter
demonstrated insensitivity of the ratio to photobleaching [17].
The measurement and analysis of the FRET ratio should be
further optimized to improve quantification of the glucose/
lactate concentration. Factors that may affect the FRET
response, such as other metabolites [17, 29] or pH [44],
should be carefully examined and evaluated for their effect
in the future.

Conclusions

We have established stable transfections of glucose and lac-
tate reporters in a breast cancer cell line and demonstrated a
ligand concentration—dependent FRET response over time.
This system enables dynamic tracking of intracellular glu-
cose and lactate in a triple negative breast cancer cell line.
Using these FRET reporters, we detected dynamic changes
in intracellular glucose and lactate concentrations in response
to metabolism-directed therapies.
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