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Abstract

Hepatocyte growth factor/scatter factor (HGF/SF) is a
paracrine growth factor which increases cellular motility
and has also been implicated in tumor development and
progression and in angiogenesis. Little is known about
the metabolic alteration induced in cells following Met-
HGF/SF signal transduction. The hypothesis that HGF/
SF alters the energy metabolism of cancer cells was
investigated in perfused DA3 murine mammary cancer
cells by nuclear magnetic resonance (NMR) spectro-
scopy, oxygen and glucose consumption assays and
confocal laser scanning microscopy (CLSM). 3'P NMR
demonstrated that HGF/SF induced remarkable altera-
tions in phospholipid metabolites, and enhanced the
rate of glucose phosphorylation (P < .05). '*C NMR
measurements, using ['3C,]-glucose-enriched med-
ium, showed that HGS/SF reduced the steady state
levels of glucose and elevated those of lactate (P < .05).
In addition, HGF/SF treatment increased oxygen con-
sumption from 0.58+0.02 to 0.71+0.03 ymol/hour per
milligram protein (P < .05). However, it decreased CO,
levels, and attenuated pH decrease. The mechanisms of
these unexpected effects were delineated by CLSM,
using NAD(P)H fluorescence measurements, which
showed that HGF/SF increased the oxidation of the
mitochondrial NAD system. We propose that concomi-
tant with induction of ruffling, HGF/SF enhances both
the glycolytic and oxidative phosphorylation pathways
of energy production. Neoplasia (2000) 2, 365—-377.
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Introduction

Hepatocyte growth factor/scatter factor (HGF/SF) is a
paracrine factor produced primarily by mesenchymal cells,
which induces mitogenic and morphogenic changes [1]. The
diverse biological effects of HGF/SF are all mediated by its
receptor Met, which is preferentially expressed on epithelial
cells [2]. In vivo, this receptor—ligand pair is essential for
normal embryological development [3,4]. Null mutations in
HGF/SF [4] and Met [5] are embryonically lethal. Met-
HGF/SF signaling plays an important role in epithelial tissue
morphogenesis and lumen formation [6,7]. HGF/SF has
been shown to induce tubular branching of mammary cell

lines in collagen gels [8,9] and to be involved in the
development of mammary tubular structures in vivo [10].
While Met-HGF/SF signaling clearly plays a role in normal
cellular processes, this signaling pathway has also been
implicated in tumor development and progression.

Met-HGF/SF signaling promotes rapid membrane ruffling
and formation of microspikes, increases cellular motility
[11,12] and tumorigenicity [13] and enhances in vitro
invasiveness [2,14—16] and in vivo metastasis [16—18].
In addition, Met-HGF/SF signaling can increase production
of proteases [16] and urokinase [17] that are associated
with extracellular matrix/basal membrane degradation and
important for metastasis. HGF/SF is a potent angiogenic
factor [19,20] that induces blood vessel formation in tumors
originating from injection of human breast cancer cells into
the mammary fat pads of nude mice [21].

HGF/SF-induced ruffling and mitogenicity are assumed
to alter the energy metabolism of the cells. We have
previously found that other growth factors and cytokines,
such as EGF and TNF-qa, induced remarkable increase in
glucose utilization in human breast cancer cells [22,23].
These findings are in agreement with the increased energy
requirements of the cells necessary for increased motility and
mitogenicity following stimulation. Although extensive re-
search has been conducted in order to characterize the signal
transduction pathways leading to HGF/SF -induced biologi-
cal effects, little knowledge was acquired regarding the
metabolic alteration induced in the cells following Met
signaling.

In the study presented here, we investigated the effects of
HGF/SF on the energy metabolism of perfused DA3 murine
mammary cancer cells by 3'P and '®C nuclear magnetic
resonance (NMR) spectroscopy, glucose and oxygen
consumption assays, and confocal laser scanning micro-
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scopy (CLSM) analysis. The combined application of NMR
and CLSM provides an excellent approach for studying
biochemical processes in intact living cells and tissues in a
continuous manner. Together, these methods can provide
information on intracellular milieu and cellular metabolism of
living cells, which is not typically attainable by other methods
[24,25].

In this paper, we studied the metabolic effects of HGF/SF
using NMR measurements of perfused DA3 cells at
physiological conditions, traditional biochemical assays and
CLSM analysis. The principal changes induced by HGF/SF
were enhanced glucose utilization and glycolysis accompa-
nied by increased oxygen consumption. However, these
alterations were associated with decreased carbon dioxide
accumulation and less intracellular acidification compared to
the control perfusions. The mechanism and pathways of
these effects were delineated by CLSM, which showed that
HGF/SF activation also induced increased mitochondrial
activity and activation of NAD(P)H fluorescence that
measures mitochondrial dehydrogenases activation.

Materials and Methods

Materials

All chemicals were purchased from Sigma Chemical (St.
Louis, MO) unless otherwise indicated, and were of highest
available purity. HGF/SF was produced as previously
described [26]. In all experiments where HGF/SF was
applied, with the exception of the Western blot (WB)
analysis, it was used at a concentration of 5x10~° ng/cell.

Tumor Cells

D1-DMBA-3 is a cell line derived from a poorly
differentiated mammary adenocarcinoma induced in
BALB/C mice by dimethylbenzanthracene. Limiting dilution
cloning produced the cell line designated DA3 [27]. DA3
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRL, Gaithersburg, MD) supplemented with
10% heat-inactivated fetal calf serum (FCS) (Gibco BRL),
penicillin—streptomycin—nystatine (20 U/ml, 20 g/ml, 2.5
U/ml, respectively) and L-glutamine (2 mM), under 5%
CO, environment. The growth medium contained 11 mM
glucose. For the NMR experiments, the cells were grown to
approximately 90% confluence, harvested with 0.25%
trypsin—0.05% EDTA, centrifuged at 4°C at 1000x g for 5
minutes, and washed twice with medium. The following
antibodies were used: rabbit polyclonal SP260 anti-murine
Met peptide antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) [28] and anti-phosphotyrosine 4G10 mAb (UBI,
NY).

Immunoprecipitation (IP) and WB Analysis of Met and Met
Tyrosine Phosphorylation

Near-confluent cells were treated with HGF/SF (1.25
ng/ml) for 5 minutes at room temperature. Cells were
washed twice with cold PBS and lysed in 1 ml lysis buffer
(20 mM Tris—HCI pH 7.8, 100 mM NaCl, 50 mM NaF, 1%

NP40, 0.1% SDS, 2 mM EDTA, 10% glycerol) with protease
inhibitor cocktail (Boehringer Mannheim, Germany) and 1
mM sodium orthovanadate. Cell lysates were clarified by
centrifugation and 1 mg cell lysate protein was IP with
SP260 anti-Met Ab. The immunoprecipitates were sub-
jected to WB analysis using either SP260 anti-Met antibody
(1:500) or 4G10 anti-pTyr antibody (1:1500). Visualization
was achieved using HRP-conjugated anti-mouse IgG
antibody or HRP-conjugated protein A (1:5000) (Amer-
sham, Arlington Heights, IL), enhanced chemilumines-
cence (ECL) reaction and exposure to X-ray fiim (Fuiji,
Japan).

Biological Effects of HGF/SF: Ruffling and Scatter Assay

To analyze the effect of HGF/SF on membrane ruffling, a
rapid CLSM time lapse photography (0.05-second interval)
of untreated and HGF/SF-treated (20 ng/ml) DA3 cells
was performed. CLSM DIC images of untreated and HGF/
SF-treated cells after 10 minutes and 10 minutes+0.05
seconds were acquired.

Scatter assay was carried out as previously described in
the literature [29,30].

Perfusion Method

Cell perfusion mandates attaching cells to a matrix to
prevent washing with the effluent or clogging the filters. In
these studies, we used the method of cellular embedding in
sodium alginate microcapsules [31]. This method is very
suitable for NMR studies of normal and tumor human cells.
1.0+0.2x108 cells were used in each experiment. The cells
were harvested as described above and the pellet was mixed
with equal volume of 2.5% (w/v in PBS) sodium alginate.
The mixture was manually extruded, under minimal pres-
sure, through a 25-gauge needle, onto the surface of 0.1 M
CaCl, solution. The small drops gelled into capsules, which
were immediately washed three times in growth medium.
The capsules were isolated by decantation, transferred to a
10-mm screw cap NMR tube, and perfusion was promptly
initiated. The capsules were not tightly packed in order to
ensure optimal perfusion. Average procedure length was 15
to 20 minutes, and the time in CaCl, was kept below 5
minutes.

The experiments were performed using a non-recycling
perfusion system. The perfusion was performed through an
insert with inlet and outlet tubing, and the volume of the
perfusion chamber was 2 ml. The perfusion solution flowed
from the opening of the inlet near the bottom of the tube
through the packed alginate capsules, and the outflow was
directed through opening in the insert to the outlet tubing. A
constant flow of 0.9 ml/minute in a single pass mode was
maintained by a peristaltic pump throughout all experiments,
and the temperature was maintained at 37°C. The perfusion
solution contained 5.5 mM glucose, similar to glucose
physiological concentration, unless otherwise indicated. In
each experiment, control perfusion with 3'P NMR recording
was carried out for about 90 minutes to ensure metabolic
stability of the cells, before adding the HGF/SF (100 ng/ml)
to the perfusion solution.
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Magnetic Resonance Spectroscopy and Data Analysis

The NMR spectra were recorded on a Bruker ARX-500
spectrometer equipped with a quadro-nuclei software
controlled probe. 3'P spectra were recorded at 202.46
MHz, with broadband proton decoupling. The temperature
of the sample inside the magnet was maintained at 37°C
using a thermocouple. Each spectrum was an accumulation
of 400 scans, with 1.85 seconds repetition time and 45° flip
angle. 3'P chemical shifts were determined by standardiz-
ing glycerophosphocholine (GPC) to 0.49 ppm [32]. The
spectra were analyzed on a SGI Data Station, and
acquisition and processing parameters were identical
throughout all experiments. Quantification was performed
by measuring the heights of the peaks; 20 Hz line
broadening was applied. Under these conditions, there
was no significant nuclear Overhauser effect. The intracel-
lular pH was determined from the intracellular Pi peak.
Although using phosphate-free medium would facilitate
measuring this peak, we use phosphate-containing med-
ium in these experiments in order to keep the conditions as
physiological as possible. Moreover, previously, we have
found continuous depletion of nucleoside triphosphate
(NTP) when cells were perfused with phosphate-free
medium (unpublished results). A reference, 50 mM
preweighed tetrametaphosphate (TMP), within a sealed
capillary in the perfusion tube, was used for quantitative
analyses.

'3C NMR spectra were recorded in cells perfused with
['3C4]-glucose-enriched medium, at 125.7 MHz, with
proton decoupling. No significant NOE was induced in
these experiments. Each spectrum was an accumulation of
200 transients, with 1 second repetition time and 45° flip
angle. Quantification was performed by measuring relative
integrals of the peaks. Peaks were assigned by standar-
dizing glucose to 94.7 ppm. A reference, preweighed
dioxane solution, within a capillary in the perfusion tube,
was used for quantitative analyses of '3C-containing
metabolites, taking into account the 1.1% natural abun-
dance of '3C nucleus.

Protein Determination in the Embedded Cells

Cell number in each experiment is standardized for
quantification of the results. The proteins were extracted by
treating the cells (in the alginate capsules) with alkali at high
temperature (125°C, 1 N NaOH). Protein content was
measured by the bicinchoninic acid assay and spectro-
photometric quantitation at 562 nm. Absorbance measure-
ments were performed with an ELISA reader, (EIx808
BioTEC Instruments, Inc.).

Oxygen Consumption Measurements

Cells were embedded in alginate capsules and perfused
as described above. Two three-way valves were inserted in
the inflow and the effluent tubes, in close proximity to the
perfusion chamber. After 90 minutes of perfusion for
stabilization, baseline control samples were collected at
10-minute intervals for an hour. Then, 5.6 ng/ml HGF/SF
was added to 50 ml of medium, which was perfused for 1
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hour, followed by perfusion with medium for additional 120
minutes. At each time point, samples (1 ml each) were
withdrawn from the inflow medium and the effluent. The
samples were kept in closed syringes without air, and the
measurements were promptly performed with a Stat 1 Profile
instrument (NOVA Biomedical). Oxygen consumption, in
addition to pCO, and pH changes, was calculated from the
difference between concentrations of the inflow medium and
the effluent.

Each series of NMR and oxygen consumption mea-
surements was repeated at least three times, and the
results are expressed as means+SD. Statistical analyses
were performed with the paired, double-tailed, Student’s
t-test.

Glucose Consumption Assays

The 25x10* cells were plated in 25-cm? flasks in 10 ml
growth medium. When the cells reached 50+5% conflu-
ence, the medium was replaced by 11 mM glucose DMEM
with 1.25 ng/ml of HGF/SF. Twenty four hours later,
samples of medium were taken for glucose measurements,
and a cell count was performed in one flask. After 48 hours
of HGF/SF stimulation, glucose levels were measured
again, and cell counts were performed in the remaining
flasks. Glucose concentrations were determined by the
hexokinase enzymatic assay, utilizing the coupled enzyme
reaction catalysed by hexokinase and glucose-6-phos-
phate dehydrogenase, and measuring the product, NADH,
at 340 nm.

Mitochondria Activity Analysis

CLSM was used to quantify the mitochondrial autofluor-
escence changes of NAD (P)H and flavoproteins in unfixed
saponin-permeabilized DA3 cells. Changes were calcu-
lated by ratio imaging of autofluorescence intensities of
fluorescent flavoproteins and NAD(P)H as previously
described [33]. In brief, coverslips-8-well Lab-Tek cham-
ber slides (Nunc, Denmark), were seeded with 10* cells
per well in medium containing 10% FCS for 24 hours. Cells
were washed twice and incubated in measurement medium
(consisting of 110 mM mannitol, 60 mM KCI, 10 mM
KH-PO,4, 5 mM MgCl,, 0.5 mM NaEDTA, and 60 mM
Tris—HCI, pH 7.4). Saponin treatment was performed as
described by Kuznetzov et al. [33] by a 30-minute
incubation of the cells in relaxing solution 10 mM Ca-
EGTA buffer, 0.1 mM calcium, 20 mM imidazole, 20 mM
taurine, 49 mM K-2- ( N-morpholino) - ethanesulfonic acid,
3 mM KHy;PO4 9.5 mM MgCl,, 5 mM ATP, 15 mM
phosphocreatine, pH 7.1) containing 50 mg/ml saponin.
The cells were treated with 20 ng/ml of HGF/SF for 0 to
20 minutes. The NAD(P)H fluorescence was excited at
325 nm using the CLSM UV laser. The flavoprotein
fluorescence was excited at 488 nm using a 75-mW argon
ion laser (model OMI-532 AP; Omnichrome). The emis-
sions at wavelengths 450 (NAD (P)H fluorescence) or 520
nm (flavoprotein fluorescence) were collected by the Zeiss
410 (Oberkochen, Germany) CLSM having the following
configuration: 25 mW HeNe lasers (633 nm), krypton
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argon (488, 568 nm and UV (364 nm) laser lines. For
control of NAD(P)H elevation, the cells were treated with
1 mM octanoylcarnitine (OC) and 5 mM malate (MAL).
For control of NAD(P)H downregulation, the cells were
treated with 1 mM ADP. The NAD(P)H signal was co-
localized with MitoTracker Red mitochondrial marker
(Molecular Probes, OR) to verify that the source of
NAD (P)H was mitochondrial and not cytoplasmatic. When
comparing fluorescence intensity, we used identical para-
meters for each image (e.g., scanning line, laser light,
contrast brightness).

To calculate the ratio between the green and red
fluorescence, we used the percentage positive area (PPA)
image analysis procedure previously described [34]. The
PPA data shown represent the calculated average of at least
three different CLSM fields. Statistical significance was
calculated using the Student’'s f-test in Microsoft Excel
(Microsoft, Redmond, WA). Images were printed using a
Codonics dye sublimation color printer.

Results

HGF/SF Induces Met Phosphorylation and Ruffling in DA3
Cells

Met expression in DA3 cells was determined by WB
analysis with SP260 rabbit anti - peptide antibody. High levels
of p140™®* were detected (Figure 1A, lane 1). This band was
not evident in the presence of SP260 immunizing peptide
(Figure 1A, lane 2), confirming the specificity of the
antibody. The influence of HGF/SF on Met phosphorylation
was determined by IP using SP260 followed by WB analysis
using anti-phosphotyrosine antibody (anti-pTyr). Low
levels of phosphorylated Met were detected in the untreated
DAS3 cells (Figure 1A, lane 3). A 5-minute exposure to
HGF/SF increased Met phosphorylation (Figure 1A, lane
4). Thus, Met is present and is rapidly phosphorylated in
response to HGF/SF treatment.

To analyze the effect of HGF/SF on membrane ruffling,
we compared rapid CLSM time lapse photography (0.05-

Figure 1. (A) Met expression and activation in DA3 cells. DA3 cell extracts were IP using SP260 antibody (1) or IP using SP260 antibody in the presence of
immunizing peptide (2) and WB with SP260 antibody. Untreated DA3 cells (3) or DA3 cells treated with HGF/SF (1.25 ng/ml) for 5 minutes (4) were lysed in the
presence of sodium orthovanadate, cell extracts were IP with SP260 antibody and immunoblotted with anti- phosphotyrosine antibody (4G10). Met is expressed in
DAB3N cells and is rapidly phosphorylated in response to HGF /SF treatment. (B) HGF/SF induces membrane ruffling and scattering of DA3 mammary cells. CLSM
DIC images of untreated (1-3) and HGF/SF - treated cells (20 ng/ml) (4—-6) after 10 minutes (4,1) and 10 minutes +0.05 seconds (5, 2) and 0.1 second
(6,3). Arrows indicate areas of ruffling (original magnification, x450).
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second interval) of untreated and treated DA3 cells. CLSM
images of HGF/SF-treated (Figure 1B, 4-6) and un-
treated (Figure 1B, 1-3) cells after 10 minutes (Figure 1B,
4, 1, respectively) and 10 minutes+0.05 seconds and +0.1
second (Figure 1B, 5, 2 and 6, 3, respectively) were
acquired. In the HGF/SF -treated cells, extensive formation
of motile cell surface protrusions was observed. Little
significant ruffling was observed in untreated cells (see
arrows in Figure 1B). We performed 10 experiments to
determine the number of cells exhibiting membrane ruffling
for at least 50 cells per experiment. Ninety - five percent of the
HGF/SF-treated cells exhibit membrane ruffling while only
4% of the untreated cells exhibited ruffling.

After 24 hours, DAS cells treated with HGF/SF displayed
fibroblast-like “scattered” morphology as compared to the
epithelial appearance of untreated cells (data not shown).
This change in morphology is similar to that of HGF/SF-
treated MDCK cells (the classical model for HGF/SF-
induced cell motility [35] exhibiting disruption and scatter-
ing of epithelial cell colonies). These results show that
HGF/SF treatment induces rapid Met phosphorylation
followed by rapid membrane ruffling and subsequently cell
movement.

3P NMR

Phosphorous-31 NMR spectra of perfused DA3 murine
mammary cancer cells are shown in Figure 2. The peaks
were assigned according to previously published data,
including perchloric acid extraction studies [32,36,37]. It
should be noted that the effects of HGF/SF were assessed
in the same sample from which the control spectrum was
acquired. Perfusions with 100 ng/ml HGF/SF induced
remarkable elevations of the PC and GPC signals compared
to the control (P < .05). Similar effects were also noted
following treatment with a low HGF/SF concentration (10
ng/ml), but the magnitude of the signals was smaller (data
not shown). HGF/SF stimulation (100 ng/ml) was also
associated with a small increase in the NTP peaks (ATP is a
principal component of these signals), with no effect on the
intracellular pH.

2-Deoxyglucose (2-DG)

2-DG is a metabolic inhibitor that competes with glucose
on transport into the cells, and once having entered cells is
phosphorylated by hexokinase to 2-deoxyglucose -6 -phos-
phate (2-DG-6P), which undergoes no further metabolism
[38,39]. We used 2-DG as a “probe” to measure this initial
step of glycolysis. The cells were perfused with DMEM
(containing 5.5 mM glucose) into which 5 mM 2-DG was
added, and the accumulation of 2-DG-6P was followed
serially (Figure 3A). Because 2-DG treatment irreversibly
blocks glycolysis, causing energy deprivation, and the cells
are no longer in homeostasis, it was necessary to perform
the control and the HGF/SF stimulation experiments with
different samples. 2-DG and HGF/SF had some effects on
all the 3'P signals and a reference was mandatory. The
signal of 2-DG-6P overlaps the phosphomonoester (PME)
peaks and measuring its integrals may be inaccurate.
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Figure 2. 3'P NMR spectra of perfused DA3 cells at 37°C. (a) Controls; (b)
1 hour after perfusion with 100 ng/ml HGF/SF. For acquisition parameters,
see Materials and Methods section; line broadening=20 Hz. PE, phos-
phoethanolamine; PC, phosphocholine; Pi, inorganic phosphate; GPE,
glycerophosphoethanolamine; GPC, glycerophosphocholine; NTP, nucleo-
side triphosphate; NAD, nicotinamide dinucleotide; DPDE, diphosphodiester.
Note the remarkable increase of the PC and GPC signals following exposure
to HGF/SF. No phosphocreatine signals were found in these spectra.

Therefore, we used peak heights with line broadening of 20
Hz. The results were normalized according to the reference
and protein contents. The accumulation of 2-DG-6P is
shown in Figure 3B.

The rates of the phosphorylation reaction were calcu-
lated using the equation: Initial rate = In2/_./t;,2, where I
is the magnitude of the final 2-DG-6P signal, and ¢, is
the time required to reach one-half of this magnitude. Time
0 is the time when 2-DG-6P enters the perfusion chamber
(calculated from the time 2-DG-6P perfusion began and
taking into account the rate of perfusion and the length of
the tubes). The slow accumulation of 2-DG-6P during the
first 10 minutes is due to the time until 2-DG-6P solution
replaces the DMEM in the perfusion chamber. Since
control and HGF/SF experiments were performed in an
identical manner, this delay is identical with and without
treatment.

The [, in three different control experiments was
92.2+10.5x10 2 normalized integral/mg protein, and fol-
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Figure 3. °’P NMR of DA3 cells perfused with 2-deoxyglucose. (A) °'P spectra: (a) Controls — cells were perfused with DMEM containing 2-DG (5 mM)
and ®'P spectra were continuously recorded; (b) HGF effects — cells were perfused with HGF/SF (100 ng/ml) for 60 minutes. 2-DG (5 mM) was then
added to the perfusion solution and °'P spectra were continuously recorded. For acquisition parameters, see Materials and Methods section; line
broadening=20 Hz. The time scale starts at the point at which 2-DG reached the cells. For peak assignments — see Figure 2. 2-DG - 6P, 2-deoxyglucose -
6-phosphate; ref, reference (TMP in a capillary). (B) Accumulation of 2-DG-6P. The metabolite levels were normalized according to the signals of the
reference and the cellular protein content. Results of one pair of control and HGF/SF experiments out of three different sets of experiments are shown.

lowing HGF/SF administration, it was 125.3+9.8x10 3
normalized integral/mg protein in three identical experi-
ments (P < .05). HGF/SF significantly increased the 2-DG
phosphorylation rate, from 2.2+0.4x10~2 normalized inte-
gral/mg protein per minute in the control perfusions to
3.5+0.3x10 % normalized integral/mg protein per minute
after HGF/SF stimulation (P < .05).

5C NMR

The effects of HGF/SF on cellular glucose uptake and
lactate production were studied by continuous '3C NMR
measurements. The following protocol was used: cells were
perfused with ['3C;]-glucose-enriched medium, and con-

trol 'C spectra were continuously recorded (Figure 4a).
After a complete washout for 60 minutes with medium,
perfusion with HGF/SF (100 ng/ml in DMEM) was
maintained for 60 minutes. A second perfusion with
['3C4]-glucose-enriched medium was then recorded (Fig-
ure 4b). Thus, each sample served as its own control. It is
noteworthy that in 20 to 25 minutes, both glucose and lactate
reached plateau levels that represent a steady state of
glucose utilization and glycolysis.

In order to quantify cellular glucose utilization, its
concentration in the perfusion chamber should be deter-
mined. Glucose is continuously transported into the cells,
and, once inside them, is immediately phosphorylated [40].
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Figure 4. "°C spectra of DA3 cells perfused with '>C, glucose. (a) Controls — cells were perfused with [°C ] - glucose - enriched medium and >C spectra were
continuously recorded. (b) Following a complete washout for 60 minutes with normal medium, the cells were perfused with DMEM containing HGF/SF (100 ng/
ml) for 60 minutes and the ">C NMR experiment was repeated on the same sample. (c¢) Following a second washout, the cells were perfused with DMEM containing
200 mM phloretin. For acquisition parameters, see Materials and Methods section; line broadening= 15 Hz. Each spectrum was accumulated for 4 hours and 40
minutes. The time scale starts at the point at which ['°C,] -glucose reached the cells. Note that lactate production and accumulation reached plateau in
approximately 20 to 25 minutes. Chemical shifts were determined by standardizing glucose to 94.7 ppm. glc, glucose; lac, lactate; ref, reference (dioxane in a
capillary). DMSO was used to dissolve phloretin (see Results section: "°C NMR). There are no lactate signals in the phloretin experiment.

Therefore, calculation based only on its concentration in the
perfusion solution and on the volume of the cells and
capsules [41] may lead to erroneous results. Indeed, NMR -
detected glucose levels at steady state are lower than the
results obtained based on these estimations. In order to
solve this problem, we used the glucose transport inhibitor,
phloretin (200 mM final concentration), dissolved in DMSO
(Figure 4C). The final concentration of the DMSO in the
perfusion solution was 0.2%. We have previously shown that
DMSO at this concentration had no effects on cellular
viability or on NMR spectra [42,43]. Addition of phloretin to
the perfusion solution increased glucose levels by
47.7+6.1% compared to controls of the same samples
(Figure 5A). In cells perfused with [ '3C+] -glucose-enriched
medium and phloretin, there was no lactate signal (Figure
5B), indicating that phloretin completely inhibited glycolysis.
The amount of lactate formed in the control perfusions was
70.2+8.6% of the increase of the glucose in the phloretin
perfusions. It can be concluded, therefore, that glycolysis
consumed 70% of the glucose metabolism.

The kinetic studies demonstrated significant effects of
HGF/SF on glucose uptake and lactate accumulation; it
reduced the steady state levels of glucose and elevated
those of lactate, compared to the control measurements
(Figure 5). Lactate signals increased from 0.66+0.05
normalized integrals/mg protein in the control perfusions to
0.79+0.06 normalized integrals/mg protein following HGF/
SF (P < .05). 'C NMR of the effluent, which was collected
after perfusion, showed a similar pattern, i.e. higher levels of
lactate and lower levels of glucose following HGF/SF
treatment compared to the control perfusions (data not
shown). The differences in the lactate signals are, therefore,
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not a consequence of inhibition of the export of lactate from
the cell, but reflect the effects of HGF/SF on its formation as
the final product of glycolysis.

Glucose Consumption

The effect of HGF/SF on glucose consumption under
tissue culture conditions was also examined. DAS3 cells were
plated in tissue culture flasks (2.5x10%/flask). When
confluence was approximately 50%, the growth medium
was replaced with medium containing 2 g/l glucose, with or
without HGF/SF (1.25 ng/ml). Twenty four and 48 hours
later, 0.2 ml aliquots of the medium were collected and
analyzed for glucose concentration using the hexokinase
enzymatic assay kit (Sigma) according to manufacturer’s
instructions, and cell number in one flask of each treatment
was counted using trypan blue. Glucose consumption levels
after 48 hours are displayed as milligram per deciliter per
million cells (Figure 6). Consistent with the '*C NMR results,
we found that HGF/SF significantly increased glucose
consumption in the cultured DA3 cells, from 79.85+12.2 to
126.0+5.2 mg/dl per million cells (P < .0001).

Oxygen Consumption

The effects of HGF/SF on oxygen utilization as well as on
carbon dioxide and pH levels were studied in a perfusion
system simulating physiological conditions. Oxygen con-
sumption was determined by calculating the difference in
oxygen content of perfusion medium (In) and effluent (Out).
Measurements were performed in the presence and ab-
sence of HGF/SF. Exposure of DA3 cells to HGF/SF
increased oxygen consumption by 20.1% compared to
untreated cells (Table 1). Based on the solubility of oxygen
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Figure 5. '°C NMR kinetic measurements of glucose utilization (A) and
lactate formation (B). Controls — cells were perfused with [ '°C, ] - glucose -
enriched medium and ®C spectra were continuously recorded. HGF/SF —
following a complete washout for 60 minutes with normal medium, the cells
were perfused with DMEM containing 100 ng/ml HGF/SF for 60 minutes and
the *C NMR experiment was repeated. Phloretin — following a second
complete washout with normal medium, the cells were perfused with DMEM
containing phloretin (200 mM) and the ">C NMR spectra were recorded again
on the same sample. The time scale starts at the point at which ['3C,] -
glucose reached the cells. Results of one out of three different experiments
are shown. Metabolite levels were determined by normalizing NMR signals
integrals to the reference (dioxane in a capillary ), and to the protein content of
the cell.

in aqueous solutions at 37°C perfusion rate and protein
content, oxygen consumption was determined to be
0.58+0.02 pmol/hour per milligram protein in the control
cells, and 0.71+0.03 pumol/hour per milligram protein in the
HGF/SF-stimulated cells (P < .05).

The same measurements were performed for carbon
dioxide production and pH. Surprisingly, we found that HGF/
SF treatment decreased carbon dioxide accumulation by
26.6% and attenuated the pH decrease by 21.8% compared
to the control perfusions of the same samples (P < .05 for
both).

In order to evaluate the time scale of the abovenoted
changes, two more experiments were carried out in which
samples were collected at 2-minute intervals for the first 10
minutes after HGF/SF had entered the perfusion chamber
(Figure 7). As can be seen, these effects are very fast; they
were already apparent after 6 to 8 minutes and, by 10
minutes, nearly reached a steady state that was maintained
for over 2 hours following termination of HGF/SF perfusion.

Metabolic Redox Ratio Images of DA3 Cells Treated with
HGF/SF

The inverse fluorescence behavior of NAD(P)H and
flavoproteins in response to the reduction—oxidation of the
mitochondrial NAD system can serve as a very sensitive
indicator of changes in mitochondrial activity [44]. In
order to study the effects of HGF/SF on mitochondrial
activities, CLSM quantification of the autofluorescence
changes of NAD(P)H and flavoprotein in unfixed sapo-
nin-permeabilized DA3 cells was performed. The data
derived from six independent experiments exhibited similar
results.

Treatment with 20 ng/ml HGF/SF for 5, 10, 15 and 20
minutes led to increased green fluorescence (flavopro-
teins) (Figure 8A, 1, times 0, 5 and 10) and decreased
blue fluorescence (NAD) (Figure 8A, 2, times 0, 5 and
10). Calculating the ratio between the PPA of the green
and blue images demonstrates that HGF/SF increased
the ratio from 1.2 to 2.2 (P < .005). To demonstrate that
the cells were metabolically active, 1 mM OC and 5 mM
malate were added following HGF/SF treatment. A
uniform decrease in the intensity of the ratio image was
observed because of the quenching of the flavoprotein
fluorescence, and an increase of the NAD(P)H fluores-
cence (Figure 8A and B, control). Treatment with 5 ng/ml
HGF/SF increases the ratio to 1.8 and 10 ng/ml HGF/SF
increases the ratio from 1.0 to 2.0. Treatment with 1 ng of
HGF/SF did not increase the ratio significantly (results
not shown). To test whether the detected flavoprotein
autofluorescence (Figure 8C, 1) can be spatially co-
localized with proven mitochondria-specific fluorescent
markers (Figure 8C, 2), we applied the fluorescent dye
MitoTracker Red FM [45]. The red and green signals co-
localize as indicated by the yellow color (Figure 8C, 4)
and the blue image in the CLSM co-localization analysis
(Figure 8C, 3) [46].

Consumption (mg/dL/million)

Untreated DA3N

Treated DA3N

Figure 6. Effects of HGF/SF on glucose consumption. DA3 cells were plated
in tissue culture flasks. When confluence was approximately 50%, the growth
medium was replaced with medium containing 2 g/ glucose, with or without
HGF/SF (1.25 ng/ml). Twenty-four and 48 hours later, samples from the
medium were tested for glucose concentration using hexokinase enzymatic
assay kit (Sigma) according to manufacturer’s instructions, and cell number
in one flask was counted using trypan blue. Statistical analysis of the results
was carried out using t-test.
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Table 1. Oxygen consumption, CO, production and pH changes in perfused DA3 cells.

Control HGF/SF treatment

In Out 6 In Out 6
O, (Torr) 222927 121.3+3.6 100.8+1.6 224+2.4 103.1£2.3 121.1+2.9
CO, (Torr) 33.1+£2.2 69.9+2.9 36.5+2.5 32.8+2.1 59.6+2.7 27.1+32
pH 7.48+0.02 7.16+0.02 0.32+0.01 7.49+0.02 7.24+0.03 0.25+0.02

Samples of perfusion medium (In) and effluent (Out) were simultaneously collected. In each experiment: Control samples were collected for 1 hour at 10-minute
intervals; HGF/SF (5.6 ng/ml medium) was then perfused for 1 hour. Samples were collected afterwards at 30 - minute intervals for 180 minutes. The results are

the means and SD of three different experiments.

The differences between the ¢’s of the control and post HGF/SF stimulation measurements were statistically significant for O,, CO, and pH (P < .05).

These results show that HGF/SF increases mitochondrial
oxidative phosphorylation activity in a time- and dose-
dependent manner.

Discussion

Met-HGF/SF signaling has been implicated in a wide range
of cellular activities [1]. However, its effects on cellular
metabolism have not been studied. Previously, we found that
other growth factors, such as EGF and TNF-q«, increased
glucose consumption and lactate production in cancer cells
[22,23]. However, these compounds did not modify the 3'P
spectra of perfused cells [22,23]. Few studies were
conducted that show 3'P NMR analysis of the effects of a
growth factor [47]. In this study, we show for the first time
that the effects of HGF/SF can be observed by 3'P NMR
spectroscopy. The changes in the phosphorous-containing
metabolites are consistent with the high phosphorylation
activities of HGF/SF, which encompass not only proteins but
also phospholipid metabolism. The growth medium con-
tained choline but not ethanolamine, and indeed only PC,
and not phosphoethanolamine (PE), was elevated following
HGF/SF treatment. PC is a substrate for phospholipids
biosynthesis [48], and increased levels of this metabolite
are often associated with induction of proliferation [49]. Our

results are in concordance with recent work showing that
HGF/SF stimulates de novo synthesis of lipids and secretion
of lipoproteins in rat hepatocytes. rhHGF enhanced levels of
triacylglycerol, total cholesterol, and phospholipids by 50% to
200% in both very low-density lipoprotein (VLDL) and low-
density lipoproteins (LDL)/high-density lipoprotein (HDL)
[50]. On the other hand, GPC is a degradative product of
phospholipids metabolism. GPC was previously found to
have a regulatory role in cellular differentiation, and it was
suggested that it modulates membranous phospholipids
composition, and alters membrane fluidity [51].

Growth factors increase the requirements for energy and
synthesis of the carbon skeleton of macromolecules, and
glucose is the foremost source for these metabolic activities
in cancer cells [40,52]. We propose that increased glucose
utilization is often the principal effect of growth factors such
as EGF, TNF-alpha and HGF/SF, and perhaps of other
cytokines. The marked increase in glucose consumption
may lead to glucose depletion in unperfused cultured cells,
and to cell growth inhibition. This phenomenon may be the
reason for the inconsistent results obtained in previous
studies with these agents [53—-57], and demonstrates the
advantage of perfusion studies.

Another benefit of cellular perfusion experiments is that
the effects of manipulations with substrates, growth factors
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Figure 7. Effects of HGF/SF on oxygen consumption of perfused DA3 cells at 37° C. Baseline control samples were collected at 10 - minute intervals, and HGF/SF
(5.6 ng/ml) was perfused for 60 minutes, followed by perfusion with the regular medium for additional 120 minutes. Samples (1 ml each) were withdrawn from the
inflow medium and the effluent at each time point, and the oxygen consumption was calculated from the difference between the measurements of the inflow medium
and the effluent. Note that the increase in the oxygen consumption reached a plateau in less than 20 minutes, and persisted for 2 hours after the completion of HGF/

SF treatment.
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Figure 8. Effects of HGF/SF on redox changes in mitochondrial NAD
system. (A) Saponin-permeabilized DA3 cells were treated with HGF/SF
(20 ng/ml) and CLSM analysis was performed after 0, 5 and 10 minutes. For
control of NAD (P)H elevation, the cells were treated with 1 mM octanoyl-
carnitine and 5 mM malate (control). (1) Flavoprotein autofluorescence
(green). (2) NAD autofluorescence (blue). (3) CLSM autofluorescence
ratio images (flavoprotein/NAD (P)H). (original magnification, x350) (B)
Flavoprotein/NAD (P)H PPA ratio calculation of CLSM autofluorescence
images of saponin - permeabilized DA3 cells treated with HGF/SF (20 ng/
ml) for 0, 5 and 10 minutes. For control of NAD (P ) H elevation, the cells were
treated with 1 mM octanoylcarnitine and 5 mM malate (control). (C) (1)
CLSM image of saponin - permeabilized DA3 cells treated for 10 minutes with
HGF/SF (20 ng/ml) and stained with MitoTracker Red FM. (2) CLSM
flavoprotein autofluorescence image of saponin-permeabilized DA3 cells
treated for 10 minutes with HGF/SF (20 ng/ml). (3) CLSM co-localization
analysis of flavoprotein autofluorescence and MitoTracker - stained mitochon-
dria (colocalization depicted in blue). (4) Yellow color indicates co-
localization of green (flavoprotein) and red (mitochondria) CLSM images
(original magnification, x350).

and drugs can be studied in a reversible manner, and each
sample can be used as its own control. This was very useful

for the kinetic '3C NMR measurements in this study.
Moreover, perfusion studies enable accurate measurements
of the levels of compounds in the vicinity of the cells, and
quantitative evaluation of their utilization. Thus, when we
used the glucose transport inhibitor phloretin, we determined
the actual level of glucose in the perfusion chamber, and we
calculated that approximately two thirds of the glucose that is
used by the cells is metabolized via the glycolysis pathway to
lactate.

Biochemical or pharmacological manipulations performed
traditionally on cells in culture plates usually cause irrever-
sible changes, which are reflected in major variations in the
levels of the metabolites. Often, these experiments lead to
non -physiological conditions in culture plates, while in a
single pass perfusion experiment, the cells are furnished
constantly with fresh substrates, the waste materials are
removed, and the cells maintain their homeostatic mechan-
isms. Therefore, in perfusion experiments, even small
concentration modifications may be associated with signifi-
cant metabolic alterations.

Based on our results, we propose a model that outlines
the effects of HGF/SF on energy metabolism pathways
(Figure 9). HGF/SF increased glucose consumption (Fig-
ure 9A) and lactate production (Figure 9B), indicating that
the rate of glycolysis was increased. HGF/SF also enhanced
oxygen utilization (Figure 9C), but decreased carbon
dioxide levels (Figure 9D) and attenuated the pH decrease
(Figure 9E) compared to control measurements. An
explanation for this phenomenon may be that HGF/SF
modifies the activities of hydrogenases, causing the follow-
ing reaction to proceed from left to right: 2H* +2NAD-
H+0O, < 2H,0+2NAD+ (Figure 9G). These results are
in concordance with the mitochondria CLSM analyses, which
showed elevations of NAD+ and reduced NADH levels
following stimulation with HGF/SF. Thus, HGF/SF en-
hanced oxidative phosphorylation, but actual CO, accumu-
lation was decreased. The reduction in CO, levels may be
explained by its consumption in the bicarbonate buffer
system: CO,+H,0=H,COz=H* +HCO3;~ (Figure 9F). In
this buffer system, the pH is a function of the equilibrium
between partial pressure of CO, in the aqueous phase and in
the gaseous phase over the buffer solution. When pH
changes cause H,CO3; to be converted into HCO3 7, it is
rapidly replaced from this CO, pool. Thus, CO, levels are an
inaccurate measurement for respiration, and the preferred
method is oxygen consumption measurement.

The possibility that the effects of HGF/SF on O,, CO, and
pH are associated with a reduction in Krebs cycle activity
should also be considered. The additional oxygen that is
consumed after HGF/SF treatment may be used for other
metabolic activities, such as an electron donor for biosyn-
thetic pathways. However, the findings of the CLSM studies
are not in agreement with this hypothesis.

To our knowledge, this is the first study showing that a
growth factor directly stimulates alteration in the redox state
of the mitochondria 5 minutes following tyrosine kinase
receptor activation and the first to demonstrate change by a
factor of 2 of the NAD/NADH ratio. Combined NMR and
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Figure 9. Effects of HGF/SF on energy metabolism pathways. HGF/SF increased glucose consumption causing decreased glucose levels (A) and increased
lactate production (B), indicating that the rate of glycolysis was increased. HGF/SF enhanced oxygen utilization resulting in decreased oxygen levels (C), but
decreased carbon dioxide levels (D) and attenuated the pH decrease (E) compared to control measurements. We propose that HGF/SF modifies the
hydrogenases activity, causing the following reaction to proceed from left to right: 2H* + 2NADH + O, <= 2H,0+2NAD +. The reduction in CO, levels may be
explained by its consumption: CO+H.O=H.COz=H* + HCO3~ (F). This reaction is directed to the right as the protons are consumed in the “NAD+/NADH"

reaction (G) described above.

CLSM studies enabled detection of the effects of HGF/SF
on glycolysis as well as on oxidative phosphorylation, and
the results indicate that concomitant with induction of
cellular activities, HGF/SF enhances both energy produc-
tion pathways. Although the molecular mechanism under-
lying the metabolic alteration induced by Met-HGF/SF
signal transduction has yet to be clarified, the data
presented in this paper show activation of metabolic
pathways essential for the biological activities of this growth
factor. Understanding the activation of these pathways
using advanced techniques such as NMR and CLSM can
shed light on the metabolic processes leading to motility and
metastasis, and could be further used in molecular imaging
and in monitoring therapy.
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