Oncology Research, Vol. 29, pp. 33-46
Printed in the USA. All rights reserved.
Copyright © 2022 Cognizant, LLC.

0965-0407/22 $90.00 + .00

DOT: https://doi.org/10.3727/096504022X16442289212164
E-ISSN 1555-3906

www.cognizantcommunication.com

This article is licensed under a Creative Commons Attribution-NonCommercial NoDerivatives 4.0 International License.
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Leukemia Cells Under Nutrient Restriction

Angela Silvano,*{' Giulio Menegazzi,*' Silvia Peppicelli,*! Caterina Mancini,* Alessio Biagioni,*

Alessandro Tubita,* Ignazia Tusa,* Jessica Ruzzolini,* Matteo Lulli,* Elisabetta Rovida,*
and Persio Dello Sbarba*

*Department of Experimental and Clinical Biomedical Sciences “Mario Serio,” Careggi Hospital, Universita degli Studi di Firenze,

Florence, Italy

tDepartment of Health Sciences, Division of Obstetrics and Gynecology, Careggi Hospital, Universita degli Studi di Firenze,

Florence, Italy

This study was directed to deepen the effects of nutrient shortage on BCR/Ablpmlcin expression and signaling in
chronic myeloid leukemia (CML) cells. The backbone of the study was cell culture in medium lacking glucose,
the consumption of which we had previously shown to drive BCR/AbL . suppression, and glutamine, the
other main nutrient besides glucose. In this context, we focused on the role of lactate, the main by-product of
glucose metabolism under conditions of rapid cell growth, in particular as a modulator of the maintenance of
CML stem/progenitor cell potential, a crucial determinant of disease course and relapse of disease. The results
obtained indicated that lactate is a powerful surrogate of glucose to prevent the suppression of BCR/Abl signal-
ing and is therefore capable to maintain BCR/Abl-dependent CML stem/progenitor cell potential. A number of
metabolism-related functional and phenotypical features of CML cells were also determined. Among these, we
focused on the effect of lactate on oxygen consumption rate, the dependence of this effect on the cell surface
lactate carrier MCT-1, and the relationship of the lactate effect to pyruvate and to the activity of mitochondrial

pyruvate carrier.
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INTRODUCTION

Chronic myeloid leukemia (CML) is a hematopoietic
disease induced by the t(9;22) translocation, which results
in the expression of the BCR/Abl oncoprotein, a constitu-
tively active tyrosine kinase'. Tyrosine kinase inhibitors
(TKI) such as imatinib-mesylate (IM) are capable to block
the ATP-binding site of BCR/AbI and thereby to inhibit
its enzymatic activity, resulting in remission of disease
and extended survival in chronic phase CML patients’.
However, TKI therapy does not cure CML, as it reduces
most often neoplastic burden to the so-called minimal
residual disease (MRD), sustained by the persistence of
a TKI-resistant leukemia stem cell (LSC) subset**. LSC,
like normal hematopoietic stem cells (HSC), are believed
to reside in bone marrow stem cell niches, which are
sites physiologically subjected to metabolic constraints

because of the reduced oxygen and nutrient supply. It was
indeed demonstrated in our laboratory that incubation
under low oxygen tension restrains HSC clonal expan-
sion but not HSC maintenance’, without blocking HSC
cycling, thus favoring HSC self-renewal®’. In CML, low
oxygen tension inhibits the expression of BCR/Ablpmwm,
but not that of the relative transcript®’, thus selecting LSC
that remain genetically leukemic but are naturally refrac-
tory to TKI because devoid of the drugs’ molecular target.
This LSC subset can drive relapse of disease once condi-
tions permissive for BCR/Ablpmlein expression and thereby
clonal expansion (i.e., nutrient supply) are established'.
We also found that glucose exhaustion, favored by
low oxygen tension (the “Pasteur effect”), is actually the
pivotal factor for BCR/Ablproteill suppression®. This sup-
pression is also driven by glucose shortage in normoxia''.
As glucose shortage does not affect the maintenance of
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stem cell potential in BCR/Ablpmtein—negative CML cells,
a key question is which source of energy these cells rely
on. CML cells are characterized by a highly glycolysis-
oriented baseline metabolic profile'>!?, which leads to
the release into the environment of abundant lactate. A
number of studies carried out with solid cancers showed
that lactate released into the environment by the highly
glycolytic majority of cancer cells may be taken up as an
energy source (the “metabolic symbiosis’) by a minority
of cells that is metabolically adapted to take advantage of
such a recycle. Actually, lactate is considered as a major
energy fuel in tumors'*".

The question behind the study reported here is whether
lactate is a player in the modulation of BCR/Ablpmtein
expression and signaling and in the maintenance of BCR/
Abl-independent CML stem/progenitor cell potential. The
effects of lactate, alone or in combination with medium
acidification to match the second main consequence of
extensive glycolysis'®, were determined in the absence of
glucose and glutamine, the latter being, besides glucose,
the most important nutrient usually available to cells in
tissue/cancer microenvironment'’. The results obtained
indicated that lactate is a powerful surrogate of glucose
to prevent the suppression of BCR/AbI signaling. Thus,
lactate emerged as a metabolite capable to maintain BCR/
Abl-dependent, rather than BCR/Abl-independent, CML
stem/progenitor cell potential.

MATERIALS AND METHODS
Cell Culture

K562 and KCL22 BCR/Abl-positive CML cell lines
(German Collection of Cell Cultures Braunschweig,
Germany) were routinely cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin
(Euro-Clone, Paington, UK). The experiments were per-
formed with RPMI-1640 medium without glucose and
without glutamine (Biological Industries, Kibbutz Beit-
Haemek, Israel), supplemented or not with sodium lactate
(Sigma-Aldrich, St. Louis, MO, USA) at 10 mM final
concentration. In some cultures, pH was adjusted to 6.7 +
0.1 using 1 N HCI (VWR Chemicals, Radnor, PA, USA).

Cells were plated at 3 x 10° cells/ml of culture and
incubated at 37°C in water-saturated atmosphere contain-
ing 5% CO, and 21% O,; 24 h before plating, cells were
transferred from maintenance cultures to fresh medium
(at 5 x 10%/ml). Viable cells were counted by trypan blue
exclusion in a hemocytometer and evaluated by 7-amino-
actinomycin D [7-AAD; BD Biosciences, San Jose, CA,
USA; 10 min at room temperature (RT) after cell wash
in phosphate-buffered saline (PBS)] exclusion in a flow
cytometer (FACSCanto; BD Biosciences, Franklin Lakes,
NJ, USA).
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In some experiments, cultures were treated with
the mono-carbon transporter 1/2 (MCT-1/2) inhibitor
AR-C155858 (MedChemExpress, Monmouth Junction,
NJ, USA) at 5 uM final concentration, or with the mito-
chondrial pyruvate carrier (MPC) inhibitor UK5099
(MedChemExpress) at 5 uM final concentration, or
with methyl-pyruvate (Sigma-Aldrich) at 10 mM final
concentration.

Culture Repopulation Ability (CRA) Assay

The CRA assay is an in vitro surrogate for the in vivo
Marrow Repopulation Ability assay. The assay estimates
the stem/progenitor cell potential of a native or experi-
mentally manipulated cell population via cell transfer
to cultures established in liquid medium rather than cell
transplantation into animals®”'81°, Cells rescued at differ-
ent times of incubation (day 10 and day 14) from cultures
(LC1) to which the different experimental treatments are
applied were washed and replated (3 x 10* cells/ml) into
secondary liquid cultures (LC2) established with stan-
dard RPMI-1640 medium (i.e., containing glucose and
glutamine). The number of viable cells was then counted
at different times of incubation in LC2. It is worth point-
ing out that LC2 are meant to allow maximal cell growth
and that in no case LC2 were subjected to experimental
changes applied to LC1 (addition of lactate and/or low
pH). The kinetics of cell number in LC2 provide an esti-
mate of the CRA of LC1 cells. Culture medium was never
renewed during LC1 or LC2.

Cell Lysis and Western Blotting

Cells were washed once with ice-cold PBS contain-
ing 100 uM Na,VO,. Total cell lysates were obtained in
Laemmli buffer (62.5 mM tris/HCI, pH 6.8, 10% glyc-
erol, 0.005% bromophenol blue, and 2% SDS). Protein
concentration was determined by the BCA method
(Pierce BCA Protein Assay Kit; ThermoFisher Scientific,
Waltham, MA, USA), and 50 pg of sample was subjected
to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Separated proteins were trans-
ferred onto nitrocellulose membranes (Amersham Protran
Premium Western blotting membranes; GE Healthcare
Life Sciences, Little Chalfont, Buckinghamshire, UK)
by electroblotting. Primary antibodies used were raised
against: c-Abl (K-12), rabbit polyclonal; MCT-1 (H-1),
mouse monoclonal; lactate dehydrogenase (LDH)-A
(ab85472), rabbit polyclonal; LDH-B (431.1), mouse
monoclonal (Santa Cruz Biotechnology, Santa Cruz,
CA, USA); CrkL, mouse monoclonal, to phospho-CrkLL
(Tyr207), rabbit polyclonal (Cell Signaling Technology,
Danvers, MA, USA); vinculin (clone hVIN-1), mouse
monoclonal (Sigma-Aldrich). Anti-c-Abl antibodies can
be used to determine BCR/AbI expression given the great
difference of molecular weight between the two proteins.
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Crkl phosphorylation is used as an indicator of BCR/Abl
kinase activity. Washed membranes were incubated for
I h at RT in 1:1—Odyssey Blocking Buffer (OBB)/T-
PBS containing an IRDye 800CW- or IRDye 680-conju-
gated secondary antibody. Antibody-coated protein bands
were visualized by the Odyssey Infrared Imaging System
(LI-COR Biosciences), as previously reported®.

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qPCR)

Total RNA was extracted from cells by using TRI
reagent (Sigma-Aldrich). The amount and purity of RNA
were determined spectrophotometrically. cDNA synthe-
sis was obtained by incubating 1 pg of total RNA with
iScript reverse transcription supermix (Bio-Rad, Milan,
Italy) according to the manufacturer’s instructions. gPCR
was performed using the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad). The qPCR analysis was
carried out in triplicate with a CFX96 Real-Time PCR
System (Bio-Rad) with the default PCR setting: 40 cycles
of 95°C for 10 s and 60°C for 30 s. The fold change was
determined by the comparative Ct method using 18S and
[-actin as reference genes. Primer sequences were as fol-
lows: B-actin (5-TCGAGCCATAAAAGGCAACT-3’for-
ward and 5’-CTTCCTCAATCTCGCTCTCG-3' reverse),
18S (5-CGCCGCTAGAGGTGAAATTCT-3" forward
and 5-CGAACCTCCGACTTTCGTTCT-3" reverse),
and BCR/abl (5-GGAGCAGCAGAAGAAGTGTTT-3’
forward and 5-TGGGTCCAGCGAGAAGGTTTT-3’
reverse).

Measure of Oxygen Consumption Rate (OCR) and
Labeling of Mitochondria

To label mitochondria, cells were incubated for 30 min
at 37C° with 5 nM MitoTracker Deep Red to determine
mitochondrial mass (mitochondria labeling indepen-
dent of membrane potential) or MitoTracker Orange to
determine mitochondrial activity following the manu-
facturer’s instructions (ThermoFisher Scientific), with a
FACSCanto flow cytometer?!.

Basal OCR (pmolesO, consumed per min) was mea-
sured using a SeaHorse XF96 Extracellular Flux Analyzer
(SeaHorse Bioscience, Billerica, MA, USA) following
the manufacturer’s instructions. Cells were counted and
seeded (7 x 10* cells/well) in XF96 Seahorse microplates
precoated with poly-D-lysin (ThermoFisher Scientific).
Cells were suspended in XF Assay Medium supplemented
with I mM pyruvate, 2 mM glutamine, and 10 mM glucose
(Euro-Clone) and left to adhere for a minimum of 30 min
at 37°C. The plate was left to equilibrate for 10 min in a
CO,-free incubator before being transferred to the Seahorse
XF96 analyzer. The prehydrated cartridge was filled with
the indicated compounds and calibrated for 30 min in
the SeaHorse Analyzer. Normalization to protein content
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was performed after each experiment. The SeaHorse XF
Report Generator automatically calculated the parameters
from Wave data that have been exported to Excel.

Statistical Analysis

Data are presented as means + standard error of the
mean (SEM) or standard deviation (SD) of at least three
independent experiments and were compared by Student’s
t-test or two-way analysis of variance (ANOVA) (when
more than two samples were compared) using the GraphPad
Prism software; p values lower than 0.05 were considered
to reflect the statistical significance of differences.

RESULTS
Effects of Lactate on CML Cell Viability and Growth

The effects of lactate addition and/or pH reduction in
the absence of glucose and glutamine were evaluated.
Addition of 10 mM lactate alone did not change the pH
of culture medium (data not shown). Neither in the pres-
ence of lactate nor under lactic acidosis (lactate/pH 6.7),
the time O pH value changed throughout the incubation
(data not shown). Figure 1 shows that, in control cultures
of either K562 or KCL22 cells, cell viability decreased
with respect to time 0 in function of incubation time (day
10 vs. time 0 and day 14 vs. day 10). This decrease was
abolished in K562 cells in the presence of lactate as well
as under lactic acidosis; low pH slightly reduced the posi-
tive effect of lactate addition on cell viability on day 14
of incubation but had no effect under all the other experi-
mental conditions (Fig. 1A). In KCL22, like in K562 cell
cultures, lactate largely prevented the time-dependent
decrease in viable cell number on day 14 of incubation;
low pH did not interfere with the effect of lactate or the
behavior of control cultures (Fig. 1B).

The kinetics of viable cell number in culture was then
determined. Figure 1C shows that, in control K562 cell
cultures, the number of viable cells, following a transient
increase (day 3), decreased progressively in the course
of incubation. In the presence of lactate, the number of
viable cells was significantly higher than in control cul-
tures from day 7, to attain on day 10 more than a doubling
with respect to time 0 and a more than fourfold increase
with respect to control. Medium acidification had no
effect under control conditions but reduced markedly
the growth-promoting effect of lactate, in keeping with
what shown for cell viability in Figure 1A. In control
KCL22 cell cultures (Fig. 1D) viable cell number under-
went a more marked and sustained growth than in K562
cell cultures, so that KCL22 cells were on day 14 still
more than 50% of time 0 level, whereas K562 cells were
fivefold reduced. No experimental change had effect on
KCL22 cells until day 10 of incubation, whereas on day
14 the numerical decrease in viable KCL22 cells with
respect to time 0 in control cultures was overridden in the
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presence of lactate, matching the K562 results, as well as
under lactic acidosis.

- and BCR/Abl-

rotein

Effects of Lactate on BCR/Ablp
Dependent Signaling

The effects of lactate and/or acidosis on the expression
of BCR/AbI and on BCR/Abl-dependent signaling

were then de?eolf;r]lined at time 0 and on days 10 and 14 of
incubation (Fig. 2). In control CML cell cultures, BCR/
Abl expression and especially Crkl phosphorylation,

protein

commonly used as a read-out of BCR/Abl kinase activity?,
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were progressively suppressed in the course of incubation,
more rapidly in K562 than in KCL22 cells. Crkl expression
on day 14, on the contrary, was found identical in all exper-
imental variants. In the presence of lactate, BCR/Ablprmein
expression and Crkl phosphorylation were maintained at
the levels of time O (or even slightly enhanced) through-
out incubation of either cell line. Medium acidification did
not determine appreciable effects on either BCR/Ablpmlein
expression or Crkl phosphorylation in lactate-treated
cultures. In the absence of lactate, Crkl phosphorylation
was weakly stimulated at pH 6.7 with respect to control.
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Figure 2. Effects of lactate and/or low pH on BCR/AbI expression and signaling in CML cells. K562 (A) or KCL22 (B) cells were
cultured for the indicated times as described in the legend of Figure 1. Total cell lysates in Laemmli buffer were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with antibodies raised against c-Abl, Crkl, or
p-Crkl. Anti-vinculin antibody was used to verify the equalization of protein loading. Time 0: t 0. One representative experiment out
of three with similar outcome is shown. Averaged densitometric values obtained on day 14 of incubation from the three independent
experiments performed are reported in Supplementary Figure S1 (available at https://www.sbsc.unifi.it/vp-363-supplementary-mate-

rial-rev.html).
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Averaged densitometric values obtained on day 14 from
three independent experiments including the one shown
in Figure 2 are reported in Supplementary Figure S1 (this
and the additional supplementary material are available at
https://www.sbsc.unifi.it/vp-363-supplementary-material-
rev.html). Thus, lactate is a booster of BCR/AbI signaling
under glucose and glutamine shortage. This effect of lac-
tate was found due at least in part to transcriptional upreg-
ulation of BCR/abl expression (Supplementary Fig. S2).

Effects of Lactate on the Stem/Progenitor Cell Potential
of CML Cells

The effects of lactate addition and/or pH reduction on
the maintenance of stem/progenitor cell potential were
then evaluated by CRA assay. Cells recovered on day 10
or 14 from cultures subjected to the different experimen-
tal treatments (LC1) were transferred to secondary cul-
tures (LC2) ensuring conditions permissive for maximal
cell growth (presence of glucose and glutamine), and the
kinetics of viable cell number in LC2 was determined
(Fig. 3). Lactate addition to, but not acidification of, LC1
markedly enhanced LC2 repopulation by K562 cells res-
cued from either day 10 or day 14 LC1, differences being
significant from day 7 or day 3 on, respectively (Fig. 3A
and B). Acidification of lactate-supplemented LC1 atten-
uated the effects of lactate, differences being significant
for days 7 and 10 in LC2 established with day 10 LC1
cells (Fig. 3A) and never in LC2 established with day 14
LC1 cells (Fig. 3B). As far as KCL22 cells are concerned,
no significant differences were observed among all four
experimental variants, for both times of transfer (days 10
and 14) of LC1 cells to LC2 (Fig. 3C and D).

Effects of Lactate on the Metabolic Profile and
Phenotype of CML Cells

The results summarized so far suggested to deepen
the effects of lactate on cells” metabolic profile as well as
metabolism-related phenotypical markers. Mitochondrial
function was assayed first by flow cytometry following
cell staining with MitoTracker Orange or MitoTracker
deep red. K562 and KCL22 cells exhibited a similar basal
mitochondrial activity; however, KCL22 cells were found
endowed with a fourfold higher mitochondrial mass than
K562 cells, so that the latter showed a fourfold higher
mitochondrial activity to mass ratio than KCL22 cells
(Supplementary Fig. S3).

The effects of lactate were then tested on cells’
metabolic profile and the expression of lactate metabo-
lism-related markers of cell phenotype (Fig. 4). Lactate
markedly enhanced cell OCR in either K562 or KCL22
cell cultures, as determined by SeaHorse technology (Fig.
4A and C). The phenotypical markers taken into consider-
ation (Fig. 4B and D) were MCT-1, which facilitates lac-
tate and pyruvate upload®*?, the lactate exporter MCT-4,
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LDH-A, which catalyzes the conversion of pyruvate to
lactate, and LDH-B, which works the opposite way, cata-
lyzing the conversion of lactate to pyruvate®. No signifi-
cant change was observed on day 10 of incubation for
any of the markers in either cell line. On day 14 of incu-
bation of either cell line, the expression of all markers
was markedly enhanced in lactate-supplemented cultures
with respect to control, with the exception of MCT-4 in
KCL22 cells. Medium acidification in the absence of
lactate enhanced, much less markedly, the expression
of MCT-1, MCT-4, and LDH-A in K562, and of MCT-1
in KCL22 cell cultures. The enhanced lactate-induced
expression of both MCT-1 and LDH-B, shared by the two
cell lines, is likely to represent a positive feedback favor-
ing the utilization of lactate as a nutrient.

Interference With the Effects of Lactate Addition

The results of the experiments of Figure 4 led to
test whether the treatment with the MCT-1/2 inhibitor
AR-C15585, added to cultures at time O, interfered with
the lactate-dependent increase in cell number. AR-C15585
was preliminarily shown to be effective at 5 uM and
devoid of aspecific toxic effects up to the 40 uM final
concentration, in either control or lactate-supplemented
cultures of either cell line (data not shown). Figure 5
shows that, on day 10 of incubation, the number of viable
cells was more than 10-fold in K562 and almost 3-fold in
KCL22 cells higher in lactate-supplemented than in con-
trol cultures. MCT-1/2 inhibition reduced the number of
viable K562 cells incubated in the presence of lactate to
levels below those of time 0 (Fig. 5A, left panel). MCT-
1/2 inhibition resulted in a less marked effect in lactate-
supplemented KCL22 cell cultures, where the number of
viable cells was significantly reduced, but to levels well
above those of time 0 (Fig. 5B, left panel). MCT-1/2 inhi-
bition suppressed the lactate-dependent increase in BCR/
Abl protein expression and Crkl phosphorylation in either
cell line (Fig. 5A and B, right panels).

To address the question whether lactate metabolism
is needed for its effects on BCR/AbI expression and sig-
naling, we tested the effects of MPC inhibition, under
the assumption that, via LDH-B-dependent conver-
sion to pyruvate, lactate would be funneled to oxidative
metabolism in the mitochondria. MPC inhibition indeed
abolished the lactate-dependent stimulation of cell prolif-
eration, maintaining the number of viable cells after 10
days of incubation at the levels of time O in cultures of
either cell line (Fig. 5C and D, left panels). The effects on
cell count were paralleled by those on BCR/AbI protein
expression and signaling determined by Western blotting
(Fig. 5C and D, right panels).

The effects of MPC prompted us to ask whether pyruvate
can mimic the effects of lactate, and in particular whether
pyruvate can rescue the effects of the block of lactate uptake
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Figure 4. Effects of lactate and/or low pH on the metabolic profile and markers of CML cells. K562 (A, B) or KCL22 (C, D) cells
were cultured for the indicated times as described in the legend of Figure 1. Basal oxygen consumption rate was determined by
SeaHorse technology on day 10 of incubation according to the manufacturer’s instructions; the statistical significance of differences
(three independent experiments) was determined by the Student’s #-test for paired samples; *p < 0.05 (A, C). Total cell lysates in
Laemmli buffer were subjected to SDS-PAGE and immunoblotting with antibodies raised against the indicated proteins. Anti-vinculin
antibody was used to verify the equalization of protein loading. Time 0: t 0. One representative experiment out of three with similar

outcome is shown (B, D).

due to MCT-1 inhibition. Cultures were supplemented with
methyl-pyruvate, a cell-permeable form of pyruvate that
therefore, unlike lactate, does not need cell surface carriers
such as MCT-1 to be taken up by cells. Methyl-pyruvate
addition rescued completely (KCL22 cells) or partially
(K562 cells) the negative effects of AR-C155858 treatment
on the lactate-dependent increase in cell number in culture
(Fig. 6A and C). That the lactate-dependent enhancement
of BCR/ADI expression and signaling was maintained in
the presence of methyl-pyruvate despite AR-C155858
treatment is shown in Figure 6B and D.

Interference With the Effects of Endogenous Lactate

Finally, we tried to confirm the above-described effects
of lactate addition to glucose-free cell cultures using
instead a standard culture medium containing glucose and

glutamine. Under these conditions, as expected’?, glucose
concentration in culture medium on day 4 of incubation
was found markedly reduced with respect to time O (Fig.
7A and B), apparently as a consequence of cell growth
(Fig. 7C and D). MCT-1 inhibition reduced the number of
viable cell number in cultures of either cell line (Fig. 7C
and D, controls). This reduction was paralleled by a com-
plete or almost complete suppression of BCR/AbI protein
expression and a reduction in Crkl phosphorylation (Fig.
7E and F). As glucose exhaustion from culture medium
has been found linked to BCR/AbI protein suppression’,
the fact that on day 4 of incubation BCR/Abl is suppressed
following MCT-1 inhibition seems to indicate that at this
time point the maintenance of BCR/AbI expression relies
on lactate endogenously generated in parallel to glucose
consumption rather than on glucose itself.
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Figure 6. Rescue by methyl-pyruvate addition of the effects of MCT-1 inhibition on BCR/AbI expression/signaling and cell growth
in the presence of lactate. K562 (A, B) or KCL22 (C, D) cells were cultured for 14 days as described in the legend of Figure 1, in
the presence or the absence of lactate and/or methyl-pyruvate and/or the MCT-1 inhibitor AR-C155858 from time O of incubation.
Histograms represent counts of trypan blue-negative cells and are means = SEM of data obtained from three independent experiments;
the statistical significance of differences was determined by the Student’s 7-test for paired samples; *p < 0.05; **p < 0.01; ***p < 0.005
(A, C). Cells were lysed in Laemmli buffer and total cell lysates subjected to SDS-PAGE and immunoblotting with antibodies raised
against c-Abl or p-Crkl; anti-vinculin antibody was used to verify the equalization of protein loading; one representative experiment

out of three with similar outcome is shown (B, D).

DISCUSSION

Lactate emerged from this study as a metabolite capa-
ble to influence survival and growth, as well as BCR/
Abl signaling, in CML cell cultures. Lactate, unlike low
pH alone and irrespectively of pH, enhanced viability of
K562 cells from day 7 and of KCL22 cells on day 14 only
(Fig. 1A and B). These differences were due apparently to
a higher resistance of KCL22 cells to the harsh incubation
conditions of our experimental system. Likewise, control

KCL22 compared to K562 cells exhibited enhanced
growth/slower decay of viable cell number with respect to
time O (Fig. 1C vs. 1D). On the other hand, when lactate
was added to culture medium, cell growth was pushed to
higher levels in K562 than in KCL22 cell cultures. This
suggests that, in comparison to KCL22 cells, K562 cells
have a limited endogenous reservoir of lactate but are
well equipped to respond survival- and growth-wise to
the supply of exogenous lactate.
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Figure 7. Effects of MCT-1 inhibition on BCR/AbI expression/signaling and cell growth in standard glucose-containing medium.
K562 (A, C,E) or KCL22 (B, D, F) cells were seeded at 3 x 10° cells/ml in standard culture medium containing glucose and glutamine,
in the absence (A, B) or in the absence or presence (C—F) of the MCT-1 inhibitor AR-C155858. Glucose concentration in culture
medium was measured at time O (line) and day 4 (A, B). Trypan blue-negative cells were counted at time O (line) and day 4 of incuba-
tion; histograms represent means + SEM of data obtained from three independent experiments (C, D). Cells were lysed in Laemmli
buffer and total cell lysates subjected to SDS-PAGE and immunoblotting with antibodies raised against c-Abl or p-Crkl; anti-vinculin
antibody was used to verify the equalization of protein loading; one representative experiment out of three with similar outcome is
shown (E, F). The statistical significance of differences was determined by the Student’s #-test for paired samples; *p < 0.05 (A-D).

The results obtained for BCR/AbI expression and sig-
naling (Fig. 2) supported those relative to cell viability
and growth. The maintenance in KCL22 cells even in the
absence of lactate of relatively high levels of Crkl phos-
phorylation, an indicator of BCR/AbI enzymatic activity,
is well in keeping with the higher resistance of KCL22
when compared to K562 cells to the harsh incubation
conditions of our experimental system. Taken together,
the data shown in Figures 1D and 2B, day 10, for control

and low-pH KCL22 cell cultures indicate that there is
a threshold level of Crkl phosphorylation above which
BCR/ADI signaling, although reduced, was sufficient to
sustain cell growth to levels unsuitable to be increased
by the addition of lactate. Likewise, in day 14 KCL22
cell cultures, the level of Crkl phosphorylation in low pH,
although markedly reduced (Fig. 2B), was apparently
sufficient to maintain cell number around the time O lev-
els (Fig. 1D), whereas this was not the case in control
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cultures, where pCrkl band was significantly weaker than
in low pH cultures. As far as K562 cells are concerned,
pCrkl levels in control or low pH cultures (Fig. 2A) were
lower than those of KCL22 cells on both day 10 and day
14 and were already insufficient on day 10 to sustain the
maintenance of viable cell number at the time O value
(Fig. 1C). This different behavior between K562 and
KCL22 cells, short of representing a problem, actually
contributes to strengthen the relationship between level
of Crkl phosphorylation and CML cell growth.

As far as the interference of lactate with the termi-
nal mechanisms of regulation of BCR/AbI expression
is concerned, a thorough investigation of the issue was
beyond the scopes of this study. Indeed, while character-
izing the effects of oxygen and/or glucose shortage on
those mechanisms, we found a very complex scenario,
where BCR/ADbI protein suppression followed a number
of different pathways, among which regulation of tran-
scription played a marginal role''. On the contrary, in this
study, lactate addition resulted unexpectedly in a marked
enhancement of BCR/abl mRNA levels (sevenfold for
K562 cells and fourfold for KCL22 cells; Supplementary
Fig. S2), suggesting that transcriptional regulation is the
main mechanism of response to lactate. Whether such an
outcome is specific for lactate or reflects different strate-
gies the cells adopt while responding to nutrient shortage
(oxygen and glucose) or supply (lactate) would require
further investigation.

The main target of this project was actually to test
the power of lactate to sustain the maintenance of stem/
progenitor cell potential in CML cell populations, being
this issue relevant to the control of tissue homing of cell
subsets capable to maintain and drive relapse of disease.
As shown and commented extensively elsewhere®!827,
when experimentally manipulated LC1 cells are trans-
planted into growth-permissive LC2, the repopulation of
the latter occurs according to two different prototypical
kinetics. In one case, the increase in cell number in LC2
is preceded by a lag phase usually long about 2 weeks,
whereas in the other one LC2 are promptly repopulated,
without a lag phase. The latter pattern is typical of LC1
cells where BCR/ADI signaling is active at the time of,
or is rescued rapidly upon, transfer into LC2°. In this
respect, K562 and KCL22 cells exhibited, once again, a
different behavior: control K562 cells repopulated LC2
slowly (cells transferred from day 10 LC1) (Fig. 3A) or
after a more than 3-week-long lag phase (cells from day
14 LC1) (Fig. 3B), whereas KCL22 cells repopulated
LC2 promptly to reach the peak of repopulation relatively
early. The latter outcome is in keeping with the enhanced
resistance to incubation conditions of KCL22 cells in
comparison to K562 cells with respect to reduction in cell
number (Fig. 1D vs. 1C) and suppression of BCR/Abl
signaling (Fig. 2B vs. 2A) we discussed above. Thus, in
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lactate-free KCL22 cells, either the levels of BCR/Abl
expression and Crkl phosphorylation at the end of LCI
(Fig. 2B), although significantly reduced, remained suf-
ficient to ensure a prompt LC2 repopulation, or BCR/
Abl signaling was rapidly rescued upon transfer to LC2.
This said, one must point out again that the main interest
of our study was to characterize the effects of lactate, in
particular on the maintenance of stem cell potential. In
this respect, K562 cells yielded the maximal response to
lactate addition as for either BCR/ADbI signaling (Fig. 2A)
or stem cell potential (Fig. 3A and B). It is worth noting
that the peak values of LC2 repopulation by cells from
lactate-supplemented LC1 were for K562 cells equal or
higher than those obtained for KCL22 cells. This indi-
cates that exogenous lactate is powerful enough to over-
ride the native differences of metabolic asset between the
two cell lines. Overall, when glucose/glutamine shortage
would result in the suppression of BCR/ADbI signaling in
the course of incubation, lactate is capable to prevent this
suppression and thereby boost the maintenance of BCR/
Abl-dependent stem cell potential.

The data summarized above need to be evaluated
under the light of the metabolism-controlled CML stem/
progenitor niche model we put forward!’. Previous work
showed that the overall metabolic profile of CML cells
is glycolysis oriented'>!* and that glucose consumption
drives the suppression of BCR/AbI protein and signal-
ing, attained indeed when glucose is almost exhausted
in the environment’. The fact that in a “glycolytic”
environment glucose consumption results mainly in
the conversion of pyruvate, the terminal metabolite of
glycolysis, to lactate commanded the investigation of
the role of the latter in the context of the CML stem/
progenitor niche model. It was necessary to determine
in particular whether lactate could represent a fuel for
CML cells capable to interfere with BCR/AbI protein
expression and signaling. The novelty of results reported
here stays in the demonstration that lactate is a good
surrogate of glucose in the maintenance of BCR/Abl
signaling, so that the abundant lactate released extra-
cellularly in highly glycolytic tissue environments may
prevent, or delay significantly, BCR/Abl suppression.
The use of glucose-deprived cultures and the addition
of exogenous lactate indeed enabled us to reach the con-
clusion that BCR/ADbI expression level is kept constant
while the effects of decreasing glucose are progres-
sively compensated for by those of increasing lactate.
The possibility of an alternation between glucose and
lactate in sustaining BCR/AbI expression was indirectly
confirmed in the experiments shown in Figure 7, where
the treatment with the MCT-1 inhibitor of cultures incu-
bated in the presence of glucose succeeded in reducing
BCR/ADbI protein expression. Overall, these findings
indicate, on the one hand, that the presence of lactate in
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the environment may help cells that store less glucose
intracellularly, and thereby run short of it more quickly,
to maintain BCR/ADI signaling longer, and on the other
hand, that not only glucose but also lactate needs to be
exhausted in the environment before BCR/Abl signaling
is suppressed. Thus, the absence of lactate emerged as
a metabolic condition within the CML stem/progenitor
niche appropriate for the selection and maintenance of
cells that represent a reservoir of TKI-resistant disease.

On the basis of all the above, lactate uptake appears
as a key metabolic feature of cells capable to maintain
BCR/ADI signaling despite the shortage of glucose. In
this respect, the only limit is the capacity of cells to take
in and metabolize lactate. We found that lactate, besides
working as a fuel, acts to overcome this limit by enhanc-
ing the expression of MCT-1, driver of lactate uptake,
and LDH-B, converter of lactate to pyruvate (Fig. 4).
That MCT-1 and LDH-B are functional to the positive
effects of lactate on BCR/ADI signaling and cell growth
was indicated by the effects of inhibition of lactate uptake
(Fig. 5A and B) or pyruvate transport into the mitochon-
dria (Fig. 5C and D). The key role of pyruvate in the lac-
tate-dependent maintenance of BCR/ADbI signaling was
confirmed on the other hand by the rescue of the effects
of the block of lactate uptake in cultures treated with
the cell membrane-permeable methyl-pyruvate (Fig. 6).
The partial effect obtained for K562 cells seems to indi-
cate that in these cells methyl-pyruvate is internalized in
part via MCT-1, like lactate’®?*, The contribution of the
axis lactate>pyruvate as an energetic fuel to mitochon-
drial respiration was revealed by SeaHorse experiments
showing a significant enhancement of OCR in lactate-
supplemented cultures (Fig. 4A and C). The downstream
connections between lactate/pyruvate fueling of mito-
chondrial respiration and the terminal mechanisms of
regulation of BCR/ADI expression will be the object of
further studies.

The relationship between the effects of lactate and
those of low pH, i.e., whether lactate acts via its effect on
intracellular pH (pHi) and/or has pH-independent mech-
anisms of action is a question very complex to answer.
MCT-1 symports lactate with H+, and it is known that
cytosolic pH and lactate concentration cannot easily be
varied independently. However, the pH dependence of
lactate transport may not hold for high intracellular lac-
tate concentrations®, and effects of lactate independent
of pHi changes have been actually observed, so that
decreases of pHi as lactate increases can explain some,
but not all, of the effects of lactate”. This may be due to
the fact that cells, and cancer cells in particular, exhibit
the growth-stimulating upregulation of acid extrud-
ers or buffers (COZfHCOS‘, Na*/H* exchanger, Na'/
HCO,” symporter, and V-type ATPase), which may well
compensate for the effects on pHi of MCT-1-dependent
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lactate uptake®. Although to explore in detail this issue
was beyond the scopes of our study, we verified that the
exogenous lowering of extracellular pH, which results in
intracellular acidification®, did not mimic (nor interfere
significantly with) the effects of lactate addition on BCR/
Abl expression and signaling (Fig. 2 and Supplementary
Fig. S1). Even more importantly, low pH actually reduced
the positive effects of lactate on growth (Fig. 1C) and
maintenance of BCR/Abl-dependent stem/progenitor cell
potential (Fig. 3A) in K562 cell cultures. As tissue envi-
ronments where abundant lactate is made available by
high levels of glycolysis are usually subjected to marked
acidosis®, these findings, although limited to K562 cells,
need to be discussed appropriately in the context of the
CML stem/progenitor cell niche model. One may specu-
late that acidity, reducing the growth-promoting action of
lactate, contributes to spare stem/progenitor cell potential
within lactate-rich zones of the niche. This hypothesis,
well in keeping with the finding that extracellular acido-
sis contributes to induce the dormancy of tumor cells'®, is
the object of current work.

ACKNOWLEDGMENTS: This work was supported by
Associazione Italiana per la Ricerca sul Cancro (AIRC) grants
IG13466 (2013), MultiUser Equipment Program 19515 (2016)
and 1G23607 (2019), and by Istituto Toscano Tumori and
Ministero della Salute—Ricerca Finalizzata (# RF-TOS-2008-
1163728). The authors declare no conflicts of interest.

REFERENCES

1. Ren R. 2005. Mechanisms of BCR-ABL in the pathogen-
esis of chronic myelogenous leukaemia. Nat Rev Cancer
5(3):172-183.

2. Zhou H, Xu R. 2015. Leukemia stem cells: The root of
chronic myeloid leukemia. Protein Cell 6(6):403—412.

3. Holyoake TL, Vetrie D. 2017. The chronic myeloid leu-
kemia stem cell: Stemming the tide of persistence. Blood
129(12):1595-1506.

4. Cheloni G, Tanturli M, Tusa I, Ho DeSouza N, Shan Y,
Gozzini A, Mazurier F, Rovida E, Li S, Dello Sbarba P.
2017. Targeting chronic myeloid leukemia stem cells with
the hypoxia-inducible factor inhibitor acriflavine. Blood
130(5):655-665.

5. Cipolleschi MG, Dello Sbarba P, Olivotto M. 1993. The
role of hypoxia in the maintenance of hematopoietic stem
cells. Blood 82(7):2031-2037.

6. Cipolleschi MG, Rovida E, Ivanovi¢ Z, Praloran V,
Olivotto M, Dello Sbarba P. 2000. The expansion of murine
bone marrow cells preincubated in hypoxia as an in vitro
indicator of their marrow-repopulating ability. Leukemia
14(4):735-739.

7. Ivanovic Z, Belloc F, Faucher JL, Cipolleschi MG,
Praloran V, Dello Sbarba P. 2002. Hypoxia maintains and
interleukin-3 reduces the pre-colony-forming cell poten-
tial of dividing CD34(+) murine bone marrow cells. Exp
Hematol. 30(1):67-73.

8. Giuntoli S, Rovida E, Barbetti V, Cipolleschi MG, Olivotto
M, Dello Sbarba P. 2006. Hypoxia suppresses BCR/Abl
and selects imatinib-insensitive progenitors within clonal
CML populations. Leukemia 20(7):1291-1293.



46

10.

11.

12.

13.

14.

15.

16.

19.

. Giuntoli S, Tanturli M, Di Gesualdo F, Barbetti V, Rovida

E, Dello Sbarba P. 2011. Glucose availability in hypoxia
regulates the selection of chronic myeloid leukaemia pro-
genitor subsets with different resistance to imatinib-mesy-
late. Haematologica 96(2):204-212.

Rovida E, Peppicelli S, Bono S, Bianchini F, Tusa I, Cheloni
G, Marzi I, Cipolleschi MG, Calorini L, Dello Sbarba P.
2014. The metabolically modulated stem cell niche: A
dynamic scenario regulating cancer cell phenotype and
resistance to therapy. Cell Cycle 13(20):3169-3175.

Bono S, Lulli M, D’Agostino VG, Di Gesualdo F,
Loffredo R, Cipolleschi MG, Provenzani A, Rovida E,
Dello Sbarba P. 2016. Different BCR/AbI protein sup-
pression patterns as a converging trait of chronic myeloid
leukemia cell adaptation to energy restriction. Oncotarget
7(51):84810-84825.

Mayerhofer M, Valent P, Sperr WR, Griffin JD, Sillaber C.
2002. BCR/ABL induces expression of vascular endothelial
growth factor and its transcriptional activator, hypoxia-in-
ducible factor-10., through a pathway involving phospho-
inositide 3-kinase and the mammalian target of rapamycin.
Blood 100(10):3767-3775.

Zhang H, Li H, Xi HS, Li S. 2012. HIF1a is required for
survival maintenance of chronic myeloid leukemia stem
cells. Blood 119(11):2595-2607.

Sonveaux P, Végran F, Schroeder T, Wergin MC, Verrax
J, Rabbani ZN, De Saedeleer CJ, Kennedy KM, Diepart
C, Jordan BF, Kelley MJ, Gallez B, Wahl ML, Feron O,
Dewhirst MW. 2008. Targeting lactate-fueled respiration
selectively kills hypoxic tumor cells in mice. J Clin Invest.
118(12):3930-3942.

Feron O. 2009. Pyruvate into lactate and back: From the
Warburg effect to symbiotic energy fuel exchange in cancer
cells. Radiother Oncol. 92(3):329-333.

Peppicelli S, Andreucci E, Ruzzolini J, Laurenzana
A, Margheri F, Fibbi G, Del Rosso M, Bianchini F,
Calorini L. 2017. The acidic microenvironment as a pos-
sible niche of dormant tumor cells. Cell Mol Life Sci.
74(15):2761-2771.

. Lyssiotis CA, Kimmelman AC. 2017. Metabolic interac-

tions in the tumor microenvironment. Trends Cell Biol.
27:863-875.

. Cipolleschi M-G, Rovida E, Dello Sbarba P. 2013. The

Culture-Repopulating Ability assays and incubation in low
oxygen: A simple way to test drugs on leukemia stem or
progenitor cells. Curr Pharm Des. 19:5374-5383.

Cheloni G, Tanturli M. 2016. The Culture Repopulation
Ability (CRA) assay and incubation in low oxygen to test
antileukemic drugs on imatinib-resistant CML stem-like
cells. Methods Mol Biol. 1465:73-85.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

SILVANO ET AL.

Witort E, Lulli M, Carloni V, Capaccioli S. 2013. Anticancer
activity of an antisense oligonucleotide targeting TRADD
combined with proteasome inhibitors in chemoresistant hepa-
tocellular carcinoma cells. ] Chemother. 25(5):292-297.
Chazotte B. 2011. Labeling mitochondria with MitoTracker
dyes. Cold Spring Harb Protoc. 2011(8):990-992.

White D, Saunders V, Lyons AB, Branford S, Grigg A,
To LB, Hughes T. 2005. In vitro sensitivity to imatinib-
induced inhibition of ABL kinase activity is predictive of
molecular response in patients with de novo CML. Blood
106(7):2520-2526.

Halestrap AP. 2013. Monocarboxylic acid transport. Compr
Physiol. 3(4):1611-1643.

Ippolito L, Morandi A, Giannoni E, Chiarugi P. 2019.
Lactate: A metabolic driver in the tumour landscape. Trends
Biochem Sci. 44(2):153-166.

Ding J, Karp JE, Emadi A. 2017. Elevated lactate dehydro-
genase (LDH) can be a marker of immune suppression in
cancer: Interplay between hematologic and solid neoplas-
tic clones and their microenvironments. Cancer Biomark.
19(4):353-363.

Poteti M, Menegazzi G, Peppicelli S, Tusa I, Cheloni G,
Silvano A, Mancini C, Biagioni A, Tubita A, Mazure NM,
Lulli M, Rovida E, Dello Sbarba P. 2021. Glutamine avail-
ability controls BCR/AbI protein expression and functional
phenotype of chronic myeloid leukemia cells endowed with
stem/progenitor cell potential. Cancers 13(17):4372.
Tanturli M, Giuntoli S, Barbetti V, Rovida E, Dello Sbarba
P. 2011. Hypoxia selects bortezomib-resistant stem cells of
chronic myeloid leukemia. PLoS-One 6(2):e17008.

Broer S, Schneider HP, Broer A, Rahman B, Hamprecht B,
Deitmer JW. 1998. Characterization of the monocarboxy-
late transporter 1 expressed in Xenopus laevis oocytes by
changes in cytosolic pH. Biochem J. 333(Pt 1):167-174.
Hanley JA, Weeks A, Wray S. 2015. Physiological increases
in lactate inhibit intracellular calcium transients, acidify
myocytes and decrease force in term pregnant rat myome-
trium. J Physiol. 593(20):4603-4614.

Swietach P, Vaughan-Jones RD, Harris AL, Hulikova
A. 2014. The chemistry, physiology and pathology
of pH in cancer. Philos Trans R Soc Lond B Biol Sci.
369(1638):20130099.

Pirkebner D, Fuetsch M, Wittmann W, Weiss H, Haller T,
Schramek H, Margreiter R, Amberger A. 2004. Reduction
of intracellular pH inhibits constitutive expression of
cyclooxygenase-2 in human colon cancer cells. J Cell
Physiol. 198(2):295-301.

Cairns RA, Harris I, McCracken S, Mak TW. 2011. Cancer
cell metabolism. Cold Spring Harb Symp Quant Biol.
76:299-311.



