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BCR::ABL1 expression in chronic myeloid
leukemia cells in low oxygen is regulated
by glutamine via CD36-mediated fatty acid
uptake
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Abstract

Background Chronic myeloid leukemia (CML) is influenced by microenvironmental nutrients, glucose (Glc), and
glutamine (GIn) which regulate cell proliferation, viability, and the expression of the driver oncoprotein (BCR::ABL1).

Results Our study revealed that Glc, while partially supporting alone cell growth in normoxia, is essential in low
oxygen conditions, whereas GIn is ineffective. Under low oxygen, GIn reduced oxidative respiratory activity while
enhancing glycolysis. In these conditions, fatty acid (FA) metabolism becomes crucial, as evidenced by increased lipid
droplets (LD) accumulation when Glc was absent. Gln, in particular, drives CD36-mediated FA uptake, suppressing
the BCR:ABL1 oncoprotein and facilitating cell survival. By co-culturing leukemia cells with adipocytes, one of the
main bone marrow (BM) cell components, we observed an enhanced FA release, suggesting a link between FA,
microenvironmental BM cells, and the maintenance of leukemic stem cells (LSQ).

Methods K562 and KCL22 cell lines were subjected to Glc and/or GIn deprivation under hypoxic conditions (96 h
at 0.1% O,). Metabolic profiling was conducted through the Seahorse XFe96 analyzer, and the contribution of
L-Glutamine-"3C, to FA de novo synthesis was determined via GC/MS. Intracellular neutral LD were measured using
BODIPY 493/503 in confocal microscopy and flow cytometry, with their presence and morphology further examined
via transmission electron microscopy. BCR:ABL1 as well as several FA-related markers were evaluated via Western
Blotting, whilst CD36 was determined through flow cytometry. LC2 assay was used for measuring leukemia stem
cell potential by inhibiting FA uptake via the usage of the Sulfo-N-Succinimidyl Oleate, a CD36 inhibitor. gPCR was
exploited to detect markers of FA secretion in CML-adipocytes co-culture together with Nile Red staining to assess
free FA in the media.
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Conclusions These findings underscore the central role of FA in the regulation of the LSC compartment of CML,
highlighting the importance of GIn in facilitating CML cell survival under restrictive metabolic conditions and
preparing the cell population for expansion upon the release of these restrictions.

Keywords Chronic myeloid leukemia, Hypoxia, BCR:ABLT, Fatty acids

Backgrounds

Chronic myeloid leukemia (CML) is a myeloprolifera-
tive disease triggered by t(9;22) translocation, resulting
in the expression of the fusion oncoprotein BCR::ABL1,
a constitutively active tyrosine kinase [1]. Despite the
efficiency of tyrosine kinase inhibitors (TKi), such as
imatinib mesylate (IM), which is capable of targeting
the ATP-binding site of BCR::ABL1, thereby inhibiting
its enzymatic activity, the therapy does not cure CML.
Indeed, the persistence of a subpopulation of TKi-resis-
tant leukemia stem cells (LSC) sustains so-called minimal
residual disease (MRD).

The LSC subset sustaining MRD is likely genetically
BCR:ABLI-positive, but oncoprotein-negative [2, 3].
LSC, like normal hematopoietic stem cells (HSC), are
believed to persist in bone marrow (BM) stem cell niches
(SCN), which are physiologically characterized by severe
metabolic limitations due to reduced oxygen and nutri-
ent supply. Indeed, HSC are better maintained and
enriched in low oxygen conditions than under standard
normoxic incubation conditions, whereas non-stem clo-
nogenic hematopoietic progenitor cells are suppressed in
low oxygen [4]. This led to the proposal of the “hypoxic”
SCN model, a tissue microenvironment in which oxygen
tension is physiologically much lower than in other tis-
sue zones, and to set the stage to study molecular mecha-
nisms enabling HSC to reside in and adapt to low oxygen,
while maintaining the capacity to cycle and expand [5].
Our laboratory has previously demonstrated that, under
very low oxygen tension, while CML cells undergo sup-
pression of the BCR::ABL1 oncoprotein, a BCR:ABL1-
independent LSC subset survives and retains the
capacity, when transferred to conditions permissive for
growth (“normoxia”), to generate a BCR:ABL1-express-
ing progeny that then undergoes clonal expansion [6].
A crucial point is that LSC adapted to low oxygen levels
are resistant to IM and other TKi used for CML treat-
ment, as they lack the molecular target (i.e. BCR:ABL1
oncoprotein).

We also demonstrated that the suppression of
BCR:ABL1 oncoprotein is induced by glucose (Glc)
shortage in a low oxygen environment, favored by the
“Pasteur effect” [7], as well as in normoxic conditions
[8]. Based on this evidence, we proposed a model of low-
oxygen SCN where BCR::ABL1 oncoprotein-positive or
-negative LSC subsets are spatially distributed according
to local substrate availability and as a function of their
different metabolic profiles [9]: where Glc is available,

BCR:ABL1 expression is fostered and thereby LSC are
pushed to undergo clonal expansion, whereas zones
characterized by Glc shortage would host slow-cycling/
self-renewing LSC adapted to persist independently of
BCR::ABL1 signaling, which determines their refractori-
ness to TKi and sustains the maintenance of TKi-resis-
tant MRD.

Glc and glutamine (Gln) control cell survival, prolif-
eration, and differentiation through highly intercon-
nected bioenergetic pathways [10]. In another study, we
recently addressed the role of Gln availability in control-
ling BCR::ABL1 expression in CML cells incubated under
very low oxygen tension, with or without BPTES, the
glutaminase inhibitor, demonstrating that under these
conditions, Glc consumption is positively regulated by
Gln [11]. Indeed, GIn starvation has already been dem-
onstrated to slow down Glc catabolism and weaken cell
adaptation to low oxygen [12, 13]. Because Glc shortage
does not affect the maintenance of stem cell potential in
BCR::ABL1 protein-negative CML cells, the key question
is which source of energy these cells rely on.

Under oxygen shortage, cancer cells undergo a deep
metabolic switch, stimulating glycolysis and inhibiting
mitochondrial metabolism, mainly through the activation
of pyruvate dehydrogenase kinase isoenzyme 1, which
in turn inhibits the pyruvate dehydrogenase complex,
blocking the conversion of pyruvate to acetyl-CoA, thus
preventing ATP production via the Tricarboxylic Acid
(TCA) cycle [14]. However, the effects of low oxygen ten-
sion on lipid metabolism are still debated and require
further investigation. Fatty acids (FA) are commonly pro-
vided by exogenous uptake or de novo synthesis and, once
available for cell utilization, are exploited as substrates for
oxidation and energy production, membrane synthesis,
and production of signaling molecules, or esterified and
stored in the form of triacylglycerols (TAG) [15]. FA syn-
thesis is a biological process that is closely related to the
TCA cycle and is commonly strongly inhibited under low
oxygen conditions. Furthermore, FA synthesis requires
a relatively high amount of ATP, which is not abundant
when the nutrients are scarce. Therefore, under nutrient
shortage conditions, cells seek exogenous FA. Uptake of
extracellular FA and TAG synthesis is promoted under
low-oxygen conditions by PPARY, the gene expression of
which is in cancer cells directly activated by HIF-1 [16]
and fatty acid-binding protein (FABP) 3, 4, and 7 [17, 18].

In this study, we focused on how the lack of oxygen
affects energy metabolism in CML cells and, in particular,
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how Glc and Gln availability regulate lipid metabolism
and cell energy demand under low oxygen conditions.
These metabolic cues were also related to the regulation
of BCR::ABLI1 protein expression and stem cell potential.

Methods

Cell lines

The K562 (RRID: CVCL_0004) and KCL22 (RRID:
CVCL_2091) BCR::ABL1-positive cell lines derived from
CML patients in blast crisis were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum and
2 mM GIn (Euroclone, Milan, Italy) and incubated at
37 °C in 5% CO, atmosphere. K562 is a lymphoblastic
cell line isolated from the BM of a 53-year-old blast phase
CML patient while KCL22, isolated from the pleural effu-
sion of a 32-year-old female CML patient at blast crisis,
exhibits a lymphoblast-like morphology; both are char-
acterized by the Philadelphia chromosome. Experiments
were performed with cells harvested from exponentially
growing maintenance cultures and plated at 3 x 10°/mL,
to be incubated at 37 °C under “normoxic” conditions
(21.0% O,, atmosphere containing air/5% CO,) or low-
oxygen atmosphere (0.1% O,, 5% CO, and 94.9% N,) in
a gas-tight manipulator/incubator (DG250 Anaerobic
Workstation; Don Whitley Scientific; Shipley, Bridgend,
UK). Glc or GIn starvation was performed using RPMI
1640 medium without Glc and GIn (Sartorius, Rome,
Italy) and singularly adding 2 g/L D-glucose (Thermo
Fisher Scientific, Monza, Italy) or 2 mM L-glutamine
(Euroclone). Cell viability was measured using trypan
blue (Sigma-Aldrich, Milan, Italy) exclusion test.

Seahorse metabolic assays

The respiratory and glycolytic capacities of the CML cells
were evaluated using a Seahorse XFe96 Analyzer (Sea-
horse Bioscience, Billerica, MA, USA). Briefly, 7x10*
cells/well were seeded in XF96 microplates pre-coated
with poly-D-lysine (Thermo Fisher Scientific). Before
analysis, cells were resuspended in Seahorse assay buf-
fer specific for Glycolysis Stress, Mito Stress or Mito
Fuel Flex Assays, and the following drugs were added:
for Glycolysis Stress Assay, 10 mM glucose, 1 uM oli-
gomycin, and 50 mM 2-deoxy-D-glucose (2-DG); Mito
Stress Assay 1 uM oligomycin, 1 uM carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP), 0.5 puM
rotenone/antimycin A; Mito Fuel Flex Test, 4 pM Eto-
moxir, 3 pM Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-
2-yl)ethyl sulfide (BPTES), 2 uM UK5099 (all reagents
provided by Agilent, Milan, Italy). The results were nor-
malized with respect to the protein content of the sam-
ples as evaluated using the BCA assay. The experiments
were performed in five technical replicates and at least
three biological replicates. The SeaHorse XF Report Gen-
erator automatically calculated the parameters from wave
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data that had been exported to Prism, while the fuel oxi-
dation dependency was calculated using the equation

Dependency % =

Baseline OCR—Target Inhibitor OCR % 100
Baseline OC R— All inhibitors OCR '

Transmission electron microscopy

Cells were centrifuged at 1000 rpm for 5 min in 1.5 mL
Eppendorf tubes. The resulting cell pellet was fixed in
isotonic 4% glutaraldehyde and 1% osmium tetroxide
(0sO,), then dehydrated and embedded in Epon epoxy
resin (Fluka, Buchs, Switzerland). Ultrathin sections were
stained with 1% samarium triacetate-10% gadolinium tri-
acetate (UAR-EMS stain #22405; Electron Microscopy
Sciences, Hatfield, PA, USA), counterstained with lead
citrate, and examined under a JEM 1010 transmission
electron microscope (Jeol, Tokyo, Japan) equipped with a
MegaView III high-resolution digital camera and imaging
software (Jeol).

Flow cytometry

Cells were washed once with cold PBS and then stained
with fluorochrome-conjugated antibody anti-CD36
(Immunotools, Friesoythe, Germany) for 1 h at 37 °C in
the dark or with BODIPY 493/503 (final concentration 5
uM- Thermo Fisher), a dye specifically staining neutral
lipids, for 30 min at 37 °C in the dark. The cells were then
analyzed using a BD-FACS Canto II flow cytometer, and
the data was elaborated using Flowjo Software (RRID:
SCR_008520) (BD Biosciences, Milan, Italy).

Nile red staining

Conditioned media were collected by discarding the cell
pellet after centrifugation at 300 g for 5 min, and lipids
were stained by adding the Nile Red dye (Thermo Fisher)
[19], which had been previously dissolved in DMSO
(starting concentration 1 mM, final concentration 1 pM),
for 30 min at 37 °C in dark. Fluorescence intensity was
measured with an ELISA multi-plate reader (Biotek Syn-
ergy H1, Agilent) at an excitation wavelength of 515 nm
and emission wavelength of 585 nm, and the values were
normalized on the basis of viable cell counts following
trypan blue staining.

Confocal microscopy

For immunofluorescence confocal microscopy, cells were
plated on p-Slide 8 Well (Ibidi, Rome, Italy), according
to routine methods. BODIPY staining was performed as
previously described, and the slides were imaged using a
Leica SP8 confocal laser scanning microscope equipped
for fluorescence measurements (Leica; Milan, Italy).
Lipid droplet (LD) quantification was performed using
Image] software (RRID: SCR_003070) (developed by
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Wayne Rasband, National Institutes of Health, Bethesda,
MD, USA) as previously reported [20].

Gas chromatography-mass spectrometry

For FA analysis cell extracts were analyzed by gas chro-
matography-mass spectrometry (GC-MS) using an Agi-
lent 6890 gas chromatograph, equipped with a 7683
Injector and coupled to a 5973 mass spectrometer (Agi-
lent); the capillary column was a Zebron ZB-WAX plus,
25 m x 0.25 mm, 0.25 pm film thickness (Phenomenex
Italia, Bologna, Italy); the oven program was as follows:
time 0 min, 100 °C for 2 min, followed by an increase
of 15 °C/min up to 175 °C, then an increase of 3 °C/min
up to 250 °C, and held for 10 min. A 1 pL volume was
injected in splitless mode (2 min valve off); injector and
transfer line temperatures were 250 and 255 °C, respec-
tively. Helium was used as the carrier gas at a constant
flow rate of 1 ml/min. The 70 eV EI source was main-
tained at 230 °C and a quadrupole analyzer at 150 °C. MS
data were acquired in scan mode from 50 to 550 m/z (2.9
scan/min rate).

The FA in the sample were analyzed following their
conversion to methyl esters (FAME). FAME were pre-
pared by adding BF3 in methanol (12-14%, w/v) and
incubating the samples at 40 °C for 30 min. Water was
then added, and the FAME was extracted with hexane
and analyzed by GC-MS. Some of the samples were used
for the analysis of free FA (FFA). FFA was extracted with
hexane, and the organic solvent was dried under a gen-
tle N2 flow before GC-MS analysis. Another part of the
sample was used to determine total FA content. FAME
were obtained by esterification and trans-esterification
by adding 1 mL of a freshly prepared solution of 2% (v/v)
concentrated sulfuric acid in methanol. The samples were
left at 70 °C for 3 h; then, 1 mL of water was added, and
FAME extracted with 3x3 mL of hexane. The organic
solvent was then dried under a gentle N2 flow before
GC-MS analysis. Each sample was injected in triplicate,
and the intensities of the molecular ions of the methyl
esters of palmitic, oleic, and stearic acids were measured
along with those of the M+ 1 and M +2 ions in their iso-
topic profiles. The ratio between these ions was measured
for each acid and evaluated to verify whether the M +1
and/or M +2 ion intensities were different from those of
the control samples.

For lactate analysis cells subjected to 4 days of severe
hypoxia (0.1% O,) were prepared for GC-MS on an
Intuvo9000/5977 B MSD (Agilent Technologies, Santa
Clara, CA, USA) via selected ion monitoring (SIM) mode
MS. Cells were washed twice with 0,9% NaCl at 4 °C and
scraped in 400 pl of cold (- 20 °C) 80% methanol in water
(containing 1 pg/mL norvaline as internal standard).
Samples were sonicated on ice for 5 s for 3 times with a
5 s interval at 70% amplitude, centrifuged at 14,000 rpm,
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4 °C for 10 min, and supernatants were collected and
lyophilized. Cell pellets were resuspended in 50 pl of 200
mM NaOH, denatured at 96 °C for 15 min, centrifuged
at 14,000 rpm for 5 min, and used for establishing the
protein concentration per sample for final normalization
[21].

Western blotting

Cells were lysed in RIPA buffer (Merck Millipore,
Milan, Italy) containing PMSF (Sigma-Aldrich), sodium
orthovanadate (Sigma-Aldrich), and protease inhibi-
tor cocktail (Calbiochem, San Diego, CA, USA). Lysates
were sonicated and centrifuged for 15 min at 14,000 rpm
at 4 °C. The protein content of cell lysates was mea-
sured using the BCA method. 50 ug of protein lysate
was separated on NuPAGE Tri-Acetate 3—-8% precast
polyacrylamide gels and subsequently transferred to
a PVDF membrane using the iBlot 3 System (all from
Thermo Fisher Scientific). After blocking for 1 h with
Odyssey blocking buffer (Bioclass, Pistoia, Italy), the
membrane was incubated overnight at 4 °C with the pri-
mary antibodies. The primary antibodies used included
anti-vinculin (sc-73614, 1:1000; Santa Cruz Biotechnol-
ogy), anti-c-Abl (sc-131, 1:1000; Santa Cruz Biotechnol-
ogy), anti-phospho-CrkL (#3181 1:1000; Cell Signaling),
and anti-FASN (#3180, 1:1000; Cell Signaling) (Milan,
Italy). The protein bands were analyzed using the Odys-
sey Infrared Imaging System (Licor Bioscience, Lincoln,
NE, USA) and quantified via Image] software (RRID:
SCR_003070).

Measure of stem/progenitor cell potential

The stem/progenitor cell potential of the cultures was
assessed using the Culture Repopulation Ability (CRA)
assay, a non-clonogenic assay capable of estimating in
vitro the content of a hematopoietic cell population
with stem/progenitor cells endowed with BM Repopu-
lation Ability in vivo. Cells rescued from experimental
cultures subjected to selective treatment (liquid culture
1, LC1) were transferred to non-selective assay cultures
(LC2) where the stem/progenitor cell potential of input
cells was actualized and maximally exploited. The mea-
surement of LC2 repopulation via the count of the total
number of viable cells provides an estimate of the stem/
progenitor cell potential of LC1 cells at the end of incuba-
tion therein [11, 22]. In the study reported here, 3 x 10°
cells/mL were incubated for 4 days in experimental LC1
incubated in low oxygen, in the absence or presence of
Glc and/or Gln, and drug-treated or untreated. At the
end of the incubation, LC1 cells were washed free of the
drug and transferred (3x10* cells/mL) to the growth-
permissive assay LC2. The time required for LC1 cells
to reach the peak of LC2 repopulation (and, in par-
ticular, the presence or absence of a lag phase before
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repopulation starts) is a distinctive property of the stem/
progenitor cell subset transferred from LC1, whereas the
area underlying the LC2 repopulation curve correlates
with the level of maintenance of stem/progenitor cell
potential in LC1 [23].

Reagents

Sulfo-N-succinimidyl oleate (MedChemExpress, Sollen-
tuna, Sweden) was dissolved in DMSO (100 mM) and
used at a final concentration of 150 uM to avoid any pos-
sible cytotoxic effects. Etomoxir was dissolved in DMSO
(10 mM) and used at a final concentration of 4 pM (Med-
ChemExpress). Bovine Serum Albumin (BSA) and palmi-
tate were provided by Sigma-Aldrich. We aim to specify
that we used Palmitate as an exogenous source of FA as
it is a single, well-characterized saturated FA, chemi-
cally stable and commonly one of the most abundant in
mammalian cells, derived from both dietary sources and
de novo lipogenesis. Moreover, it is also well tolerated by
cells at low concentrations and rapidly used for FA oxida-
tion [24].

RNA extraction and quantitative PCR

Total RNA was extracted using Tri Reagent (Sigma-
Aldrich) and reverse transcribed (from 500 ng to 1 pg
measured through Thermo Fisher Scientific NanoDro-
pOne) by using the cDNA synthesis kit (BioRad) fol-
lowing the manufacturer’s instructions. The expression
of selected genes was evaluated via Real-Time RT-PCR
(qPCR) with the Sso Advanced Universal Green Mix
(Bio-Rad) in the Bio-Rad CFX96 qPCR System (Bio-
Rad). The qPCR amplification steps included polymerase
activation at 95 °C for 3 min, denaturation at 95 °C for
10 s, and annealing/extension at 60 °C for 30 s (the last
two steps repeated for 40 cycles). Melt curve analysis
was performed for each qPCR run according to the Bio-
Rad CFX96 protocol. Fold changes in gene expression
were determined using the comparative Ct method, with
GAPDH, BACT, and 18 S rRNA as normalization genes.
Primer sequences were provided by IDT (Tema Ricerca,
Bologna, Italy).

Co-culture model

HS27A (RRID: CVCL_3719) is a fibroblast cell line
derived from healthy BM that retains the capacity to dif-
ferentiate when subjected to specific stimuli. Here, 4 x 10*
cells/well were seeded in a 12-well plate and treated with
StemMacs AdipoDift medium (Miltenyi, Bologna, Italy)
for 10 days, replacing the medium with fresh medium
every 3 days. Once HS27A cells acquired the mature adi-
pocyte phenotype, they were co-cultured with CML cells
(ratio 1:1) in their medium mixed 1:1 with RPMI medium
for two days in low oxygen.
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Statistics

Data are expressed as the mean + SD or +SEM, as speci-
fied in each figure legend, of the data from at least three
independent experiments. All statistical analyses were
performed by using GraphPad Prism 10.4.1 (RRID:
SCR_002798). For multiple comparisons, we used two-
way ANOVA, to assess the effects of different experi-
mental conditions and in particular: when the reference
control was Glc (+) Gln (+) as in the left panel of Fig. 1,
we applied the Dunnet’s multiple comparison test, which
allows comparison of multiple conditions to a single con-
trol; when comparing all conditions against each other,
we used Sidak’s multiple comparison test, which is more
suitable for multiple comparisons while maintaining sta-
tistical power. For LD counting in Fig. 5B, an unpaired
two-tailed Student’s t-test was used to compare the two
experimental groups, assuming equal variance. Statisti-
cal significance was set at p<0.05. Significance levels are
reported above each histogram.

Results

Effects of glucose and/or glutamine on CML cell survival
and proliferation

We first assayed the effects of the absence of Glc or Gln
in the culture medium on CML cell proliferation as
shown in Fig. 1. The presence of both Glc and GIn (con-
dition Glc+/Gln+) fueled cell proliferation in “normoxic”
conditions and only transiently (until days 2-3) in low
oxygen conditions. Glc alone (no Gln; Glc+/Gln-) was,
on the contrary, incapable (Fig. 1A) or partially capable
(Fig. 1B) of supporting cell growth in “normoxia” but
fully sustained cell number increase in low oxygen con-
ditions (Fig. 1A, B). Gln alone (no Glc; Glc-/Gln+) was
unable to support cell growth under either “normoxia”
or low oxygen. In the latter case, the number of viable
cells decreased steadily from the beginning of incuba-
tion. Indeed, Glc and Gln control cell survival and cycle
progression through highly interconnected bioenergetic
pathways [25]. While Glc is commonly referred to as the
most ready-to-use energy source, especially for tumor
cells, Gln plays a major role in low-oxygen tissues, such
as the SCN, interfering with Glc catabolism and weaken-
ing cell adaptation to hypoxia [12]. In our experimental
model, Gln was able to maintain CML cells alive in the
absence of Glc only when oxygen supported the oxida-
tive phosphorylation pathway. On the other hand, Glc
is necessary and sufficient for cell survival and growth
under low-oxygen conditions. The latter finding led to
the exclusion of the withdrawal of both Glc and Gln (con-
dition Glc-/GlIn-) for further experiments in low oxygen,
a combination unable to ensure cell survival in culture.
On the other hand, the results obtained allowed a set of
four days of incubation in the presence of Glc as a time
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Fig. 1 Effects of glucose and/or glutamine on CML cell survival and proliferation. K562 (A) and KCL22 (B) cells were subjected to Glc and/or GIn depriva-
tion for 4 days under low oxygen (0.1% O,) or standard conditions (21.0% O,), whereas cells in complete medium (Glc+/GIn+) were used as controls.
Trypan blue-negative cells were counted at the indicated incubation times (left and middle panels), and the final results (day 4) are shown in the right
panels. Data are expressed as the mean+SD of the data from three independent experiments (n=3). The differences for which statistical significance is
indicated in the left and middle panels are with respect to Glc+/GIn+while on the right panels, the statistical significance was calculated for Normoxia

Vs Hypoxia samples

limit before the ignition of cell stress due to excessive Glc
consumption.

Glutamine enhances glycolytic capacity

Seahorse assays showed that Gln enhanced Glc con-
sumption, as Glc+/Gln + cultures yielded higher levels of
glycolytic capacity than Glc+/Gln- cultures (Fig. 2). The
higher glycolytic capacity of Glc+/Gln + cultures reflects
the higher proliferation level, as shown in Fig. 1, as gly-
colysis is probably the most important metabolic event
sustaining cell cycling and proliferation. Being glycolysis
and glutaminolysis interconnected events, we can state
that the GIn exhibits the potential to enhance glycoly-
sis. While the Seahorse method includes Glc in the assay
medium, we want to emphasize that the enhancing effect
of Gln is observed under physiological conditions only
when glucose is available. It should be noted that in low
oxygen, Glc+/GlIn- and Glc-/Gln + cultures showed a sig-
nificantly higher level of non-glycolytic acidification than
Glc+/Gln + cultures. Such acidification has been reported
[26] to be affected by the consumption of intracellularly
stocked metabolites, such as glycogen and FA, which
might be synthesized during the first days of oxygen
deprivation and consumed after all other nutrients avail-
able in the culture medium are exhausted.

The lack of oxygen affects cell metabolic demand

To better assess the contribution of Glc and Gln to the
oxidative phosphorylation and the CML metabolic
dependencies in normoxic and hypoxic conditions we
measured K562 and KCL22 OCR through the Seahorse
platform. Gln was found to be capable of inhibiting oxi-
dative phosphorylation, as both the basal and maximal
respiration rates were higher in Glc+/Gln- cultures than
in the other experimental conditions, in both “normoxia”
and low oxygen (Fig. 3A, B). Moreover, as demonstrated
in Fig. 3C by the Mito Fuel Dependency Test, cells incu-
bated in low oxygen conditions developed a higher
dependency on FA oxidation, which might be associated
with the previously observed non-glycolytic acidification.

Glutamine stimulates lipid storage in the absence of
glucose

To investigate the presence of observable signs of metab-
olite storage that might be responsible for the previ-
ously observed non-glycolytic acidification, we subjected
CML cells incubated in “normoxia” or low oxygen to
TEM imaging. As shown in Fig. 4, several LDs are clearly
observable in Glc-/Gln+cells as round opaque objects.
Although some LDs were detectable even under nor-
moxic conditions, incubation in low oxygen conditions
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resulted in the formation of a much higher number of
larger LDs. Thus, in the absence of Glc, Gln markedly
stimulates lipid storage, especially under low oxygen
conditions.

Glutamine induces FA accumulation

While TEM allowed us to observe LDs formation, this
is neither a specific nor a quantitative method for lipid
quantification. Therefore, to validate and measure LDs
formation induced in Glc-/Gln + cultures incubated in
“normoxia” or low oxygen, CML cells were stained with
BODIPY 493/503 and analyzed using flow cytometry and
confocal microscopy (Fig. 5A and B, respectively). In low
oxygen and in the absence of Glc, the presence of Gln
significantly increased neutral lipid accumulation in the
form of LDs (Fig. 5A, B). To better assess the contribu-
tion of Gln to FA accumulation, we performed a GC/MS
experiment using *C-labeled Gln. As shown in Fig. 5C,
the most common long-chain FA (palmitic, oleic, and
stearic acids) were not produced by de novo synthesis
from Gln synthesis. Therefore, Gln is responsible for neu-
tral lipids accumulation in the form of LDs inside the cells
but it is not an intermediate metabolite in FA production.

CD36-mediated FA uptake induces a block of de novo FA
synthesis

The above results show that intracellular lipid accumu-
lation is mediated by Gln, but the resulting FA is not
directly derived from Gln itself. Indeed, de novo synthesis

of FA is an energy-consuming mechanism that involves
a significant amount of Krebs cycle intermediates which
are less produced under oxygen deprivation. Therefore,
we explored the possibility of Gln-driven uptake in the
extracellular milieu. Among the several described FA
importers, CD36, alias FA Translocase (FAT), plays a
major role in the uptake of low-density lipoproteins and
long-chain FA, especially in CML cells [27]. To determine
whether CD36 is involved in the observed FA accumula-
tion, we evaluated its expression using flow cytometry. As
shown in Fig. 6A, CD36 expression levels were increased
in Glc-/Gln + cultures incubated in low oxygen only, com-
pared to all other experimental variants. Figure 6B links
such CD36-mediated FA accumulation to a block of the
de novo synthesis of FA via a negative feedback loop, as
suggested by the reduced expression of the main enzyme
involved in FA synthesis (FA-synthase). In these experi-
ments, BCR:ABL1 (p210) was found to be downregu-
lated in low oxygen conditions in the presence of Gln and
much less in its absence. Thus, under oxygen/Glc short-
age, Gln appears to enhance FA uptake and oxidation in
CML cells, where the BCR::ABL1 protein is suppressed.

FA interfere with BCR::ABL1 expression and the
maintenance of stem cell potential

To reconnect the above-described findings relative to FA
to the expression of the BCR::ABL1 protein, exogenous
BSA-palmitate was added to Glc+/GlIn- cultures. Where
FA accumulation was not observed and the maintenance
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of BCR::ABL1 expression was usually boosted, BSA-pal-
mitate inhibited this expression in both “normoxia” and
low oxygen (Fig. 7A). In contrast, when Glc-/Gln + cul-
tures, where FA accumulation was favored, were treated
with a specific CD36 inhibitor, sulfo-N-succinimidyl
oleate [28] (SSO), an analog long-chain FA that inhib-
its FA transport into cells, BCR::ABL1 expression was
enhanced (Fig. 7B). This enhancement corresponded to
the increased biological activity of BCR:ABL1, as deter-
mined by CrkL phosphorylation (Fig. 7C). Thus, intracel-
lular accumulation of exogenous FA inhibits BCR::ABL1
protein expression and signaling.

To assess whether the FA-dependent modulation of
BCR:ABL1 protein expression affects the maintenance of
stem/progenitor cell potential, Glc-/Gln + cultures were
incubated for 4 days in low oxygen in the absence or pres-
ence of SSO and then subjected to the CRA assay. As a
further control, etomoxir, an inhibitor of FA p-oxidation
that forces cells to maintain a high level of intracellular
lipids, was added to the normoxia-incubated, unselective,

growth-permissive cultures (LC2) of the CRA assay,
where the stem cell potential rescued from the selec-
tive experimental cultures (LC1) was exploited (Fig. 7D).
The inhibition of FA uptake accelerated LC2 repopula-
tion (see SSO-treated vs. control and day 5 vs. day 13).
In contrast, the inhibition of B-oxidation reduced the
cumulative (at the end of incubation) LC2 repopulation
(see Etomoxir-treated vs. control and day 13 vs. day 5).
Thus, the low lipid content of cells endowed with stem/
progenitor cell potential favors the maintenance of
BCR::ABL1-dependent stem cell potential, the actualiza-
tion of which relies on lipid consumption via f-oxidation.
This indicates that the availability and consumption of
lipids are detrimental to the maintenance of BCR::ABL1-
dependent stem cell potential.

CML cells stimulate BM adipocytes to secrete FA

Finally, to match the features of SCN, namely the inter-
action of HSC/LSC with stromal SCN cells, we co-cul-
tured CML cells with HS27A cells, the latter induced to
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adipocyte differentiation using a specific medium (see
Materials and Methods). Preliminary to the co-culture,
HS27A cells that were induced to differentiate into adi-
pocytes were subjected to three different metabolic
conditions. When Gln- HS27A adipocyte cultures were
incubated in low oxygen for 4 days, FABP4 and PPARy,
two main markers of BM adipocyte maturation [29], were
maximally upregulated (Fig. 8A). The lack of Gln also

induced HS27A adipocytes to the maximal secretion of
neutral lipids in the culture medium, as determined by
Nile Red staining (Fig. 8B). In contrast, when HS27A
adipocytes were co-cultured with CML cells, FABP4
and PPARYy expression in adipocytes was enhanced in all
cases, but the presence of GIn maximized this enhance-
ment independently of the absence or presence of Glc
(Fig. 8C). Thus, CML cells, which reach maximum FA
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Fig.5 Glutamine induces FA accumulation. K562 and KCL22 cells were incubated as indicated for 4 days, stained with BODIPY 493/503, and analyzed by
flow cytometry (A) and confocal analysis (B). For the latter, an algorithm to count green positive pixels was exploited on 60 z-stack slices to include the
entire cell volume. The graph in (B) shows the total number of identifiable LDs in the examined slides. (C) Cell content of palmitic, oleic, and stearic acids,
as determined by GC/MS using '*C.-labeled GIn and tracing 1 or 2 GIn-derived carbon atoms. Data are expressed as the mean + SD of the data from three

independent experiments (n=3)

uptake in the presence of Gln, induce adipocytes to
enhance the expression of FABP4 and PPARy (stimulat-
ing triacylglycerol synthesis and lipogenesis and enhanc-
ing the influx of extracellular FA [15]), within a scenario
of metabolic symbiosis.

Discussion

CML is a monogenic disease in which BCR::ABL1 plays
a major role in all pathological aspects and its modula-
tion is closely dependent on the availability of microen-
vironmental nutrients. The absence of one of the major
sources of energy and biomaterial production, Glc and
Gln, significantly affects not only cell viability and prolif-
eration but also the expression levels of the BCR::ABL1
oncoprotein. In our study, we demonstrated that Glc
alone (without Gln), while partially supporting cell
growth under “normoxia,” is crucial for cell growth under
low-oxygen conditions, whereas Gln alone (without Glc)
is incapable of supporting cell growth under either condi-
tion. In combination with Glc, Gln enhances cell growth
under normoxia, but it is irrelevant under low-oxygen
conditions. The fact that Glc is indispensable in low oxy-
gen conditions is consistent with cell adaptation to envi-
ronmental conditions, where the TCA cycle is strongly
inhibited due to the scarce availability of oxygen, which
is an electron donor-acceptor; therefore, cells rely on Glc
availability and glycolysis as the main pathway of ener-
getic metabolism [30].

In keeping with the observed enhancement of cell
growth in normoxia, Gln was shown to downregu-
late the respiratory activity to enhance glycolysis, likely
due to the regulatory effect of Gln on mTORCI, which
is reportedly one of the main orchestrators of glycoly-
sis, mitochondrial biosynthesis, and cell proliferation
[31]. In low oxygen Gln, despite the lack of an effect on
cell growth, it was far from irrelevant. Gln enhances FA
metabolism, being responsible for the so-called “non-
glycolytic acidification’, which is commonly generated by
[-oxidation and glycogenolysis and is markedly upregu-
lated under Glc and oxygen shortage [26, 32]. Thus, we
investigated the metabolic rewiring imposed by the pres-
ence of Gln in low oxygen conditions and identified a sig-
nificant accumulation of FA in the form of LDs occurring
in the absence of Glc. Indeed, FA are commonly rapidly
activated by coenzyme A (CoA) to form fatty acyl-CoA,
which then combines with glycerol to generate TAG. In
this stable form, FA are stored in LDs, which are one of

the main storage sites mobilized by cells for ATP produc-
tion and biomaterial accumulation [33].

In keeping with FA accumulation, we also found that
Gln is capable of inducing the CD36-mediated uptake
of extracellular FA, which, on the one hand, drives the
downregulation of BCR::ABL1 oncoprotein; on the other
hand, it represents a reserve of energy to trigger clonal
expansion once the oxygen concentration is increased
and growth-permissive conditions are established. In this
way, Gln renders CML cells, thanks to BCR:ABL1 sup-
pression, capable of surviving under oxygen/Glc short-
age, i.e. to be hosted in the “core” of our SCN model
where stem cell potential is maintained and clonal expan-
sion is restrained. However, these cells are energetically
ready to rapidly proliferate once they move to the outer
zone of the SCN, where BCR::ABL1 re-expression is
allowed. This is consistent with the results obtained by
Bensaad et al., who showed that FA accumulation in the
form of LDs occurs under oxygen shortage via HIF-1a in
a time- and oxygen concentration-dependent manner,
and contributes to cell survival and growth during the
reoxygenation phase [17]. The accumulation of external
FA triggers the downregulation of de novo FA synthe-
sis, decreasing FASN, probably triggering B-oxidation
instead. This is coherent also with the data obtained by
Fuhrmann et al, who demonstrated that, when oxy-
gen shortage becomes chronic, the cells behave in a
“normoxic” way, by actively oxidizing FA and Gln via
the overexpression of electron-transferring flavopro-
teins [34]. On this basis, we blocked CD36 via the spe-
cific inhibitor SSO, which has been reported to hamper
the proliferation of cancer cells [35, 36], demonstrating
that FA is fundamental for BCR::ABL1 downregulation
under both low oxygen and normoxia. CrkL was specifi-
cally chosen as a readout for BCR::ABL1 activity because
it is one of its key downstream signaling effectors and a
well-established surrogate marker of BCR::ABL1 kinase
activity in CML. Given our findings that FA metabolism
influences BCR::ABL1 expression, we further validate the
link between lipid metabolism and BCR::ABL1 signaling
and its potential impact on LSC maintenance [37].

To our knowledge, direct studies focused on CML on
the specific pathways with the particular conditions
treated in the present manuscript are limited. How-
ever, being hypoxia a conditions which fuel TKi resis-
tance, by suppressing the expression of the oncoprotein
BCR:ABL1 and allowing CML cells to enter a quies-
cent status, we observed a strong parallelism with two
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dent experiments, obtained using ImageJ software, are reported in Supplementary Fig. 1A. Data reported in (A) are expressed as the mean+SD of the

data from three independent experiments (n=3)

specific studies: in accordance with our model, Mostazo
et al. demonstrated that Gln, by contributing to proline
synthesis, is fundamental in the process of gaining che-
moresistance to TKi, in both hypoxic and normoxic con-
ditions [38]. In this context, it is now widely reported that
imatinib exposure leads to alterations in fatty acid syn-
thesis in BCR::ABL1-positive cell lines [39-41]. More-
over, Salaverry et al. by studying K562 cells exposed to
oxygen concentration lower than 1% demonstrated that
mitochondria are not a significant source of ATP, and
HIF is capable of triggering their elimination through a
mitophagic response. In accordance with our study, they
observed that the few mitochondria remained rerouted
their operational way, increasing citrate efflux, showing
a truncated form of the Krebs cycle, and increasing fatty
acid synthesis and cholesterol homeostasis-associated
gene expression [42].

To deepen the relationship between CML cells and the
BM microenvironment, we considered adipocytes, which
represent the main reservoir of FA storage, by making

them serve as a feeder layer [43]. Indeed, in in vitro con-
ditions, free FA are commonly provided by FBS or by
external sources like BSA-Palmitate. However, under
physiological conditions, FA for CML cells within the BM
niche are primarily supplied by the large pool of adipo-
cytes that colonize the BM [44]. By co-culturing CML
cells with mature adipocytes, we found that when Gln is
available in low oxygen, CML cells induce upregulation
of FABP4 and PPARY, markers of BM adipocyte matura-
tion [29], and stimulation of TAG synthesis, lipogenesis,
and extracellular FA influx [15]. This is an important phe-
nomenon, consistent with previous studies reporting that
adipocytes, through FA release, induce maintenance of
the LSC compartment [45]. Ye et al. also demonstrated
that an LSC subset of AML and CML is preferentially
located in extramedullary adipose niches and over-
expresses CD36 [46], validating the close relationship
between the maintenance of stem status and the secre-
tory action of BM adipose tissue.
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Fig. 7 FA interfere with BCR:ABL1 expression and the maintenance of stem cell potential. K562 and KCL22 cells were incubated as indicated for 4 days
and treated from time zero of incubation with BSA-Palmitate (ratio 1:8-100 uM) in the presence of Glc only (A) or with SSO (150 uM) in the presence of
Gln only (B, C). Total cell lysates were subjected to immunoblotting to determine the expression levels of BCR:ABL1 and phospho-Crkl, as well as vinculin,
to confirm the loading of equal amounts of protein. The average densitometric values of bands from three independent experiments, obtained using
Image] software, are reported in Supplementary Figs. 1B, C, and D, respectively. In (D), cells incubated for 4 days in low oxygen (LC1) in the absence or
presence of SSO from time 0 of LC1 incubation were replated into growth-permissive cultures established in complete growth medium and incubated in
normoxia (LC2) in the absence or presence of etomoxir from time 0 of LC2 incubation. Trypan blue-negative cells were counted after 5 (left panels) or 13
(right panels) days of incubation in LC2 medium. Data are expressed as the mean + SEM of data from four independent experiments (n=3)

Although very few studies reporting the role of lipid
metabolism in CML have been published to date, Gon-
zalez et al. described that the impairment of glycerophos-
pholipid metabolism due to the loss of GO/G1 switch gene
2 (G0S2) promotes CML progression and drug resistance
[47], while Naka et al. showed that the lysophospholi-
pase D enzyme Glycerophosphodiester Phosphodiester-
ase Domain Containing 3 (Gdpd3), a key enzyme in the
hydrolysis of the polar base of lysophospholipids, such as
choline, ethanolamine, inositol, and serine, is critical for
the long-term maintenance of CML stem cells by activat-
ing stemness factors such as Foxo3a and [-catenin [48].
It’s important to note that the clinical application of tar-
geting lipids and FA pathways in CML still remains under
investigation. Ricciardi et al. reported, in a brief report,
the antileukemic activity of the novel CPT1a inhibitor
ST1326 on several leukemia cell lines and primary cells,
demonstrating that it was capable of determining cell
growth arrest, mitochondrial damage, and apoptosis
induction, in particular on acute myeloid leukemia cells.
Even suggesting that leukemia cells might be affected by
targeting the FA oxidation pathway they conducted their
work only on acute myeloid leukemia (AML), acute lym-
phoblastic leukemia (B-ALL), and chronic lymphoblastic
leukemia (CLL) and not on CML [49]. More recently, it
was reported that the combined use of venetoclax and
dasatinib in blast-phase CML is capable of upregulating
the expression of the lysosomal acid lipase A (LIPA), a

key regulator of free fatty acids. Minhajuddin et al. con-
firmed indeed an increased level of free FA in response
to treatment with venetoclax/dasatinib and by pretreat-
ing leukemia cells with bafilomycin, a specific lysosome
inhibitor, or by silencing the LIPA gene, they also dem-
onstrated an increased sensitivity of leukemia cells to
venetoclax/dasatinib, providing a rationale for free FA
regulation as an adjunctive therapeutic strategy to pro-
long disease remission [50]. Another research group
explored a preclinical approach on the theme: Shino-
hara et al. reported that a FA derivative, AIC-47, induced
transcriptional repression of the BCR:ALB1 gene and
modulated the expression profile of the Pyruvate Kinase
M1/2, ultimately leading to autophagic cell death. AIC-
47 altered the PPARY/[-catenin pathway, down-regulated
c-Myc, disrupted the BCR:ALB1/mTOR/hnRNP sig-
naling axis, and induced a switch from PKM2 to PKM1
expression, causing autophagic cell death via increased
ROS level [51]. Their evidence of a FA derivative which
has the potential to decrease BCR::ABL1 is in line with
what we demonstrated by using Palmitate, as the most
simple FA available, and by treating cells with SSO: the
more abundant is the storage of FA inside the cell, the
less is BCR::ABL1 expression. To date, to our knowledge,
the only one clinical trial involving FA pathway modu-
lation in CML patients was conducted by the Milton S.
Hershey Medical Center by daily administering Eicosa-
pentaenoic Acid (EPA) in combination with a TKi. This
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Fig. 8 CML cells stimulate BM adipocytes to secrete FA. Total RNA isolated using Tri Reagent from HS27A cells previously differentiated into adipocytes,
alone (A) or co-cultured with CML cells (C), was subjected to RT, and gPCR was performed for FAPB4 and PPARy normalized by comparison with three dif-
ferent housekeeping genes (GAPDH, 18 S, and ACTB). (B) Conditioned media from differentiated HS27A cells were collected and the neutral lipid content
was evaluated by Nile Red staining. All experiments were performed with cells incubated in low oxygen for four days. Data are expressed as the mean +SD

of data from at least three independent experiments (n=3)

study included both a Phase 1, determining the safety of
the EPA in chronic stable phase patients, and a Phase 2
component, testing the maximum tolerated dose (MTD),
planning also to examine the anti-CML effects of EPA
when administered with a TKi [NCT04006847]. Unfortu-
nately, the trial was terminated after enrolling only one
participant, limiting the conclusions that could be drawn
from it.

Conclusions

Taken together, our findings strengthen the hypothesis
of a central role of FA in the maintenance of the LSC
compartment in CML, demonstrating, for the first time,
the relationship between FA and BCR:ABL1 oncopro-
tein expression and the pivotal role of Gln in the regula-
tion of FA uptake as a metabolic mechanism capable of
maintaining CML in the restrictive conditions of SCN,
yet preparing the cells for clonal expansion once these
restrictions are released. We are aware of the limitation
of our study about the lack of patient-derived samples;
the isolation of CML cells from BM, where they persist
within the SCN into severe hypoxic conditions, repre-
sents a significant logistic and technical challenge, in
particular maintaining continuously the lack of oxygen,

avoiding in that way bias due to the reoxygenation gen-
erated ROS. Moreover, the collection of such samples
requires invasive procedures and limited ethical approv-
als thus, the availability of freshly isolated CML cells is
often limited. Additionally, primary CML cells, in par-
ticular the ones residing in the hypoxic BM niche, exhibit
heterogeneity and variable responses, necessitating opti-
mized and standardized protocols. However, our study
for the first time highlights the role of Gln in facilitat-
ing lipid uptake and oxidation, suggesting that meta-
bolic interventions could be used to disrupt leukemia
cell adaptation. In particular, inhibiting FA uptake via
CD36 blockade (e.g., with SSO) or targeting -oxidation
(e.g., with Etomoxir) may prevent the metabolic rewir-
ing that supports LSC maintenance or clonal expansion,
respectively. Furthermore, disrupting the metabolic sym-
biosis between CML cells and BM adipocytes could limit
the tumor-supportive microenvironment, potentially
enhancing treatment efficacy. These insights provide a
rationale for combining metabolic inhibitors with exist-
ing CML therapies, particularly in patients with resis-
tance to TKi or in targeting the pool of LSC to prevent
relapse.
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