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Simple Summary: Chemoresistance after chemotherapy is a negative prognostic indicator for B-cell
acute lymphoblastic leukemia (ALL), necessitating the search for novel therapies. By growing ALL
cells together with bone marrow stromal cells, we developed a chemoresistant ALL model. Using
this model, we found that the lipid lowering drug pitavastatin had antileukemic activity in this
chemoresistant co-culture model. Our data suggests that pitavastatin may be a novel treatment
option for repurposing in chemoresistant, relapse ALL.

Abstract: The lack of complete therapeutic success in the treatment of B-cell acute lymphoblastic
leukemia (ALL) has been attributed, in part, to a subset of cells within the bone marrow microenvi-
ronment that are drug resistant. Recently, the cholesterol synthesis inhibitor, pitavastatin (PIT), was
shown to be active in acute myeloid leukemia, prompting us to evaluate it in our in vitro co-culture
model, which supports a chemo-resistant ALL population. We used phospho-protein profiling to
evaluate the use of lipid metabolic active compounds in these chemo-resistant cells, due to the
up-regulation of multiple active survival signals. In a co-culture with stromal cells, a shift towards
anabolic processes occurred, which was further confirmed by assays showing increased lipid content.
The treatment of REH leukemia cells with pitavastatin in the co-culture model resulted in significantly
higher leukemic cell death than exposure to the standard-of-care chemotherapeutic agent, cytarabine
(Ara-C). Our data demonstrates the use of pitavastatin as a possible alternative treatment strategy to
improve patient outcomes in chemo-resistant, relapsed ALL.

Keywords: lipid metabolism; drug resistance; metabolism; ALL

1. Introduction

The detection of minimal residual disease (MRD) after chemotherapy is a negative
prognostic indicator in B-cell acute lymphoblastic leukemia (ALL) patients [1]. The pres-
ence of MRD is correlated with increased relapsed rates, and monitoring MRD throughout
therapy is a standard practice in ALL patients [2]. The site of relapse is also very im-
portant for assessing prognosis, with MRD in the bone marrow resulting in an abysmal
15% survival rate compared to extramedullary MRD, where the survival rate approaches
80% [3]. The gene expression profiling of bone marrow samples from patients at diagnosis,
and later at relapse, revealed an enrichment of genes in the relapsed patients that were
involved in cell death, cell survival, and cell-to-cell signaling [4]. Additionally, bone mar-
row microenvironment-mediated drug resistance has been shown to be a major factor that
contributes to chemo-resistance and MRD in ALL [5,6].
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The intensification of the chemotherapy regimen to overcome bone marrow relapse
has been relatively unsuccessful in improving therapeutic outcomes [7]. Novel therapies are
being developed, with monoclonal antibodies like CD19/CD3-BiTE blinatumomab being
approved by the FDA for relapsed/refractory ALL [8]. Similarly, inotuzumab ozogamicin,
a CD22-drug conjugated antibody therapy, has resulted in positive outcomes in clinical
trials involving patients with relapsed ALL [9]. Furthermore, chimeric antigen receptor
T cell therapy for B-ALL has shown a high degree of efficacy in clinical trials [10]. Unfor-
tunately, poor outcomes for relapsed patients with MRD persist, leading to a search for
better therapies that aim at targeting the pathways linked to the bone marrow-mediated
drug resistance.

Lipid metabolism has gained recent attention as a novel method to target cancers [11],
including leukemias [12–14]. The resistance to venetoclax with azacytidine was found, in
part, to be due to the up-regulation of fatty acid oxidation (FAO) [15] and inhibition of FAO
re-sensitized resistant leukemia stem cells [16]. In working towards the goal of delineating
the biological pathways of bone marrow-mediated drug resistance in B-cell ALL [17], our
lab has previously described and validated a co-culture model that mimics the in vivo
leukemic bone marrow microenvironment [18]. Using this model, we have shown that the
bone marrow niche regulates not only the survival of leukemic cells, but also supports a
stem cell-like leukemic population that is drug resistant [19,20]. We developed a procedure
for extracting drug-resistant leukemic cells from this model, which we refer to as phase dim
(PD) cells; these migrate beneath the adherent bone marrow stromal (BMSC) or osteoblast
(HOB) cells of the co-culture [21]. The characterization of the PD cells demonstrated that
they are dormant (G0 cell cycle), have altered metabolism, and have a multi-drug resistant
phenotype, all of which are hallmarks of MRD [22]. Interestingly, the quiescence observed
in PD cells within the context of the bone marrow niche was lost when the cells were
released from the niche. They proliferated robustly, mimicking disease relapse [22]. An
understanding of the molecular pathways involved in chemo-resistance will allow for
the identification of targets for therapies aimed at this clinically challenging subset of
tumor cells.

Recently, a clinical trial was established to target lipid metabolism in acute myeloid
leukemias (AML) using the HMG-CoA-reductase inhibitor, pitavastatin. Pitavastatin is
a lipid-lowering drug that is currently in a clinical trial with venetoclax as a therapeutic
option for the treatment of AML and chronic lymphocytic leukemia (NCT04512105). Statins,
including pitavastatin, have been explored in several cancers. Pitavastatin holds much
promise as a therapeutic due to its longer half-life in comparison to atorvastatin or simvas-
tatin, and studies have reported it to be synergistic when combined with standard-of-care
agents [23–28]. In light of these reports, the present study was undertaken to evaluate the
pharmacology of pitavastatin, and other metabolic inhibitors, on a drug-resistant leukemic
cell population in an in vitro co-culture model, mimicking the protection afforded by the
bone marrow niche microenvironment [17]. Targeting the drug-resistant PD population
through the inhibition of these metabolic survival signals will shed light on alternative
treatment modalities to be used in combination therapy with current standard-of-care
agents to improve patient outcomes.

2. Materials and Methods
2.1. Cell Culture and Materials

REH human ALL cells (ATCC #CRL-8286) were purchased and maintained in RPMI
1640 supplemented with 10% FBS and 1x streptomycin/penicillin antibiotics. TOM-1
(DSMZ ACC#578) and SUP-B15 ALL cells (ATCC #CRL-1929) were purchased and main-
tained in RPMI 1640 supplemented with 10% FBS, 0.05 mM β-mercaptoethanol, and
1x streptomycin/penicillin antibiotics. Nalm27 cells were obtained from the Fujisaki
Cancer Center and maintained in RPMI 1640 supplemented with 10% FBS, 0.05 mM β-
mercaptoethanol, and 1x streptomycin/penicillin antibiotics. Human osteoblasts (HOB)
were purchased from PromoCell (Cat No: C-12720, Heidelberg, Germany) and cultured
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according to the vendor’s recommendations. De-identified primary bone marrow stromal
cells (BMSC) and AML cells were provided by the WVU Cancer Institute Biospecimen
Processing Core and the WVU Department of Pathology Tissue Bank. ALL cell lines were
authenticated by short tandem repeat (STR) analysis (University of Arizona Genetics Core,
Tucson, AZ, USA) and maintained in 6% CO2 in normoxia at 37 ◦C.

2.2. Co-Culture and Isolation of Leukemic Cell Populations

Co-culture conditions were followed as previously described [21]. Briefly, 1 × 106

ALL cells were seeded on an 85% confluent BMSC or HOB layer and maintained in 5%
O2. The co-culture was fed every 4 days, and treatments were added based on individual
experiments (detailed below). On the 12th day in culture, the ALL cells were isolated for
further processing. The leukemic cell population that was in suspension and not interacting
with the stromal cells was collected and designated as suspended cells (S). The leukemic
cells that were buried under the BMSC were separated by size exclusion with Sephadex
G-10 after vigorous washing to remove all leukemic cells adhered to the top of the BMSC
or HOB [21]. Buried leukemic cells were designated phase dim cells (PD) and have been
previously described to be the most chemo-resistant population [19,20,29,30]. As such, they
are not assumed to be identical, but rather are used as a model for refractory tumor cells
that are known to be clinically problematic in the treatment of ALL. The S and PD cells
from the co-culture were compared to ALL cells grown in media alone (M).

2.3. Kinase Array Profiling

REH cells were either left untreated or were treated with 0.5 µM MK-2206 (Selleckchem,
Houston, TX, USA) for 2 days. Following isolation, the cells were lysed, and protein was
isolated, quantitated, and subjected to the Proteome Profiler Human Phospho-Kinase
Array Kit according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA). The density of the signals was analyzed using Amersham Imager 600 software. The
pixel densities were then used to measure the fold-change in phosphorylation levels of
the protein.

2.4. Lipid Synthesis Inhibition

REH cells were treated for 2 days with an ATP citrate lyase inhibitor, BMS-303141
(10 µM) (Tocris, Minneapolis, MN, USA), an HMG-CoA reductase inhibitor, pitavastatin
(1 µM) (Tocris, Minneapolis, MN, USA), a chemotherapy agent, cytarabine (Ara-C, 0.1 µM)
(Sigma Aldrich, St. Louis, MO, USA) or the combinations, as indicated. Following treatment,
the media cells (M), suspended cells (S), and phase dim cells (PD) were recovered, and the
viability and total cell count were analyzed using the trypan blue exclusion method.

2.5. AKT Inhibition

REH cells were treated with cytarabine (Ara-C, 1 µM) (Sigma Aldrich, St. Louis, MO,
USA) or MK-2206 (0.5 µM), or a combination of both for 2 days. Following treatment,
the suspended cells (S) and the phase dim (PD) cells were recovered, and viability was
analyzed using the trypan blue dye exclusion method.

2.6. Real-Time PCR Analysis

REH or TOM-1 cells were isolated and processed for RNA; real-time RT-PCR was
performed using GLUT-1, 3 and 4 primers (Integrated DNA Technologies): GLUT-1,
5′-GATTGGCTCCTTCTCTGTGG-3′ and 5′-TCAAAGGACTTGCCCAGTTT; GLUT-3, 5′-
CAGGCACACGGGCAGATAG-3′ and 5′-GCAGGCTCGATGCTGTTCAT-3′; GLUT-4, 5′-
CTGCCAGAAAGAGTCTGAAGC-3′ and 5′-CCTTCAGCTCAGCCAGCACT-3′. β-actin
primers (RealTimePrimers.com, accessed on 5 May 2022) were used to normalize the data:
ACTB, 5′-CTGGAACGGTGAAGGTGACA-3′ and 5′-AAGGGACTTCCTGTAACAATGCA-3′.

RealTimePrimers.com
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2.7. Glycogen Assay

REH cells (2 × 106) from each cell population were used to measure the glycogen
content using a glycogen colorimetric assay kit according to the manufacturer’s instructions
(Biovision, Milpitas, CA, USA).

2.8. Cell Proliferation Assay

Cells were plated in 96-well flat bottom clear plates at a density of 50,000 cells per
well. Cells were treated with BMS-303141 or pitavastatin at indicated concentrations, and
the cell proliferation was tested after 3 days of incubation with the compounds; and 48 h
for the primary AML patient samples. A cell counting kit was utilized according to the
manufacturer’s instructions (Dojindo Molecular Technologies Inc., Rockville, MD, USA,
Cat # CK04). Briefly, 10 µL of the assay reagent was added to each well and incubated for
2 h at 37 ◦C, after which the plates were read on a BioTek Cynergy 5 plate reader at 450 nm
absorbance. Untreated cells were used as controls.

2.9. Western Blot Analysis

The isolated cells were lysed using RIPA buffer, and the resultant protein concentra-
tions were determined using the bicinchoninic acid (BCA) protein assay kit (Pierce-Thermo
Fisher Scientific, Waltham, MA, USA). Equal quantities of proteins were resolved on SDS-
PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked in
TBS with 5% nonfat dry milk and 0.1% Tween 20 and probed with the indicated primary
antibodies. AMPK and phospho-AMPK antibodies, lipin-1, ATP citrate lyase (ATP-CL)
and phospho-ATP-CL, and acetyl-CoA carboxylase (ACC) and phospho-ACC were all
purchased from Cell Signaling Technology (Danvers, MA, USA). After incubation with
horseradish peroxidase-conjugated secondary antibodies, signal was visualized using
Amersham ECL Prime Western blot detection reagent (GE Life Technologies, Boston, MA).
Finally, densitometry and normalization were completed. Western blots are representative
of at least three independent experiments.

2.10. Flow Cytometry Analysis

The isolated ALL cell populations were treated with either pan-GLUT inhibitor (5 µm)
(GLUTi II, Calbiochem Cat# 400035) or DMSO for 4 h and then incubated in media contain-
ing 50 µM 2-NBDG (Life Technologies, Carlsbad, CA, USA), a fluorescent glucose analog.
After 30 min incubation, the cells were subjected to flow cytometry (BD LSRFortessa) to
measure glucose content in cells.

2.11. Nile Red Staining

Following isolation, 4 × 106 cells were re-suspended in PBS containing 2 µM of Nile
Red (Invitrogen, Carlsbad, CA, USA) for 10 min. The cells were rinsed with PBS, re-
suspended in PBS, and cytospun onto slides. Nile Red staining was visualized using a
Zeiss LSM 510 confocal microscope, exciting with the 488 nm laser and collecting with a LP
615 emission filter.

2.12. Statistical Analysis

All experiments were carried out independently and repeated at least three times,
unless otherwise noted. Student’s t-test (un-paired) was utilized to compare between two
groups. For comparison between treatment groups of three or more, we first performed one-
way ANOVA followed by a post-hoc Tukey’s test. The data are represented as mean± SEM
and statistical difference was noted as significant if p < 0.05.
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3. Results
3.1. Drug-Resistant Phase Dim (PD) Cells Have Activated Survival Signals That Are Not
Abrogated by Targeted Therapy

Previously, we reported that a co-culture of leukemia cells with BMSC or HOB sup-
ports a population of Ara-C resistant cells [19,20]. In an effort to characterize specific
contributors to this chemo-resistant phenotype, potential therapeutic targets in survival
signaling pathways were identified by kinase array profiling. Initial studies were done with
REH leukemic cells co-cultured with bone marrow stromal cells (BMSCs), and the phase
dim (PD) and suspension (S) leukemic cells were isolated. PD cells had increased phospho-
rylation of several survival signaling proteins, including AKT (Figure 1A). To determine
whether targeted AKT inhibition would abrogate the survival signaling pathways and
allow the PD cells to become sensitive to chemotherapy, co-cultures were treated with a pan-
AKT inhibitor (MK-2206). We observed that in response to MK-2206, AKT phosphorylation
decreased, whereas the phosphorylation of other proteins, such as CHEK2, a regulator of
cell division, and HSP27, which can inhibit apoptosis, increased (Figure 1B). Additionally,
when the co-cultures were treated with MK-2206 (500 nM) in combination with Ara-C,
a chemotherapy standard-of-care agent used in the treatment of leukemia, there was no
significant decrease in cell viability, and, in fact, the AKT inhibitor reversed the sensitivity
of the PD cells to Ara-C (Figure S1). This suggests that inhibition of AKT signaling may
lead to the activation of other compensatory survival signaling pathways and serves as one
explanation for the ineffectiveness of targeted single inhibition (Figure S1).

3.2. Phase Dim (PD) Cells Have Characteristics of Anabolic Metabolism

Within the co-culture, the PD cells are buried underneath the adherent cell layer,
having decreased access to nutrients in comparison to the cells in suspension. Due to
the decreased nutrients and increased energy demands caused by rapid proliferation, it
is common for tumor cells to undergo the “Warburg effect,” utilizing glycolysis as their
primary energy source even in the presence of oxygen. We posited that the PD cells in the
niche environment would have increased expression of proteins associated with nutrient
uptake related to the AMPK signaling pathway, as well as the storage of lipids, based on
recent findings with other leukemia agents [13].

Previous reports have suggested that altered metabolism in cancer, especially changes in
glucose and lipid metabolism, can induce altered drug sensitivity and resistance patterns [14,31,32].
Therefore, we first evaluated our REH cells for the expression of glucose transporters and found
that REH cells in a co-culture (S and PD) have a significantly increased expression of GLUT 1,
3, and 4 compared to REH cells grown in media alone (Figure 2A). We then inhibited glucose
transport in the REH cells under the same culture conditions using the GLUTi-II inhibitor and
measured the uptake of glucose with 2-NBDG, a fluorescent glucose analog. Unique to the PD
cells was the significantly reduced glucose uptake following the inhibition of glucose transporters
(Figure 2B), suggesting that these PD cells have an increased glucose utilization need. We replicated
these experiments using the SUP-B15 and TOM-1 cell lines and determined that, consistent with
REH cells, there was an increased expression of glucose transporters in cells grown in co-culture
(Figure S2A), and the PD cell population had significantly less 2-NBDG uptake when glucose
transporters were inhibited (Figure S2B). Furthermore, using the pan-GLUTi II inhibitor (2.5 and
5 µM), we found a significant decrease in the number of viable cells in both suspension (S) and
PD cells in co-culture (Figure S3), as would be expected from cells which survive in a bone niche
environment. We also measured the glycogen storage in REH cells grown in media alone or
co-culture with either HOB (Figure 2C) or BMSC (Figure S2C), and we determined that REH cells
in co-culture had increased glycogen storage, with PD cells having significantly higher glycogen
storage than cells in suspension. Finally, we evaluated AMPK expression and activation in REH
and SUP-B15 cells, as AMPK is a master regulator of cell metabolism. Both REH (Figure 2D) and
SUP-B15 PD cells (Figure S2D) had decreased phosphorylation of AMPK, consistent with our
observations of increased glycogen storage and an anabolic phenotype.
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Figure 1. Activation of survival signaling pathways in drug-resistant phase dim (PD) cells. (A) REH
cells were co-cultured with BMSC, the S and PD ALL cells were isolated, and the phosphorylation
of protein kinases was compared with the PD expression level compared to the S sub-population.
(B) REH cells were co-cultured with BMSC and left untreated (control) or treated with MK-2206. The
PD REH tumor cells cultures were isolated from the control and MK-2206 cultures, and the relative
level of protein kinase phosphorylation was determined.
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Figure 2. Drug-resistant phase dim (PD) cells are characterized by anabolic metabolism. REH cells
were co-cultured with HOB, and the tumor cells in suspension (S) and the phase dim (PD) cells were
isolated and compared to REH cells grown in media alone (M). (A) RT-PCR was used to determine the
expression levels of GLUT-1, 3, and 4. Data is represented as mean± SEM and is a representative of an
experiment performed in triplicate at least two independent times. (B) The different cell populations
were treated with a pan GLUT inhibitor (GLUTi II) or vehicle control followed by incubation with
2-NBDG. Flow cytometry was used to measure glucose content in cells shown as mean fluorescent
intensity (MFI). (C) A glycogen colorimetric assay was used to measure the glycogen content in
the isolated tumor cell populations. (D) Western blot analysis was used to measure the amount of
AMPK and phospho-AMPK. The blots are representative of three independent experiments. * p < 0.05
when compared to cells grown in media alone. ** p < 0.05 when compared to suspension cells
isolated from co-culture or tumor cells grown in media alone. The uncropped blots are shown in
Supplementary Materials.

3.3. Drug-resistant PD Cells Have Increased Lipid Content

To further characterize an anabolic phenotype in the tumor cells in the bone microen-
vironment, we co-cultured REH or TOM-1 cells with HOBs, as a representative cell type to
mimic the bone marrow microenvironment, and subsequently stained the isolated leukemic
cells with Nile Red to evaluate lipid content. The PD cells had a higher lipid content, sug-
gesting increased lipid synthesis and/ or storage (Figure 3 and Figure S4). To further
interrogate the mechanism behind the increased lipid content, the proteins associated with
lipid regulation (ATP-citrate lyase (ATP-CL), acetyl-CoA carboxylase (ACC), and lipin-1),
were evaluated by Western blot analysis to determine the expression levels of these proteins
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in our tumor cells. These experiments were completed in three ALL cell lines (Nalm-27;
Ph+), REH, and TOM-1; Ph+) and cells were grown in either media alone or in co-culture
with HOB or BMSC. Consistent with our Nile Red staining, the PD cells had increased
levels of phosphorylated ATP-CL, with minimal changes in ACC or lipin-1, compared to
cells grown in media alone (Figure S5).

Figure 3. Drug-resistant phase dim (PD) cells have increased lipid content. REH cells were co-
cultured with (HOB), and the cells in suspension (S) and the phase dim (PD) cells were isolated and
compared to REH cells grown in media alone (M). Nile Red staining was completed to visualize lipid
content. Scale bar = 20 µm. Red (Nile Red); Blue (DAPI nuclear stain).

3.4. Tumor Cell Viability Decreases When ALL Cells Are Treated with Inhibitors of Lipid Synthesis

Based on the data showing increased lipid synthesis in the PD cells, it is plausible
to propose that the tumor cells in the co-culture model, which mimics the bone niche
microenvironment, may utilize lipids as an alternative energy source, and that lipid syn-
thesis/metabolism may contribute, in part, to tumor cell chemotherapy resistance. To
determine whether the lipid metabolism could be a potential therapeutic target [32,33],
we first exposed REH and TOM-1 cells, cultured in media alone, to a range of concen-
trations of pitavastatin or BMS-303141, which inhibit cholesterol synthesis and ATP-CL,
respectively, and are used as an alternative control of lipid metabolism. We observed a
concentration-dependent decrease in cell proliferation, with pitavastatin having an IC50
of 1.12 µM (REH) (Figure 4). We then expanded our investigation of the inhibitors to our
co-culture model and determined that the PD cells, although not sensitive to BMS-303141
alone, were sensitive to the combination of BMS-303141 and pitavastatin, (Figure 5A,B).
The synergistic or additive effect of pitavastatin with BMS-303141 suggests that the di-
vergent pathways are compensating when treated with individual compounds, but the
combination is able to attenuate this compensation, supporting a premise that cells in
the bone microenvironment survive by multiple independent, compensatory metabolic
pathways. These data further suggest that the ability of the tumor cells to synthesize lipids
and have an additional “energy reserve” may be critical to their survival and subsequent
resistance to chemotherapeutic agents when residing and surviving in the bone marrow
niche environment.
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Figure 4. Inhibition of lipid synthesis decreases ALL cell proliferation. REH cell lines were treated
with the indicated concentrations of pitavastatin, and the cell proliferation was measured as described
in the methods. The data are represented as mean ± SD of a study performed in triplicate at least
three independent times.

Figure 5. Pitavastatin decreases ALL cell viability in co-culture. REH cells were grown in a co-culture
with HOB and were treated with Ara-C (0.1 µM), BMS-303141 (BMS; 10 µM), pitavastatin (PIT; 1 µM)
or a combination of BMS-141303 and pitavastatin (BMS + PIT). The cells in suspension (S) and the
phase dim (PD) cells were isolated and compared to REH cells grown in media alone (M). The
total cells and the live cell population (A) were used to calculate the % viability (B). The data is
presented as mean ± SEM and is representative of a study performed in triplicate and conducted
three independent times. * p < 0.05 when compared to vehicle/media treated.

4. Discussion

A dysregulated lipid metabolism is implicated in contributing to resistance in several
cancers, with similar effects seen in leukemias [16]. Clinically, retrospective studies have
demonstrated that MRD leads to relapse in ALL patients, and most often, relapse is
accompanied by a resistance to standard-of-care therapies [13,14,17]. Recently, a clinical trial
was initiated on the lipid-lowering drug, pitavastatin, in AML. Based on this observation,
as well as recent studies which implicated lipid metabolic changes with MRD or drug
resistance, the present study was initiated to evaluate the effect of pitavastatin on the
lipid metabolism of a bone marrow niche co-culture model that mimics B-cell ALL MRD
in vitro [34]. We observed that the inhibition of lipid synthesis using a fatty acid synthesis
inhibitor (BMS-303141) and a cholesterol synthesis inhibitor (pitavastatin) leads to cell
death in the PD leukemic cells, which are resistant to Ara-C-induced cell death in our
co-culture model. Our data also suggest that pitavastatin is potentially more potent in
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B-cell ALL as compared to human AML (Figure S6). Concurrent with overlapping signaling
pathways is the switch to anabolism in the bone microenvironment, characterized by an
increase in glycogen storage and simultaneous shut down of AMPK activity. Furthermore,
also consistent with the decrease in AMPK activity is our observation that the PD cells,
which have a dormant, drug-resistant phenotype, have increased lipid storage.

We previously reported a pivotal role for activated AKT in protecting B-cell ALL
cells against chemotherapy-mediated cell death [35]. Consistent with our earlier report,
AKT was one of the kinases that was significantly phosphorylated in PD tumor cells. Of
note, AKT activation is also frequently elevated in ALL patients and is correlated with
a poor response to chemotherapy [36,37]. Based on its previously documented role, we
tested whether the targeted inhibition of AKT was sufficient to eradicate the PD cells in our
co-culture model by using a pan-AKT inhibitor, MK-2206, which has been shown to have
clinical benefit in cancer patients [38]. Our study suggests inherent plasticity in the signaling
profile of PD leukemic cells that are resistant to chemotherapy in our co-culture model and
may represent the leukemic cells that are able to evade chemotherapy and contribute to
relapse/ chemo-resistant disease in patients. Combinations of traditional therapies and
targeted therapies against critical survival signaling proteins, although very attractive
and effective at reducing bulk tumor populations, may result in evolutionary pressure
on leukemic cells in protective bone marrow niches, leading to the clonal outgrowth of a
multi-drug resistant phenotype.

Both dormancy and a drug resistant phenotype are known to co-exist in MRD cells in
ALL [39]. The PD cells in our co-culture model show an increased activation of CDKN1B,
which correlates with previous data from our lab showing that the PD cells are also in G0
cell cycle arrest, demonstrating that our co-culture model, and studies utilizing the PD
cell population, are relatable to leukemic cells that contribute to MRD in patients [29]. In
the present study, the inhibition of AKT by MK-2206 does decrease the levels of activated
CDKN1B, but similar to the survival signaling pathways, the cells compensate by increasing
the levels of activated CHEK2, which is a known regulator of cell division.

Active AKT signaling can lead to increased glucose uptake via an up-regulation of
glucose transporter (GLUT) expression in cancer cells [40,41]. Moreover, GLUT family
members, especially GLUT1, play a pivotal role in the anabolic metabolism and drug
resistance in ALL cells [41,42]. We have demonstrated that the chemo-resistant PD cell
population has increased transcript levels for GLUT-1, 3, and 4. More importantly, the
inhibition of GLUT activity significantly decreased the uptake of glucose, predominantly in
the drug-resistant PD cells, demonstrating the influence of the co-culture microenvironment
on the leukemic cells.

Glycogen is the storage form of glucose, and it has been shown to directly bind to, and
inhibit, the energy stress sensor AMPK [43–45]. We showed that increased glucose uptake
resulted in an increased glycogen content within the drug-resistant PD cells. Furthermore,
this increase in glycogen content correlated with the significant inhibition of AMPK activity
in the drug-resistant PD ALL cell population. AMPK is a cellular energy sensor that is
activated when there is a decrease in ATP levels, resulting in an inhibition of anabolism and
increased glycolysis and fatty acid oxidation [46]. Specifically, activated AMPK phosphory-
lates and inactivates acetyl-CoA carboxylase (ACC) and 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGR), the regulators of fatty acid and sterol synthesis, respectively [47,48].
The end result of this activation is the depletion of lipid stores within the cells, caused by
the increased uptake and subsequent oxidation of lipids within the mitochondria.

Lipids form an important structural backbone of cells, as well as specialized structures,
like lipid rafts, that are important in the assembly of cell surface receptors and signaling
complexes on the membranes [49]. Indeed, the use of statins, a potent HMGR inhibitor,
has been widely reported to induce cell death in various cancer cells, including ALL [50].
However, epidemiological studies have not shown a clear decrease in cancer incidence in
patients [51]. One reason for this discrepancy is the need for very high doses of statins to
induce death in cancer cells in vitro. At the same time, ACC inhibitors have been tested and
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shown to decrease de novo lipogenesis and induce death in cancer cells [52]. Unfortunately,
the effect of decreased lipid synthesis through the inhibition of the ACC pathway was
diminished by the subsequent engagement of acetate metabolism pathways that compen-
sated for the lipid turnover deficiency [33]. To overcome both of these disadvantages, we
used a combination of pitavastatin (HMGR inhibitor) and BMS-303141 (ACC inhibitor) as a
potential therapeutic strategy to induce cell death in the resistant PD cells. We demonstrated
that these inhibitors are synergistic, and the concentration of each inhibitory molecule,
when used in combination, is significantly lower compared to the concentration necessary
to induce death in resistant cells when each inhibitor is used individually.

5. Conclusions

Overall, our findings have identified an anabolic phenotype in ALL cells that provides
energy reserves in the form of stored glycogen and lipids. Previously, we reported that
in our co-culture model, the PD cell population is resistant to Ara-C-induced cell death.
The data presented in the current report suggest that treatment with pitavastatin leads
to decreased viability in the chemo-resistant PD cell population. This suggests that lipid
synthesis may be a critical component of ALL tumor cell survival, even in sanctuary sites
like the bone marrow microenvironment. Therapies targeting these anabolic characteristics
may help eradicate MRD or chemo-resistant populations in B-cell ALL patients, and as
such, may underpin novel treatment strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14112681/s1, Figure S1: REH cells in co-culture are resistant
to AKT inhibition by MK-2206; Figure S2: ALL cells are characterized by anabolic metabolism in co-
culture; Figure S3: Metabolic targeted GLUTi II inhibitor decreases viability in ALL cells in co-culture;
Figure S4: Drug-resistant phase dim (PD) cells have increased lipid content; Figure S5: The fatty acid
synthesis pathway is activated in ALL cells; Figure S6: AML cells treated with pitavastatin.

Author Contributions: D.P., R.R.N., S.L.R., M.D.C., W.J.G. performed cell culture experiments and
contributed to data analysis and manuscript preparation; K.H.M. performed the microscopic analysis;
L.F.G. contributed to data analysis, interpretation, and manuscript preparation. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health [Grants U54GM104942,
P20GM121322, P20GM103488, P20GM103434, S10OD016165, P20GM109098, and P20RR016440] and
the Alexander B. Osborn Hematopoietic Malignancy and Transplantation Endowed Professorship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the corresponding author.

Acknowledgments: Imaging experiments and image analysis were performed in the WVU Micro-
scope Imaging Facility which has been supported by the WVU Cancer Institute, the WVU HSC
Office of Research and Graduate Education, and NIH grants P20GM121322, U54GM104942, and
P30GM103434. Flow cytometry analysis was performed in the WVU Flow Cytometry & Single
Cell Core Facility (RRID:SCR_017738) which has been supported by NIH grants P20GM121322 and
S10OD016165. The Biospecimen Processing Core has been supported by NIH grant U54GM104942.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mussolin, L.; Pillon, M.; Conter, V.; Piglione, M.; Lo Nigro, L.; Pierani, P.; Micalizzi, C.; Buffardi, S.; Basso, G.; Zanesco, L.; et al.

Prognostic role of minimal residual disease in mature B-cell acute lymphoblastic leukemia of childhood. J. Clin. Oncol 2007, 25,
5254–5261. [CrossRef] [PubMed]

2. Conter, V.; Bartram, C.R.; Valsecchi, M.G.; Schrauder, A.; Panzer-Grumayer, R.; Moricke, A.; Arico, M.; Zimmermann, M.;
Mann, G.; De Rossi, G.; et al. Molecular response to treatment redefines all prognostic factors in children and adolescents with
B-cell precursor acute lymphoblastic leukemia: Results in 3184 patients of the AIEOP-BFM ALL 2000 study. Blood 2010, 115,
3206–3214. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers14112681/s1
https://www.mdpi.com/article/10.3390/cancers14112681/s1
http://doi.org/10.1200/JCO.2007.11.3159
http://www.ncbi.nlm.nih.gov/pubmed/18024872
http://doi.org/10.1182/blood-2009-10-248146
http://www.ncbi.nlm.nih.gov/pubmed/20154213


Cancers 2022, 14, 2681 12 of 14

3. Pierro, J.; Hogan, L.E.; Bhatla, T.; Carroll, W.L. New targeted therapies for relapsed pediatric acute lymphoblastic leukemia.
Expert Rev. Anticancer Ther. 2017, 17, 725–736. [CrossRef] [PubMed]

4. Rosales-Rodriguez, B.; Fernandez-Ramirez, F.; Nunez-Enriquez, J.C.; Velazquez-Wong, A.C.; Medina-Sanson, A.; Jimenez-Hernandez, E.;
Flores-Lujano, J.; Penaloza-Gonzalez, J.G.; Espinosa-Elizondo, R.M.; Perez-Saldivar, M.L.; et al. Copy Number Alterations
Associated with Acute Lymphoblastic Leukemia in Mexican Children. A report from The Mexican Inter-Institutional Group for
the identification of the causes of childhood leukemia. Arch. Med. Res. 2016, 47, 706–711. [CrossRef]

5. Liu, J.; Masurekar, A.; Johnson, S.; Chakraborty, S.; Griffiths, J.; Smith, D.; Alexander, S.; Dempsey, C.; Parker, C.; Harrison, S.; et al.
Stromal cell-mediated mitochondrial redox adaptation regulates drug resistance in childhood acute lymphoblastic leukemia.
Oncotarget 2015, 6, 43048–43064. [CrossRef]

6. Styczynski, J.; Piatkowska, M.; Jaworska-Posadzy, A.; Czyzewski, K.; Kubicka, M.; Kolodziej, B.; Kurylo-Rafinska, B.; Debski, R.;
Pogorzala, M.; Wysocki, M. Comparison of prognostic value of in vitro drug resistance and bone marrow residual disease on day
15 of therapy in childhood acute lymphoblastic leukemia. Anticancer Res. 2012, 32, 5495–5499.

7. Tallen, G.; Ratei, R.; Mann, G.; Kaspers, G.; Niggli, F.; Karachunsky, A.; Ebell, W.; Escherich, G.; Schrappe, M.; Klingebiel, T.; et al.
Long-term outcome in children with relapsed acute lymphoblastic leukemia after time-point and site-of-relapse stratification
and intensified short-course multidrug chemotherapy: Results of trial ALL-REZ BFM 90. J. Clin. Oncol. 2010, 28, 2339–2347.
[CrossRef]

8. Przepiorka, D.; Ko, C.W.; Deisseroth, A.; Yancey, C.L.; Candau-Chacon, R.; Chiu, H.J.; Gehrke, B.J.; Gomez-Broughton, C.;
Kane, R.C.; Kirshner, S.; et al. FDA Approval: Blinatumomab. Clin. Cancer Res. 2015, 21, 4035–4039. [CrossRef]

9. Thota, S.; Advani, A. Inotuzumab ozogamicin in relapsed B-cell acute lymphoblastic leukemia. Eur. J. Haematol. 2017, 98, 425–434.
[CrossRef]

10. Davila, M.L.; Riviere, I.; Wang, X.; Bartido, S.; Park, J.; Curran, K.; Chung, S.S.; Stefanski, J.; Borquez-Ojeda, O.;
Olszewska, M.; et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci.
Transl. Med. 2014, 6, 224ra225. [CrossRef]

11. Pope, E.D., 3rd; Kimbrough, E.O.; Vemireddy, L.P.; Surapaneni, P.K.; Copland, J.A., 3rd; Mody, K. Aberrant lipid metabolism as a
therapeutic target in liver cancer. Expert Opin. Ther. Targets 2019, 23, 473–483. [CrossRef] [PubMed]

12. Loew, A.; Kohnke, T.; Rehbeil, E.; Pietzner, A.; Weylandt, K.H. A Role for Lipid Mediators in Acute Myeloid Leukemia. Int. J. Mol.
Sci. 2019, 20, 2425. [CrossRef] [PubMed]

13. Chen, X.; Glytsou, C.; Zhou, H.; Narang, S.; Reyna, D.E.; Lopez, A.; Sakellaropoulos, T.; Gong, Y.; Kloetgen, A.; Yap, Y.S.; et al.
Targeting Mitochondrial Structure Sensitizes Acute Myeloid Leukemia to Venetoclax Treatment. Cancer Discov. 2019, 9, 890–909.
[CrossRef] [PubMed]

14. Salunkhe, S.; Mishra, S.V.; Ghorai, A.; Hole, A.; Chandrani, P.; Dutt, A.; Chilakapati, M.; Dutt, S. Metabolic rewiring in drug
resistant cells exhibit higher OXPHOS and fatty acids as preferred major source to cellular energetics. Biochim. Biophys Acta
Bioenerg 2020, 1861, 148300. [CrossRef]

15. Stevens, B.M.; Jones, C.L.; Pollyea, D.A.; Culp-Hill, R.; D’Alessandro, A.; Winters, A.; Krug, A.; Abbott, D.; Goosman, M.;
Pei, S.; et al. Fatty acid metabolism underlies venetoclax resistance in acute myeloid leukemia stem cells. Nat. Cancer 2020, 1,
1176–1187. [CrossRef] [PubMed]

16. Jones, C.L.; Stevens, B.M.; Culp-Hill, R.; Dalessandro, A.; Krug, A.; Goosman, M.; Pei, S.; Pollyea, D.A.; Jordan, C.T. Inhibition
of Fatty Acid Metabolism Re-Sensitizes Resistant Leukemia Stem Cells to Venetoclax with Azacitidine. Blood 2019, 134, 1272.
[CrossRef]

17. Karantanou, C.; Godavarthy, P.S.; Krause, D.S. Targeting the bone marrow microenvironment in acute leukemia. Leuk. Lymphoma
2018, 59, 2535–2545. [CrossRef]

18. Rellick, S.L.; Hu, G.; Piktel, D.; Martin, K.H.; Geldenhuys, W.J.; Nair, R.R.; Gibson, L.F. Co-culture model of B-cell acute
lymphoblastic leukemia recapitulates a transcription signature of chemotherapy-refractory minimal residual disease. Sci. Rep.
2021, 11, 15840. [CrossRef]

19. Mudry, R.E.; Fortney, J.E.; York, T.; Hall, B.M.; Gibson, L.F. Stromal cells regulate survival of B-lineage leukemic cells during
chemotherapy. Blood 2000, 96, 1926–1932. [CrossRef]

20. Wang, L.; ’Leary, H.; Fortney, J.; Gibson, L.F. Ph+/VE-cadherin+ identifies a stem cell like population of acute lymphoblastic
leukemia sustained by bone marrow niche cells. Blood 2007, 110, 3334–3344. [CrossRef]

21. Slone, W.L.; Moses, B.S.; Evans, R.; Piktel, D.; Martin, K.H.; Petros, W.; Craig, M.; Gibson, L.F. Modeling Chemotherapy Resistant
Leukemia In Vitro. J. Vis. Exp. 2016, e53645. [CrossRef] [PubMed]

22. Moses, B.S.; Slone, W.L.; Thomas, P.; Evans, R.; Piktel, D.; Angel, P.M.; Walsh, C.M.; Cantrell, P.S.; Rellick, S.L.; Martin, K.H.; et al.
Bone marrow microenvironment modulation of acute lymphoblastic leukemia phenotype. Exp. Hematol. 2016, 44, 50–59.e51–52.
[CrossRef] [PubMed]

23. Xu, B.; Muramatsu, T.; Inazawa, J. Suppression of MET Signaling Mediated by Pitavastatin and Capmatinib Inhibits Oral and
Esophageal Cancer Cell Growth. Mol. Cancer Res. 2021, 19, 585–597. [CrossRef] [PubMed]

24. Chen, Y.H.; Chen, Y.C.; Lin, C.C.; Hsieh, Y.P.; Hsu, C.S.; Hsieh, M.C. Synergistic Anticancer Effects of Gemcitabine with
Pitavastatin on Pancreatic Cancer Cell Line MIA PaCa-2 in vitro and in vivo. Cancer Manag. Res. 2020, 12, 4645–4665. [CrossRef]
[PubMed]

http://doi.org/10.1080/14737140.2017.1347507
http://www.ncbi.nlm.nih.gov/pubmed/28649891
http://doi.org/10.1016/j.arcmed.2016.12.002
http://doi.org/10.18632/oncotarget.5528
http://doi.org/10.1200/JCO.2009.25.1983
http://doi.org/10.1158/1078-0432.CCR-15-0612
http://doi.org/10.1111/ejh.12862
http://doi.org/10.1126/scitranslmed.3008226
http://doi.org/10.1080/14728222.2019.1615883
http://www.ncbi.nlm.nih.gov/pubmed/31076001
http://doi.org/10.3390/ijms20102425
http://www.ncbi.nlm.nih.gov/pubmed/31100828
http://doi.org/10.1158/2159-8290.CD-19-0117
http://www.ncbi.nlm.nih.gov/pubmed/31048321
http://doi.org/10.1016/j.bbabio.2020.148300
http://doi.org/10.1038/s43018-020-00126-z
http://www.ncbi.nlm.nih.gov/pubmed/33884374
http://doi.org/10.1182/blood-2019-125773
http://doi.org/10.1080/10428194.2018.1434886
http://doi.org/10.1038/s41598-021-95039-x
http://doi.org/10.1182/blood.V96.5.1926
http://doi.org/10.1182/blood-2007-01-068122
http://doi.org/10.3791/53645
http://www.ncbi.nlm.nih.gov/pubmed/26891147
http://doi.org/10.1016/j.exphem.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26407636
http://doi.org/10.1158/1541-7786.MCR-20-0688
http://www.ncbi.nlm.nih.gov/pubmed/33443139
http://doi.org/10.2147/CMAR.S247876
http://www.ncbi.nlm.nih.gov/pubmed/32606957


Cancers 2022, 14, 2681 13 of 14

25. Lee, N.; Tilija Pun, N.; Jang, W.J.; Bae, J.W.; Jeong, C.H. Pitavastatin induces apoptosis in oral squamous cell carcinoma through
activation of FOXO3a. J. Cell Mol. Med. 2020, 24, 7055–7066. [CrossRef]

26. Beckwitt, C.H.; Clark, A.M.; Ma, B.; Whaley, D.; Oltvai, Z.N.; Wells, A. Statins attenuate outgrowth of breast cancer metastases. Br.
J. Cancer 2018, 119, 1094–1105. [CrossRef]

27. Markowska, A.; Antoszczak, M.; Markowska, J.; Huczynski, A. Statins: HMG-CoA Reductase Inhibitors as Potential Anticancer
Agents against Malignant Neoplasms in Women. Pharmaceuticals 2020, 13, 422. [CrossRef]

28. Katz, M.S. Therapy insight: Potential of statins for cancer chemoprevention and therapy. Nat. Clin. Pract. Oncol. 2005, 2, 82–89.
[CrossRef]

29. Moses, B.S.; Evans, R.; Slone, W.L.; Piktel, D.; Martinez, I.; Craig, M.D.; Gibson, L.F. Bone Marrow Microenvironment Niche
Regulates miR-221/222 in Acute Lymphoblastic Leukemia. Mol. Cancer Res. 2016, 14, 909–919. [CrossRef]

30. Slone, W.L.; Moses, B.S.; Hare, I.; Evans, R.; Piktel, D.; Gibson, L.F. BCL6 modulation of acute lymphoblastic leukemia response to
chemotherapy. Oncotarget 2016, 7, 23439–23453. [CrossRef]

31. Zaidi, N.; Swinnen, J.V.; Smans, K. ATP-citrate lyase: A key player in cancer metabolism. Cancer Res. 2012, 72, 3709–3714.
[CrossRef] [PubMed]

32. Wong, W.W.; Dimitroulakos, J.; Minden, M.D.; Penn, L.Z. HMG-CoA reductase inhibitors and the malignant cell: The statin
family of drugs as triggers of tumor-specific apoptosis. Leukemia 2002, 16, 508–519. [CrossRef] [PubMed]

33. Zhao, S.; Torres, A.; Henry, R.A.; Trefely, S.; Wallace, M.; Lee, J.V.; Carrer, A.; Sengupta, A.; Campbell, S.L.; Kuo, Y.M.; et al.
ATP-Citrate Lyase Controls a Glucose-to-Acetate Metabolic Switch. Cell Rep. 2016, 17, 1037–1052. [CrossRef] [PubMed]

34. Nair, R.R.; Piktel, D.; Hathaway, Q.A.; Rellick, S.L.; Thomas, P.; Saralkar, P.; Martin, K.H.; Geldenhuys, W.J.; Hollander, J.M.;
Gibson, L.F. Pyrvinium Pamoate Use in a B cell Acute Lymphoblastic Leukemia Model of the Bone Tumor Microenvironment.
Pharm. Res. 2020, 37, 43. [CrossRef]

35. Wang, L.; Fortney, J.E.; Gibson, L.F. Stromal cell protection of B-lineage acute lymphoblastic leukemic cells during chemotherapy
requires active Akt. Leuk. Res. 2004, 28, 733–742. [CrossRef]

36. Gomes, A.M.; Soares, M.V.; Ribeiro, P.; Caldas, J.; Povoa, V.; Martins, L.R.; Melao, A.; Serra-Caetano, A.; de Sousa, A.B.;
Lacerda, J.F.; et al. Adult B-cell acute lymphoblastic leukemia cells display decreased PTEN activity and constitutive hyperactiva-
tion of PI3K/Akt pathway despite high PTEN protein levels. Haematologica 2014, 99, 1062–1068. [CrossRef]

37. Morishita, N.; Tsukahara, H.; Chayama, K.; Ishida, T.; Washio, K.; Miyamura, T.; Yamashita, N.; Oda, M.; Morishima, T. Activation
of Akt is associated with poor prognosis and chemotherapeutic resistance in pediatric B-precursor acute lymphoblastic leukemia.
Pediatr. Blood Cancer 2012, 59, 83–89. [CrossRef]

38. Yap, T.A.; Yan, L.; Patnaik, A.; Fearen, I.; Olmos, D.; Papadopoulos, K.; Baird, R.D.; Delgado, L.; Taylor, A.; Lupinacci, L.; et al.
First-in-man clinical trial of the oral pan-AKT inhibitor MK-2206 in patients with advanced solid tumors. J. Clin. Oncol 2011, 29,
4688–4695. [CrossRef]

39. Ebinger, S.; Ozdemir, E.Z.; Ziegenhain, C.; Tiedt, S.; Castro Alves, C.; Grunert, M.; Dworzak, M.; Lutz, C.; Turati, V.A.;
Enver, T.; et al. Characterization of Rare, Dormant, and Therapy-Resistant Cells in Acute Lymphoblastic Leukemia. Cancer Cell
2016, 30, 849–862. [CrossRef]

40. Doughty, C.A.; Bleiman, B.F.; Wagner, D.J.; Dufort, F.J.; Mataraza, J.M.; Roberts, M.F.; Chiles, T.C. Antigen receptor-mediated
changes in glucose metabolism in B lymphocytes: Role of phosphatidylinositol 3-kinase signaling in the glycolytic control of
growth. Blood 2006, 107, 4458–4465. [CrossRef]

41. Liu, T.; Kishton, R.J.; Macintyre, A.N.; Gerriets, V.A.; Xiang, H.; Liu, X.; Abel, E.D.; Rizzieri, D.; Locasale, J.W.; Rathmell, J.C.
Glucose transporter 1-mediated glucose uptake is limiting for B-cell acute lymphoblastic leukemia anabolic metabolism and
resistance to apoptosis. Cell Death Dis. 2014, 5, e1470. [CrossRef]

42. Reckzeh, E.S.; Waldmann, H. Small-Molecule Inhibition of Glucose Transporters GLUT-1-4. Chembiochem 2020, 21, 45–52.
[CrossRef] [PubMed]

43. McBride, A.; Ghilagaber, S.; Nikolaev, A.; Hardie, D.G. The glycogen-binding domain on the AMPK beta subunit allows the
kinase to act as a glycogen sensor. Cell Metab. 2009, 9, 23–34. [CrossRef]

44. Chan, L.N.; Chen, Z.; Braas, D.; Lee, J.W.; Xiao, G.; Geng, H.; Cosgun, K.N.; Hurtz, C.; Shojaee, S.; Cazzaniga, V.; et al. Metabolic
gatekeeper function of B-lymphoid transcription factors. Nature 2017, 542, 479–483. [CrossRef]

45. Bhanot, H.; Reddy, M.M.; Nonami, A.; Weisberg, E.L.; Bonal, D.; Kirschmeier, P.T.; Salgia, S.; Podar, K.; Galinsky, I.;
Chowdary, T.K.; et al. Pathological glycogenesis through glycogen synthase 1 and suppression of excessive AMP kinase activity
in myeloid leukemia cells. Leukemia 2015, 29, 1555–1563. [CrossRef]

46. Janzen, N.R.; Whitfield, J.; Hoffman, N.J. Interactive Roles for AMPK and Glycogen from Cellular Energy Sensing to Exercise
Metabolism. Int. J. Mol. Sci. 2018, 19, 3344. [CrossRef]

47. Carling, D.; Zammit, V.A.; Hardie, D.G. A common bicyclic protein kinase cascade inactivates the regulatory enzymes of fatty
acid and cholesterol biosynthesis. FEBS Lett. 1987, 223, 217–222. [CrossRef]

48. Carling, D.; Clarke, P.R.; Zammit, V.A.; Hardie, D.G. Purification and characterization of the AMP-activated protein kinase.
Copurification of acetyl-CoA carboxylase kinase and 3-hydroxy-3-methylglutaryl-CoA reductase kinase activities. Eur. J. Biochem
1989, 186, 129–136. [CrossRef]

49. Simons, K.; Gerl, M.J. Revitalizing membrane rafts: New tools and insights. Nat. Rev. Mol. Cell Biol. 2010, 11, 688–699. [CrossRef]

http://doi.org/10.1111/jcmm.15389
http://doi.org/10.1038/s41416-018-0267-7
http://doi.org/10.3390/ph13120422
http://doi.org/10.1038/ncponc0097
http://doi.org/10.1158/1541-7786.MCR-15-0474
http://doi.org/10.18632/oncotarget.8273
http://doi.org/10.1158/0008-5472.CAN-11-4112
http://www.ncbi.nlm.nih.gov/pubmed/22787121
http://doi.org/10.1038/sj.leu.2402476
http://www.ncbi.nlm.nih.gov/pubmed/11960327
http://doi.org/10.1016/j.celrep.2016.09.069
http://www.ncbi.nlm.nih.gov/pubmed/27760311
http://doi.org/10.1007/s11095-020-2767-4
http://doi.org/10.1016/j.leukres.2003.10.033
http://doi.org/10.3324/haematol.2013.096438
http://doi.org/10.1002/pbc.24034
http://doi.org/10.1200/JCO.2011.35.5263
http://doi.org/10.1016/j.ccell.2016.11.002
http://doi.org/10.1182/blood-2005-12-4788
http://doi.org/10.1038/cddis.2014.431
http://doi.org/10.1002/cbic.201900544
http://www.ncbi.nlm.nih.gov/pubmed/31553512
http://doi.org/10.1016/j.cmet.2008.11.008
http://doi.org/10.1038/nature21076
http://doi.org/10.1038/leu.2015.46
http://doi.org/10.3390/ijms19113344
http://doi.org/10.1016/0014-5793(87)80292-2
http://doi.org/10.1111/j.1432-1033.1989.tb15186.x
http://doi.org/10.1038/nrm2977


Cancers 2022, 14, 2681 14 of 14

50. Sheen, C.; Vincent, T.; Barrett, D.; Horwitz, E.M.; Hulitt, J.; Strong, E.; Grupp, S.A.; Teachey, D.T. Statins are active in acute
lymphoblastic leukaemia (ALL): A therapy that may treat ALL and prevent avascular necrosis. Br. J. Haematol. 2011, 155, 403–407.
[CrossRef]

51. Cholesterol Treatment Trialists, C.; Emberson, J.R.; Kearney, P.M.; Blackwell, L.; Newman, C.; Reith, C.; Bhala, N.; Holland, L.;
Peto, R.; Keech, A.; et al. Lack of effect of lowering LDL cholesterol on cancer: Meta-analysis of individual data from 175,000
people in 27 randomised trials of statin therapy. PLoS ONE 2012, 7, e29849. [CrossRef]

52. Jones, J.E.; Esler, W.P.; Patel, R.; Lanba, A.; Vera, N.B.; Pfefferkorn, J.A.; Vernochet, C. Inhibition of Acetyl-CoA Carboxylase 1
(ACC1) and 2 (ACC2) Reduces Proliferation and De Novo Lipogenesis of EGFRvIII Human Glioblastoma Cells. PLoS ONE 2017,
12, e0169566. [CrossRef]

http://doi.org/10.1111/j.1365-2141.2011.08696.x
http://doi.org/10.1371/journal.pone.0029849
http://doi.org/10.1371/journal.pone.0169566

	Introduction 
	Materials and Methods 
	Cell Culture and Materials 
	Co-Culture and Isolation of Leukemic Cell Populations 
	Kinase Array Profiling 
	Lipid Synthesis Inhibition 
	AKT Inhibition 
	Real-Time PCR Analysis 
	Glycogen Assay 
	Cell Proliferation Assay 
	Western Blot Analysis 
	Flow Cytometry Analysis 
	Nile Red Staining 
	Statistical Analysis 

	Results 
	Drug-Resistant Phase Dim (PD) Cells Have Activated Survival Signals That Are Not Abrogated by Targeted Therapy 
	Phase Dim (PD) Cells Have Characteristics of Anabolic Metabolism 
	Drug-resistant PD Cells Have Increased Lipid Content 
	Tumor Cell Viability Decreases When ALL Cells Are Treated with Inhibitors of Lipid Synthesis 

	Discussion 
	Conclusions 
	References

