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The immune function of normal T cells partially depends on the maneuvering of
lipid metabolism through various stages and subsets. Interestingly, T-cell
malignancies also reprogram their lipid metabolism to fulfill bioenergetic
demand for rapid division. The rewiring of lipid metabolism in T-cell
malignancies not only provides survival benefits but also contributes to their
stemness, invasion, metastasis, and angiogenesis. Owing to distinctive lipid
metabolic programming in T-cell cancer, quantitative, qualitative, and spatial
enrichment of specific lipid molecules occur. The formation of lipid rafts rich in
cholesterol confers physical strength and sustains survival signals. The
accumulation of lipids through de novo synthesis and uptake of free lipids
contribute to the bioenergetic reserve required for robust demand during
migration and metastasis. Lipid storage in cells leads to the formation of
specialized structures known as lipid droplets. The inimitable changes in fatty
acid synthesis (FAS) and fatty acid oxidation (FAQO) are in dynamic balance in T-
cell malignancies. FAO fuels the molecular pumps causing chemoresistance,
while FAS offers structural and signaling lipids for rapid division. Lipid metabolism
in T-cell cancer provides molecules having immunosuppressive abilities.
Moreover, the distinctive composition of membrane lipids has implications for
immune evasion by malignant cells of T-cell origin. Lipid droplets and lipid rafts
are contributors to maintaining hallmarks of cancer in malignancies of T cells. In
preclinical settings, molecular targeting of lipid metabolism in T-cell cancer
potentiates the antitumor immunity and chemotherapeutic response. Thus, the
direct and adjunct benefit of lipid metabolic targeting is expected to improve the
clinical management of T-cell malignancies.
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Introduction

Lipid makes essential components in cells, providing structural
moieties and energy reserve. Apart from these, lipids and their
derivatives serve as signaling molecules and regulate the functional
and behavioral phenotypes of cells (1). The alterations in lipid
metabolism serve as instrumental gear in the onset of malignancies
and in maintaining the “hallmarks of cancer” (1, 2). The rewired
lipid metabolism has been reported in various cancer forms
including those of hematological malignancies (3). Among
hematological malignancies, the cancer of T cells has the
uniqueness of being derived from the prime cell in the immune
system. The metabolic intricacy especially in lipid metabolism plays
an underlying role in maintaining the phenotypic characteristics in
subsets of T cells (4, 5). The inter-regulated pattern of lipid
metabolism is also involved in directing the amplitude,
magnitude, and temporality of T-cell response (6). Accumulation,
storage, and oxidation arms of lipid metabolism are differentially
operated during phases of functional and phenotypic activations of
T cells (7).

Lipid metabolic reprogramming plays an instrumental role in
the transformation and maintenance of T-cell malignancies (8, 9).
The various fragments of lipid metabolism are modulated in cancer
cells derived from T lymphocytes (10, 11). The high membrane
requirement of rapidly dividing cells demands de novo biosynthesis
of fatty acids and other lipid molecules. The synthesis of fatty acids
by the activity of fatty acid synthase (FASN) is upregulated in
malignant cells of T-cell origin (12). The elevated expression and
activity of FASN in T-cell malignancies are linked with many other
hallmarks of cancer (13). The uptake through fatty acid translocase
(FAT), also known as CD36, also contributes to the cellular pool of
lipids in various types of cancers (14). The sequestration of freely
available lipid molecules serves as compensating means during
insufficiency or pharmacological inhibition of FASN (15, 16). The
uptaken lipid molecules or fatty acids generated through the activity
of FASN are utilized to generate structural components or bioactive
molecules. The excess lipid content is stored in lipid droplets (also
known as adiposomes), initiated in the membrane of the
endoplasmic reticulum (17). These droplets serve as lipid reserves
required during robust energy response. Moreover, lipid droplet
abundance is linked with cancer cell aggressive behavior even in
malignancies of T cells (18). The upregulated biosynthesis of
cholesterol and other lipids like sphingolipids in T-cell cancer
have an advantageous impact through modulating membrane
strength, dynamics, and spatiometric composition (19, 20).

The oxidation of lipids provides small biosynthetic precursors.
Acetyl CoA is one of the major molecular entities generated after
the complete oxidation of long-chain fatty acids (21, 22). Moreover,
the acetyl CoA generated through fatty acid oxidation (FAO) links
other metabolic pathways by fueling the tricarboxylic acid (TCA)
cycle (22, 23).

The spatiometric abundance of lipid moieties holds the surface
expression of protein favoring cell survival in hematological
malignancies (24, 25). The benefits of restructured metabolism of
lipids confer resistance to the action of chemotherapeutic drugs (26)
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and antitumor immunity and aid in cancer cell evasion from
immune-mediated destruction (11, 27). The indispensability of
lipid metabolism in the cellular physiology of T-cell cancer makes
them targetable for therapeutic intervention. Various approaches
have shown promising success both in preclinical and clinical
settings (28, 29). Lipogenic, as well as oxidative metabolism of
lipids, has been targeted in T-cell cancer (22, 30). As the metabolic
pathways are intervened and compensate for each other,
combinatorial and dual targeting has provided enhanced success
(31). Understanding various dimensions of lipid metabolism in the
life of T cells, their subsets, and their rewiring in malignant T cells is
expected to open avenues for therapeutic targeting of molecular
players within.

Metabolism in T cells: the
lipid perspective

T cells drive acquired immunity against infections and other
immunological threats, but their outage can also play a role in the
development of cancer and autoimmune diseases. T-cell activity
and lineage decision are influenced by metabolic adaptability in
response to the immune system and microenvironmental stimuli
(32). There is a shift in the metabolic pattern of T cells to meet the
dynamic requirements at different phases of development,
activation, clonal expansion, and memory acquisition that
significantly differs in various functional subsets of T cells (33).
Engagement of T-cell receptors with antigens in supramolecular
activation complex (SMAC) triggers an energy- and biosynthesis
precursor-demanding process of blastogenesis (growth in cell size)
and subsequent robust cell division (34). To fulfill these demands,
antigen-encountered T cells reconfigure their metabolism and
preferably use aerobic glycolysis as a major source of energy
(ATP synthesis) (6).

In the field of immune metabolism, a lingering question that
remains unanswered is whether T-cell differentiation is promoted
by ambient metabolic resource accessibility or whether the
metabolic requirements are set by intrinsic cellular systems,
determined by the environment (6). However, experimental
evidence suggests some lines of bilateral regulation (6, 33).

T-cell activation and lipid metabolism

During the proliferation of T cells, the intermediatory
metabolites generated from pathways aligned with glycolysis (PPP
and TCA cycle) include ribose-5-phosphate and citrate (35). These
serve as forerunning precursors for the synthesis of biological
macromolecules, the formation of membranes, and organellar
biogenesis (6, 36). In addition to components of SMAC,
microenvironmental cues as a function of cytokines are major
determinants of functional activations of T cells (37).
Nevertheless, T-cell fate is substantially influenced by access to
metabolic and nutrient resources (33, 38).
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During the naive and resting phase of T cells, oxidative
phosphorylation (OXPHOS) and FAO are major bioenergetic
sources. Such cellular phenotype metabolically shifts during
activation signal engagement in SMAC leading to the
proliferation of T cells (35, 39). PI3K and mTOR activation are
major signaling mediators of T-cell activation. mTOR serves as a
junctional point for the proliferation of cells as well as for
modulating metabolic outline. Through activation of c-myc and
HIF-1a, the T-cell activation signals upregulate the expression of
glucose transporters and enzymes of glycolysis (40, 41). This
ensures the accelerated aerobic glycolysis in T cells while
transitioning from naive to effector cell phenotype. Aerobic
glycolysis in cancer cells, known as the “Warburg effect”, is also
considered a metabolic hallmark (42, 43). Aerobic glycolysis is the
product of genetic changes in cancer cells leading to dysregulated
metabolic programming (43). However, aerobic glycolysis in T cells
is attributed to a concerted regulation of cellular physiology.
Metabolome analysis of activated T cells endorses that the
biosynthesis of fatty acids also goes along with biosynthetic
pathways of amino acids and nucleic acids (42). Nevertheless,
augmented fatty acid (FA) biosynthesis and FAO downregulation
indicate the fundamental role of lipid metabolism in T-cell
activation and function (44). mTOR-mediated stimulation of
transcription factor sterol regulatory element-binding proteins
(SREBPs) upregulates the expression of enzymes for FA
biosynthesis (45, 46). FASN is one of the major enzymes under
the regulation of transcription factor SREBPs. Among many others,
acetyl-CoA carboxylase (ACC1), and hydroxy-methylglutaryl-CoA
reductase (HMGCR) are key enzymes in FA synthesis. SREBP-
driven cholesterol production is the gateway for T-cell blastogenesis
during functional activation (47). Liver X receptor (LXR), a
cholesterol regulatory element, is also demonstrated to be vital in
activation-induced T-cell proliferation (48).

Lipid metabolism in T-cell subsets

T-cell subsets have distinct lipid metabolic operations during
their functional phases. Through various specific inhibitions of lipid
metabolic steps, the differences in naive, resting, and functional
stages were demonstrated. The inhibition of FA synthesis through
knockout or inhibition of specific enzymes was not found to largely
affect the naive and resting T cells and their ability to differentiate
(49, 50). However, a significant decline in CD8 T cells was observed
in the ACC1 deletion experiment (49). Apart from de novo
synthesis, CD4 T cells sequester exogenous FA through the
upregulation of their transporters (51). The exogenously available
FA are suggested to upregulate their transporters (including CD36)
and mediators in storage (such FA binding proteins (FABPs))
through activation of peroxisome proliferator-activated receptor-
gamma (PPARY) (14). Among many others, GPR43 and GLP84 are
suggested as additional promising receptors of FA in CD4 cells (52)
However, FA synthesis obviates the dominance of aerobic glycolysis
in metabolic reprogramming in T cells during activation (5, 35, 52).
The exclusive necessity of FA synthesis for CD8 T cells at the same
time as collateral supplementation through the uptake of FA in CD4
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T cells indicates the cell type-specific differential role of lipid
metabolism (35).

Among the various subsets of CD4 T cells, Thl and Th2 are
predominant. Th17 and Treg cells qualitatively and quantitatively
regulate helper T cells as well as other immune cells’ responses (53).
The variance in immunometabolism of lipids in these subsets of T
cells has been recently reported (6). Most of the helper T-cell
subsets (Thl, Th2, and Th17) operate FA synthesis/sequestration
and largely depend on aerobic glycolysis for their energy demand
(54), while Treg cells have a preference for FA oxidation (6, 53). Th1l
cells have the keen requisite for the type and availability of
exogenous FA as compared to Th2 cells (55). The prevalence of
long-chain FA (LCFA) can promote Thl subset functions, while
polyunsaturated FA (PUFA) can inhibit the production of this
subset-specific cytokine production (56). As the differentiation and
function of Th1 and Th2 subsets are inter-regulated, the role of lipid
metabolism can be sought to have a central role in the fate of the
immune response. It will be noteworthy to mention that this subset
phenotype activation is not irreversible and have a distinct level of
plasticity. Among Th cell subsets, Th17 most profoundly operates
de novo biosynthesis of FA (57). The inflammatory upregulation
through IL1 and IL23 upregulates the FA synthetic machinery in
Th17 (58). A decrease in Thl7 cell proportion through
pharmacological inhibition of FA synthesis indicates the fate-
determining role of lipid metabolism (57), nevertheless indicating
the role of the availability and metabolism of lipids in plasticity
among T-cell subsets. Depletion of ACC1 in T cells favors the
upregulation of Foxp3, a Treg-specific transcription factor, even in
Th17 differentiating conditions (10). Moreover, PPAR ligands have
also been shown to modulate the induction of Treg cells (10).
Unlike other T cells, the Treg cells have the functioning of OXPHOS
and FAO (59). The cytosolic FA is channelized to FAO in
mitochondria by carnitine palmitoyl transferase (CPT) 1A
(CPT1A) (60). The suppressive function of Treg cells is fueled by
FAO, the generation of anaplerotic moieties for the TCA cycle, and
the subsequent driving of OXPHOS (10).

Memory T cell and lipid metabolism

After the effector phase of cell life, T cells follow the course of
memory cells. During the transition of effector cells to memory
cells, functional switches are for the second time put into action.
However, the second transition is reversed in the manner (shading
of effector function). The hyperglycolytic phenotype of effector T
cells is halted, and OXPHOS takes over T memory (Tm) cells (35).
The lipid metabolism shifts from the synthesis of FA to their
oxidation. Inhibition of glycolysis and/or FA synthesis in
activated T cells promotes the formation of Tm cells, while the
inhibition of these pathways before the activation signal for T cells
prevents their functional differentiation. The switching off of the
mTOR signal and activation of AMPK-mediated signaling mediate
this transition of cell phases along with metabolic shift (61, 62). The
abundant mitochondrial activity required to meet FAO and
OXPHOS leads to an increase in mitochondrial biomass in Tm
cells. This provides a survival/persistence advantage to the Tm cells
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(35). ACCI inhibition in activated T cells also favors the formation
of Tm cells (63). ACCI is also involved in the fate-determining step
during the differentiation of T cells in subsets after the antigenic
encounter (64). It indicates that among many lipid metabolism
enzymes, transporters, and regulators, ACCI has a varied role
during different phases of T-cell life (63, 64).

Metabolic events and key molecular players involved in
phenotypic activation and effector functions of various subsets of
T cells are listed in Table 1. Lipid metabolism has an indispensable
role in stimulation, activation, differentiation, function, and
memory formation in T cells (38, 42, 54, 63).

Lipid metabolism in T-cell malignancy

Malignancies of T cells have substantial rewiring of metabolism
spanning to glycolysis, glutamine addiction, and reprogrammed
lipid metabolism (65-67). The unique alteration in lipid
metabolism ranging from their de novo biosynthesis, uptake of
free lipid moieties, and accumulation of lipids in specialized
structures (lipid droplets) is commonly observed in paths altered
in cancer cells (17, 68). The alterations in catabolic pathways are
also observed in malignancies (16). These alterations in lipid
metabolic pathways act in a concerted fashion and aid in the
phenotypic characteristics of malignant cells (17, 68). Changes in
lipid metabolic setup in cancer cells are generally sought as
uncontrolled; however, these modulations are well structured
through an array of molecular regulators (35, 69). Strenuous
adjustments in lipid metabolism have numerous gains in
accelerated survival, modulation of survival and death signaling,

TABLE 1 Lipid metabolism in functional subsets of T cells.
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and resistance to chemotherapy and immunotherapy (26, 70, 71).
The contribution of qualitative and quantitative changes in cellular
lipid content especially those of membrane aid in the progression of
a variety of cancers.

Cancer lipid metabolism

For rapidly dividing cells, metabolic alterations are essential to
be acquired to meet the prerequisite for cell growth and cell
division. The alterations in metabolism are also common in
pathways that involve lipids (6, 42, 43). Together with other
biological macromolecules, lipids contribute to the structural as
well as energetics and cellular signaling of cells undergoing
proliferative phases (32). Metabolic alterations are tightly
regulated physiological events in normal cells, while they are
brought about by dysregulated setup owing to genetic variations
in cancer cells (72-75). Several studies demonstrated that malignant
cells harness lipid metabolism to support their rapid proliferation
and uphold invasion and metastasis (3, 4, 65). The benefits of lipid
metabolism in cancer are depicted in Figure 1.

The upregulation of de novo synthesis of FA in cancer cells is
reported by many experimental investigations (76, 77). Targeting
the enzymes of FA synthesis has an inhibitory effect on cancer cells,
indicating their critical role in cancer cell survival (77). The survival
signaling through PI3K/AKT axis favors the upregulated expression
of enzymes involved in FA synthesis (1). Moreover, the activation of
ATP-citrate lyase (ACLY) is also endorsed by PI3K/AKT signaling
(78). The ACLY is the enzyme responsible for the lysis of citrate and
the production of Acetyl CoA, the two-carbon precursor for FA

T-cell . .
Major metabolic events Key molecular players
subset
Naive T .
1 Majorly rely on OXPHOS and FAO Enzymes of OXPHOS and FAO
ce
Ag-
stimulated Aerobic glycolysis, FA synthesis, uptake, and accumulation mTOR, PI3K, c-myc, HIF, GLUTs, FASN, SREBP, and PPARY
T cells
CD8*
cytotoxic T | Mainly rely on FA and lipid synthesis FASN, ACC1, HMGCR, and SREBP
cells
CD4*
helper T FA and lipid synthesis and FA uptake FASN, SREBPs, CD36, FABPs, GPR43, GLP84, and LXR
cells
Thl | Relatively high FA uptake dominates over FA synthesis CD36, FABPs, FASN, and LCFA favor Th1 activation
‘ Th2 | Relatively low FA uptake, however, dominates over FA synthesis CD36, FABPs, FASN, and PUFA favor Th2 activation
‘ Th17 | Profound FA synthesis and aerobic glycolysis FASN, ACC1, PDHK, LXR, and 2-HG favor Th17 activation
Regulatory Exogenous FA uptake dominates over FA synthesis, OXPHOS, and
X u u i Vi is, 8 .
T cells . (‘)5 P 4 Foxp3, FABPS, CPT1, downregulation of ACCI, SREBPs, and SCAP
(Treg)
M T E f OXPHOS and FAO, FABP4/5, AMPK, and d lati f
(T:;OCIZIIS OXPHOS and FAO, FA uptake, and downregulation of FA synthesis Aré:z();rlnes © an and downreguiation ©

OXPHOS, oxidative phosphorylation; FAO, fatty acid oxidation; FA, fatty acid.
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Lipid metabolism and cancer. Lipid metabolism contributes to cancer cell physiology and aggressiveness through modulation of cell survival and
death. Altered lipid metabolism also affects angiogenesis and metastasis. Distinctive metabolic setup of lipid aids in resistance to chemotherapy and
antitumor immune response. All these benefits are in addition to energy storage and structural contribution for rapidly dividing cells.

synthesis (1, 78). The pool of cellular Acetyl CoA is acetate
generated from glucose, glutamine, and other carbon sources
(79). The cytosolic acetate is ligated with CoA by acetyl-CoA
synthetase (77, 80). Subsequently, the conversion of acetyl CoA
into malonyl CoA is favored by the activity of ACC1/2. The
transcriptional upregulation of ACC1/2, ACSS, and ACLY is
carried out by SREBPs (81-83). Many cancers have SREBP
upregulation favoring the lipogenesis enzymes expression in
malignant cells (83). The upregulation of ACC1/2, ACSS, and
ACLY has been observed in many cancer types (84) Interestingly,
ACLY is also involved in nuclear dynamics by providing acetyl CoA
for histone acetylation after their nuclear translocation (85). The
FASN catalyzes the condensation of small precursor moieties into
16-carbon long fatty acid palmitate (86, 87). The fatty acid
molecules synthesized by FASN activity provide a significant
fraction of cellular lipid content (87). The FA further undergoes
conversions including elongation and desaturation. The palmitate
serves as the precursor for cellular non-essential FA content and is
converted by FA desaturases (FADS), stearoyl-CoA desaturases
(SCD), and FA elongation (65, 88, 89). SUMOylation of FASN
can prevent its degradation (88). Moreover, the upregulation of
HDACS3 maintains the deacetylated form of FASN in hepatic cancer
cells (34, 72, 87). Otherwise, acetylation of FASN by KAT8 (lysine
acetyl transferase 8) makes it susceptible to ubiquitin ligation and
degradation (90). Proteasomal degradation of FASN is also
prevented by a mutation in ubiquitin ligase speckle-type POZ
protein in prostate cancer cells (87, 91).
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Consecutively, the condensation of acetyl CoA generates 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) (92). The enzyme
HMGCR catalyzes the conversion of HMG-CoA into mevalonate,
a rate-limiting step in cholesterol synthesis (93). The upregulated
expression of HMGCR is observed in several cancer cell types. The
transcriptional regulator of many lipogenic enzymes, SREBP, also
elevates the expression of HMGCR (92, 93). The subsequent
production of isoprenoid farnesyl pyrophosphate (FPP) serves as
a precursor for cholesterol. The squalene generated from FPP is
then converted into cholesterol by the enzyme squalene
monooxygenase (SM) (94). This enzyme is also under the
transcriptional regulation of SREBP and is sought to be a
metabolic target for the therapy of cancer (46). The inhibition of
either HMGCR or SM has shown promise in anticancer therapy by
restrictive cholesterol synthesis (19). The inhibition of HMGCR was
also reported to adjunct the activity of immune-checkpoint
inhibition therapy by anti-PD1 antibodies (43). These pieces of
evidence collectively indicate the crucial role of cholesterol synthesis
in not only providing resources for cell growth and division but also
aiding in escape from cell death and antitumor immune response.

Various mechanisms are reported to be upregulated for lipid
uptake in cancer cells (87). Majorly, the uptake of free FA is carried
out by CD36 (fatty acid translocase) or fatty acid transport proteins
(FATPs) (45, 87). Low-density lipoprotein (LDL) known as LDL
receptor is found to be upregulated in various cancer types and
assist in lipid uptake through endocytosis (21). Moreover, the
upregulation of FABPs also favors the uptake of FA and their
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transport (87) and has been reported to have high expression in
different cancer cells (50, 87). The balance of FA synthesis and
uptake is keenly regulated, as it modulates the relative abundance of
saturated and unsaturated FA. The degree of saturation and their
relative abundance in turn alter the susceptibility toward reactive
oxygen species (ROS)-mediated peroxidation of lipids. FAs are
converted to triglycerides and then stored in the form of lipid
droplets (LDs) (4). The bilateral traffic of lipids in and out of an LD
is dependent on the abundance of lipids, availability of oxygen, and
activity of enzymes including DGAT and PLIN (95). Many of these
lipid droplets are found upregulated in cancer cells (3).

Apart from building blocks, accumulated lipids provide
precursors for signaling and regulator molecules (96) through the
activity of various lipases (phospholipases for phospholipids of
membrane) (84, 96) Arachidonic acids, lysophosphatidic acid,
and diacylglycerol are a few among many such bioactive
molecules generated from the breakdown of lipids and regulate
cellular fate (97). Many of these activate the PI3K and RAS signaling
axes and favor neoplastic transformations (98). They also favor
cancer cell survival, metastasis, drug resistance, and stemness of
cancer cells (3, 32). The transport of FA from the cytosol to the
inner core of mitochondria is accomplished by CPT1 and CPT2,
respectively found in the outer and inner membranes (99) (100).

10.3389/fonc.2023.1122789

The total lipid pool of cancer cells is contributed by de novo
biosynthesis and uptake of lipids from cellular exteriors and is
stored mainly in the form of lipid droplets (Figure 2). Lipid
metabolism is integrated with the metabolism of other nutrient
sources not only through sharing but also through replenishing
intermediates conditionally (101).

Alterations in lipid metabolism in
T-cell cancer

The modulation of lipid metabolism in T cell-derived
malignancies extends to the biosynthesis of lipids through the
upregulation of FASN and cholesterol-producing machinery. The
upregulation of transcriptional regulators, their mechanistic role,
and connections with other metabolic arms favor T-cell cancer in
their progression. Accumulation and storage of lipids in droplets
and subsequent oxidation of lipids in T-cell cancer have been shown
to aid in the progression of cancer cells. Dynamic and intervened
connection of lipid metabolism with other metabolic pathways and
tumor cell survival is linked in hematological malignancies.
Alterations in components of lipid metabolism in T-cell
malignancies are illustrated in Figure 3.
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reported in clinical and preclinical studies with T-cell malignancies. Patient-derived cells (AML, ATL, CML, CTL, ETP-ALL, and T-LBL) or cell lines
(Jurkat, EL-4, DL, HUT-78, K562, and MOLM-13) of T-cell cancers exhibit modulation in lipid metabolic players as well as their regulators.

Lipid biosynthesis in T-cell cancer

Malignancies of T-cell origin, too, have a high demand for
biosynthetic material, and hence, heightened synthetic machinery
for precursor molecules is upregulated. Few key enzymes catalyzing
the steps of biosynthetic pathways for lipids are found to be
upregulated in lymphoma cells including those of T-cell origin.
The high cell proliferative ability of lymphoma cells correlates with
upregulated expression of FASN (16, 102). Upregulation of FASN
in extra-nodal nasal NK/T-cell lymphoma cells was found to
correlate with their survival adaptation (103). The upregulation of
FASN in T-cell acute lymphoblastic leukemia (T-ALL) patient-
derived cancer cells correlates with poor prognosis and drug
susceptibility (104). With a murine model of T-cell lymphoma,
FASN has been demonstrated to be a targetable enzyme that
weakens the chemoresistant amplitude (13, 105). The expression
of ACSS2 was also suggested to support the survival of T-cell
lymphoma by maintaining the osmotic tolerance of transformed
cells (106). Moreover, the SREBP1 level in transplantable T-cell
lymphoma was suggested to provide an advantage in cell survival
(106). The inhibition of SREBP in cutaneous T-cell lymphoma
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(CTCL) reduced the FASN expression partially (31). It suggests that
FASN has an additional regulatory arrangement, at least in T-
cell malignancies.

In anaplastic large-cell lymphoma, nucleophosmin-anaplastic
lymphoma kinase phosphorylates the ACLY (107). The
phosphorylation statuses of Y682 tyrosine residue of ACLY serve
as a control switch for the synthesis of lipid and FAO. Moreover, the
ACLY activity was also demonstrated to adjust oncogenesis in
anaplastic large-cell lymphoma (107).

The cholesterol synthesis pathway is also found to be modulated
in many lymphoma cell types. The proliferative capacity of T-cell
lymphoma cells correlates with their HMGR activity and potential
to synthesize cholesterol and its esterification (108). Interestingly,
the accumulation of intermediary metabolite of the cholesterol
synthesis pathway, i.e., squalene, was reported in Jurkat cells
(109). Moreover, oncogenic stimulus mediated by wnt signaling
triggers the generation of T-cell lymphoma through the
upregulation of cholesterol synthesis (110). The syntheses of fatty
acid and lipid molecules in cells of T-cell cancer not only offer
superior survival and proliferative ability but also play a critical role
in oncogenic transformation (Figure 3).
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Lipid sequestration in
T-cell malignancies

Uptake of lipid moieties from exterior their exterior is shown to
affect the cancer cell physiology and assist in upholding stemness in
a variety of malignancies. Moreover, the import of FA into cytosol
has a critical impact on the malignant transformation of cells (87,
111). Research investigations have shown that lipid uptake is
upregulated in lymphoma cells (96). However, most of these
research investigations focused to investigate lipid uptake utilizing
cancer cells or patient-derived samples of B-cell origin (102).
Increased expression of FAT on lymphoma cells is indicated to be
a good prognostic marker (16). LDLR also correlates with adverse
outcomes in leukemia cells (112).

T-cell malignancies have been reported to modulate angiogenesis
through high IL-17 expression (67). Moreover, IL-17 can mediate the
expression of FABP, which coordinates with CD36 in the uptake of
FA (113). IL-17 triggers the STAT3 signaling for transcriptional
upregulation of FABP (113, 114). STAT3 favors the expression of
CD36 in lymphoma cells (114). Nevertheless, mutational activation
of STATS3 is a frequent genotype in malignant cells of T-cell origin
(66). The enhanced expression or activities of regulators of
transporters involved in fat uptake strongly indicates a high

10.3389/fonc.2023.1122789

potential for lipid uptake in T-cell cancer. However, this notion
warrants experimental validation (Figure 4).

T-cell cancer and lipid droplets

T-cell malignancies are also observed to have a significant
amount of lipid droplets (115). The quantitative and qualitative
nature of lipid droplets depends on the form of cells as well as the
exogenous source of lipids (18). Leukemic cells show an elevated
level of lipid droplets when they were cultured in a medium
containing an excessive amount of fatty acid or expose to a fat-
rich diet (18, 116). Interestingly, leukemic cells were reported to
force neighboring fat cells to provide precursors (free fatty acid) for
their lipid droplet biosynthesis (117). Regulation of mediators of
lipid droplet formation also plays an important role in the survival
of cancer cells (118). KLF2 is one such negative regulator of FABP
(119). In leukemia T cells, KLF2 is found to weaken the survival of
cancer cells (120). KLF2 affects the proliferative ability of cancer
cells by modulating the FABP5/PPARY axis (118). Moreover, the
therapeutic intervention targeting survival pathways of T-cell acute
lymphoblastic leukemia also affects lipid droplet frequency (121).
Collectively, these hints indicate the intriguing role of lipid droplets
in the physiology of cancer cells in T-cell malignancies.
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Regulators and benefits of lipogenesis in lymphoma/leukemia. Lipid synthesis and accumulation are regulated by survival signals in leukemia and

lymphoma cells. Elevated lipid levels have advantages for cancer cells.
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Fatty acid oxidation in T-cell cancer

Fatty acid oxidation is shown to support the survival in stress
conditions for tumor cells including those of blood cell origin (23,
30). The alteration in fat metabolism and dynamic balance between
the synthesis and oxidation of fat molecules during dynamic settings
is crucial for functionally differentiating as well as transforming
malignant cells (30, 122). Wong et al. (2017) have reviewed the
linkage of FAO with cancer formation in lymphocytes (123). In
lymphoma cells, rewired fat metabolism was confirmed
indispensable through targeted inhibition experiments. The
inhibition of CPT1a caused cell growth arrest and induction of
apoptosis along with mitochondrial damage in leukemia cells (70).
Moreover, the leukemia cells were chemosensitized by a CPT1a
inhibitor (124). Nevertheless, another FAO enzyme hydroxyacyl-
CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase
(HADH) is a prognostic marker in hematological malignancies
(125). Abnormal expression of HADH correlates with oncogenic
transformation in various cell types including lymphoma (126).
Targeting of HADH enzymes causes the arrest of cells in the GO
phase and chemo-sensitization toward doxorubicin (122). FAO
breaks the stored fat and provides small carbon molecules to
sustain the metabolic pathways in nutrient-starved conditions
along with small lipid signaling molecules favoring aggressive
cellular phenotype (77, 125). FAO is also suggested to provide
acetyl CoA for the acetylation. One of the acetylation regulators is
SIRT1 (87). Expression of SIRT1 in leukemia cell lines correlates
with the degree of FAO (127). SIRT1 mediates the restructuring of
lipid metabolism and elevates FAO levels in chemoresistant
leukemia cells (127). Moreover, SIRT1 drives lymphomagenesis
and maintains leukemia stem cell potential by modulating lipid
metabolism (128). Induction of cell death after inhibition of SIRT1
(129) suggests the obligatory role of upholding FAO in T-cell
leukemia cells. In chemoresistant leukemic cells, the necessity of
FAO surpasses the requirement of cancer stem cells (130). The
obligatory requirement of FAO in transformation, aggressive
phenotype evolution, drug resistance, and functional regulation of
enzymes along with fueling the synthesis precursors indicates its
central role in T-cell malignancies.

Concerted role of lipid metabolism in
T-cell malignhancy

The modulations of lipid metabolism in malignancies of T cells
have an extensive impact on cellular conduct (13, 25, 70). The lipid
metabolic rewiring, under the control of transcription factors and
other regulators, affects the survival signaling and induction of
death through the altered composition of lipids in T-cell cancer
(23). Moreover, the structural impact due to the spatial abundance
of specific lipid moieties implies the manifestation of
chemoresistance (26, 130). The modulation of lipid metabolic
wiring also affects their susceptibility toward antitumor immune
response and potential to cause immunosuppression. Benefits of
revamped lipid metabolism to T-cell cancer act through various
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dimensions. These means include integration of the regulators, their
spatial arrangement, modulated expression profile, and impacting
vulnerability to the action of death-inducing stimulants.

Transcriptional regulation of
metabolic players

Malignant cells of T lymphocyte origin also display a strenuous
control of molecular troupes engaged in transcriptional regulation
of lipid metabolism (13, 105). SREBPs are known as master
regulators of lipid metabolism in normal cells as well as cancer
cells. T-cell cancer has been reported to modulate cell physiology
through an elevated level of SREBPs (31). The level of SREBP
expression correlates with mTOR in a variety of leukemic cancer
cells (31). SREBP favors the elevated expression of FASN in T-cell
lymphoma (131). The transcriptional expression of FADS2 is also
upregulated in malignant cells by SREBP (69). The expression of
FADS2 is sought to be the provider of sapienate from palmitate
(132). A higher level of sapienate provides the plasticity and makes
cancer cells able to dodge the therapeutic inhibition of other key
enzymes in lipid metabolism, such as SCD (69, 133). The “master
transcriptional factors” also interplay with SREBPs and promote
tumor progression through the modulation of lipid metabolism
(134). The well-established regulator of cancer cell physiology, HIF-
la, is also linked with lipid metabolism (135, 136). The HIF-1o.
stabilization encourages fatty acid uptake and their accumulation in
lipid droplets (135). T-cell malignancies also have heightened
expression levels of HIF-1ow (131, 137). HIF-1ow induces the level
of FABP and adipophilin (135). Adipophilin, a type of perilipin, is
essentially required to initiate the formation of lipid droplets (17).
The enhanced uptake driven by HIF-1a stabilization in cancer cells
protects them from ROS-induced cell death (135). SREBP and HIF
are linked with their activation through mTOR. The SREBP is also
sought to compensate for the lipid requirement in the absence of
HIF-10. stabilization through de novo synthesis of lipid moieties
(135). HIF-1a-mediated proliferation utilizes a NOTCH1-mediated
sequence of events in T-cell acute lymphoblastic leukemia (137).
NOTCHLI1 also associates with lipid metabolism in T-ALL cells’
sensitivity toward therapeutic targeting (138). Interestingly, SREBP
and HIF-1low are also essential for normal T cells to control the
metabolic programming of effector T cells during the onset of the
adaptive immune response (139). Lipid metabolism follows the
inimitable course in the normal and different forms of cancer cells.
The number of investigations on lipid metabolism in T-cell
malignancies is still growing, and the broad spectrum of its
regulation is being uncovered (13, 22).

Lipid as a structural support

Lipid is the major constituent of biological membranes deciding
the boundaries of cells and the organelles within. The varying
composition of cellular lipid content as well as those of
membrane influence cellular physiology and imply pathological
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consequences (3, 140). The rapidly dividing cells in malignant
disorders need membranes as essential structural components
(141). These varieties of lipid molecules have their structural
advantages in providing physical strength and a distinctive
assemblage of receptors and adhesion molecules (89, 141). The
strength provides survival advantages to cancer cells to tolerate
dynamic but otherwise hostile tumor microenvironments for other
infiltrating cells (89). The assortment of receptors and unique
membrane proteins in lipid rafts triggers the critical signaling
events favoring cancer progression (68). This structural
component of the membrane, lipid rafts, is targetable for the
therapy of cancer (68, 141).

The structural assemblage of lipid rafts also has a critical role in
maintaining cellular strength in T-cell leukemia (9). Structural
disruption of lipid rafts in T-cell cancer cell lines leads to the
induction of apoptosis through the depletion of survival signaling
(9). These pieces of evidence indicate that lipid rafts are structurally
holding the components of PI3K/AKT pathways. Structural
compartmentalization through lipid rafts also affects the
regulation of apoptotic cell deaths. The translocation of death
receptors in leukemia cells by ether lipids is reported to mediate
the induction of cell death (142). The approaches enforcing the
localization of death receptors in lipid rafts have used lipid or lipid-
derivative molecules (9, 142). This collectively indicates that the
structural assemblage of lipid rafts is intrinsically programmed to
prevent the recruitment and co-expression of components of cell
death-inducing signals.

The structural integrity of lipid rafts is contributed by sphingolipids
and cholesterols, regulated by SREBPs (29, 143). The cholesterol levels
of cells as well as circulation correlate with the frequency of lipid rafts
and caveolae in cancer cells (144). The contribution of cholesterol in
strengthening the dynamic structures in the plasma membrane has
been reported in T-cell cancer as well (131). The declined expression of
SREBP along with increased membrane fragility of lymphoma of T
cells indicates the role of cholesterol in the maintenance of physical
strength. The altered lipid metabolism regulation not only affects
tolerance to osmotic disturbances but also affects their resistance to
the activity of anticancer drugs like cisplatin in T-cell lymphoma (105,
131). Cholesterol is known for conferring rigidity to the membrane of
cells (145). The abundance of lipid rafts along with the level of
cholesterol and other lipid moieties entopically retain survival and
death regulatory protein molecules and adjust their function (9, 146).
The retention of proteins and other signaling molecules in lipid rafts
contributes to sustained and enhanced survival signals along with
dynamic changes leading to the onset of metastasis (140, 144). The
dynamic structural nature of lipid rafts serves as an essential
determinant for migratory potential and invasive behavior of
leukemia cells (140, 147).

Therapy resistance is also governed, at least partially, by the
composition of lipids in the membrane of cancer cells (140, 141,
148). The membrane rich in cholesterol and with a low level of
oxidizable fatty acids is observed in drug-resistant cancer cells (25,
148). The structural variation in the membrane due to altered lipid
levels is also suggested to affect the susceptibility toward immune
cell-mediated destruction of cancer cells (25). Depleting the
cholesterol-synthesizing signaling protein has been shown to
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improve the immunotherapy response in cancers (149). The
lower level of cholesterol improves the recognition of tumor cells
by immune cells (25, 149). Elevated phospholipids, cholesterol, and
sphingolipids in the membrane of cancer cells can blunt the
antitumor immune response (25, 149).

Lipid as a signaling moiety

Lipid-mediated signaling governs essential functions in
transformed cells of T-cell origin (25). These bioactive lipid
molecules involved in cellular signaling are commonly referred to
as “signaling lipids” (24). The unique role of these signaling lipids is
stated in tumorigenesis as well as in invasion and metastasis (8, 24,
150). Lipid-derived signaling molecules correlate with the outcome
of the malignancies (8). Among many, broadly eicosanoids,
phosphoinositides, and sphingolipids are major small signaling
lipids that have a substantial role to play in cancer cell physiology
(24). Interestingly, FABPs mediate signaling events along with their
role in conveying fat molecules toward lipid droplets (24, 118).
Moreover, FABPs regulate the epigenetic alteration in the DNA of
leukemia cells (151). FABPS5 is sought to supply ligands for PPARB/
d and mediate the cancer progression (118).

Cholesterol has a differential impact on cellular signaling by
assisting the lipid raft assemblage. Cholesterol in lipid rafts endorses
receptor and receptor-complex aggregation (152). Lipid rafts
mediate the signaling, through encompassed receptors, favoring
the progression and evolution of malignant cells (9, 152). Moreover,
the metabolic conversion of cholesterol generates oxysterol among
many other bioactive compounds. Oxysterol is an activator of the
liver X receptor, known to affect the function and metabolism in T
cell-derived malignancies (153). Nevertheless, oxysterol-binding
protein (OSBP)-related proteins (ORPs) favor the leukemogenesis
of T cells in HTLV infection-induced carcinogenesis (154).
Interestingly, OSBPs and OSBP-like proteins promote cancer cell
survival through RAS signaling (155). Members of OSBPs are
overexpressed in T-ALL cells (156). Although various reports
indicate the tumor growth-promoting impact of oxysterols, it is
worth mentioning that studies also demonstrated their tumor-
inhibitory effects (157).

Cholesterol also serves as a precursor for steroid hormones
including estrogen. Estrogen affects various human health-related
conditions and is known to favor a variety of cancer types (158).
Apart from conventional cancers of hormone-responsive tissues,
lymphoma of T-cell origin also expresses receptors of gonadal
steroidal hormones (159). Experimental pieces of evidence
indicate that estrogen upkeeps the proliferation of murine T-cell
lymphoma and reduces apoptotic cell death (159, 160).

Lipid metabolism and prevention of
cell death in T-cell malignancies

Metabolic acquaintances with various forms of cell dying
including programmed cell death are long-established (73, 74,
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133). The connections between lipid metabolism and their
metabolites are also emerging as vital players in influencing cell
death (161). Various lipid molecules, ceramide, and cardiolipin, the
most common ones, are implicated in the regulation of
mitochondria involving cell death in a Bcl2-regulated manner
(162). Ceramide synthesis is elevated in T-ALL cells (163).
Ceramide also confers protective effects against the induction of
cell death by Bcl2 inhibitors (163). Interestingly, ceramide synthesis
correlates with efficient TCR signal transduction and T-cell
activation (164).

Another membrane lipid, cardiolipin, prevalent in the inner
leaflet of the inner mitochondrial membrane flips to the outer leaflet
during induction of apoptotic cell death after ROS detection (165).
These transitions of cardiolipin occur even before changes known
for assaying cell death including the detection of phosphatidylserine
and DNA fragmentation (73, 74, 165). Upregulated levels of
cardiolipins have been reported in types of cancer including
leukemia (166, 167). Cardiolipin induction also favors the
promotion of cancer through modulating cell death of T-cell
cancer (166). Elevated cardiolipin aids in withstanding
mitochondrial damage by interacting and facilitating the
mitochondrial translocation of the BCR-ABL (167).

The elevated level of CPT1 and CPT2 observed in leukemia cells
(168) correlates with the prevention of cell death (60). Elevated
levels of CPT in leukemia cells were also found to be targetable
through specific inhibitors (70). The pathways and intermediates of
FAS also influence cell death (13, 87). The elevated level of FASN
correlates with a low level of apoptosis in transplantable murine T-
cell lymphoma (13). The inhibition of FASN was found to alter the
expression profile of many apoptotic regulators such as Bcl2, p53,
caspase, and HSP70 (13).

The high accumulation of cholesterol synthesis pathway
intermediate has a protective effect against oxidative cell death in
T-ALL cells (109). ACAT-1 triggers the esterification of cholesterol
and promotes its storage or integration in the membrane.
Cholesterol esterification correlates with the suppressed level of
apoptosis in cancer cells (169). Various cancer cells including
leukemia cells have an elevated level of ACAT-1 (170).

A concerted, linked, and independent role of lipid metabolites,
enzymes, pathways, and their regulators can be suggested in the
modulation of cell death. The CPT1 activity maneuvers the strength
of FAO along with impacting apoptotic cell death (23). The studies
indicate that specific inhibition of FASN induces apoptotic cell
death without affecting CPT1 activity (13). These two contrasting
pathways (FAS and FAO) operate exclusively; however, they can be
suggested to avert cell death in distinct circumstances.

Immunosuppression and
immune escape

Metabolic links with tumor-induced immunosuppression are
well established in T-cell malignancies (8). Stratified analysis
correlates lipid metabolism-associated genes with the prognosis of
leukemia (8). Moreover, immune response-related genes were
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found to be closely associated with lipid metabolism risk
signature genes (8). These lipid metabolism risk signature genes
largely affect the outcome of immunotherapy (8). A unique feature
of the tumor microenvironment is the accumulation of specific
lipids due to uniquely rewired lipid metabolism (27). Owing to the
high glycolytic flux of tumor cells, the nutritional composition of
the tumor microenvironment is largely governed by malignant cells
(72). The fractional enrichment of long-chain fatty acid in the
microenvironment impairs infiltrating cytotoxic T cells (27).
Tumor cells drive the unavailability of preferred nutrients in the
microenvironment for infiltrating immune cells. This leads to the
uptake of low-density lipids, with their peroxidation causing
diminished antitumor immune response (171). The cholesterol-
rich tumor microenvironment has adverse consequences on
antitumor immune response (153). Cholesterol metabolites also
negatively affect the prevalence of cytotoxic T cells in the tumor
microenvironment (143). The transcriptional regulation of 27-
hydroxycholesterol is epigenetically governed by ZMYNDS.
Various studies have characterized the link of ZMYND8 with
tumor growth promotion in leukemia cells (172) (11). The link
between tumor-induced suppression of cytotoxic T cells also
outreaches to the activity of Treg cells through modulation of
lipid metabolism (143). Moreover, suppression of cytotoxic T
cells decreases IFN levels favoring tumor growth promotion by
macrophages, also known as tumor-associated macrophages (173).
Such maintenance of tumor-associated macrophages requires
SREBP-1-governed lipid metabolism (72, 173). Impairment of
macrophages’ antitumor activity and promotion of growth by
tumor-associated macrophages are well established in the
lymphoma of T-cell origin (174, 175). The inhibition of SREBP
makes leukemia cells susceptible to anti-PD-1 immunotherapy
(176). Moreover, inhibition of SREBPI negatively affects the
tumor growth-promoting ability of tumor-associated
macrophages (173). Therefore, it can be concluded that SREBP is,
if not major, at least one of the key contributors to
immunosuppression observed in cancers of T cells.

The level of eicosanoid lipids, like prostaglandins, is altered in
leukemic cells (177). Lipids of eicosanoids have immunomodulatory
consequences (177). The prostaglandin E2 promotes the tumor
progression of T-acute lymphoblastic leukemia by affecting the
cAMP signaling pathway (178). Prostaglandins have contrasting
roles in the immune response. Prostaglandin E2 prevents the
activation of helper T cells by inhibiting the signal transducers of
T-cell receptor signaling (179). Production of eicosanoids
(prostaglandins and leukotrienes) is governed by cyclooxygenase
(COX) enzymes. A variety of hematological malignancies of T cells
have elevated levels of COX enzymes (180, 181) and are
therapeutically targetable (181). The inhibition of COX enzymes in
T-cell lymphoma decreases the level of lactate (181). Lactic acidosis of
the tumor microenvironment is detrimental to the antitumor
immune response of macrophages and T cells (182). The level of
lactate has been linked with sustained lipid metabolism in cancer cells
(183). The lactate level in the tumor microenvironment of T-cell
lymphoma correlates with the activation of M2-type tumor-
associated macrophages (175).
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The activity of FASN in cancer cells has staid acquaintances
with the regulation of antitumor immune response. The elevated
level of FASN, observed in T-cell tumors, correlated with the
decreased level of antitumor response by tumor-infiltrating
macrophages (184). Moreover, inhibition of FASN through small
molecule inhibitors withdraws the suppression of hematopoietic
differentiation of bone marrow cells (184). This indicates the
essentiality of FASN modulating antitumor immune response in
hematological malignancies.

Lipid metabolism has a diversified impact on cancer physiology
and cancer-immune cross talk. The varied arms of lipid
metabolism, including lipid uptake and synthesis of fatty acids
and sterols, along with lipid derivatives not only modulate the
tumor cell survival potential but also affect their immune sensitivity
and antitumor immune response. The lipid metabolites affect the
hematological differentiation, tumor tissue infiltration, and
subsequent antitumor activation of immune cells. Moreover, the
intervened disposition of lipid metabolism regulates the level of
other immunosuppressive metabolites, such as lactate, in the tumor
microenvironment. Many of these pathways and metabolites
associated with lipid metabolism are found altered in
malignancies originating from T cells and modulate the
immune response.

Lipid metabolism and
chemoresistance interface in
T-cell cancer

Chemoresistance is a leading obstacle in the clinical
management of malignant disorders (74). Malignancies
originating from T cells are also no exemption from this (26,
185). Moreover, the onset of chemoresistance correlates with
metabolic alterations in T-cell cancer (130, 185, 186). Although a
majority of investigations aiming to link metabolism are mainly
focused on glycolytic metabolism (187, 188), the role of altered lipid
metabolism in the onset and maintenance of chemoresistance is
gaining attention (130, 186). Hyperglycoytic phenotype has been
linked with aggressive cancer cells (189). A major product of
glycolytic metabolism, lactate affects both lipid metabolism and
chemoresistance (74, 183). Oxidative metabolism of fat contributes
to the maintenance of chemoresistance along with conserving the
stem cell ness (186). Leukemia cells resistant to chemotherapy
preferentially rely on their oxidative metabolism of fatty acids
(130). Nevertheless, upregulated CD36 is required for these
chemoresistance leukemic cells (130). CD36 mediates the IL-6-
driven resistance against standard chemotherapeutic agents
through elevated fatty acid uptake in leukemia cells (190). CD36
and autophagic events are also inversely regulated (191).
Suppressed autophagy is linked with chemoresistance in T-ALL
cells (192). CD36-mediated lipid accumulation provides ATP
through FAO, which energizes the machinery responsible for
manifesting resistance in leukemia cells (130).

Sphingolipids are also linked with the chemoresistance of
cancer cells including T-ALL cells (20, 191). Augmented levels of
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ceramide synthase and its product ceramide have been confirmed to
elevate therapy resistance in T-ALL cells (163, 173). Ceramide
synthase provides ceramide, a precursor of sphingolipids.
Ceramide level correlates with the expression of ABCBI (193).
Daunorubicin-resistant cells of T-cell leukemia display elevated
levels of ABCBI expression (194). Obstructing the assembly of
Fas and Fas-associated protein with the death domain in T-cell
leukemia by ceramide synthase is suggested as one of the
mechanisms preventing the induction of cell death by therapeutic
drugs (163).

Another enzyme of lipid metabolism, sphingosine kinase, also
has an implementation in chemoresistance (20). Sphingosine
kinase-1 confers resistance to standard chemotherapeutic drugs in
cancer cells of hematopoietic origin (195) and has been suggested as
a putative target for the therapy of lymphocytic leukemia (196).
Moreover, sphingosine kinase contributes to tumor cell
aggressiveness by aiding in the ceramide pathway in leukemia
cells (197). Sphingosine kinase level correlates with the unfolded
protein response in T-ALL cells (196). The unfolded protein
response contributes to the rapid progression of the disease as
well as aids in chemoresistance in leukemic cells (198). The
regulatory connection of unfolded protein response ranges to
other arms of lipid metabolism such as cholesterol and fatty acid
synthesis and oxidation (199). Cholesterol can induce unfolded
protein response leading to phenotypic alterations (200). An
enzyme hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1),
involved in cholesterol synthesis, modulates the unfolded protein
response in leukemia cells (201). Nevertheless, high cholesterol
levels are also connected to resistance to chemotherapy (202).
Elevation in cholesterol level, through either sequestration or
biosynthesis, is suggested as a means to protect leukemia cells
from chemotherapeutic drug-induced cell death (203). Dong et al.
(2010) indicated the involvement of cholesterol biosynthesis with
chemoresistance in T-ALL cells against doxorubicin using stable
isotope labeling by amino acids in cell culture (SILAC) approach
(204). Supplementation of cholesterol in culture media had a
salvage effect on drug-induced death in Jurkat cells (204).
Moreover, the level of membrane cholesterol regulates the activity
of ABC protein and the manifestation of chemoresistance (205).
The high level of cholesterol and sphingolipids in lipid rafts of T-
ALL cells contributes to resistance against therapy (145).
Interestingly, lipid rafts in lymphoma cells are demonstrated to
retain the constitutively expressed apoptotic protease-activating
factor-1 (APAF1) to prevent cytochrome c-mediated cell death in
response to chemotherapeutic drugs. Lipid rafts also contribute to
the activity of FASN in cancer cells (12). Inhibiting the FASN
through RNA silencing as well as chemical inhibitor reverses the
resistance of cancer cells against Herceptin (12). Pharmacological
inhibition of FASN through orlistat modulated the tumor
microenvironment and reversed the drug resistance in a murine
T-cell lymphoma (105). FAO pathways are also suggested to affect
the sensitivity of cancer cells toward the action of therapeutic drugs.
In leukemia cells, the resistant populations have a high oxidative
metabolic rate when compared with the susceptible population of
cells (130). FAO is suggested to provide the required ATP to drive
survival when other sources are blocked therapeutically (22).
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The varied dimensions of lipid metabolism support the survival
of malignant cells of T cells by playing their energy source,
regulating the function of drug exporters, signaling cascade, and
disrupting the assembly of death inducers. Their contribution to the
onset of chemoresistance underlies activating the survival signals
and providing nutrients, and energy and fueling the molecular
pumps to expel the drug molecules. Targeting the constituents of
lipid metabolism has chemosensitizing and therapeutic
consequences on T-cell malignancies. This can be explored as an
adjuvant strategy in the clinical management of T-cell malignancies.

Lipid metabolism: a novel therapeutic
target for T-cell malignancy

Therapeutic targeting of cancer metabolism has clinical
relevance (206). The successful attempt of targeting metabolism
in T-cell malignancies has been carried out in various investigations
(29, 131, 207). Targeting lipid metabolism in cancers of T-cells has
demonstrated promising results (13, 22, 105, 208). Moreover,
modulation of lipid metabolism or their regulators is found to
modulate an effective therapeutic intervention against T-cell
malignancies (131). Targeting lipid metabolism has a direct
cytotoxic effect on cancer cells as well as an adjuvant effect
through potentiating the effect of chemotherapeutic drugs (130,
208). Nevertheless, the consequences of targeting lipids include
improved immunotherapy-mediated destruction of leukemic cells
(175, 208).

In a murine transplantable T-cell lymphoma, pharmacological
inhibition of FASN has a direct inhibitory effect on the survival of
tumor cells (13). The augmented level of the pro-apoptotic molecule
such as p53, and caspase and diminished level of anti-apoptotic
Bcl2, HSP70 were observed in lymphoma cells of T-cell origin
exposed to orlistat, a FASN inhibitor (13). FASN inhibition also has
a chemosensitizing effect in T-cell cancer. Modulated tumor
microenvironment in response to FASN inhibition along with the
reversal of multidrug resistance phenotype was linked with
decreased expression of ABC proteins (105). Augmented
differentiation and antitumor activation of macrophages indicate
decreased immunosuppression in the tumor-bearing host of a T-cell
lymphoma treated with a FASN inhibitor (184). Downregulated
expression of PD-L1 on human leukemic T cells by orlistat can be
linked with their declined immunosuppressive ability after FASN
inhibition (15). Interfering FASN expression by either RNAi or
EGCG alleviates the effectiveness of differentiation therapy in
leukemia (209). Various other plant-derived chemicals have the
potential to inhibit leukemic cell lines (210). Phytochemicals can
suppress FASN leukemic cells. Ginger extract, gallic acid, cerulenin,
and ginkgolic acids have demonstrated promising success in
inhibiting leukemia cells by diminishing the FASN activity (104,
211, 212).

Many investigations suggest CPT1A as a therapeutic target in
malignant disorders (70, 168, 213). CPT1A is responsible for fueling
FAO through translocating cytoplasmic fatty acid to mitochondria
(70, 213, 214), thus aiding in the dynamic and robust energy

Frontiers in Oncology

13

10.3389/fonc.2023.1122789

requirement of malignant cells (213). One CPT1A inhibitor, (R)-
N-(tetradecyl carbamoyl)-amino carnitine (ST1326), inhibits the
occurrence of lymphoma (28) and leukemia (70). The inhibition of
CPT1A and associated FAO in leukemia cells by etomoxir or
ranolazine augmented the efficacy of ABT-737-mediated cell
death through pro-apoptotic Bak protein (124). The inhibition of
leukemic T cells by N-farnesyl-norcantharimide (NC15) correlates
with alteration in fatty acid metabolism genes (215). Moreover,
resistant T-ALL cells show an altered rate and relatively high
dependence on FAO over exogenous glutamine (71). This
suggests the essential role of FAO for hematological malignancies
during drug-induced stress conditions.

Cholesterol metabolism is also one of the effective targets in the
treatment of T-cell malignancies (29). The metabolism and uptake
of cholesterol in child T-ALL have marked differences from normal
cells. Statins are one of the common cholesterol-lowering agents
through the inhibition of HMGCR. Simvastatin, atorvastatin,
fluvastatin, and lovastatin have the potential to inhibit leukemia
cells in both laboratory experiments and clinical settings (216-218).
Moreover, statins are adjuvant to other drugs and chemosensitizes
leukemia cells (217). Lowering cholesterol levels improves the
chemosensitivity of leukemia cells to the activity of rituximab and
fludarabine (202).

Anticancer activities of cholesterol-lowering statins are also
affected by the activity of SREBPs (219, 220). The weak statin
sensitivities are linked with the activity of SREBPs and HMGCR
(219, 221). This notion points out the targetable nature of these two
regulators of lipid metabolism. The chemical targeting of SREBP or
SCAP/SREBP complex in acute lymphoblastic leukemia showed
promising success (220, 222). SREBP inhibition in cutaneous T-cell
lymphoma impairs the survival of malignant cells (31). However,
malignant cells tend to compensate for SREBP inhibition by
escalating the FASN activity. Therefore, dual inhibition of SREBP
and FASN has enhanced suppressing effect on survival of T-cell
cancer (31). SREBP mediates the MYC-induced tumorigenesis in
hematopoietic malignancies (223) and co-regulates the FASN
expression (223, 224). Various natural compounds are suggested
to inhibit SREBP expression in tumor cells. One of the plant
compounds, methyl jasmonate, decreases the levels of SREBP as
well as FASN expression in cells of T-cell lymphoma (131). The
declined expression of SREBP in T-cell lymphoma treated with
methyl jasmonate correlated with decreased survival as well as
augmented susceptibility to the activity of cisplatin (131).
Cholesterol and sphingolipids contribute to the integrity and
functioning of lipid rafts (29, 143). Lipid raft integrity is
essentially required for the invasive behavior of T-cell leukemia
(140). The destruction of lipid rafts leads to the disengagement of
transient receptor potential vanilloid, type 6 (TRPV6) calcium
channel, which is suggested as the underlying mechanism (140).

Lipid metabolism has several molecular targets for therapeutic
interventions of T-cell cancer. They variedly range from molecules
involved in lipogenesis as well as in the oxidation of lipids. Lipid
metabolism inhibition in tumor cells has direct cytotoxic
consequences on T-cell malignancies. In many cases, targeting
one arm of lipid metabolism is being compensated by the other
arm. However, the exclusive role of each component in different
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stages of tumor initiation, progression phenotypic evolution as well
as invasion, is indispensable by malignant T cells. Targeting lipid
metabolism also offers the reversal of therapy resistance.
Considering the promising results of targeting lipid metabolism
indicated by available laboratory or primary clinical investigation,
further investigation is needed to strengthen its clinical relevance
and applicability.

Conclusion

The distinctive metabolic setup for lipids governs the numerous
aspects of the physiology of T cells as well as malignancies derived
from T cells (184). During different stages of maturation and
differentiation, lipid metabolism acts as a maneuvering tool in the
life of T cells (33). The differential lipid metabolism contributes to
the necessity during different stages of T-cell life, and its divergent
operations also support diverse requirements of T-cell subsets (32).
Moreover, regulatory events controlling T-cell response are also
backed by unique lipid metabolism in regulatory cells (10, 54).
Nevertheless, divergent lipid metabolism also contributes to the
initiation and maintenance of T-cell malignancies. The anabolic
and catabolic arms of lipid metabolism [biosynthesis, accumulation,
and oxidation of lipid moieties] are inter-regulated. In T-cell
malignancies, FASN-mediated FA synthesis provides essential
lipid constituents to meet the demand for biological building
blocks to sustain rapid cell division (13). The lipid molecules also
provide essential survival advantages by strengthening the structure
of cells by modulating the composition of the membrane. Moreover,
the specific composition of lipids in cell membranes contributes to
maintaining the lipid rafts in T-cell cancer (9, 68). The integrity of
lipid rafts essentially maintains the surface expression of receptor
and adhesion molecules involved in enhanced cell survival signaling
and membrane dynamics during invasion and metastasis (9, 25, 68).
Nevertheless, the specific lipid composition of cells is also linked
with immunosuppression and immunoescape measures in
malignancies of T cells (8, 13). The elevated rigidity provided by
high cholesterol levels along with enriched non-oxidizable lipid
content in the membrane confers resistance to chemotherapeutic
drugs (47, 200). Apart from structural advantage, lipid provides
reserve fuels for dynamic and robust requirement during metastatic
and chemoresistance manifestation (3, 17).

Rewiring of lipid metabolism generates molecular moieties
involved in cellular signaling and regulates cancer progression in
hematological malignancies. The signaling lipids maintain the
required level of survival signaling and prevent the induction of
cell death in T-cell cancer (12, 163). Various cancer types including
T-cell cancer have unique transcriptional regulations affecting the
cell physiology and favor the progression of malignancies (23, 31).

The various arms in lipid metabolism act in a concerted form in
T-cell malignancies. The accumulation of lipid molecules is also
contributed by the uptake of free lipid molecules from the cellular
exterior, their incorporation, and storage in the form of lipid
droplets. The qualitative and quantitative abundance of lipid type
and forms affects cellular stress including endoplasmic stress and
unfolded protein response leukemic cells (16, 17, 147, 198). The
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oxidation of reserve lipids offers energy to perform various cellular
functions as well as to provide precursors for numerous bioactive
lipids (17, 23, 145).

Collectively, reprogrammed lipid metabolism aids in
phenotypic characteristics of T-cell malignancies in a much-
intervened fashion. The interknitting of lipid metabolism is
limited to their catabolism and anabolism, but they also connect
their dots with carbohydrate and amino acid metabolism. The
indispensability of lipid metabolism has been suggested to be a
promising therapeutic target. Targeting FA biosynthesis and FA
oxidation has been attempted in preclinical and clinical
investigations, and both have encouraging outcomes against
malignancies of T cells (13, 23, 104, 209). The direct inhibition of
cancer progression by targeting lipid metabolism as well as
alleviation of chemo- and immunotherapy response has been
demonstrated by various investigations (104, 129, 209, 217).
Considering the demonstrated as well as envisaged impact of lipid
metabolism in T-cell malignancies, investigations exploring the
connections between hallmark characters with the unambiguous

arrangement in lipid metabolism are further warranted.

Author contributions

NV, DS, AK and SS conceptualized the study. AM, YR, VS and
NV contributed to the literature search and analysis. All authors
contributed to the writing of the manuscript. Critical evaluations
and revisions were made by NV, DS, AK and SS. All authors
contributed to the article and approved the submitted version.

Acknowledgments

The fellowship support from VRET-Fellowship from Guru
Ghasidas Vishwavidyalaya [to AM, YR and VS] and UGC Senior
Research Fellowship [to VS (No. F.16-6(Dec.2016)/2017(NET))] is
acknowledged. The support from the UGC-SAP program at the
Department of Biotechnology, Guru Ghasidas, is acknowledged
here. The authors also acknowledge the support from their
respective institutions/organizations.

Conflict of interest

VKS is employed by Trivitron Healthcare Pvt., Ltd.

The remaining authors declare that the research was conducted
without commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mehta et al.

References

1. Hoxhaj G, Manning BD. The PI3K-AKT network at the interface of oncogenic
signalling and cancer metabolism. Nat Rev Cancer (2020) 20(2):74-88. doi: 10.1038/
541568-019-0216-7

2. Hanahan D, Robert A. Weinberg, Hallmarks of Cancer: The Next Generation. Cell
(2011) 144(5):646-74. doi: 10.1016/j.cell.2011.02.013

3. Broadfield LA, Pane AA, Talebi A, Swinnen JV, Fendt S-M. Lipid metabolism in
cancer: new perspectives and emerging mechanisms. Dev Cell (2021) 56(10):1363-93.
doi: 10.1016/j.devcel.2021.04.013

4. FuY, Zou T, Shen X, Nelson PJ, Li J, Wu C, et al. Lipid metabolism in cancer
progression and therapeutic strategies. MedComm (2021) 2(1):27-59. doi: 10.1002/
mco2.27

5. Gupta SS, Wang J, Chen M. Metabolic reprogramming in CD8+ T cells during
acute viral infections. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.01013

6. Howie D, Ten Bokum A, Necula AS, Cobbold SP, Waldmann H. The role of lipid
metabolism in T lymphocyte differentiation and survival. Front Immunol (2018)
8:1949. doi: 10.3389/fimmu.2017.01949

7. Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, et al. PD-1 alters T-
cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and
fatty acid oxidation. Nat Commun (2015) 6(1):6692. doi: 10.1038/ncomms7692

8. Li D, Liang J, Yang W, Guo W, Song W, Zhang W, et al. A distinct lipid
metabolism signature of acute myeloid leukemia with prognostic value. Front Oncol
(2022) 12:876981. doi: 10.3389/fonc.2022.876981

9. Mollinedo F, Gajate C. Lipid rafts as signaling hubs in cancer cell survival/death
and invasion: implications in tumor progression and therapy: thematic review series:
biology of lipid rafts. J Lipid Res (2020) 61(5):611-35. doi: 10.1194/jlr. TR119000439

10. Shi H, Chi H. Metabolic control of treg cell stability, plasticity, and tissue-
specific heterogeneity. Front Immunol (2019) 10:2716. doi: 10.3389/fimmu.2019.02716

11. Wang D, Ye Q, Gu H, Chen Z. The role of lipid metabolism in tumor immune
microenvironment and potential therapeutic strategies. Front Oncol (2022) 12:984560.
doi: 10.3389/fonc.2022.984560

12. Menendez JA, Vellon L, Lupu R. Targeting fatty acid synthase-driven lipid rafts:
a novel strategy to overcome trastuzumab resistance in breast cancer cells. Med
Hypotheses (2005) 64(5):997-1001. doi: 10.1016/j.mehy.2004.09.027

13. Kant S, Kumar A, Singh SM. Fatty acid synthase inhibitor orlistat induces
apoptosis in T cell lymphoma: role of cell survival regulatory molecules. Biochim
Biophys Acta (BBA) - Gen Subj (2012) 1820(11):1764-73. doi: 10.1016/
j.bbagen.2012.07.010

14. Christofides A, Konstantinidou E, Jani C, Boussiotis VA. The role of peroxisome
proliferator-activated receptors (PPAR) in immune responses. Metab - Clin Exp (2021)
114:154338. doi: 10.1016/j.metabol.2020.154338

15. Cioccoloni G, Aquino A, Notarnicola M, Caruso MG, Bonmassar E, Zonfrillo
M, et al. Fatty acid synthase inhibitor orlistat impairs cell growth and down-regulates
PD-LI expression of a human T-cell leukemia line. ] Chemother (2020) 32(1):30-40.
doi: 10.1080/1120009X.2019.1694761

16. Danilova OV, Dumont L], Levy NB, Lansigan F, Kinlaw WB, Danilov AV, et al.
FASN and CD36 predict survival in rituximab-treated diffuse large b-cell lymphoma. J
Hematopathol (2013) 6(1):11-8. doi: 10.1007/s12308-012-0166-4

17. Cruz ALS, Barreto EdA , Fazolini NPB, Viola JPB, Bozza PT. Lipid droplets:
platforms with multiple functions in cancer hallmarks. Cell Death Dis (2020) 11(2):105.
doi: 10.1038/s41419-020-2297-3

18. Beaulieu A, Poncin G, Belaid-Choucair Z, Humblet C, Bogdanovic G, Lognay G,
et al. Leptin Reverts Pro-Apoptotic and Antiproliferative Effects of o.-Linolenic Acids in
BCR-ABL Positive Leukemic Cells: Involvement of PI3K Pathway. PloS One (2011) 6
(10):e25651. doi: 10.1371/journal.pone.0025651

19. Ahmad F, Sun Q, Patel D, Stommel JM. Cholesterol metabolism: a potential
therapeutic target in glioblastoma. Cancers (2019) 11(2):146. doi: 10.3390/
cancers11020146

20. Bataller M, Sanchez-Garcia A, Garcia-Mayea Y, Mir C, Rodriguez I, Lleonart
ME. The role of sphingolipids metabolism in cancer drug resistance. Front Oncol (2021)
11:807636. doi: 10.3389/fonc.2021.807636

21. Deng C-F, Zhu N, Zhao T-], Li HF, Gu J, Liao DF, et al. Involvement of LDL and
ox-LDL in cancer development and its therapeutical potential. Front Oncol (2022)
12:803473. doi: 10.3389/fonc.2022.803473

22. Kant S, Kesarwani P, Prabhu A, Graham SF, Buelow KL, Nakano I, et al.
Enhanced fatty acid oxidation provides glioblastoma cells metabolic plasticity to
accommodate to its dynamic nutrient microenvironment. Cell Death Dis (2020) 11
(4):253. doi: 10.1038/s41419-020-2449-5

23. Li M, Xian HC, Tang YJ, Liang XH, Tang Y1 . Fatty acid oxidation: driver of
lymph node metastasis. Cancer Cell Int (2021) 21(1):339. doi: 10.1186/s12935-020-
01730-w

24. Luo X, Zhao X, Cheng C, Li N, Liu Y, Cao Y. The implications of signaling lipids
in cancer metastasis. Exp Mol Med (2018) 50(9):1-10. doi: 10.1038/s12276-018-0150-x

Frontiers in Oncology

15

10.3389/fonc.2023.1122789

25. Szlasa W, Zendran I, Zalesinska A, Tarek M, Kulbacka J. Lipid composition of
the cancer cell membrane. | Bioenerget Biomembranes (2020) 52(5):321-42. doi:
10.1007/s10863-020-09846-4

26. Robinson SP, Goldstone AH, Mackinnon S, Carella A, Russell N, de Elvira CR,
et al. Chemoresistant or aggressive lymphoma predicts for a poor outcome following
reduced-intensity allogeneic progenitor cell transplantation: an analysis from the
lymphoma working party of the European group for blood and bone marrow
transplantation. Blood (2002) 100(13):4310-6. doi: 10.1182/blood-2001-11-0107

27. Manzo T, Prentice BM, Anderson KG, Raman A, Schalck A, Codreanu GS, et al.
Accumulation of long-chain fatty acids in the tumor microenvironment drives
dysfunction in intrapancreatic CD8+ T cells. ] Exp Med (2020) 217(8):¢20191920.
doi: 10.1084/jem.20191920

28. Pacilli A, Calienni M, Margarucci S, D’Apolito M, Petillo O, Rocchi L, et al.
Carnitine-acyltransferase system inhibition, cancer cell death, and prevention of myc-
induced lymphomagenesis. JNCI: J Natl Cancer Inst (2013) 105(7):489-98. doi:
10.1093/jnci/djt030

29. Yano H, Fujiwara Y, Komohara Y. Cholesterol metabolism and lipid droplet
vacuoles; a potential target for the therapy of aggressive lymphoma. J Clin Exp
Hematopathol (2022) 62(4):190-194. doi: 10.3960/jslrt.22023

30. LiY-J, Fahrmann JF, Aftabizadeh M, Zhao Q, Tripathi SC, Zhang C, et al. Fatty
acid oxidation protects cancer cells from apoptosis by increasing mitochondrial
membrane lipids. Cell Rep (2022) 39(9):110870. doi: 10.1016/j.celrep.2022.110870

31. Chi C, Harth L, Galera MR, Torrealba MP, Vadivel CK, Geisler C, et al.
Concomitant inhibition of FASN and SREBP provides a promising therapy for CTCL.
Cancers (2022) 14(18):4491. doi: 10.3390/cancers14184491

32. Lim SA, Su W, Chapman NM, Chi H. Lipid metabolism in T cell signaling and
function. Nat Chem Biol (2022) 18(5):470-81. doi: 10.1038/s41589-022-01017-3

33. Gerriets VA, Rathmell JC. Metabolic pathways in T cell fate and function.
Trends Immunol (2012) 33(4):168-73. doi: 10.1016/j.it.2012.01.010

34. Lin J, Miller MJ, Shaw AS. The ¢c-SMAC : sorting it all out (or in). J Cell Biol
(2005) 170(2):177-82. doi: 10.1083/jcb.200503032

35. van der Windt GJW, Pearce EL. Metabolic switching and fuel choice during T-
cell differentiation and memory development. Immunol Rev (2012) 249(1):27-42. doi:
10.1111/§.1600-065X.2012.01150.x

36. Vazquez A, Liu J, Zhou Y, Oltvai ZN. Catabolic efficiency of aerobic glycolysis:
the warburg effect revisited. BMC Syst Biol (2010) 4(1):58. doi: 10.1186/1752-0509-4-58

37. Magee CN, Boenisch O, Najafian N. The role of costimulatory molecules in
directing the functional differentiation of alloreactive T helper cells. Am J Transplant
(2012) 12(10):2588-600. doi: 10.1111/j.1600-6143.2012.04180.x

38. Buck MD, O’Sullivan D, Pearce EL. T Cell metabolism drives immunity. ] Exp
Med (2015) 212(9):1345-60. doi: 10.1084/jem.20151159

39. Delgoffte GM, Powell JD. Feeding an army: the metabolism of T cells in
activation, anergy, and exhaustion. Mol Immunol (2015) 68(2, Part C):492-6. doi:
10.1016/j.molimm.2015.07.026

40. LiY, Sun X-X, Qian DZ, Dai M-S. Molecular crosstalk between MYC and HIF in
cancer. Front Cell Dev Biol (2020) 8:590576. doi: 10.3389/fcell.2020.590576

41. Palmer CS, Ostrowski M, Balderson B, Christian N, Crowe SM. Glucose
metabolism regulates T cell activation, differentiation, and functions. Front Immunol
(2015) 6. doi: 10.3389/fimmu.2015.00001

42. Liberti MV, Locasale JW. The warburg effect: how does it benefit cancer cells?
Trends Biochem Sci (2016) 41(3):211-8. doi: 10.1016/j.tibs.2015.12.001

43. Xia L, Oyang L, Lin J, Tan S, Han Y, Wu N, et al. The cancer metabolic
reprogramming and immune response. Mol Cancer (2021) 20(1):28. doi: 10.1186/
$12943-021-01316-8

44. PanY, Tian T, Park CO, Lofftus SY, Mei S, Liu X, et al. Survival of tissue-resident
memory T cells requires exogenous lipid uptake and metabolism. Nature (2017) 543
(7644):252-6. doi: 10.1038/nature21379

45. Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, Leevers S, et al. SREBP
activity is regulated by mTORCI and contributes to akt-dependent cell growth. Cell
Metab (2008) 8(3):224-36. doi: 10.1016/j.cmet.2008.07.007

46. Shao W, Peter ]. Espenshade, Expanding Roles for SREBP in Metabolism. Cell
Metab (2012) 16(4):414-9. doi: 10.1016/j.cmet.2012.09.002

47. Chyu K-Y, Lio WM, Dimayuga PC, Zhou J, Zhao X, Yano J, et al. Cholesterol
Lowering Modulates T Cell Function In Vivo and In Vitro. PloS One (2014) 9(3):
€92095. doi: 10.1371/journal.pone.0092095

48. Wang B, Tontonoz P. Liver X receptors in lipid signalling and membrane
homeostasis. Nat Rev Endocrinol (2018) 14(8):452-63. doi: 10.1038/s41574-018-0037-x

49. Raud B, McGuire PJ, Jones RG, Sparwasser T, Berod L. Fatty acid metabolism in
CD8+ T cell memory: challenging current concepts. Immunol Rev (2018) 283(1):213-
31. doi: 10.1111/imr.12655

50. Ruiz-Pérez MV, Sainero-Alcolado L, Oliynyk G, Matuschek I, Balboni N,
Ubhayasekera SJKA, et al. Inhibition of fatty acid synthesis induces differentiation

frontiersin.org


https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.devcel.2021.04.013
https://doi.org/10.1002/mco2.27
https://doi.org/10.1002/mco2.27
https://doi.org/10.3389/fimmu.2020.01013
https://doi.org/10.3389/fimmu.2017.01949
https://doi.org/10.1038/ncomms7692
https://doi.org/10.3389/fonc.2022.876981
https://doi.org/10.1194/jlr.TR119000439
https://doi.org/10.3389/fimmu.2019.02716
https://doi.org/10.3389/fonc.2022.984560
https://doi.org/10.1016/j.mehy.2004.09.027
https://doi.org/10.1016/j.bbagen.2012.07.010
https://doi.org/10.1016/j.bbagen.2012.07.010
https://doi.org/10.1016/j.metabol.2020.154338
https://doi.org/10.1080/1120009X.2019.1694761
https://doi.org/10.1007/s12308-012-0166-4
https://doi.org/10.1038/s41419-020-2297-3
https://doi.org/10.1371/journal.pone.0025651
https://doi.org/10.3390/cancers11020146
https://doi.org/10.3390/cancers11020146
https://doi.org/10.3389/fonc.2021.807636
https://doi.org/10.3389/fonc.2022.803473
https://doi.org/10.1038/s41419-020-2449-5
https://doi.org/10.1186/s12935-020-01730-w
https://doi.org/10.1186/s12935-020-01730-w
https://doi.org/10.1038/s12276-018-0150-x
https://doi.org/10.1007/s10863-020-09846-4
https://doi.org/10.1182/blood-2001-11-0107
https://doi.org/10.1084/jem.20191920
https://doi.org/10.1093/jnci/djt030
https://doi.org/10.3960/jslrt.22023
https://doi.org/10.1016/j.celrep.2022.110870
https://doi.org/10.3390/cancers14184491
https://doi.org/10.1038/s41589-022-01017-3
https://doi.org/10.1016/j.it.2012.01.010
https://doi.org/10.1083/jcb.200503032
https://doi.org/10.1111/j.1600-065X.2012.01150.x
https://doi.org/10.1186/1752-0509-4-58
https://doi.org/10.1111/j.1600-6143.2012.04180.x
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1016/j.molimm.2015.07.026
https://doi.org/10.3389/fcell.2020.590576
https://doi.org/10.3389/fimmu.2015.00001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1186/s12943-021-01316-8
https://doi.org/10.1186/s12943-021-01316-8
https://doi.org/10.1038/nature21379
https://doi.org/10.1016/j.cmet.2008.07.007
https://doi.org/10.1016/j.cmet.2012.09.002
https://doi.org/10.1371/journal.pone.0092095
https://doi.org/10.1038/s41574-018-0037-x
https://doi.org/10.1111/imr.12655
https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mehta et al.

and reduces tumor burden in childhood neuroblastoma. iScience (2021) 24(2). doi:
10.1016/j.isci.2021.102128

51. Ecker CM. Understanding Metabolic Adaptation Of T Cells During Activation
And Nutrient Limitation. Penn Dissertations (2018) 3110. Availble at: https://
repository.upenn.edu/edissertations/3110.

52. Karaki S-I, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, et al. Short-chain
fatty acid receptor, GPR43, is expressed by enteroendocrine cells and mucosal mast
cells in rat intestine. Cell Tissue Res (2006) 324(3):353-60. doi: 10.1007/s00441-005-
0140-x

53. Zhu ], Yamane H, Paul WE. Differentiation of effector CD4 T cell populations.
Annu Rev Immunol (2010) 28(1):445-89. doi: 10.1146/annurev-immunol-030409-
101212

54. HuZ, Zou Q, Su B. Regulation of T cell immunity by cellular metabolism. Front
Med (2018) 12(4):463-72. doi: 10.1007/511684-018-0668-2

55. Shevyrev D, Tereshchenko V. Treg heterogeneity, function, and homeostasis.
Front Immunol (2020) 10:3100. doi: 10.3389/fimmu.2019.03100

56. Miles EA, Childs CE, Calder PC. Long-chain polyunsaturated fatty acids
(LCPUFAs) and the developing immune system: a narrative review. Nutrients (2021)
13(1):247. doi: 10.3390/nu13010247

57. Berod L, Friedrich C, Nandan A, Freitag ], Hagemann S, Harmrolfs K, et al. De
novo fatty acid synthesis controls the fate between regulatory T and T helper 17 cells.
Nat Med (2014) 20(11):1327-33. doi: 10.1038/nm.3704

58. Bunte K, Beikler T. Th17 Cells and the IL-23/IL-17 Axis in the Pathogenesis of
Periodontitis and Immune-Mediated Inflammatory Diseases. Int ] Mol Sci (2019) 20
(14):3394. doi: 10.3390/ijms20143394

59. Atif M, Mohr A, Conti F, Scatton O, Gorochov G, Miyara M. Metabolic
optimisation of regulatory T cells in transplantation. Front Immunol (2020) 11:2005.
doi: 10.3389/fimmu.2020.02005

60. Wang M, Wang K, Liao X, Hu H, Chen L, Meng L, et al. Carnitine
palmitoyltransferase system: a new target for anti-inflammatory and anticancer
therapy? Front Pharmacol (2021) 12:760581. doi: 10.3389/fphar.2021.760581

61. Chi H. Regulation and function of mTOR signalling in T cell fate decisions. Nat
Rev Immunol (2012) 12(5):325-38. doi: 10.1038/nri3198

62. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease.
Cell (2017) 168(6):960-76. doi: 10.1016/j.cell.2017.02.004

63. Endo Y, Onodera A, Obata-Ninomiya K, Koyama-Nasu R, Asou HK, Ito T, et al.
ACCI determines memory potential of individual CD4+ T cells by regulating de novo
fatty acid biosynthesis. Nat Metab (2019) 1(2):261-75. doi: 10.1038/s42255-018-0025-4

64. Klein Geltink RI, Kyle RL, Pearce EL. Unraveling the complex interplay between
T cell metabolism and function. Annu Rev Immunol (2018) 36(1):461-88. doi: 10.1146/
annurev-immunol-042617-053019

65. Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in
cancer. Br ] Cancer (2020) 122(1):4-22. doi: 10.1038/s41416-019-0650-z

66. Kiigiik C, Jiang B, Hu X, Zhang W, Chan JKC, Xiao W, et al. Activating
mutations of STAT5B and STAT3 in lymphomas derived from Y3-T or NK cells. Nat
Commun (2015) 6(1):6025. doi: 10.1038/ncomms7025

67. Lauenborg B, Litvinov IV, Zhou Y, Willerslev-Olsen A, Bonefeld CM, Nastasi C,
et al. Malignant T cells activate endothelial cells via IL-17 F. Blood Cancer ] (2017) 7(7):
€586-6. doi: 10.1038/bcj.2017.64

68. LiB, Qin Y, Yu X, Xu X, Yu W. Lipid raft involvement in signal transduction in
cancer cell survival, cell death and metastasis. Cell Proliferation (2022) 55(1):e13167.
doi: 10.1111/cpr.13167

69. Triki M, Rinaldi G, Planque M, Broekaert D, Winkelkotte AM, Maier CR, et al.
mTOR signaling and SREBP activity increase FADS2 expression and can activate
sapienate biosynthesis. Cell Rep (2020) 31(12):107806. doi: 10.1016/
j.celrep.2020.107806

70. Ricciardi MR, Mirabilii S, Allegretti M, Licchetta R, Calarco A, Torrisi MR, et al.
Targeting the leukemia cell metabolism by the CPT1a inhibition: functional preclinical
effects in leukemias. Blood (2015) 126(16):1925-9. doi: 10.1182/blood-2014-12-617498

71. Stiubert C, Bhuiyan H, Lindahl A, Broom OJ, Zhu Y, Islam S, et al. Rewired
metabolism in drug-resistant leukemia cells: a metabolic switch hallmarked by reduced
dependence on exogenous glutamine *. J Biol Chem (2015) 290(13):8348-59. doi:
10.1074/jbc.M114.618769

72. Mehta A, Soni VK, Ratre YK, Amit A, Shukla D, Kumar A, et al. Role of tumour-
associated macrophages in colon cancer progression and its therapeutic targeting. In:
Shukla D, Vishvakarma NK, Nagaraju GP, editors. Colon cancer diagnosis and therapy,
vol. 3 . Cham: Springer International Publishing (2022). p. 193-215. doi: 10.1007/978-
3-030-72702-4_10

73. Soni VK, Mehta A, Ratre YK, Chandra V, Shukla D, Kumar A, et al.
Counteracting action of curcumin on high glucose-induced chemoresistance in
hepatic carcinoma cells. Front Oncol (2021) 11(738961). doi: 10.3389/fonc.2021.738961

74. Soni VK, Shukla D, Kumar A, Vishvakarma NK. Curcumin circumvent lactate-
induced chemoresistance in hepatic cancer cells through modulation of
hydroxycarboxylic acid receptor-1. Int J Biochem Cell Biol (2020) 123:105752. doi:
10.1016/j.biocel.2020.105752

75. Vishvakarma NK, Kumar A, Kumar A, Kant S, Bharti AC, Singh SM.
Myelopotentiating effect of curcumin in tumor-bearing host: role of bone marrow

Frontiers in Oncology

10.3389/fonc.2023.1122789

resident macrophages. Toxicol Appl Pharmacol (2012) 263(1):111-21. doi: 10.1016/
j.taap.2012.06.004

76. Fhu CW, Ali A. Fatty acid synthase: an emerging target in cancer. Molecules
(2020) 25:3935. doi: 10.3390/molecules25173935

77. Zhang T, Guo Z, Huo X, Gong Y, Li C, Huang J, et al. Dysregulated lipid
metabolism blunts the sensitivity of cancer cells to EZH2 inhibitor. eBioMedicine
(2022) 77:103872. doi: 10.1016/j.ebiom.2022.103872

78. Migita T, Narita T, Nomura K, Miyagi E, Inazuka F, Matsuura M, et al. ATP
citrate lyase: activation and therapeutic implications in non-small cell lung cancer.
Cancer Res (2008) 68(20):8547-54. doi: 10.1158/0008-5472.CAN-08-1235

79. Zhang S, Yang W, Chen H, Liu B, Lin B, Tao Y. Metabolic engineering for
efficient supply of acetyl-CoA from different carbon sources in escherichia coli. Microb
Cell Factories (2019) 18(1):130. doi: 10.1186/s12934-019-1177-y

80. Luong A, Hannah VC, Brown MS, Goldstein JL. Molecular characterization of
human acetyl-CoA synthetase, an enzyme regulated by sterol regulatory element-
binding proteins*. J Biol Chem (2000) 275(34):26458-66. doi: 10.1074/jbc.M004160200

81. Galdieri L, Vancura A. Acetyl-CoA carboxylase regulates global histone
acetylation *#. J Biol Chem (2012) 287(28):23865-76. doi: 10.1074/jbc.M112.380519

82. Harriman G, Greenwood J, Bhat S, Huang X, Wang R, Paul D, et al. Acetyl-CoA
carboxylase inhibition by ND-630 reduces hepatic steatosis, improves insulin
sensitivity, and modulates dyslipidemia in rats. Proc Natl Acad Sci (2016) 113(13):
E1796-805. doi: 10.1073/pnas.1520686113

83. Zhao Q, Lin X, Wang G. Targeting SREBP-1-Mediated lipogenesis as potential
strategies for cancer. Front Oncol (2022) 12:952371. doi: 10.3389/fonc.2022.952371

84. Yin X, Xu R, Song J, Ruze R, Chen Y, Wang C, et al. Lipid metabolism in
pancreatic cancer: emerging roles and potential targets. Cancer Commun (2022) 42
(12):1234-56. doi: 10.1002/cac2.12360

85. Sivanand S, Rhoades S, Jiang Q, Lee JV, Benci J, Zhang J, et al. Nuclear acetyl-
CoA production by ACLY promotes homologous recombination. Mol Cell (2017) 67
(2):252-265.€6. doi: 10.1016/j.molcel.2017.06.008

86. Cohen GN. Biosynthesis of lipids. In: Cohen GN, editor. Microbial biochemistry.
Dordrecht: Springer Netherlands (2004). p. 63-9. doi: 10.1007/978-1-4020-2237-1_9

87. Mehta A, Soni VK, Ratre YK, Singh RP, Shukla D, Vishvakarma NK, et al. Short-
chain fatty acids as therapeutic agents in colon malignancies. In: Nagaraju GP, Shukla
D, Vishvakarma NK, editors. Colon cancer diagnosis and therapy, vol. 1 . Cham:
Springer International Publishing (2021). p. 195-218. doi: 10.1007/978-3-030-63369-
110

88. Hofmanova J, Slavik J, Ciganek M, Ovesna P, Tylichova Z, Karasova M, et al.
Complex alterations of fatty acid metabolism and phospholipidome uncovered in
isolated colon cancer epithelial cells. Int ] Mol Sci (2021) 22:6650. doi: 10.3390/
ijms22136650

89. Snaebjornsson MT, Janaki-Raman S, Schulze A. Greasing the wheels of the
cancer machine: the role of lipid metabolism in cancer. Cell Metab (2020) 31(1):62-76.
doi: 10.1016/j.cmet.2019.11.010

90. Flavin R, Peluso S, Nguyen PL, Loda M. Fatty acid synthase as a potential
therapeutic target in cancer. Future Oncol (2010) 6(4):551-62. doi: 10.2217/fon.10.11

91. Geng C, Kaochar S, Li M, Rajapakshe K, Fiskus W, Dong J, et al. SPOP regulates
prostate epithelial cell proliferation and promotes ubiquitination and turnover of c-
MYC oncoprotein. Oncogene (2017) 36(33):4767-77. doi: 10.1038/0nc.2017.80

92. Friesen JA, Rodwell VW. The 3-hydroxy-3-methylglutaryl coenzyme-a (HMG-
CoA) reductases. Genome Biol (2004) 5(11):248. doi: 10.1186/gb-2004-5-11-248

93. Willey JZ, Elkind MSV. 3-Hydroxy-3-methylglutaryl-coenzyme a reductase
inhibitors in the treatment of central nervous system diseases. Arch Neurol (2010) 67
(9):1062-7. doi: 10.1001/archneurol.2010.199

94. Coates HW, Capell-Hattam IM, Brown AJ. The mammalian cholesterol
synthesis enzyme squalene monooxygenase is proteasomally truncated to a
constitutively active form. J Biol Chem (2021) 296:100731. doi: 10.1016/
j.jbc.2021.100731

95. Chen M, Huang J. The expanded role of fatty acid metabolism in cancer: new
aspects and targets. Precis Clin Med (2019) 2(3):183-91. doi: 10.1093/pcmedi/pbz017

96. Zaidi N, Lupien L, Kuemmerle NB, Kinlaw WB, Swinnen JV, Smans K.
Lipogenesis and lipolysis: the pathways exploited by the cancer cells to acquire fatty
acids. Prog Lipid Res (2013) 52(4):585-9. doi: 10.1016/j.plipres.2013.08.005

97. Brash AR. Arachidonic acid as a bioactive molecule. J Clin Invest (2001) 107
(11):1339-45. doi: 10.1172/JCI13210

98. Fruman DA, Rommel C. PI3K and cancer: lessons, challenges and opportunities.
Nat Rev Drug Discovery (2014) 13(2):140-56. doi: 10.1038/nrd4204

99. Tonazzi A, Giangregorio N, Console L, Palmieri F, Indiveri C. The
mitochondrial carnitine acyl-carnitine carrier (SLC25A20): molecular mechanisms of
transport, role in redox sensing and interaction with drugs. Biomolecules (2021) 11
(4):521. doi: 10.3390/biom11040521

100. Qu Q, Zeng F, Liu X, Wang QJ, Deng F. Fatty acid oxidation and carnitine
palmitoyltransferase I: emerging therapeutic targets in cancer. Cell Death Dis (2016) 7
(5):€2226-6. doi: 10.1038/cddis.2016.132

101. Wang W, Bai L, Li W, Cui J. The lipid metabolic landscape of cancers and new
therapeutic perspectives. Front Oncol (2020) 10:605154. doi: 10.3389/fonc.2020.605154

frontiersin.org


https://doi.org/10.1016/j.isci.2021.102128
https://repository.upenn.edu/edissertations/3110
https://repository.upenn.edu/edissertations/3110
https://doi.org/10.1007/s00441-005-0140-x
https://doi.org/10.1007/s00441-005-0140-x
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1007/s11684-018-0668-2
https://doi.org/10.3389/fimmu.2019.03100
https://doi.org/10.3390/nu13010247
https://doi.org/10.1038/nm.3704
https://doi.org/10.3390/ijms20143394
https://doi.org/10.3389/fimmu.2020.02005
https://doi.org/10.3389/fphar.2021.760581
https://doi.org/10.1038/nri3198
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1038/s42255-018-0025-4
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.1038/ncomms7025
https://doi.org/10.1038/bcj.2017.64
https://doi.org/10.1111/cpr.13167
https://doi.org/10.1016/j.celrep.2020.107806
https://doi.org/10.1016/j.celrep.2020.107806
https://doi.org/10.1182/blood-2014-12-617498
https://doi.org/10.1074/jbc.M114.618769
https://doi.org/10.1007/978-3-030-72702-4_10
https://doi.org/10.1007/978-3-030-72702-4_10
https://doi.org/10.3389/fonc.2021.738961
https://doi.org/10.1016/j.biocel.2020.105752
https://doi.org/10.1016/j.taap.2012.06.004
https://doi.org/10.1016/j.taap.2012.06.004
https://doi.org/10.3390/molecules25173935
https://doi.org/10.1016/j.ebiom.2022.103872
https://doi.org/10.1158/0008-5472.CAN-08-1235
https://doi.org/10.1186/s12934-019-1177-y
https://doi.org/10.1074/jbc.M004160200
https://doi.org/10.1074/jbc.M112.380519
https://doi.org/10.1073/pnas.1520686113
https://doi.org/10.3389/fonc.2022.952371
https://doi.org/10.1002/cac2.12360
https://doi.org/10.1016/j.molcel.2017.06.008
https://doi.org/10.1007/978-1-4020-2237-1_9
https://doi.org/10.1007/978-3-030-63369-1_10
https://doi.org/10.1007/978-3-030-63369-1_10
https://doi.org/10.3390/ijms22136650
https://doi.org/10.3390/ijms22136650
https://doi.org/10.1016/j.cmet.2019.11.010
https://doi.org/10.2217/fon.10.11
https://doi.org/10.1038/onc.2017.80
https://doi.org/10.1186/gb-2004-5-11-248
https://doi.org/10.1001/archneurol.2010.199
https://doi.org/10.1016/j.jbc.2021.100731
https://doi.org/10.1016/j.jbc.2021.100731
https://doi.org/10.1093/pcmedi/pbz017
https://doi.org/10.1016/j.plipres.2013.08.005
https://doi.org/10.1172/JCI13210
https://doi.org/10.1038/nrd4204
https://doi.org/10.3390/biom11040521
https://doi.org/10.1038/cddis.2016.132
https://doi.org/10.3389/fonc.2020.605154
https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mehta et al.

102. Guo W, Wang X, Li Y, Bai O. Function and regulation of lipid signaling in
lymphomagenesis: a novel target in cancer research and therapy. Crit Rev Oncology/
Hematol (2020) 154:103071. doi: 10.1016/j.critrevonc.2020.103071

103. Pontes HAR, Pontes FSC, Silva BSDF, Fonseca FP, Andrade BABD, Rizo VHT,
et al. Extranodal nasal NK/T-cell lymphoma: a rare oral presentation and FASN, CD44
and GLUT-1 expression. Braz Dental J (2013) 24:284-8. doi: 10.1590/0103-
6440201302202

104. Ghaeidamini H, Maryam , Rahgozar S, Rahimi Babasheikhali S, Safavi A,
Ghodousi ES, et al. Publisher correction: fatty acid synthase, a novel poor prognostic
factor for acute lymphoblastic leukemia which can be targeted by ginger extract. Sci Rep
(2020) 10(1):20952. doi: 10.1038/s41598-020-78089-5

105. Kant S, Kumar A, Singh SM. Tumor growth retardation and chemosensitizing
action of fatty acid synthase inhibitor orlistat on T cell lymphoma: implication of
reconstituted tumor microenvironment and multidrug resistance phenotype. Biochim
Biophys Acta (BBA)-General Subj (2014) 1840(1):294-302. doi: 10.1016/
j.bbagen.2013.09.020

106. Li CJ, Chiu YH, Chang C, Chang Y-CI, Sheu JJ, Chiang AJ. Acetyl coenzyme a
synthase 2 acts as a prognostic biomarker associated with immune infiltration in
cervical squamous cell carcinoma. Cancers (2021) 13:3125. doi: 10.3390/
cancers13133125

107. Basappa J, ElAzzouny MA, Rolland DCM, Velusamy T, Hwang S, Basrur V,
et al. NPM-ALK mediated tyrosine phosphorylation of ATP citrate lyase regulates lipid
metabolism and promotes oncogenesis of anaplastic Large cell lymphoma. Blood (2015)
126(23):465-5. doi: 10.1182/blood.V126.23.465.465

108. Yoshioka H, Coates HW, Chua NK, Hashimoto Y, Brown AJ, Ohgane K. A key
mammalian cholesterol synthesis enzyme, squalene monooxygenase, is allosterically
stabilized by its substrate. Proc Natl Acad Sci (2020) 117(13):7150-8. doi: 10.1073/
pnas.1915923117

109. Garcia-Bermudez J, Baudrier L, Bayraktar EC, Shen Y, La K, Guarecuco R, et al.
Squalene accumulation in cholesterol auxotrophic lymphomas prevents oxidative cell
death. Nature (2019) 567(7746):118-22. doi: 10.1038/s41586-019-0945-5

110. Tan Y, Sementino E, Liu Z, Cai KQ, \Testa JR. Wnt signaling mediates
oncogenic synergy between akt and DIx5 in T-cell lymphomagenesis by enhancing
cholesterol synthesis. Sci Rep (2020) 10(1):15837. doi: 10.1038/s41598-020-72822-w

111. Mehta A, Kumar Ratre Y, Sharma K, Soni VK, Tiwari AK, Singh RP, et al.
Interplay of nutrition and psychoneuroendocrineimmune modulation: relevance for
COVID-19 in BRICS nations. Front Microbiol (2021) 12:769884. doi: 10.3389/
fmicb.2021.769884

112. Floeth M, Elges S, Gerss ], Schwéppe C, Kessler T, Herold T, et al. Low-density
lipoprotein receptor (LDLR) is an independent adverse prognostic factor in acute
myeloid leukaemia. Br ] Haematol (2021) 192(3):494-503. doi: 10.1111/bjh.16853

113. Yu C, Niu X, Du Y, Chen Y, Liu X, Xu L, et al. IL-17A promotes fatty acid
uptake through the IL-17A/IL-17RA/p-STAT3/FABP4 axis to fuel ovarian cancer
growth in an adipocyte-rich microenvironment. Cancer Immunol Immunother
(2020) 69(1):115-26. doi: 10.1007/500262-019-02445-2

114. Rozovski U, Harris DM, Li P, Liu Z, Jain P, Ferrajoli A, et al. STAT3 is
constitutively acetylated on lysine 685 residues in chronic lymphocytic leukemia cells.
Oncotarget (2018) 9(72):33710-8. doi: 10.18632/oncotarget.26110

115. Pinel-Briquel N, Keddari E, Tanous AM, Couderc P, Stoebner P. Case 8: T-cell
lymphoma with Large multilobated nuclei. Ultrastructural Pathol (1986) 10(5):437-44.
doi: 10.3109/01913128609007198

116. Thurgood LA, Escane L, Bader CA, Lower KM, Brooks DA, Kuss BJ. Chronic
lymphocytic leukaemia relies on lipid scavenging and synthesis as an energy source.
Blood (2018) 132(Supplement 1):3117-7. doi: 10.1182/blood-2018-99-120241

117. Tucci J, Chen T, Margulis K, Orgel E, Paszkiewicz RL, Cohen MD, et al.
Adipocytes provide fatty acids to acute lymphoblastic leukemia cells. Front Oncol
(2021) 11:665763. doi: 10.3389/fonc.2021.665763

118. Kannan-Thulasiraman P, Seachrist DD, Mahabeleshwar GH, Jain MK, Noy N.
Fatty acid-binding protein 5 and PPARP/S are critical mediators of epidermal growth
factor receptor-induced carcinoma cell growth *. ] Biol Chem (2010) 285(25):19106-15.
doi: 10.1074/jbc.M109.099770

119. Pearson R, Fleetwood J, Eaton S, Crossley M, Bao S. Kriippel-like transcription
factors: a functional family. Int J Biochem Cell Biol (2008) 40(10):1996-2001. doi:
10.1016/j.biocel.2007.07.018

120. WuJ, Lingrel JB. KLF2 inhibits jurkat T leukemia cell growth via upregulation
of cyclin-dependent kinase inhibitor p21WAF1/CIP1. Oncogene (2004) 23(49):8088-
96. doi: 10.1038/sj.onc.1207996

121. Zhang G, Gao X, Zhao X, Wu H, Yan M, Li Y, et al. Decitabine inhibits the
proliferation of human t—cell acute lymphoblastic leukemia molt4 cells and promotes
apoptosis partly by regulating the PI3K/AKT/mTOR pathway. Oncol Lett (2021) 21
(5):340. doi: 10.3892/01.2021.12601

122. Yamamoto K, Abe S, Honda A, Hashimoto J, Aizawa Y, Ishibashi S, et al. Fatty
acid beta oxidation enzyme HADHA is a novel potential therapeutic target in
malignant lymphoma. Lab Invest (2020) 100(3):353-62. doi: 10.1038/s41374-019-
0318-6

123. Wong BW, Wang X, Zecchin A, Thienpont B, Cornelissen I, Kalucka J, et al.
The role of fatty acid B-oxidation in lymphangiogenesis. Nature (2017) 542(7639):49-
54. doi: 10.1038/nature21028

Frontiers in Oncology

17

10.3389/fonc.2023.1122789

124. Samudio I, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin B,
et al. Pharmacologic inhibition of fatty acid oxidation sensitizes human leukemia cells
to apoptosis induction. J Clin Invest (2010) 120(1):142-56. doi: 10.1172/JCI38942

125. Sekine Y, Yamamoto K, Kurata M, Honda A, Onishi I, Kinowaki Y, et al.
HADHB, a fatty acid beta-oxidation enzyme, is a potential prognostic predictor in
malignant lymphoma. Pathology (2022) 54(3):286-93. doi: 10.1016/
j.pathol.2021.06.119

126. Wang X, Song H, Liang J, Jia Y, Zhang Y. Abnormal expression of HADH, an
enzyme of fatty acid oxidation, affects tumor development and prognosis (Review). Mol
Med Rep (2022) 26(6):355. doi: 10.3892/mmr.2022.12871

127. Luo]J, Luo D, Liang H, Tan Y, Liu X, Liu Q, et al. Research on the mechanism of
SIRT1/AMPK inducing resistance to imatinib in K562 cells by inhibiting srebp to
promote lipid metabolism. Blood (2021) 138(Supplement 1):4592-2. doi: 10.1182/
blood-2021-150333

128. Abraham A, Qiu S, Chacko BK, Li H, Paterson A, He J, et al. SIRT1 regulates
metabolism and leukemogenic potential in CML stem cells. J Clin Invest (2019) 129
(7):2685-701. doi: 10.1172/JCI1127080

129. Kozako T, Suzuki T, Yoshimitsu M, Uchida Y, Kuroki A, Aikawa A, et al. Novel
small-molecule SIRT1 inhibitors induce cell death in adult T-cell leukaemia cells. Sci
Rep (2015) 5(1):11345. doi: 10.1038/srep11345

130. Farge T, Saland E, de Toni F, Aroua N, Hosseini M, Perry R, et al.
Chemotherapy-resistant human acute myeloid leukemia cells are not enriched for
leukemic stem cells but require oxidative metabolism. Cancer Discovery (2017) 7
(7):716-35. doi: 10.1158/2159-8290.CD-16-0441

131. Goel Y, Yadav S, Pandey SK, Temre MK, Maurya BN, Verma A, et al. Tumor
decelerating and chemo-potentiating action of methyl jasmonate on a T cell lymphoma
in vivo: role of altered regulation of metabolism, cell survival, drug resistance, and
intratumoral blood flow. Front Oncol (2021) 11:619351. doi: 10.3389/fonc.2021.619351

132. Vriens K, Christen S, Parik S, Broekaert D, Yoshinaga K, Talebi A, et al.
Evidence for an alternative fatty acid desaturation pathway increasing cancer plasticity.
Nature (2019) 566(7744):403-6. doi: 10.1038/541586-019-0904-1

133. Snaebjornsson MT, Schulze A. Tumours use a metabolic twist to make lipids.
Nature (2019) 566:333-334. doi: 10.1038/d41586-019-00352-1

134. Li L-Y, Yang Q, Jiang Y-Y, Yang W, Jiang Y, Li X, et al. Interplay and
cooperation between SREBF1 and master transcription factors regulate lipid
metabolism and tumor-promoting pathways in squamous cancer. Nat Commun
(2021) 12(1):4362. doi: 10.1038/s41467-021-24656-x

135. Bensaad K, Favaro E, Lewis Caroline A, Peck B, Lord S, Collins Jennifer M,
et al. Fatty acid uptake and lipid storage induced by HIF-1a. contribute to cell growth
and survival after hypoxia-reoxygenation. Cell Rep (2014) 9(1):349-65. doi: 10.1016/
j.celrep.2014.08.056

136. Infantino V, Santarsiero A, Convertini P, Todisco S, Iacobazzi V. Cancer cell
metabolism in hypoxia: role of HIF-1 as key regulator and therapeutic target. Int ] Mol
Sci (2021) 22:5703. doi: 10.3390/ijms22115703

137. Zou J, Li P, Lu F, Liu N, Dai J, Ye J, et al. Notchl is required for hypoxia-
induced proliferation, invasion and chemoresistance of T-cell acute lymphoblastic
leukemia cells. ] Hematol Oncol (2013) 6(1):3. doi: 10.1186/1756-8722-6-3

138. Valentina A, Sonia M, Marica P, Alessandra G, Laura P, Adriana Agnese A,
et al. Dissecting molecular mechanisms of resistance to NOTCH1-targeted therapy in
T-cell acute lymphoblastic leukemia xenografts. Haematologica (2020) 105(5):1317-28.
doi: 10.3324/haematol.2019.217687

139. Kidani Y, Elsaesser H, Hock MB, Vergnes L, Williams KJ, Argus JP, et al. Sterol
regulatory element-binding proteins are essential for the metabolic programming of
effector T cells and adaptive immunity. Nat Immunol (2013) 14(5):489-99. doi:
10.1038/ni.2570

140. Bobkov D, Yudintceva N, Lomert E, Shatrova A, Kever L, Semenova S. Lipid
raft integrity is required for human leukemia jurkat T-cell migratory activity. Biochim
Biophys Acta (BBA) - Mol Cell Biol Lipids (2021) 1866(6):158917. doi: 10.1016/
j.bbalip.2021.158917

141. ChengH, Wang M, SuJ,LiY, LongJ, ChuJ, et al. Lipid metabolism and cancer.
Life (2022) 12:1606. doi: 10.3390/life12060784

142. Gajate C, Mollinedo F. The antitumor ether lipid ET-18-OCH3 induces
apoptosis through translocation and capping of Fas/CD95 into membrane rafts in
human leukemic cells. Blood (2001) 98(13):3860-3. doi: 10.1182/blood.V98.13.3860

143. Prendeville H, Lynch L. Diet, lipids, and antitumor immunity. Cell Mol
Immunol (2022) 19(3):432-44. doi: 10.1038/s41423-021-00781-x

144. Skotland T, Kavaliauskiene S, Sandvig K. The role of lipid species in
membranes and cancer-related changes. Cancer Metastasis Rev (2020) 39(2):343-60.
doi: 10.1007/s10555-020-09872-z

145. Codini M, Garcia-Gil M, Albi E. Cholesterol and Sphingolipid Enriched Lipid
Rafts as Therapeutic Targets in Cancer. Int ] Mol Sci (2021) 22:726. doi: 10.3390/
1jms22020726

146. McCaw L, Shi Y, Wang G, Li Y-], Spaner DE. Low density lipoproteins amplify
cytokine-signaling in chronic lymphocytic leukemia cells. eBioMedicine (2017) 15:24—
35. doi: 10.1016/j.ebiom.2016.11.033

147. Jiang G, Freywald T, Webster ], Kozan D, Geyer R, DeCoteau J, et al. In human
leukemia cells Ephrin-B-induced invasive activity is supported by Ick and is associated

frontiersin.org


https://doi.org/10.1016/j.critrevonc.2020.103071
https://doi.org/10.1590/0103-6440201302202
https://doi.org/10.1590/0103-6440201302202
https://doi.org/10.1038/s41598-020-78089-5
https://doi.org/10.1016/j.bbagen.2013.09.020
https://doi.org/10.1016/j.bbagen.2013.09.020
https://doi.org/10.3390/cancers13133125
https://doi.org/10.3390/cancers13133125
https://doi.org/10.1182/blood.V126.23.465.465
https://doi.org/10.1073/pnas.1915923117
https://doi.org/10.1073/pnas.1915923117
https://doi.org/10.1038/s41586-019-0945-5
https://doi.org/10.1038/s41598-020-72822-w
https://doi.org/10.3389/fmicb.2021.769884
https://doi.org/10.3389/fmicb.2021.769884
https://doi.org/10.1111/bjh.16853
https://doi.org/10.1007/s00262-019-02445-2
https://doi.org/10.18632/oncotarget.26110
https://doi.org/10.3109/01913128609007198
https://doi.org/10.1182/blood-2018-99-120241
https://doi.org/10.3389/fonc.2021.665763
https://doi.org/10.1074/jbc.M109.099770
https://doi.org/10.1016/j.biocel.2007.07.018
https://doi.org/10.1038/sj.onc.1207996
https://doi.org/10.3892/ol.2021.12601
https://doi.org/10.1038/s41374-019-0318-6
https://doi.org/10.1038/s41374-019-0318-6
https://doi.org/10.1038/nature21028
https://doi.org/10.1172/JCI38942
https://doi.org/10.1016/j.pathol.2021.06.119
https://doi.org/10.1016/j.pathol.2021.06.119
https://doi.org/10.3892/mmr.2022.12871
https://doi.org/10.1182/blood-2021-150333
https://doi.org/10.1182/blood-2021-150333
https://doi.org/10.1172/JCI127080
https://doi.org/10.1038/srep11345
https://doi.org/10.1158/2159-8290.CD-16-0441
https://doi.org/10.3389/fonc.2021.619351
https://doi.org/10.1038/s41586-019-0904-1
https://doi.org/10.1038/d41586-019-00352-1
https://doi.org/10.1038/s41467-021-24656-x
https://doi.org/10.1016/j.celrep.2014.08.056
https://doi.org/10.1016/j.celrep.2014.08.056
https://doi.org/10.3390/ijms22115703
https://doi.org/10.1186/1756-8722-6-3
https://doi.org/10.3324/haematol.2019.217687
https://doi.org/10.1038/ni.2570
https://doi.org/10.1016/j.bbalip.2021.158917
https://doi.org/10.1016/j.bbalip.2021.158917
https://doi.org/10.3390/life12060784
https://doi.org/10.1182/blood.V98.13.3860
https://doi.org/10.1038/s41423-021-00781-x
https://doi.org/10.1007/s10555-020-09872-z
https://doi.org/10.3390/ijms22020726
https://doi.org/10.3390/ijms22020726
https://doi.org/10.1016/j.ebiom.2016.11.033
https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mehta et al.

with reassembling of lipid raft signaling complexes. Mol Cancer Res (2008) 6(2):291-
305. doi: 10.1158/1541-7786.MCR-07-0047

148. Kopecka ], Trouillas P, Gasparovi¢ Aé, Gazzano E, Assaraf YG, Riganti C.
Phospholipids and cholesterol: inducers of cancer multidrug resistance and therapeutic
targets. Drug Resistance Updates (2020) 49:100670. doi: 10.1016/j.drup.2019.100670

149. Liu X, Bao X, Hu M, Chang H, Jiao M, Cheng J, et al. Inhibition of PCSK9
potentiates immune checkpoint therapy for cancer. Nature (2020) 588(7839):693-8.
doi: 10.1038/s41586-020-2911-7

150. Mullard A. Cancer metabolism pipeline breaks new ground. Nat Rev Drug
Discovery (2016) 15(11):735-7. doi: 10.1038/nrd.2016.223

151. Yan F, Shen N, Pang JX, Zhao N, Zhang YW, Bode AM, et al. A vicious loop of
fatty acid-binding protein 4 and DNA methyltransferase 1 promotes acute myeloid
leukemia and acts as a therapeutic target. Leukemia (2018) 32(4):865-73. doi: 10.1038/
leu.2017.307

152. Vona R, Iessi E, Matarrese P. Role of cholesterol and lipid rafts in cancer
signaling: a promising therapeutic opportunity? Front Cell Dev Biol (2021) 9:622908.
doi: 10.3389/fcell.2021.622908

153. Traversari C, Sozzani S, Steffensen KR, Russo V. LXR-dependent and
-independent effects of oxysterols on immunity and tumor growth. Eur J Immunol
(2014) 44(7):1896-903. doi: 10.1002/eji.201344292

154. Zhong W, Cao X, Pan G, Niu Q, Feng X, Xu M, et al. ORPA4L is a prerequisite
for the induction of T-cell leukemogenesis associated with human T-cell leukemia virus
1. Blood (2022) 139(7):1052-65. doi: 10.1182/blood.2021013579

155. Hu Q, Masuda T, Koike K, Sato K, Tobo T, Kuramitsu S, et al. Oxysterol
binding protein-like 3 (OSBPL3) is a novel driver gene that promotes tumor growth in
part through r-Ras/Akt signaling in gastric cancer. Sci Rep (2021) 11(1):19178. doi:
10.1038/s41598-021-98485-9

156. Zhong W, Yi Q, Xu B, Li S, Wang T, Liu F, et al. ORPA4L is essential for T-cell
acute lymphoblastic leukemia cell survival. Nat Commun (2016) 7(1):12702. doi:
10.1038/ncomms12702

157. Kloudova A, Guengerich FP, Soucek P. The role of oxysterols in human cancer.
Trends Endocrinol Metab (2017) 28(7):485-96. doi: 10.1016/j.tem.2017.03.002

158. Mahboobifard F, Pourgholami MH, Jorjani M, Dargahi L, Amiri M, Sadeghi S,
et al. Estrogen as a key regulator of energy homeostasis and metabolic health. Biomed
Pharmacother (2022) 156:113808. doi: 10.1016/j.biopha.2022.113808

159. Gupta V, Singh SM. Gender dimorphism of tumor growth: role of gonadal
hormones in differential regulation of apoptosis of a murine T cell lymphoma. ] Biomed
Sci (2008) 15(2):147-62. doi: 10.1007/s11373-007-9220-0

160. Singh MP, Rai AK, Singh SM. Gender dimorphism in the progressive in vivo
growth of a T cell lymphoma: involvement of cytokines and gonadal hormones. |
Reprod Immunol (2005) 65(1):17-32. doi: 10.1016/j.jri.2004.11.001

161. Zhang C, Zhu N, Li H, Gong Y, Gu J, Shi Y, et al. New dawn for cancer cell
death: emerging role of lipid metabolism. Mol Metab (2022) 63:101529. doi: 10.1016/
j.molmet.2022.101529

162. Zhang T, Saghatelian A. Emerging roles of lipids in BCL-2 family-regulated
apoptosis. Biochim Biophys Acta (BBA) - Mol Cell Biol Lipids (2013) 1831(10):1542-54.
doi: 10.1016/j.bbalip.2013.03.001

163. Verlekar D, Wei S-J, Cho H, Yang S, Kang MH. Ceramide synthase-6 confers
resistance to chemotherapy by binding to CD95/Fas in T-cell acute lymphoblastic
leukemia. Cell Death Dis (2018) 9(9):925. doi: 10.1038/s41419-018-0964-4

164. Sofi MH, Heinrichs J, Dany M, Nguyen H, Dai M, Bastian D, et al. Ceramide
synthesis regulates T cell activity and GVHD development. JCI Insight (2017) 2
(10):91701. doi: 10.1172/jci.insight.91701

165. Fernandez MG, Troiano L, Moretti L, Nasi M, Pinti M, Salvioli S, et al. Early
changes in intramitochondrial cardiolipin distribution during Apoptosisl. Cell Growth
Differ (2002) 13(9):449-55. Available at: https://aacrjournals.org/cgd/article/13/9/449/
705316/Early-Changes-in-Intramitochondrial-Cardiolipin

166. Sapandowski A, Stope M, Evert K, Evert M, Zimmermann U, Peter D, et al.
Cardiolipin composition correlates with prostate cancer cell proliferation. Mol Cell
Biochem (2015) 410(1):175-85. doi: 10.1007/s11010-015-2549-1

167. Shimasaki K, Watanabe-Takahashi M, Umeda M, Funamoto S, Saito Y,
Noguchi N, et al. Pleckstrin homology domain of p210 BCR-ABL interacts with
cardiolipin to regulate its mitochondrial translocation and subsequent mitophagy.
Genes to Cells (2018) 23(1):22-34. doi: 10.1111/gtc.12544

168. Elena G, Claudya T, Silvia R, Marina F, Fabio G, Andrea NM, et al. A reversible
carnitine palmitoyltransferase (CPT1) inhibitor offsets the proliferation of chronic
lymphocytic leukemia cells. Haematologica (2018) 103(11):e531-6. doi: 10.3324/
haematol.2017.175414

169. Li J, Gu D, Lee SSY, Song B, Bandyopadhyay S, Chen S, et al. Abrogating
cholesterol esterification suppresses growth and metastasis of pancreatic cancer.
Oncogene (2016) 35(50):6378-88. doi: 10.1038/0nc.2016.168

170. Fan J, Lin R, Xia S, Chen D, EIf SE, Liu S, et al. Tetrameric acetyl-CoA
acetyltransferase 1 is important for tumor growth. Mol Cell (2016) 64(5):859-74.
doi: 10.1016/j.molcel.2016.10.014

171. Xu S, Chaudhary O, Rodriguez-Morales P, Sun X, Chen D, Zappasodi R, et al.
Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid peroxidation
and dysfunction in CD8+ T cells in tumors. Immunity (2021) 54(7):1561-1577.e7.
doi: 10.1016/j.immuni.2021.05.003

Frontiers in Oncology

18

10.3389/fonc.2023.1122789

172. Pan Q, Zhong S, Wang H, Wang X, Li N, Li Y, et al. The ZMYND8-regulated
mevalonate pathway endows YAP-high intestinal cancer with metabolic vulnerability.
Mol Cell (2021) 81(13):2736-2751.e8. doi: 10.1016/j.molcel.2021.04.009

173. Liu C, Chikina M, Deshpande R, Menk AV, Wang T, Tabib T, et al. Treg cells
promote the SREBP1-dependent metabolic fitness of tumor-promoting macrophages
via repression of CD8+ T cell-derived interferon-y. Immunity (2019) 51(2):381-397.e6.
doi: 10.1016/j.immuni.2019.06.017

174. Vishvakarma NK, Kumar A, Singh SM. Role of curcumin-dependent
modulation of tumor microenvironment of a murine T cell lymphoma in altered
regulation of tumor cell survival. Toxicol Appl Pharmacol (2011) 252(3):298-306.
doi: 10.1016/j.taap.2011.03.002

175. Vishvakarma NK, Singh SM. Immunopotentiating effect of proton pump
inhibitor pantoprazole in a lymphoma-bearing murine host: implication in
antitumor activation of tumor-associated macrophages. Immunol Lett (2010) 134(1).
doi: 10.1016/j.imlet.2010.09.002

176. Zhang M, Wei T, Zhang X, Guo D. Targeting lipid metabolism reprogramming
of immunocytes in response to the tumor microenvironment stressor: a potential
approach for tumor therapy. Front Immunol (2022) 13:937406. doi: 10.3389/
fimmu.2022.937406

177. Johnson AM, Kleczko EK, Nemenoff RA. Eicosanoids in cancer: new roles in
immunoregulation. Front Pharmacol (2020) 11:595498. doi: 10.3389/
fphar.2020.595498

178. Li Y, Chen J, Yang W, Liu H, Wang J, Xiao J, et al. mPGES-1/PGE2 promotes
the growth of T-ALL cells in vitro and in vivo by regulating the expression of MTDH via
the EP3/cAMP/PKA/CREB pathway. Cell Death Dis (2020) 11(4):221. doi: 10.1038/
541419-019-2215-8

179. Chemnitz JM, Driesen ], Classen S, Riley JL, Debey S, Beyer M, et al.
Prostaglandin E2 impairs CD4+ T cell activation by inhibition of Ick: implications in
hodgkin's lymphoma. Cancer Res (2006) 66(2):1114-22. doi: 10.1158/0008-5472.CAN-
05-3252

180. Edelman M]J, Watson D, Wang X, Morrison C, Kratzke RA, Jewell S, et al.
Eicosanoid modulation in advanced lung cancer: cyclooxygenase-2 expression is a
positive predictive factor for celecoxib + chemotherapy-cancer and leukemia group b
trial 30203. J Clin Oncol (2008) 26(6):848-55. doi: 10.1200/JCO.2007.13.8081

181. Kumar A, Vishvakarma NK, Tyagi A, Bharti AC, Singh SM. Anti-neoplastic
action of aspirin against a T-cell lymphoma involves an alteration in the tumour
microenvironment and regulation of tumour cell survival. Biosci Rep (2011) 32(1):91-
104. doi: 10.1042/BSR20110027

182. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood (2007) 109
(9):3812-9. doi: 10.1182/blood-2006-07-035972

183. Ippolito L, Comito G, Parri M, Iozzo M, Duatti A, Virgilio F, et al. Lactate
rewires lipid metabolism and sustains a metabolic-epigenetic axis in prostate cancer.
Cancer Res (2022) 82(7):1267-82. doi: 10.1158/0008-5472.CAN-21-0914

184. Kant S, Kumar A, Singh SM. Myelopoietic Efficacy of Orlistat in Murine Hosts
Bearing T Cell Lymphoma: Implication in Macrophage Differentiation and Activation.
PloS One (2013) 8(12):¢82396. doi: 10.1371/journal.pone.0082396

185. Baran N, Lodi A, Dhungana Y, Sweeney SR, Renu P, Herbrich S, et al.
Overcoming NOTCHI1-driven chemoresistance in T-cell acute lymphoblastic
leukemia via metabolic intervention with oxphos inhibitor. Blood (2020) 136
(Supplement 1):18-20. doi: 10.1182/blood-2020-136801

186. Wang T, Fahrmann JF, Lee H, Li Y-J, Tripathi SC, Yue C, et al. JAK/STAT3-
regulated fatty acid B-oxidation is critical for breast cancer stem cell self-renewal and
chemoresistance. Cell Metab (2018) 27(1):136-150.e5. doi: 10.1016/j.cmet.2017.11.001

187. Liu C,Jin Y, Fan Z. The mechanism of warburg effect-induced chemoresistance
in cancer. Front Oncol (2021) 11(1):136-150.e5. doi: 10.3389/fonc.2021.698023

188. PengJ, Cui Y, Xu S, Wu X, Huang Y, Zhou W, et al. Altered glycolysis results in
drug-resistant in clinical tumor therapy (Review). Oncol Lett (2021) 21(5):369.
doi: 10.3892/01.2021.12630

189. Duan W, Shen X, Lei J, Xu Q, Yu Y, Li R, et al. Hyperglycemia, a neglected
factor during cancer progression. BioMed Res Int (2014) 2014:461917. doi: 10.1155/
2014/461917

190. Zhang Y, Guo H, Zhang Z, Lu W, Zhu J, Shi J. IL-6 promotes chemoresistance
via upregulating CD36 mediated fatty acids uptake in acute myeloid leukemia. Exp Cell
Res (2022) 415(1):113112. doi: 10.1016/j.yexcr.2022.113112

191. Li Y, Yang P, Zhao L, Chen Y, Zhang X, Zeng S, et al. CD36 plays a negative
role in the regulation of lipophagy in hepatocytes through an AMPK-dependent
pathway [S]. J Lipid Res (2019) 60(4):844-55. doi: 10.1194/j1r.M090969

192. Torres-Lopez L, Maycotte P, Linan-Rico A, Lifian-Rico L, Donis-Maturano L,
Delgado-Enciso I, et al. Tamoxifen induces toxicity, causes autophagy, and partially
reverses dexamethasone resistance in jurkat T cells. ] Leukocyte Biol (2019) 105(5):983—
98. doi: 10.1002/JLB.2VMA0818-328R

193. Liu Y-Y, Gupta V, Patwardhan GA, Bhinge K, Zhao Y, Bao J, et al.
Glucosylceramide synthase upregulates MDRI1 expression in the regulation of cancer
drug resistance through cSrc and B-catenin signaling. Mol Cancer (2010) 9(1):145. doi:
10.1186/1476-4598-9-145

194. Winter SS, Lovato DM, Khawaja HM, Edwards BS, Steele ID, Young SM, et al.
High-throughput screening for daunorubicin-mediated drug resistance identifies

frontiersin.org


https://doi.org/10.1158/1541-7786.MCR-07-0047
https://doi.org/10.1016/j.drup.2019.100670
https://doi.org/10.1038/s41586-020-2911-7
https://doi.org/10.1038/nrd.2016.223
https://doi.org/10.1038/leu.2017.307
https://doi.org/10.1038/leu.2017.307
https://doi.org/10.3389/fcell.2021.622908
https://doi.org/10.1002/eji.201344292
https://doi.org/10.1182/blood.2021013579
https://doi.org/10.1038/s41598-021-98485-9
https://doi.org/10.1038/ncomms12702
https://doi.org/10.1016/j.tem.2017.03.002
https://doi.org/10.1016/j.biopha.2022.113808
https://doi.org/10.1007/s11373-007-9220-0
https://doi.org/10.1016/j.jri.2004.11.001
https://doi.org/10.1016/j.molmet.2022.101529
https://doi.org/10.1016/j.molmet.2022.101529
https://doi.org/10.1016/j.bbalip.2013.03.001
https://doi.org/10.1038/s41419-018-0964-4
https://doi.org/10.1172/jci.insight.91701
https://aacrjournals.org/cgd/article/13/9/449/705316/Early-Changes-in-Intramitochondrial-Cardiolipin
https://aacrjournals.org/cgd/article/13/9/449/705316/Early-Changes-in-Intramitochondrial-Cardiolipin
https://doi.org/10.1007/s11010-015-2549-1
https://doi.org/10.1111/gtc.12544
https://doi.org/10.3324/haematol.2017.175414
https://doi.org/10.3324/haematol.2017.175414
https://doi.org/10.1038/onc.2016.168
https://doi.org/10.1016/j.molcel.2016.10.014
https://doi.org/10.1016/j.immuni.2021.05.003
https://doi.org/10.1016/j.molcel.2021.04.009
https://doi.org/10.1016/j.immuni.2019.06.017
https://doi.org/10.1016/j.taap.2011.03.002
https://doi.org/10.1016/j.imlet.2010.09.002
https://doi.org/10.3389/fimmu.2022.937406
https://doi.org/10.3389/fimmu.2022.937406
https://doi.org/10.3389/fphar.2020.595498
https://doi.org/10.3389/fphar.2020.595498
https://doi.org/10.1038/s41419-019-2215-8
https://doi.org/10.1038/s41419-019-2215-8
https://doi.org/10.1158/0008-5472.CAN-05-3252
https://doi.org/10.1158/0008-5472.CAN-05-3252
https://doi.org/10.1200/JCO.2007.13.8081
https://doi.org/10.1042/BSR20110027
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1158/0008-5472.CAN-21-0914
https://doi.org/10.1371/journal.pone.0082396
https://doi.org/10.1182/blood-2020-136801
https://doi.org/10.1016/j.cmet.2017.11.001
https://doi.org/10.3389/fonc.2021.698023
https://doi.org/10.3892/ol.2021.12630
https://doi.org/10.1155/2014/461917
https://doi.org/10.1155/2014/461917
https://doi.org/10.1016/j.yexcr.2022.113112
https://doi.org/10.1194/jlr.M090969
https://doi.org/10.1002/JLB.2VMA0818-328R
https://doi.org/10.1186/1476-4598-9-145
https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mehta et al.

mometasone furoate as a novel ABCB1-reversal agent. | Biomol Screening (2008) 13
(3):185-93. doi: 10.1177/1087057108314610

195. Paugh SW, Paugh BS, Rahmani M, Kapitonov D, Almenara JA, Kordula T,
et al. A selective sphingosine kinase 1 inhibitor integrates multiple molecular
therapeutic targets in human leukemia. Blood (2008) 112(4):1382-91. doi: 10.1182/
blood-2008-02-138958

196. Evangelisti C, Evangelisti C, Teti G, Chiarini F, Falconi M, Melchionda F, et al.
Assessment of the effect of sphingosine kinase inhibitors on apoptosis,unfolded protein
response and autophagy of T-cell acute lymphoblastic leukemia cells; indications for
novel therapeutics. Oncotarget (2014) 5(17):7886-901. doi: 10.18632/oncotarget.2318

197. Baran Y, Salas A, Senkal CE, Gunduz U, Bielawski J, Obeid LM, et al.
Alterations of Ceramide/Sphingosine 1-phosphate rheostat involved in the regulation
of resistance to imatinib-induced apoptosis in K562 human chronic myeloid leukemia
cells. J Biol Chem (2007) 282(15):10922-34. doi: 10.1074/jbc.M610157200

198. Féral K, Jaud M, Philippe C, Di Bella D, Pyronnet S, Rouault-Pierre K, et al. ER
stress and unfolded protein response in leukemia: Friend, Foe, or Both? Biomolecules
(2021) 11(2):199. doi: 10.3390/biom11020199

199. Moncan M, Mnich K, Blomme A, Almanza A, Samali A, Gorman AM.
Regulation of lipid metabolism by the unfolded protein response. J Cell Mol Med
(2021) 25(3):1359-70. doi: 10.1111/jcmm.16255

200. Chattopadhyay A, Kwartler CS, Kaw K, Li Y, Kaw A, Chen J, et al. Cholesterol-
induced phenotypic modulation of smooth muscle cells to Macrophage/Fibroblast-like
cells is driven by an unfolded protein response. Arteriosclerosis Thrombosis Vasc Biol
(2021) 41(1):302-16. doi: 10.1161/ATVBAHA.120.315164

201. Zhou C, LiJ, Du]J, Jiang X, Xu X, Liu Y, et al. HMGCS1 drives drug-resistance
in acute myeloid leukemia through endoplasmic reticulum-UPR-mitochondria axis.
Biomed Pharmacother (2021) 137:111378. doi: 10.1016/j.biopha.2021.111378

202. Benakanakere I, Johnson T, Sleightholm R, Villeda V, Arya M, Bobba R, et al.
Targeting cholesterol synthesis increases chemoimmuno-sensitivity in chronic
lymphocytic leukemia cells. Exp Hematol Oncol (2014) 3(1):24. doi: 10.1186/2162-
3619-3-24

203. Banker DE, Mayer SJ, Li HY, Willman CL, Appelbaum FR, Zager RA. Cholesterol
synthesis and import contribute to protective cholesterol increments in acute myeloid
leukemia cells. Blood (2004) 104(6):1816-24. doi: 10.1182/blood-2004-01-0395

204. Dong X, Xiong L, Jiang X, Wang Y. Quantitative proteomic analysis reveals the
perturbation of multiple cellular pathways in jurkat-T cells induced by doxorubicin. J
Proteome Res (2010) 9(11):5943-51. doi: 10.1021/pr1007043

205. Gayet L, Dayan G, Barakat S, Labialle S, Michaud M, Cogne S, et al. Control of
p-glycoprotein activity by membrane cholesterol amounts and their relation to
multidrug resistance in human CEM leukemia cells. Biochemistry (2005) 44
(11):4499-509. doi: 10.1021/bi048669w

206. Soni VK, Mehta A, Ratre YK, Kumar C, Singh RP, Srivastava AK, et al.
Antineoplastic effects of curcumin against colorectal cancer: application and
mechanisms. In: Shukla D, Vishvakarma NK, Nagaraju GP, editors. Colon cancer
diagnosis and therapy, vol. 3 . Cham: pringer International Publishing (2022). p. 383-
426. doi: 10.1007/978-3-030-72702-4_18

207. Vishvakarma NK, Singh SM. Mechanisms of tumor growth retardation by
modulation of pH regulation in the tumor-microenvironment of a murine T cell
lymphoma. Biomed Pharmacother (2011) 65(1):27-39. doi: 10.1016/
jbiopha.2010.06.012

208. Zhang L, Chang N, Liu J, Liu Z, Wu Y, Sui L, et al. Reprogramming lipid
metabolism as potential strategy for hematological malignancy therapy. Front Oncol
(2022) 12:987499. doi: 10.3389/fonc.2022.987499

Frontiers in Oncology

19

10.3389/fonc.2023.1122789

209. Humbert M, Seiler K, Mosimann S, Rentsch V, Sharma K, Pandey AV, et al.
Reducing FASN expression sensitizes acute myeloid leukemia cells to differentiation
therapy. Cell Death Differ (2021) 28(8):2465-81. doi: 10.1038/541418-021-00768-1

210. Chen J, Zhuang D, Cai W, Xu L, Li E, Wu Y, et al. Inhibitory effects of four
plants flavonoids extracts on fatty acid synthase. J Environ Sci (2009) 21:5131-4. doi:
10.1016/51001-0742(09)60056-5

211. Zhang Y, Fu R, Liu Y, Li J, Zhang H, Hu X, et al. Dephosphorylation and
mitochondrial translocation of cofilin sensitizes human leukemia cells to cerulenin-
induced apoptosis via the ROCK1/Akt/JNK signaling pathway. Oncotarget (2016) 7
(15):20655-68. doi: 10.18632/oncotarget.7994

212. Reddy CT, Bharat Reddy D, Aparna A, Arunasree KM, Gupta G, Achari C,
et al. Anti-leukemic effects of gallic acid on human leukemia K562 cells:
downregulation of COX-2, inhibition of BCR/ABL kinase and NF-kB inactivation.
Toxicol Vitro (2012) 26(3):396-405. doi: 10.1016/j.tiv.2011.12.018

213. ShiJ, Fu H, Jia Z, He K, Fu L, Wang W. High expression of CPT1A predicts
adverse outcomes: a potential therapeutic target for acute myeloid leukemia.
eBioMedicine (2016) 14:55-64. doi: 10.1016/j.ebiom.2016.11.025

214. Mao S, Ling Q, Pan J, Li F, Huang S, Ye W, et al. Inhibition of CPT1a as a
prognostic marker can synergistically enhance the antileukemic activity of ABT199. ]
Trans Med (2021) 19(1):181. doi: 10.1186/s12967-021-02848-9

215. WuJY, Tsai ET, Yang FY, Lin JF, Liao H-F, Chen J, et al. Inhibition of jurkat T
cell growth by &lt;em<N&lt;/em<-farnesyl-norcantharimide through up-regulation of
tumor suppressor genes and down-regulation of genes for steroid biosynthesis,
metabolic pathways and fatty acid metabolism. Anticancer Res (2020) 40(5):2675.
doi: 10.21873/anticanres.14238

216. Li HY, Appelbaum FR, Willman CL, Zager RA, Banker DE. Cholesterol-
modulating agents kill acute myeloid leukemia cells and sensitize them to therapeutics
by blocking adaptive cholesterol responses. Blood (2003) 101(9):3628-34. doi: 10.1182/
blood-2002-07-2283

217. Katayama R, Lovly CM, Shaw AT. Therapeutic targeting of anaplastic
lymphoma kinase in lung cancer: a paradigm for precision cancer medicine. Clin
Cancer Res (2015) 21(10):2227-35. doi: 10.1158/1078-0432.CCR-14-2791

218. Zhao L, Zhan H, Jiang X, Li Y, Zeng H. The role of cholesterol metabolism in
leukemia. Blood Sci (2019) 1(1):44-9. doi: 10.1097/BS9.0000000000000016

219. Longo J, Mullen PJ, Yu R, van Leeuwen JE, Masoomian M, Woon DTS, et al.
An actionable sterol-regulated feedback loop modulates statin sensitivity in prostate
cancer. Mol Metab (2019) 25:119-30. doi: 10.1016/j.molmet.2019.04.003

220. Jiang T, Zhang G, Lou Z. Role of the sterol regulatory element binding protein
pathway in tumorigenesis. Front Oncol (2020) 10. doi: 10.3389/fonc.2020.01788

221. Xia X, Wang X, Cheng Z, Qin W, Lei L, Jiang J, et al. The role of pyroptosis in
cancer: pro-cancer or pro-"host”? Cell Death Dis (2019) 10(9):650. doi: 10.1038/
s41419-019-1883-8

222. Bordbar M, Shakibazad N, Fattahi M, Haghpanah S, Honar N. Effect of
ursodeoxycholic acid and vitamin e in the prevention of liver injury from
methotrexate in pediatric leukemia. Turkish ] Gastroenterol (2018) 29(2):203.
doi: 10.5152/tjg.2018.17521

223. Felsher DW, Bishop JM. Reversible tumorigenesis by MYC in hematopoietic
lineages. Mol Cell (1999) 4(2):199-207. doi: 10.1016/S1097-2765(00)80367-6

224. Gouw AM, Margulis K, Liu NS, Raman SJ, Mancuso A, Toal GG, et al. The
MYC oncogene cooperates with sterol-regulated element-binding protein to regulate
lipogenesis essential for neoplastic growth. Cell Metab (2019) 30(3):556-572.e5.
doi: 10.1016/j.cmet.2019.07.012

frontiersin.org


https://doi.org/10.1177/1087057108314610
https://doi.org/10.1182/blood-2008-02-138958
https://doi.org/10.1182/blood-2008-02-138958
https://doi.org/10.18632/oncotarget.2318
https://doi.org/10.1074/jbc.M610157200
https://doi.org/10.3390/biom11020199
https://doi.org/10.1111/jcmm.16255
https://doi.org/10.1161/ATVBAHA.120.315164
https://doi.org/10.1016/j.biopha.2021.111378
https://doi.org/10.1186/2162-3619-3-24
https://doi.org/10.1186/2162-3619-3-24
https://doi.org/10.1182/blood-2004-01-0395
https://doi.org/10.1021/pr1007043
https://doi.org/10.1021/bi048669w
https://doi.org/10.1007/978-3-030-72702-4_18
https://doi.org/10.1016/j.biopha.2010.06.012
https://doi.org/10.1016/j.biopha.2010.06.012
https://doi.org/10.3389/fonc.2022.987499
https://doi.org/10.1038/s41418-021-00768-1
https://doi.org/10.1016/S1001-0742(09)60056-5
https://doi.org/10.18632/oncotarget.7994
https://doi.org/10.1016/j.tiv.2011.12.018
https://doi.org/10.1016/j.ebiom.2016.11.025
https://doi.org/10.1186/s12967-021-02848-9
https://doi.org/10.21873/anticanres.14238
https://doi.org/10.1182/blood-2002-07-2283
https://doi.org/10.1182/blood-2002-07-2283
https://doi.org/10.1158/1078-0432.CCR-14-2791
https://doi.org/10.1097/BS9.0000000000000016
https://doi.org/10.1016/j.molmet.2019.04.003
https://doi.org/10.3389/fonc.2020.01788
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.5152/tjg.2018.17521
https://doi.org/10.1016/S1097-2765(00)80367-6
https://doi.org/10.1016/j.cmet.2019.07.012
https://doi.org/10.3389/fonc.2023.1122789
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Orchestral role of lipid metabolic reprogramming in T-cell malignancy
	Introduction
	Metabolism in T cells: the lipid perspective
	T-cell activation and lipid metabolism
	Lipid metabolism in T-cell subsets
	Memory T cell and lipid metabolism
	Lipid metabolism in T-cell malignancy
	Cancer lipid metabolism
	Alterations in lipid metabolism in T-cell cancer
	Lipid biosynthesis in T-cell cancer
	Lipid sequestration in T-cell malignancies
	T-cell cancer and lipid droplets
	Fatty acid oxidation in T-cell cancer
	Concerted role of lipid metabolism in T-cell malignancy
	Transcriptional regulation of metabolic players
	Lipid as a structural support
	Lipid as a signaling moiety
	Lipid metabolism and prevention of cell death in T-cell malignancies
	Immunosuppression and immune escape
	Lipid metabolism and chemoresistance interface in T-cell cancer
	Lipid metabolism: a novel therapeutic target for T-cell malignancy
	Conclusion
	Author contributions
	Acknowledgments
	References


