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Abstract: Non-small cell lung cancer (NSCLC) is the main type of lung cancer, accounting for 85% to 90%. Epidermal growth
factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have improved the prognosis of NSCLC patients greatly. However, with
prolonged drug use, the inevitable occurrence of acquired resistance leads to disease recurrence, progression, and even
patient ’s death. Metabolic reprogramming is one of the hallmarks of malignant tumors and refers to metabolic changes in
tumor cells to meet energy needs. In various cancers, lipid synthesis, distribution, and catabolism of tumor cells are altered to
adapt to the lack of nutrients and oxygen in the tumor microenvironment. This paper focuses on how lipid metabolism
reprogramming in NSCLC leads to resistance to EGFR-TKIs and how modulation of lipid metabolism increases the sensitivity of
NSCLC to EGFR-TKIs. It summarizes and consolidates existing research progress to provide a reference for basic research and
clinical treatment of EGFR-TKIs resistance in NSCLC.
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Lung cancer is the leading cause of cancer death,
accounting for one-third of all cancer deaths worldwide,
of which 85%-90% are non-small cell lung cancer
(NSCLC), with 5-year survival rates as low as 18% [1].
In Asian population, the proportion of EGFR activation
mutations occur in more than 50% of NSCLC patients [2].
The emergence of EGFR tyrosine kinase inhibitors
(EGFR-TKIs), which target EGFR-activated mutations,
improves the treatment pattern of
EGFR-mutation-positive lung cancer and extends the

progression-free survival of patients. It has important
significance in the treatment development of NSCLC.

Exon 19 deletion and exon 21 L858R point mutation
are the common EGFR mutations. While rare mutations,
such as exon 20 insertion and secondary drug resistance
mutations in T790M, confer resistance to EGFR-TKIs [3].
Activating mutations strengthen the affinity of
EGFR-TKIs to the mutated receptor, which leads to the
tumor cells sensitivity of EGFR-TKIs therapy. For
example, gefitinib, the first-generation EGFR-TKI, is a
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reversible ATP-competitive EGFR inhibitor. Gefitinib can
prevent the autophosphorylation of TK domain and block
the activation of downstream EGFR signaling after
binding to the receptor [4]. The emergence of the
first-generation EGFR-TKI provides a new option for
targeted therapy for most NSCLC patients with
EGFR-activating mutations, and has achieved remarkable
clinical results. However, with the extension of treatment
time, the emergence of acquired resistance limits the
therapeutic effect of EGFR-TKI, leading to disease
progression. Researchers continue to develop new
generations of EGFR-TKIs to respond to newly identified
mutation types. Unfortunately, apart from some
mechanisms related to C797S mutations and MET
amplification, the mechanism of drug resistance in
third-generation EGFR-TKIs are largely unknown. New
and alternative approaches are needed to overcome
resistance. More and more evidence show that metabolic
reprogramming is an important reason why EGFR mutant
NSCLC cells tolerate EGFR-TKIs and maintain their
carcinogenic phenotype [5].

Metabolic reprogramming, one of the hallmarks of
malignant tumors, refers to metabolic changes in tumor
cells to meet energy requirements. In the past two
decades, the metabolic reprogramming of tumors to
promote tumor development has attracted the interest of
researchers, especially glucose metabolism and glutamine
metabolism. Mayne studies have elaborated the relevant
mechanisms of EGFR-TKIs resistance in NSCLC, and
gradually improved the metabolic regulatory network. In
recent years, lipid metabolism has been gradually
recognized as an important pathway of cancer cells, and
researchers are increasingly interested in the related
mechanisms of lipid metabolic reprogramming in cancer.
The increase in lipid uptake, synthesis, oxidation or
storage has been proven to contribute to the growth of
various cancers, especially lung cancer [6]. When the
energy supply is sufficient, lipids are stored by cells in
lipid droplets (LDs). When energy supply is insufficient,
lipids can not only provide energy for cells, but also serve
as signaling molecules that transmit information within
and between cells, promoting tumor metastasis and drug
resistance [7]. For now, a large amount of evidence has
revealed the correlation between lipid metabolism and
EGFR-TKIs resistance in NSCLC. However, few article
has described the latest progress of abnormal lipid
metabolism and EGFR-TKIs resistance in NSCLC
completely. Therefore, based on the importance of lipid
metabolism in malignant tumors, a comprehensive
understanding of lipid metabolic reprogramming is
critical to finding metabolic networks that target
EGFR-TKIs resistant NSCLC cells. This review
summarizes the effects of lipid metabolic reprogramming
on EGFR-TKIs resistance in NSCLC and potential
therapeutic strategies.

1 Cholesterol metabolic reprogramming and
EGFR-TKIs resistance

Cholesterol is essential for the integrity of cell

membranes and is synthesized mainly through the
mevalonate (MVA) pathway. Cholesterol reprogramming
refers to the adjustment of the normal cholesterol
metabolic pathway by tumor cells in the tumor
microenvironment with insufficient energy supply to
obtain more cholesterol. By regulating cholesterol
synthesis and cholesterol content in the lipid raft, the
proliferation, metastasis and drug resistance of tumor
cells are affected.

1.1 Regulating cholesterol synthesis through the
MVA pathway

The MVA metabolic pathway is a widespread,
highly conserved and dynamically regulated metabolic
pathway. In the 1950s, Bloch revealed the biochemical
mechanism of dimethylallyl diphosphate (DMAPP),
isopentenyl pyrophosphate (IPP) and their downstream
cholesterol produced by the MVA metabolic pathway [8].
Statins exert biological effects by blocking the MVA
pathway by inhibiting
3-hydroxy-3-methylglutaryl-coenzyme A(HMG-CoA)
reductase. Studies have proved that statins can cooperate
with EGFR-TKIs to promote the apoptosis of tumor cells
and enhance the sensitivity of EGFR-TKIs resistant
tumor cells to drugs [9-10]. Transmission of EGFR
signaling pathway depends on lipid rafts on the cell
membrane, and statins interfere with EGFR signaling by
inhibiting the production of cholesterol and the formation
of lipid rafts [11]. Both processes are essential for EGFR
function and for the activity of proteins important for
EGFR signaling.

In erlotinib-resistant NSCLC cancer cells,
pitavastatin combined with erlotinib can increase the
sensitivity of resistant cells to erlotinib, and at the same
time, the levels of phosphorylated protein kinase
B(p-AKT) and phosphorylated extracellular
signal-regulated kinase (p-ERK) downstream of EGFR
are significantly reduced, which leads to the apoptosis of
cancer cells [10]. By inhibiting HMG-CoA reductase,
pitavastatin blocks the MVA pathway and increases the
sensitivity of drug-resistant cells to erlotinib, thereby
reversing drug resistance [10]. In KRAS mutant NSCLC,
atorvastatin can overcome gefitinib resistance.
Atorvastatin (1 μmol/L) combined with gefitinib can
inhibit the proliferation of KRAS mutant NSCLC cells,
promote apoptosis, and inhibit p-AKT. Increasing the
concentration of atorvastatin (5 μmol/L) can further
inhibit p-ERK. Thus, atorvastatin and gefitinib inhibit the
PI3K/AKT and MEK/ERK pathways synergistically.
Atorvastatin also can inhibit the destruction of
HMG-CoA reductase dependent KRAS/Raf and
KRAS/PI3K complexes, overcoming gefitinib resistance
in KRAS mutant NSCLC cells. Simvastatin can
overcome EGFR-TKI resistance in T790M-mutated
NSCLC by AKT/β-catenin signal-dependent
down-regulation of survivin and induction of apoptosis. It
was found that simvastatin combined with gefitinib can
promote apoptosis of T790M-mutated NSCLC cells,
increase the expression of caspase-3, caspase-8 and
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caspase-9, and inhibit the phosphorylation of AKT and
β-catenin. Meanwhile, survivin is a key molecule in the
resistance of T790M mutated NSCLC cells to apoptosis
induced by gefitinib and simvastatin [12].

1.2 Regulating the content of cholesterol in lipid
rafts

There is a small mobile, cholesterol-rich and
sphingomyelin microdomain on the cell membrane called
lipid raft, which functions as a platform for cell signal
transduction [13]. More and more evidences prove that
signals for cell proliferation and survival are transmitted
through lipid rafts, which are special membrane
microstructures rich in cholesterol [14]. EGFR is mainly
localized in cell membranes and plays a role in the
activation of MAPK and AKT signaling pathways [15]. It
is found that EGFR localization to lipid rafts is correlated
with EGFR-TKIs resistance [16]. Reduced cholesterol
content in lipid rafts can re-sensitize resistant tumor cells
to gefitinib. In EGFR-TKIs resistant cell lines, lipid rafts
provide a platform for the activation of AKT, which lacks
EGFR kinase activity, leading to EGFR-TKIs resistance.
In NSCLC, statins can reduce the cholesterol content in
lipid raft by inhibiting the synthesis of cholesterol in cells,
thus increase the sensitivity of tumor cells to EGFR-TKIs,
suggesting that the combination of EGFR-TKIs and
statins in the treatment of EGFR-mutant NSCLC may be
a new therapeutic approach.

1.3 Cholesterol regulatory element binding proteins
(SREBPs) regulating fatty acid and cholesterol
synthesis

SREBPs is an important nuclear transcription factor,
among which SREBP1 regulates fatty acid synthesis and
SREBP2 regulates cholesterol synthesis, and they have
been shown to play an important role in maintaining
cancer lipid synthesis [17-18]. In addition, the reduction
of cholesterol in the plasma membrane will activate
SREBPs, promote the expression of downstream genes,
and thus increase cholesterol uptake. In NSCLC cells,
inhibition of SREBP can down-regulate the expression of
fatty acid synthase (FASN), stearoyl-CoA desaturase
(SCD) and hydroxy-3-methylglutaryl-CoA reductase
(HMGCR), and reduce the ratio of cholesterol and
unsaturated fatty acids on the cell membrane, resulting in
reduced cell membrane fluidity. EGFR is mainly
distributed in cell membranes, and the decreased fluidity
of cell membranes inhibits the activation of EGFR signals,
thus increasing the sensitivity of cells to gefitinib [6]. At
the same time, SREBPs promote the transcription of
HMGCR, thereby enhancing the MVA pathway of
cholesterol synthesis and promoting the uptake of
cholesterol into cells via low density lipoprotein receptor
(LDLR). Therefore, by regulating the expression of
SREBPs and the content of lipid components in the cell
membrane, the sensitivity of cells to EGFR-TKIs can be
increased, indicating that targeting SREBP may be a new

method to treat EGFR-TKIs resistance.

2 Fatty acid metabolic reprogramming and
EGFR-TKIs resistance

Fatty acids are a class of molecules composed of
hydrocarbon chains of different lengths and degrees of
unsaturated, and their metabolism changes at the levels of
uptake, synthesis and degradation during tumor growth.
As a transmembrane glycoprotein, CD36 is highly
expressed in ovarian cancer, gastric cancer, glioblastoma
and oral squamous cell carcinoma, and can mediate the
uptake of long-chain fatty acids [19]. The promoter of
CD36 contains peroxisomal proliferator-activated
receptor (PPAR) response elements (PPREs). In gastric
cancer, phosphatidylinositol transporter 1 (PITPNC1)
up-regulates the RNA level of PPARG, and then
combines with PPARγ to enhance the expression of CD36,
thereby increasing the intake of fatty acids [22].

2.1 Regulating fatty acid synthesis

In normal tissues, de novo synthesis of fatty acids is
limited to fat and liver cells. But in order to meet their
own high metabolic requirements, tumor cells up-regulate
the expression of fatty acid synthetase (FASN) to enhance
fatty acid synthesis. Citric acid is transported out of
mitochondria by SLC25A1, and in the cytosol, under the
action of ATP citrate lyase (ACLY), acetyl-CoA
hydroxylase (ACC), FASN, stearoyl-CoA desaturase 1
(SCD1), fatty acids can be further synthesized into
triglycerides (TG) and stored in LDs. Up-regulation of
ACLY, ACC and FASN has been found in colorectal
cancer, gastric cancer, breast cancer, liver cancer and lung
cancer, and their overexpression is significantly
correlated with the low survival rate of lung cancer
patients [20-22]. SCD1 has also been proved that plays a
key role in the onset and progression of cancer. Moreover,
the researchers found that changes in fatty acid anabolism
were associated with EGFR-TKI resistance, and blocking
fatty acid synthesis in tumor cells could reverse
EGFR-TKIs resistance. A study found that NSCLC had
intracellular LDs accumulation under long-term treatment
with EGFR-TKIs, while short-term treatment would
reduce the LDs content in cells, suggesting that the
abnormal accumulation of LDs may be the cause of
EGFR-TKIs resistance [23]. The expression of key
enzyme genes in fatty acid synthesis is increased in
EGFR-TKIs resistant NSCLC cells, and the expression of
bone morphogenetic proteins (BMPs) is increased in
EGFR-TKIs resistant strains. BMPs promote the
expression of acyl-CoA synthetase (ACSL). Thus, citric
acid is converted into acetyl CoA in the cytoplasm to
participate in lipid synthesis [24]. It has been reported
that the expression of FASN, ACC and SCD1 is
up-regulated in TKI-resistant NSCLC [22,25], and the
sensitivity of cells to EGFR-TKI is reduced by promoting
fatty acid synthesis, thus leading to drug resistance [26].
EGFR-TKI combined with SCD1 inhibitor
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(20S)-protopanaxatriol (g-PPT) can reverse the resistance
of NSCLC cells to EGFR-TKIs, reduce the accumulation
of LDs, inhibit EGFR phosphorylation and the activation
of p-EGFR/p-AKT/p-ERK signaling pathway. Thus, the
cells are re-sensitized to drug-resistant EGFR-TKIs [23].
This suggests that increased fatty acid synthesis in
drug-resistant cells may be responsible for the abnormal
accumulation of LDs and is a potential target for treating
EGFR-TKIs resistant NSCLC.

2.2 Regulating fatty acid β oxidation (FAO)

Activation of fatty acids under the action of ACS is
a key step in FAO, in which fatty acids are broken down
into acetyl-CoA to participate in the tricarboxylic acid
(TCA) cycle, thus producing ATP to provide energy for
cells. There is substantial evidence that many cancer cells
reprogram FAO and rely on this process to proliferate,
survive, metastases and even become resistant to drugs.
ACS exists only in mitochondria, and fatty acids need to
be transported to mitochondria to perform FAO. Carnitine
palmitoyl transferase 1 (CPT1) can transport fatty acids
from cytoplasm to mitochondria, thus enabling fatty acids
to perform FAO under the action of ACS. Overexpression
of CPT1A is also associated with poor prognosis of
tumors [27]. In the course of osimertinib treatment, FAO
increased with the extension of treatment time, and in
osimertinib-resistant NSCLC cells, FAO level was
significantly higher than that of sensitive cells. CPT1 is a
key enzyme in the FAO process, and the use of the CPT1
inhibitor etomoxir can block FAO to reverse osimertinib
resistance. This indicates that FAO plays an important
role in the process of osimertinib resistance [28] and
provides a new therapeutic target for the treatment of
EGFR-TKIs resistance. Tumor cells regulate the uptake,
synthesis, accumulation and degradation of fatty acids by
regulating the expression of key enzyme genes related to
fatty acid metabolism, thus creating conditions for the
growth, proliferation, metastasis and even drug resistance
of tumor cells. Targeting fatty acid metabolizing enzymes
can increase the sensitivity of NSCLC cells to
EGFR-TKIs, which provides a new therapeutic direction
to overcome EGFR-TKIs resistance.

3 Other lipid metabolites reprogramming and
EGFR-TKIs resistance

Sphingomyelin is a major component of cell
membranes, where it can be converted into
sphingosine-1-phosphate (S1P) catalyzed by two different
sphingosine kinases (SPHK). Studies have found that the
expression of SPHK2 is correlated with poor prognosis of
NSCLC, as well as gefitinib resistance [29]. LDLR is a
key mediator of cholesterol uptake, and p-EGFR can
promote LDLR expression, thereby promoting the uptake
of cholesterol by tumor cells to maintain their growth
needs. Down-regulation of LDLR can reduce the uptake
of cholesterol by tumor cells. Therefore, the combination
of EGFR-TKI and statins can synergically reduce

cholesterol uptake to inhibit the proliferation and growth
of EGFR-mutated cells [30], but whether inhibition of
LDLR expression can reverse EGFR-TKIs resistance still
needs further research.

4 Conclusion

One of the major changes that occur in tumor cells is
metabolic reprogramming, in which cancer cells alter
their carbohydrate, amino acid, and lipid metabolic
pathways to maintain their growth and proliferation needs,
as well as block signals that may cause their growth to
stall [31]. In recent years, glucose metabolic
reprogramming has attracted the most attention from
researchers, and it has been found that it is closely related
to tumor progression and EGFR-TKIs resistance. With
the gradual improvement of the mechanism of glucose
metabolism reprogramming, researchers have turned their
attention to the reprogramming of lipid metabolism, and
found that during the occurrence and development of
tumors, lipid metabolism is changed to meet the needs of
proliferation and progression in the microenvironment of
nutrition and oxygen deficiency. In recent years, more
and more studies have found that in EGFR-TKIs resistant
cells, lipid metabolism also changes, resulting in changes
in tumor cells' sensitivity to EGFR-TKIs through changes
in lipid synthesis, distribution, metabolism and other
pathways, resulting in acquired drug resistance. These
studies also provide potential therapeutic strategies for
treating EGFR-TKIs resistant patients.

The intake, synthesis and degradation of fatty acids
and cholesterol, as well as the expression of related key
proteins and transcriptional regulators, constitute the core
of lipid metabolic reprogramming. Therefore, most
preclinical trials have also been conducted to study drugs
and inhibitors of these pathways, and EGFR-TKIs drugs
have been used in combination with these drugs with
some positive results. Statins, as commonly used
regulators of cholesterol synthesis in clinical practice, can
improve the sensitivity of tumor cells to EGFR-TKIs
when combined with EGFR-TKIs, thereby delaying or
even reversing the occurrence of EGFR-TKIs resistance.
In addition, the combination of drugs targeting key
enzymes and transcription factors in lipid metabolism
with EGFR-TKIs can also reduce the sensitivity of
drug-resistant cells to EGFR-TKIs.

Lipid metabolic reprogramming is a complex
regulatory network. However, lipid metabolic
reprogramming in EGFR-TKIs resistant cells has not
been adequately studied. Moreover, a large number of
studies have demonstrated that lipid metabolic
reprogramming plays an important role in EGFR-TKIs
resistance, and targeted therapy of lipid metabolism may
be a novel and potentially effective strategy to treat
EGFR-TKIs resistance. Therefore, it is necessary to
further study and understand the lipid metabolic network
to perfect the mechanism of lipid metabolic
reprogramming and EGFR-TKIs resistance.
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âP

¡¢£¤¥¦§X¨

@ âP
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4>8;65V0.Û PcN5.8 2KCL+P/V90U.560.UW5V:Y5R* +̀EB:74d0>6

#.V715-V" )%)'" 'OH! $$%(HOE

*$=+ B:7. hC" c5. ff" f:5>̂ " 7V56ET0U: -:>679V71>60. 60W08 15XV9173

8;-79V:797.90V0[0VRV>2KCL3MN#V:715WR0. .>.394566-7666;.U
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