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Abstract

Protein palmitoylation is an increasingly investigated form of post-translational lipid modification that
affects protein localization, accumulation, secretion and function. Recently, emerging findings have
revealed that protein palmitoylation is crucial for many tumor-related signaling pathways, such as EGFR,
RAS, PD-1/PD-LI signaling, affecting the occurrence, progression and therapeutic response of tumors.
Protein palmitoylation and its modifying enzymes, including palmitoylases and depalmitoylases, are
expected to be new targets for effective tumor treatment. Recognizing the significance of palmitoylation
modification on protein stability, localization and downstream signal regulation, this review focuses on
the regulatory roles of protein palmitoylation and its modifying enzymes in tumor cell signal transduction,
aiming to bring new ideas for effective cancer prevention and treatment.
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1. Introduction

Protein post-translational modifications refer to
the chemical modification of a given protein after
translation, which endows it with a variety of
physiological functions [1]. Palmitoylation is an
essential lipid modification, which regulates protein
localization, accumulation, secretion, and function by
altering protein affinity to the membrane [2].
Palmitoylation was first reported in 1979 [3]. After
more than 40 years of exploration, increasing evidence
has revealed that palmitoylation is linked to a variety
of human diseases, especially cancers [4]. There are
three types of palmitoylation: S-palmitoylation,
N-palmitoylation and O-palmitoylation (Figure 1).
Among them, S-palmitoylation is the main
modification type [4]. According to statistics,
S-palmitoylation can occur in more than 4,000

proteins [3]. S-palmitoylation refers to the 16 carbon
fatty acid palmitate covalently binds to the specific
cysteine (Cys) residues side chain of a protein through
the labile thioester bond [5]. Under certain conditions,
the thioester bond hydrolyzes, the palmitate
disassociates the Cys, and the protein is
depalmitoylated [6]. S-palmitoylation is a reversible
process in which proteins can cycle between
palmitoylation and depalmitoylation forms in a time
range of seconds to hours [7]. N-palmitoylation occurs
when a fatty acid palmitate is linked to Cys at the
N-terminal of a protein by a stable amide bond [4],
while O-palmitoylation refers to a palmitoylation
process in which the monounsaturated form of
palmitate (cis A9 palmitate) binds to the hydroxyl
group of serine or threonine by an oxyester linkage. In
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comparison with S-palmitoylation, N-palmitoylation
and O-palmitoylation are relatively rare and
irreversible [8]. They occur mainly in secreted
proteins when entering the endoplasmic reticulum,
such as hedgehog [9] and Wnt [8] proteins.

Protein  palmitoylation is regulated by
palmitoylase and depalmitoylase, which are closely
associated with tumor initiation, growth, develop-
ment, therapeutic efficacy and patient prognosis
(Figure 2). At present, known palmitoylases mainly
include members of the zinc finger DHHC-type-
containing (zDHHC) palmitoylase family, Porcupine
(Porcn), hedgehog acyltransferase (Hhat) and other
related enzymes [10]. zDHHC family proteins are
named because they all contain the conserved
DHHC(Asp-His-His-Cys) enzyme activity domain. In
mammals, zDHHCs consist 23 members: zDHHC1-24
(skipping zDHHC10), which catalyze the protein
S-palmitoylation reaction [11, 12]. Except for
zDHHC5, zDHHC20 and zDHHC21, which are
mainly located in the plasma membrane, most
zDHHC palmitoylases are located in the Golgi
apparatus and endoplasmic reticulum, which are the
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main sites for palmitoylation of proteins in
mammalian cells [13]. Porcn is a O-acyltransferase
family protein that catalyses the O-palmitoylation of
19 Wnt proteins, and it plays a crucial role in
regulation of the Wnt protein interaction with its
receptors, Wnt protein secretion, and signal
transduction [14]. Hhat is also a membrane-bound
O-acyltransferase family protein, but it mainly
catalyzes N-palmitoylation of the Hedgehog protein,
which is closely related to human diseases caused by
abnormal Hedgehog signaling pathways [15].
S-palmitoylation is also regulated by depalmitoylase
due to its dynamic and reversible characteristics. The
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Figure 1. Types of protein palmitoylation: S-palmitoylation, N-palmitoylation and O-palmitoylation.
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Figure 2. The links of palmitoylases and depalmitoylases with cancer.

The increasing evidence for functions of
palmitoylase and depalmitoylase and continuous
identification of palmitoylated substrate proteins
have greatly improved our knowledge on the role of
palmitoylation in cancer. The palmitoylation cycle
directly regulates the functional status of proteins,
further changes the signal transduction in tumor cells,
and ultimately affects the development of tumors.
Moreover, the palmitoylation or depalmitoylation of
proteins, including EGFR, RAS, PD-1/PD-L1, etc., are
tightly in connection with the progression of tumors
and they determine the sensitivity of cancer
treatment. This review aims to elucidate the
regulatory network of palmitoylation on several
signaling pathways closely related to cancer and to
provide new ideas and theoretical support for the
exploration of tumor targeted therapy.

2. Protein palmitoylation regulates EGFR
signaling

Abnormal activation of downstream signals of
EGEFR is linked to cancer occurrence and progression
[17]. EGFR tyrosine kinase inhibitors (TKIs) have
brought hope for clinical targeting of EGFR therapy.
However, TKIs resistance has become a clinical hurdle
and the mechanism of resistance is not fully
understood. In recent years, the discovery of
palmitoylation of EGFR receptors has become a new
direction for the exploration of TKIs resistance in
tumors [18], which may have clinical significance. In
tumor cells, the EGFR signaling mainly activates
downstream RAS/MAPK, PI3K/ Akt, PLCy/PKC
and JAK/STAT3 signaling pathways, promoting
cancer cell growth and metastasis [19]. Multiple

evidences have shown that palmitoylation is essential
in EGFR-mediated downstream signals. Both
Lakshmi et al. and Azhar et al. have revealed that the
palmitoylation of EGFR at Cys797 mediated by fatty
acid synthase (FASN) promotes its stability and
activity in lung cancer [10, 20]. The palmitoylation
inhibitor (2-bromopalmitate, 2-BP) or FASN inhibitor
(orlistat) can inhibit the stability and activity of EGFR,
and weaken downstream signal transduction, thereby
inhibiting tumor cell growth and increasing the
sensitivity of tumor cells to TKIs [10]. Eric S et al.
demonstrated that zDHHC20 also catalyzed the
palmitoylation of EGFR at Cys1025 and Cys1122 in
breast cancer cells. However, they found that
inhibition of zDHHC20-mediated palmitoylation of
EGFR contributed to the maintenance of EGFR
signaling, promoting the survival, growth and
metastasis of tumor cells, and further sensitizing the
efficacy of TKIs [18]. The above studies demonstrate
that palmitoylation has an opposite regulation of
EGEFR signaling, which complicates the regulation of
EGFR signaling by palmitoylation. This may be
related to the palmitoylation site of EGFR, tumor
types and the mutational environment within the
tumor. For example, Kharbanda's group further
demonstrated that inhibiting zDHHC20-mediated
palmitoylation of EGFR in KRAS mutation-driven
lung cancer blocked downstream EGFR signaling and
inhibited tumor cell growth, sensitizing the efficacy of
PI3K  inhibitors [21]. Inhibition of EGFR
palmitoylation can enhance the efficacy of tumor
therapy, showing a better clinical application value.
Therefore, it is of great significance to identify EGFR
palmitoylase and depalmitoylase and clarify the
regulatory mechanism of EGFR palmitoylation in
different cancer types and different mutant
environments for personalized treatment of cancer
patients.

3. Protein palmitoylation regulates RAS
signaling

The abnormality of downstream signal
transduction caused by RAS family gene mutations is
associated with the initiation and progression of many
cancers [22]. The oncogenic activity of RAS requires
proper lipid membrane distribution and localization,
and palmitoylation has been shown to play an
indispensable role in this process [23]. The human
RAS family contains three RAS genes that encode
HRAS, NRAS, KRAS4A and KRAS4B, among which
HRAS, NRAS and KRAS4A have been reported to
undergo palmitoylation [23]. Compared with that of
KRAS4A, palmitoylation has a better regulatory effect
on membrane localization of HRAS and NRAS [24].
The palmitoylated RAS protein is transported from
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the Golgi body to the cell membrane and it transmits
the growth signal from the cell surface growth factor
receptor to the intracellular effector protein, causing
abnormal cell growth [24]. Protein palmitoylation has
been found to be necessary in NRAS mutation-driven
leukemia [25]. The NRAS protein localizes to the
plasma membrane and then activates downstream
PI3K/ Akt, MAPK/ERK and RAL signaling pathways,
which is a vital mechanism of leukemogenesis. The
abnormal localization of NRAS (Cys186Ser) with the
palmitoylation site mutation reduced the potential of
NRAS to induce leukemia [25]. Among a large
number of palmitoyl-transferases, ZDHHCY has been
shown to play a crucial role in the palmitoylation of
HRAS and NRAS [26]. Mutation or down-regulation
of zDHHCY leads to reduced RAS localization to the
cell membrane, thereby inhibiting downstream
signaling pathway transduction and reducing the
oncogenic ability of RAS [27]. Further studies showed
that phenotypes of NRAS-driven chronic granulocyte
mononuclear leukemia and T-cell acute lymphoblastic
leukemia were markedly inhibited but not completely
attenuated, in zDHHC9-deficient mice [27]. Incom-
plete phenotypic inhibition implies that there may be
other palmitoyltransferases in vivo such as zDHHC14
with high homology to zZDHHC9 that may contribute
to NRAS palmitoylation [27]. RAS protein
palmitoylation is also regulated by depalmitoylase,
which releases the depalmitoylated RAS from the cell
membrane and returns to the Golgi body for
recycling. The RAS depalmitoylase inhibitor Palm B
(mainly inhibiting APT1 depalmitoylase activity)
increases cell membrane localization of RAS, as well
as signal transduction downstream of RAS, enhancing
the oncogenic potential of RAS [28]. Recent studies
have shown that ABHD17A, ABHD17B, and
ABHD17C, members of the a/p hydrolase domain 17
family, can depalmitoylate NRAS, and inhibition of
expression of the three ABHD17 proteins significantly
reduced the depalmitoylation of NRAS [29]. These
findings suggest that targeted RAS palmitoylation
may be a new option for future treatment of HRAS
and NRAS-driven tumors. Since there may be more
than one palmitoylase or depalmitoylase that
regulates post-translation modification of RAS
proteins, further identification of other palmitoylases
or depalmitoylases is needed for targeting RAS
palmitoylation.

4. Protein palmitoylation regulates
PD-1/PD-L1 signaling

The programmed cell-death protein 1 (PD-1) and
the programmed death ligand 1 (PD-L1) are a pair of

negative immunosuppression molecules. Together
they regulate the balance among T cell activation,

immune tolerance and pathological processes [30].
PD-1 is mainly located on the surface of macrophages
and activated T and B lymphocytes [31]. Recently,
evidence has demonstrated that PD-1 also appears in
liver cancer, melanoma and other tumors, and it
promotes the growth of tumor cells by activating
mTOR signals [32, 33]. PD-L1 locates on the surface of
tumor or antigen-presenting cells [34]. Highly
expressed in some tumor cells, PD-L1 inhibits the
function of lymphocytes by binding to PD-1 on the
surface of tumor-infiltrating lymphocytes, which is
the pivotal mechanism for the immune escape of
tumors [35]. Thus, by inhibiting the interaction
between PD-L1 and PD-1 or decreasing their
expression, it may be possible to release a powerful
anti-tumor immune response in the body that can
effectively treat tumors.

Recent evidences have found that palmitoylation
of PD-L1 is necessary for its stability, suggesting that
targeting PD-L1 palmitoylation may reduce the level
of PD-L1 in tumor cells and improve the efficacy of
tumor immunotherapy. Yi et al. found that palmitoyl-
transferase zDHHC9 mediated palmitoylation of
PD-L1 on Cys272 in breast cancer, which promoted
the stability of PD-L1. Inhibition of zDHHCY-
mediated palmitoylation of PD-L1 makes breast
cancer cells more sensitive to T cell immune killing
[36]. Yao et al. found that zDHHC3 could also
palmitoylate PD-L1 on Cys272 in colon cancer, and
the palmitoylated PD-L1 became more stable because
it could not be degraded by the ubiquitination
endosome pathway, weakening the immune killing
effect of T cells in tumors. Their design of a competi-
tive PD-L1 palmitoylation inhibitor, the CPP-S1
peptide, specifically inhibits the palmitoylation of
PD-L1, increasing the cytotoxic effect of T cells on
tumor cells [37]. In addition, FASN has also been
reported to promote PD-L1 palmitoylation and
expression in cisplatin-resistant bladder cancer cells
[38]. Because a single protein may be modified by
multiple palmitoylases and a single palmitoylase
catalyzes the modification of multiple proteins,
targeting a single palmitoylase alone may not be
optimal. The design of the targeting peptide may
provide new inspirations for future targeted
palmitoylation therapy. Yao ef al. also found that PD-1
on the surface of tumor cells could be modified by
zDHHC9-mediated palmitoylation, and inhibition of
PD-1 palmitoylation significantly reduced the
expression of PD-1 on the surface of tumor cells and
inhibited tumor growth [39]. Therefore, inhibiting the
palmitoylation of PD-1 on the surface of tumor cells
and immune cells at the same time or combining with
PD-1/PD-L1 inhibitors may be an effective treatment
strategy. The palmitoylation of PD-L1 and PD-1
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highlights the application value of targeted
palmitoylation in immunotherapy, further illustrating
the regulatory role of palmitoylation in tumor
immune  microenvironment and identifying
palmitoylation of other immune-related proteins is of
great significance for tumor immunotherapy.

5. Protein palmitoylation regulates Wnt
signaling

The Wnt proteins are a class of secreted
glycoproteins widely found in cells. It occupies an
irreplaceable position in promoting cell proliferation,
differentiation and stem cell growth through
autocrine or paracrine, and is also bonds closely with
the occurrence, development and therapeutic
resistance of the Wnt-driven tumors [40]. As many as
19 human Wnt proteins are known to mediate two
major signaling pathways: canonical Wnt signaling
via pB-catenin and noncanonical signaling via planar
cell polar pathways [41]. Studies have shown that
most of these Wnt proteins can undergo
palmitoylation mediated by Porcn. Inhibition of
Porcn-dependent palmitoylation of Wnt proteins can
block multiple steps such as Wnt processing, secretion
and signal transduction, thereby inhibiting the
growth of tumor cells and stem cells [42, 43].
Porcn-mediated palmitoylation of Wnt proteins is also
regulated by acetyl-CoA carboxylase (ACC) and
stearyl CoA desaturase 1 (SCD1). Inhibition of ACC or
SCD1 can reduce palmitoylation and signal
transduction of Wnt proteins [44, 45]. The inhibition
of palmitoylation of Wnt proteins shows an optimistic
clinical prospect in the treatment of tumors, and
researchers have successively developed inhibitors
related to palmitoylation of Wnt proteins, including
Porcn inhibitors and SCD1 inhibitors. Porcn inhibitors
have a potential clinical value in the treatment of a
diversity of cancers including head and neck cancer,
colorectal cancer, lung cancer, melanoma, breast
cancer, and other solid tumors. Currently, four Porcn
inhibitors are in Phase I clinical trials, including
CGX1321, ETC-159, LGK974, and RXC004 [14]. SCD1
inhibitors have also shown an ideal inhibition effect
on tumor cell growth in lung cancer, breast cancer,
prostate cancer and other cancers, but the subsequent
toxic and side effects, such as toxicity to sebum cells,
limit their clinical applications [4]. New SCD1
inhibitors with fewer side effects need to be further
developed.

6. Protein palmitoylation regulates
hedgehog signaling

Protein palmitoylation plays an indispensable
role in hedgehog (Hh) signal transduction and the

occurrence and development of hedgehog-driven
tumors [15]. Hedgehog proteins belong to the
secretory signaling family. In mammals, Hh signaling
is activated by three ligands: Desert Hedgehog
(Desert Hedgehog, DHH), Indian Hedgehog (Indian
Hedgehog, IHH) or Sonic Hedgehog (Sonic
Hedgehog, SHH), of which SHH was found to be
most commonly expressed in adult human tissues
[46]. During embryonic development, these proteins
act as morphogenes, forming a signal gradient of long
and short distance interactions that mediate
embryonic growth and development patterns. Except
for a few signals that regulate tumor stem cell-related
signaling, Hedgehog protein signaling is usually
turned off after embryogenesis [47]. However,
Hedgehog protein signaling is found to be abnormally
activated in medulloblastoma, breast, lung,
pancreatic, prostate and other cancers. This
abnormally activated Hedgehog signaling has been
proved to be linked to Hedgehog-driven
tumorigenesis, development and resistance to tumor
therapy [48]. Multiple studies have confirmed that the
Hedgehog acyltransferase (Hhat) -mediated SHH
palmitoylation at Cys24 is crucial to the functional
and abnormal signaling activation of Hedgehog
proteins [9]. Targeting Hhat can ablate SHH
palmitoylation, thereby inhibiting Hedgehog-driven
tumor cell proliferation and stem cell growth. These
observations highlight the potential of Hhat as a
target for clinical treatment and sensitization of
tumors to conventional therapy [15]. A
high-throughput screening conducted by Petrova et al.
using a palmitoylation assay based on SHH peptides
identified small molecule inhibitors of Hhat, such as
RU-SKI 43, that have shown inhibition of SHH
palmitoylation in vitro [49]. In addition, structural
analyses of Hhat have key implications for
understanding the molecular mechanism of
palmitoylation mediated by Hhat and for searching
structure-based inhibitors [50, 51]. Clinical efficacy
testing of Hhat inhibitors and discovery of new
inhibitors will contribute to the personalized
treatment of tumors in the future.

7. Protein palmitoylation regulates
Fas/FasL signaling

Fas (CD95/APO-1) is a member of the tumor
necrosis factor receptor (INFR) superfamily. As a
transmembrane receptor, it can lead to apoptosis
when cross-linked with an agonizing antibody or Fas
ligand (FasL) [52]. Initially, Fas/FasL was regarded as
the death receptor/death ligand system to maintain
peripheral immune homeostasis. Later, more
evidence has shown that Fas/FasL signaling is in
connection with tumor initiation and development
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[53, 54]. Fas/FasL signaling can activate many
tumor-related non-apoptotic  signals, including
MAPK and NF-kB signals, leading to tumor initiation
and metastasis [54]. If the apoptosis signal activated
by Fas/FasL is damaged, tumor cells can develop
resistance to apoptosis and eventually lead to tumor
progression [55, 56]. It has recently been shown that
Fas/FasL can undergo a variety of post-translational
modifications, in which protein palmitoylation is
necessary to regulate Fas/FasL signal transduction
[57, 58]. Krittalak et al. demonstrated that
palmitoylation can occur in Fas. This process
determines the localization and internalization of Fas,
which further induces the assembly of apoptotic
signaling complexes and ultimately leads to cell death
[59]. Christine et al. further pointed out that the
formation of Fas stable aggregates is the premise for
Fas to mediate apoptotic signals through
internalization, and the formation of such stable
complexes is closely related to Fas palmitoylation, and
inhibition of Fas palmitoylation reduces apoptotic
signals [60]. Guardiola-Serrano et al. are the first to
demonstrate that FasL can also undergo
palmitoylation, which is necessary for the localization
of FasL and the mediation of effective Fas/FasL
signaling [61]. By screening 23 zDHHC family
members, Rossin et al. found that zDHHC7 was the
main palmitoylase of FAS at Cys199. Inhibition of
zDHHC7-mediated palmitoylation of Fas can reduce
the membrane localization and stability, thereby
reducing the sensitivity of colorectal cancer cells to
Fas-induced cell death [58]. Valeska et al.’s studies in
primary chronic lymphoblastic leukemia (CLL)
showed that acyl protein thioesterases APT1 and
APT2 regulated the depalmitoylation of Fas, and
APT1 and APT2 in CLL cells caused the
depalmitoylation of Fas, leading to Fas-mediated
apoptotic resistance [57]. These results indicate that
palmitoylation of Fas and its ligand FasL plays an
indispensable role in Fas/FasL mediated apoptotic
signals, which may be a mechanism of apoptotic
resistance in tumor cells.

8. Protein palmitoylation regulates
Scribble (SCRIB) signaling

The SCRIB protein functions as a tumor
suppressor that is eventful for regulating cell polarity
and Hippo, PI3K/ Akt and MAPK signaling
pathways [62, 63]. SCRIB cascades Hippo kinase
activation, promoting phosphorylation of YES-related
proteins (YAP) and transcriptional co-activators
(TAZ) with PDZ binding motifs, preventing both
from entering the nucleus, thereby inhibiting
mitogen-activated protein kinase (MAPK) and Akt
signaling activation [63]. SCRIB has been reported to

be frequently amplified in human cancers and to be
incorrectly localized at cell-to-cell junctions,
suggesting that its mis-localization may impair its
tumor suppressor activity [64]. Chen et al. confirmed
that this localization of SCRIB was regulated by
palmitoylation. Abnormal localization of SCRIB
mutants (Cys4Ser/ Cysl10Ser) with palmitoylation
defects leads to destruction of cell polarity. They
further established that the correct location of SCRIB
on the plasma membrane can activate the Hippo
kinase cascade and inhibit MAPK and Akt signaling,
and that this plasma membrane localization is
regulated by zDHHC7-mediated palmitoylation [65].
The palmitoylation of the SCRIB protein is also
regulated by the depalmitoylation enzyme APT2, and
the APT2 inhibitor ML349 increases the
palmitoylation level of SCRIB and promotes its
plasma membrane localization [66]. However, the
effect of protein palmitoylation modification on
SCRIB signal on tumor growth and development has
not been substantiated in vivo or in vitro. The potential
of targeted SCRIB palmitoylation in the treatment of
cancer needs to be further explored.

9. Protein palmitoylation regulates DNA
damage repair

DNA damage repair is a protective
mechanism for maintaining the integrity of the
genome, and abnormal DNA damage repair can make
the genome wunstable, and eventually lead to
tumorigenesis [67, 68]. Protein palmitoylation is
closely associated with the occurrence of melanoma
caused by abnormal DNA damage repair. Chen et al.
found that, after DNA damage occurred in
melanocytes, ATR activated the palmitoylation
enzyme zDHHCI13 through phosphorylation, and
then zDHHC13 caused palmitoylation of cysteine on
Cys315 of melanocortin-1 receptor (MCIR), a G
protein-coupled receptor. It can then drive
cAMP-dependent MITF transcription to activate
melanin synthesis and enhance the ability of DNA
damage repair. However, in certain red-haired
individuals with cancer-sensitive mutations such as
Argl51Cys and Argl60Trp (red-haired (RHC)
mutants), their MCIR Cys315 palmitoylation levels
are reduced and cAMP production is reduced, which
ultimately leads to a down-regulation of DNA
damage repair capacity, thereby increasing the
sensitivity of cells to DNA damage [69]. MCIR
palmitoylation is also regulated by the
depalmitoylation enzyme APT2. The APT2 inhibitor
ML349 increases MCIR palmitoylation level and
signal transduction, promoting DNA damage repair
ability, and thereby inhibiting the development of
UV-induced melanoma [70]. Inhibition of APT2 may
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help reduce the risk of melanoma, especially in people
with red hair who carry cancer-sensitive mutations.

The DNA damage response is also the main
regulatory mechanism of cellular sensitivity to DNA
damaging drugs and radiotherapy [71, 72]. In recent
years, a number of protein palmitoyl transferases
have been reported to be involved in the DNA
damage response in tumor cells, suggesting that
protein palmitoylation has enormous potential in
regulating DNA damage repair signals. Sudo et al.
showed that in mesothelioma cells and HEK293 cells,
inhibiting zZDHHCS expression resulted in significant
genomic instability, defective DNA damage repair,
and increased radiosensitivity [73, 74]. Cao et al. found
that primary mouse embryonic fibroblasts (MEFs)
treated with 2-bromopalmitate (2BP) showed
significant defects in DNA damage repair after
ionizing irradiation, and the MEF cells that inhibited
zDHHC16 also showed suboptimal DNA damage
repair [75]. These two studies suggest that z-DHHCS
and zDHHC16 may be sensitizing targets for
radiotherapy and chemotherapy. However, their
palmitoylation substrate proteins and the regulatory
mechanism in DNA damage repair remain to be
further studied. Recently, Fan et al. confirmed that
SEDT?2, a histone methyltransferase, is a major target
of ZDHHC16 in EGFR-mutated glioma cells, and that
SEDT2 palmitoylation contributes to the repair of
ionizing irradiation-induced DNA damage [76].
Gabriele ef al. also provided evidence for protein
palmitoylation to regulate DNA damage repair
signals. In S. cerevisiae, they found palmitoylation at
Cys466 and Cys473 of the PFA4-dependent
N-terminal domain of RIFl. By providing a
membrane anchor, RIF1 palmitoylation promotes its
localization in the internal nuclear membrane, which
in turn facilitates non-homologous end-joining
(NHE]) repair [77]. Their results not only confirm the
key role of RIF1 palmitoylation in DNA damage
repair, but also reveal a new mechanism by which
cells can promote the selection of DNA damage repair
pathways around the nucleus through chelating
palmitoylation repair factors on the inner nuclear
membrane. At present, the role of protein
palmitoylation in DNA damage repair remains to be
extensively studied.

10. Protein palmitoylation regulates G
protein-coupled Receptor (GPCR)
signaling

As the largest and most diverse group of
membrane receptors (about 900 different members) in
the human genome, the GPCR protein family has

attracted extensive attention as promising therapeutic
targets in many diseases [78]. GPCRs can be activated

by diverse extracellular molecules such as peptides
and transmitters. Subsequently, the activated GPCRs
bind to specific sensory proteins, called G proteins, to
initiate a series of downstream signals [79]. Thus,
abnormal GPCR signaling can lead to a variety of
disease states, including cancer [80]. GPCR signal
transduction is mainly affected by the localization or
expression of GPCR on the cell membrane, and
palmitoylation has been reported to be necessary for
plasma membrane localization of GPCRs [81]. Early
studies have shown that palmitoylation of GPCRs,
such as rhodopsin, forms a fourth cytoplasmic loop,
which facilitates their localization to the cell
membrane, while defects in palmitoylation of GPCRs,
such as histamine H2 receptor, CCR5, the thyrotropin
receptor, adenosine Al receptor, Vasopressin V2
receptor, leads to reduced localization to the cell
membrane [82]. Several GPCRs, such as p2-adrenergic
receptor, protease-activated receptor-2(PAR2), D1
dopamine receptor, a2A-adrenergic receptor,
Neurotensin receptor-1(NTSR-1), and melanocortin-1
receptor (MCIR) etc., are also modified by
palmitoylation [69, 83, 84]. The palmitoylation of
NTSR-1 promotes its localization to Structured
Membrane microdomains (SMDs) and further
induces mitogenic signaling in breast cancer cells [83].
As mentioned in DNA damage repair (Section 9),
palmitoylated-dependent MCI1R activation on the cell
membrane prevents melanoma. Palmitoylation has
also been shown to be essential for the lysosomal
degradation of GPCRs on the cell membrane. EGPR
internalization, the initiation of lysosomal degrada-
tion, has been reported to require palmitoylation
regulation. Palmitoylation of PAR2, thromboxane A2
receptor, cannabinoid receptor type 1 and thyrotropin
receptor promoted ligand-stimulated internalization,
while palmitoylation of vasopressin V1A receptor
interfered with ligand-stimulated internalization
[84-87]. Endosomes formed after internalization,
which can recycle EGPRs back to cell membrane or
transport them to lysosome for degradation. The
lysosomal degradation of PAR1 and CCR5 has been
proved to be regulated by palmitoylation, and their
palmitoylation-deficient mutants increase their
sorting from endosomes to lysosomes and further
degradation [88, 89]. In addition to palmitoylation of
EGPRs, G proteins themselves can also undergo
palmitoylation modification, which has an impact on
downstream signal transduction of GPCRs. For
example, the palmitoylation of Gaq/11 and Ga S, two
G protein subunits, are required for membrane
anchoring and interaction with GPCRs [90].
Palmitoylation of G protein alpha subunit GNA13
regulates its plasma membrane localization and
protein stability, thereby activating rho-dependent
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signaling pathways [91]. These results fully
demonstrate that palmitoylation plays an important
role in the function and signaling of GPCR. However,
identification of palmitoylases and depalmitoylases
catalyzing GPCRs is largely missing in most studies.
Due to the large number of GPCR family members,
functional diversity and preferred drug targets,
palmitoylation has shown great potential in studies of
GPCRs. Thus, further comprehensive exploration of
the modification and functional effects of
palmitoylation on GPCRs will contribute to the
development of novel therapeutic strategies.

11. Protein palmitoylation regulates other
signaling

In addition to regulating the cellular signal
transduction described above, protein palmitoylation
has been reported in other signals that are also critical
for cancer initiation, development, and treatment. For
examples, palmitoylation can regulate estrogen
signaling, which is essential for the growth and
survival of breast cancer cells [92]. Studies have
shown that estrogen receptor (ER) a and B, two
canonical receptors that regulate estrogen signaling,
undergo palmitoylation [93]. The palmitoylation of
ERa mediated by ZDHHC7 and ZDHHC21
contributes to its stability, plasma membrane localiza-
tion and proliferation-related signal transduction.
Palmitoylation of ERp results in its localization to the
plasma membrane, mediating its anti-proliferation
effect [92, 94]. In addition, palmitoylation at the
C-terminal of GSDME, a member of the cleavage of
gasdermin  family  proteins, can  enhance
chemotherapeutic ~ drug-induced pyroptosis by
modulating GSDME-mediated downstream signal
[95]. ZDHHCY facilitates palmitoylation of Glucose
transporter (GLUT1) at Cys207 and thus increases its
plasma membrane localization, which is critical for
glucose supply during glioblastoma (GBM)
tumorigenesis  [96]. Palmitoylation of Smad3
catalyzed by ZDHCH19 promotes the activation of
the Transforming Growth Factor-beta (TGF-p)
signaling pathway and its interaction with EP300, and
enhances expression of mesenchymal markers in the
mesenchymal subtype of GBM [97]. Elimination of
ZDHHC1-mediated palmitoylation of P53 enables
tumor cells to evade P53's tumor suppressor signal
[98]. In recent years, increasingly studies on
palmitoylation in cancer have revealed the role of
palmitoylation in tumorigenesis. Thus, focusing on
the regulatory role of protein palmitoylation
modifications in signal transduction will not only lay
a foundation for elucidating the mechanism of cancer
initiation and development, but also provide a
guarantee for better research on anticancer drugs at

the molecular level.

12. Palmitoylation and tumor therapy

As highlighted, palmitoylation plays an
important role in cell signal transduction of tumors,
showing a valuable clinical application potential.
However, no relevant drugs have been applied in
clinical treatment of tumors thus far. It is encouraging
that Porcn inhibitors are now in Phase I clinical trials
and are expected to bring benefits to cancer patients
[14]. Other palmitoylase or depalmitoylase inhibitors
such as Hhat inhibitors and APT1/2 inhibitors have
been developed and applied to basic research of
cancer [29, 46]. However, the most common DHHC
palmitoylases lack specific inhibitors for basic cancer
research, making it more difficult to apply to clinical
treatment. Although the earliest discovery of
2-Bromopalmitate and the mnewly discovered
N-Cyanomethyln-myracrylamide had an optimal
inhibitory effect on DHHC palmitylase [99], they were
both inhibitors for a broad spectrum of palmitoylases.
There are many challenges in finding inhibitors that
block DHHC palmitoylase mediated palmitoylation.
Currently, the understanding of how ZDHHC
palmitoylase recognizes and catalyzes substrates is
very limited, and more studies are needed to clarify
the relevant mechanisms. Inhibition of DHHC is
complicated by the fact that many members of the
DHHC family have overlapping substrates catalyzed
by each other or by different subgroups. As a major
breakthrough, the three-dimensional structure of
human zDHHC20 has recently been reported,
providing a new understanding of how the DHHC
palmitoylase plays a catalytic role and a new idea for
structure-based inhibitor design [100]. In addition, as
mentioned above, the selective short peptide
conjugates designed by Yao et al. [37] can specifically
bind certain DHHCs and thus inhibit palmitoylation
of target proteins, which may be a new direction for
the development of DHHC palmitoylation inhibitors
in the future.

13. Conclusions and future directions

It has been predicted that more than four
thousand proteins can be palmitoylated [3], however,
the number of proteins identified thus far is still very
limited. Thus, continuing to identify palmitoylated
proteins, elucidate functional effects of palmitoyla-
tion, and identify palmitoylase or depalmitoylase that
catalyze these substrates are essential for
understanding the critical role of palmitoylation in
physiological and pathological settings. At present,
most palmitoylated proteins identified are proteins
that can bind to the plasma membrane, such as
receptors, ligands or secretory proteins. Palmitoyla-
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Figure 3. The role of protein palmitoylation in cancer cell signal transduction and tumor microenvironment.

tion regulates the localization and function of these
proteins on the plasma membrane, allowing tumor
cells to receive signals from outside the cell or to
transmit signals to the inside the cell [101, 102]. These
membrane-bound proteins link tumor cells to the
microenvironment [103, 104], suggesting that
palmitoylation is indispensable for the connection
between tumor cells and the tumor microenvironment
(Figure 3). Palmitoylation of membrane-bound
proteins requires more extensive investigations to
discover strategies for tumor prevention and
treatment. In addition, some palmitoylases have been
also found in the nucleus [37]. However, the role of
palmitoylated proteins in the nucleus remains to be
further investigated. Although palmitoylation has
been studied for decades, there is still a lack of clinical
drugs for targeted therapy of tumors. The elucidation
of the structure of palmitoylase is of great significance
for understanding the palmitoylation process and
developing structure-based drugs. In addition, due to
the fact that palmitoylation of one protein may be
catalyzed by multiple palmitoylases, and one
palmitoylase can catalyze palmitoylation of multiple
substrate proteins, the strategy of blocking
palmitoylation of a target protein by inhibiting one
palmitoylase may not be feasible, and the design of
palmitoylation inhibitors based on the properties of
target proteins may provide new ideas for therapeutic
strategies targeting palmitoylation.
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