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Abstract

Background Abnormal activation of FAK is associated with tumor development and metastasis. Through interac-
tions with other intracellular signalling molecules, FAK influences cytoskeletal remodelling, modulation of adhesion
signalling, and activation of transcription factors, promoting migration and invasion of tumor cells. However, the exact
mechanism that regulates these processes remains unresolved. Herein, our findings indicate that the S-palmitoylation
of FAKis crucial for both its membrane localization and activation.

Methods The palmitoylation of FAKin U251 and T98G cells was assessed by an acyl-PEG exchange (APE) assay

and a metabolic incorporation assay. Cellular palmitoylation was inhibited using 2-bromopalmitate, and the palmi-
toylation status and cellular localization of FAK were determined. A metabolic incorporation assay was used to identify
the potential palmitoyl acyltransferase and the palmitoylation site of FAK. Cell Counting Kit-8 (CCK8) assays, colony for-
mation assays, and Transwell assays were conducted to assess the impact of ZDHHC5 in GBM. Additionally, intracranial
GBM xenografts were utilized to investigate the effects of genetically silencing ZDHHC5 on tumor growth.

Results Inhibiting FAK palmitoylation leads to its redistribution from the membrane to the cytoplasm and a decrease
in its phosphorylation. Moreover, ZDHHC5, a protein-acyl-transferase (PAT), catalyzes this key modification of FAK

at C456. Knockdown of ZDHHC5 abrogates the S-palmitoylation and membrane distribution of FAK and impairs cell
proliferation, invasion, and epithelial-mesenchymal transition (EMT). Taken together, our research reveals the crucial
role of ZDHHCS5 as a PAT responsible for FAK S-palmitoylation, membrane localization, and activation.

Conclusions These results imply that targeting the ZDHHC5/FAK axis has the potential to be a promising strategy
for therapeutic interventions for glioblastoma (GBM).
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Background

GBM is the most common primary malignant and lethal
tumor in the central nervous system [1, 2]. With an
annual incidence of approximately 5.26 per 100,000 pop-
ulation [3], it accounts for approximately 80% of intrac-
ranial cancers. Currently, the main treatments for GBM
are surgery, radiation therapy, and chemotherapy [4].
The substantial genetic variability of this disease results
in resistance to conventional treatments, despite recent
improvements in these therapies [5]. Thus, there is an
urgent need to uncover the mechanisms underlying the
progression of GBM to develop more effective therapeu-
tic strategies.

In the process of epithelial-mesenchymal transition
(EMT), epithelial cells undergo a transformation into
migratory and invaded cells, which play a vital role in
tumor the invasion and progression [6-9]. In glioma,
EMT plays a crucial role in initiation of angiogenesis,
resistance to cell death, and stimulation of invasion and
metastasis [10]. During EMT, glioma cells transition into
a mesenchymal phenotype, acquiring enhanced inva-
sion and migration capabilities. This transition is char-
acterized by the expression of EMT markers including
N-cadherin, B-catenin, Snail and Slug, and the repres-
sion of epithelial markers including E-cadherin [11-13].
In addition, several mesenchymal gene sets have been
found to exhibit obvious correlation with the radioresist-
ance profile which indicates that EMT plays a crucial role
in radioresistance in GBM [14]. Accumulating evidence
indicates that a highly sensitive molecular regulator of
EMT could serve as a promising marker for glioma.

FAK is a member of the nonreceptor tyrosine kinase
family and plays a crucial role in the regulation of cell
migration [15]. Integrin clustering causes FAK to be
recruited to newly generated focal adhesion sites, and
various downstream effectors are phosphorylated after
FAK activation, resulting in angiogenesis, cell migration,
and cell proliferation [16—19]. Moreover, increased FAK
protein levels have been reported in cancers derived from
many tissues and in tumor cell lines, while FAK expres-
sion is undetectable or low in benign neoplasms and nor-
mal tissues [20—25]. While recent studies have confirmed
FAK’s involvement in tumor invasion and metastasis, the
underlying mechanism by which FAK influences tumor
cell EMT remains unclear.

Protein acyltransferases are distinguished by a con-
served catalytic domain known as the Asp-His-His-Cys
(DHHC) domain and control protein palmitoylation [26,
27], a prevalent and reversible lipid posttranslational
modification [28], that involves the addition of a 16-car-
bon palmitoyl group to a cysteine residue through a thi-
oester linkage [29]. Accumulating investigations have
demonstrated that DHHC proteins and their substrates
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are essential for tumor cell EMT, migration, and inva-
sion [30-33]. ZDHHCI19 exhibits elevated expression
in malignant cervical cancer tissues, consequently driv-
ing cervical cancer cells EMT, migration, and invasion
[33]. Moreover, ZDHHC1 overexpression was found
lead to increased expression of epithelial markers like
E-cadherin and Occludin, while reducing the expression
of mesenchymal markers such as Vimentin and N-cad-
herin, indicating that ZDHHCI acts as a tumor suppres-
sor by inhibiting EMT in human cancers. A recent study
revealed that ZDHHCS5 increases the self-renewal capa-
bility of glioblastoma stem cells (GSCs), thereby actively
contributing to the tumorigenicity of glioma cells [31].
However, the mechanism by which ZDHHCS5 affects the
EMT process in GBM remains unknown.

In this study, we observed the palmitoylation of FAK
in GBM cell lines, and this modification was found to
play a crucial role in the membrane localization of FAK.
Through additional screening assays for palmitoyltrans-
ferases (PATs), we found that ZDHHCS5 is the key enzyme
responsible for the S-palmitoylation of FAK. Specifically,
ZDHHC5 palmitoylates FAK at Cys456, ensuring its
membrane localization and contributing to the induction
of epithelial-mesenchymal transition (EMT), which pro-
motes the development of GBM.

Methods

Cell culture

Human embryonic kidney cells (HEK293T), U251 cells,
and T98G cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA). These
cell lines were cultured and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies),
containing 10% foetal bovine serum (FBS) (Thermo/
HyClone, Waltham, MA). Cell cultures were maintained
at 37 °C in a 5% CO, atmosphere and regularly tested for
mycoplasma contamination.

Antibodies and reagents

Antibodies specific for the following proteins and tags
were used: FAK (Abcam, #ab76496), ZDHHC5 (CST,
#79842), B-actin (Proteintech, #81115-1-RR), Ubiquitin
(CST, #20326), Flag (Abcam, #ab205606), Myc (Abcam,
#ab9106), HA (CST, #3724), phospho-FAK (Abcam,
#ab81298), Paxillin (Abcam, #ab32084), phospho-Paxillin
(Abcam, #ab109547), AKT (Abcam, #ab8805), phospho-
AKT (Abcam, #ab81283), ERK (Abcam, #ab184699),
phospho-ERK (Abcam, #ab201015), a-Tubulin (Pro-
teintech, #11,224—1-AP), ATP1Al (Abcam, #ab7671),
E-cadherin (Abcam, #ab219332), N-cadherin (Abcam,
#ab18203), snail (Sigma-Aldrich, #SAB5700703), slug
(Sigma-Aldrich, #SAB5700672), and [B-catenin (Abcam,
#ab32572).
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The following reagents were used: MG132 (Beyo-
time, #S1748), cycloheximide (Sigma-Aldrich, #66—
81-9), 2-bromopalmitate (Sigma-Aldrich, #238442),
palmostatin B (Sigma-Aldrich, #178501), DMSO (Beyo-
time, #5ST038), MeO-PEG-Mal (Sigma-Aldrich, #63187),
hydroxylamine (Sigma-Aldrich, #159417), N-ethylma-
leimide (NEM) (Sigma-Aldrich, #04260), and TCEP
(Sigma-Aldrich, #646547).

Plasmid construction

The pcDNA3.1 vector was used for construction of the
Flag-FAK and Myc-ZDHHC5 plasmids. All mutants
were generated using the QuickChangell Site-Directed
Mutagenesis Kit (Agilent) following the manufacturer’s
instructions. Plasmids containing HA-ubiquitin were
acquired from Addgene (#18712).

shRNAs, siRNAs, and transfection

Lentiviral particles containing a shRNA targeting
ZDHHCS5, or a scrambled nontargeting control sequence
were obtained from Invitrogen (Carlsbad, CA, USA). The
ZDHHC5 shRNA sequences were as follows: shRNA#1,
5-CACCGGAAGCATTAGTGTTGACTGGCGAAC
CAGTCAACACTAATGCTTCC3; and  shRNA#2,
5-CACCGAAATCAAGCCTGACGAAGTTCGAAA
ACTTCGTCAGGCTTGATTTC-3. The FAK shRNA
sequences were as follows: shRNA#1, 5-GATGTTGGT
TTAAAGCGATTT3’; and shRNA#2, 5-CCGATTGGA
AACCAACATATAZ3: Table S1 lists the siRNAs that were
used in this study to target ZDHHCs. Cells were trans-
fected with the indicated plasmids, shRNAs, and siRNAs
using Lipofectamine 3000 (Invitrogen), according to the
manufacturer’s instructions.

Immunoblotting (IB) and immunoprecipitation (IP)

Cells were lysed in RIPA buffer containing protease
inhibitors (Thermo Scientific, #87785) and phosphatase
inhibitors (Sigma-Aldrich, #P0044). The lysates were
heated for 10 min at 100 °C to denature proteins. After
SDS-PAGE, the proteins were transferred onto PVDF
membranes (Millipore). Then the membranes were
incubated with the indicated primary antibodies at 4 °C
overnight, subjected to three washes with TBST buffer,
and subsequently incubated with the HRP-conjugated
secondary antibody. Immunoblots were visualized with
chemiluminescence reagents (Thermo Fisher, #34580).
For immunoprecipitation, cells were lysed in lysis buffer
(Beyotime, #P0013) supplemented with protease inhibi-
tors and phosphatase inhibitors. The cell lysates were pre-
cleared by incubation with protein A/G agarose (Thermo
Fisher Scientific) for 1 h at 4 °C. After the preclearing
step, the lysates were subjected to immunoprecipitated
overnight at 4 °C using the indicated antibodies, and then
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further incubated with protein A/G agarose for an addi-
tional 2 h at 4 °C. Following three washes with PBS buffer,
the immunocomplexes were separated via SDS-PAGE,
transferred onto PVDF membranes, and analysed by IB.

Protein purification and GST pull-down assay

The GST fusion protein GST-FAK was produced by clon-
ing FAK cDNA in-frame into the pGEX6p-1 vector for
the GST pull-down assay. Cell lysates were treated with
glutathione beads (Sigma, #G0924) overnight at 4 °C after
centrifugation. GST-FAK was purified according to the
manufacturer’s protocol. Flag-tagged proteins were puri-
fied using anti-Flag magnetic beads (Beyotime, #P2115,)
after Myc-ZDHHCS5 and its mutant were transfected into
HEK293T cells. The recombinant proteins were stored
at -80 °C and analysed by SDS-PAGE. For the GST pull-
down assay, GST and the GST-FAK fusion protei were
immobilized onto glutathione-sepharose beads (Sigma-
Aldrich) and incubated with U251 cell lysates overnight.
Following three washes, the bound proteins were eluted
using sodium dodecyl sulfate (SDS) loading buffer and
subjected to analysis by SDS-PAGE.

In vivo ubiquitination assay

We utilized denaturing immunoprecipitation (d-IP) to
perform an in vivo experiment aimed at examining FAK
ubiquitination. Cells were transfected with the indicated
plasmids along with HA-ubiquitin for a duration of 48 h.
Then the cells were exposed to MG132, a proteasome
inhibitor, at a concentration of 20 pM for a duration of
6 h. After treatment, the cells were lysed with a denatur-
ing lysis buffer containing 62.5 mM Tris—HCI (pH 6.8),
1.5% B-mercaptoethanol, 10% glycerol, and 2% SDS. Cell
lysates were subjected to IP using the indicated antibod-
ies and analysed by IB with an anti-HA antibody.

Metabolic incorporation assay

Cells were incubated with 100 pM palmitic acid azide
or DMSO in serum-free DMEM for 4 h at 37 °C. Sub-
sequently, the cells were washed with PBS and lysed in
lysis buffer (50 mM TEA-HCI (pH 7.5), 150 mM NaCl,
0.1% Triton X-100, 0.2% SDS, protease inhibitors). Pro-
teins in the lysates then underwent click reaction with
biotin-azide. Proteins were precipitated with 9 volumes
of 100% methanol for 2 h at -80 °C and retrieved through
centrifugation at 15,000 X g for 10 min. The resulting pel-
lets were dissolved in 100 ml suspension buffer (50 mM
Tris—HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, 2% SDS)
and subsequently diluted tenfold using immunoprecipi-
tation buffer (50 mM Tris—HCI, pH 7.4, 150 mM NacCl,
5 mM EDTA, 0.5% NP40). Biotinylated proteins were
isolated using streptavidin agarose and washed five times
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with wash buffer (50 mM Tris (pH 7.5), 0.1% SDS), and
the samples were then analysed by IB.

Acyl-PEG exchange (APE) assay

The APE assay was performed according to a previously
reported method [34]. The collected cells were lysed in
lysis buffer (50 mM TEA-HCI (pH 7.4), 150 mM NacCl,
1% Triton X-100, and 2% SDS) with protease and phos-
phatase inhibitors and then incubated with 20 mM TCEP
at 100 rpm for 1 h at 55 °C. Free cysteine residues were
blocked by incubation with 50 mM NEM at 55 °C and
100 rpm for 3 h. After protein precipitation using metha-
nol/chloroform, the mixture was incubated with NH20H
at 37 °C for 1 h to break the cysteine-palmitoyl thioester
linkages. Proteins were precipitated with methanol-
chlorofor, and then incubated with 2 mM PEG at room
temperature. After 1 h, proteins were precipitated again
with methanol-chloroform, and were then ree-suspended
in loading buffer and boiled for 5 min at 100 °C prior to
western blotting analysis.

Subcellular fractionation

Cells were harvested and suspended in subcellular frac-
tionation buffer (250 mM sucrose, 10 mM KCIl, 1.5 mM
MgCl,, 20 mM HEPES (pH 7.4), 1 mM EDTA, 1 mM
DTT, and 1 mM EGT) supplemented with protease
inhibitor cocktail. Each was subjected to centrifugation at
1000 x g for 5 min to obtain the postnuclear supernatant.
This supernatant was then further centrifuged at 6000 x g
for 5 min to sparate the mitochondrial fraction. The
supernatant resulting from centrifugation at 6000 X g was
subject to another round of centrifugation at 20,000 X g
for 2 h to separate the membrane fraction (pellet). The
supernatant remaining after centrifugation at 20,000 x g
was designated the cytosolic fraction.

CCK-8 assay

For the CCKS8 assay, approximately 2000 tumor cells were
plated in each well of a 96-well plate. In accordance with
the aforementioned conditions, 10 uL of CCK-8 reagent
(Beyotime, #C0037) was added to each well. A microplate
reader was used to calculate the absorbance at 450 nm.
At least three replicates were established for each group.

Colony formation

For the colony formation assay, approximately 300 tumor
cells were seeded into each well of a 6-well plate and
allowed to grow for a period of 14 days. After the incuba-
tion period, the cells were fixed with 4% formaldehyde for
10 min. Subsequently, the cells were stained with crystal
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violet (Servicebio, #G1014) at room temperature for
30 min before the calculation.

Invasion, migration, and wound healing assays

Invasion and migration assays were carried out using
Corning Matrigel invasion chambers. U251 and T98G
cells were seeded into a 24-well plate, and chambers
containing a membrane with or without a Matrigel
coating were inserted. The upper compartments were
filled with 100 uL serum-free medium, the lower com-
partments were filled with 500 pL of DMEM contain-
ing 30% EBS, the plates were incubation at 37 °C for a
duration of 24 h. The cells in the lower compartments
were fixed and stained with Giemsa after the floating
cells had been removed from the incubation chamber.
Images of cells were analysed using a Nikon inverted
microscope.

In the wound healing assay, cells were seeded into a
6-well plate and cultured to approximately 90% conflu-
ence. Subsequently, the cells were detached from the
plate surface by gently scraping with a 10-pl pipette tip
and maintained in serum-free DMEM after being washed
with PBS. Photographs were taken at 0 h and 24 h after
wounding. Cell migration was quantified by calculating
the percentage of the gap width at the indicated time rel-
ative to the gap width at 0 h. Statistical analysis was con-
ducted using Image-Pro Plus 6.0 software, and the results
are presented as the average values obtained from three
independent experiments.

Immunofluorescence (IF) staining

Cells were plated in confocal dishes and then fixed
with paraformaldehyde for 20 min. The fixed cells were
washed twice with PBS, permeabilized and blocked with
a solution containing 0.1% saponin, 5% BSA, and PBS for
30 min. The cells were incubated with the indicated anti-
bodies overnight at 4 °C in the dark. After three washes
with PBS, the cells were incubated with a secondary
antibody at room temperature in the dark for 1 h. The
confocal dishes were then mounted with DAPI-Aque-
ous (Abcam, #104,139). Subsequently, the images were
acquired using laser confocal microscope and analysed
using LAS X software.

Xenograft assay

T98G or U251 cells (5x10°) in 5 ul DMEM were intrac-
ranially injected into female 5-week-old athymic nude
mice (ten mice per group) obtained from Vital River (Bei-
jing, China). The occurrence of neurological signs in each
mouse was monitored daily. Bioluminescence imaging
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was conducted with an IVIS Lumina Imaging System,
which allowed for visualization and tracking of tumor
growth in the mice over time. Between 2 and 12 weeks
after implantation, the mice were euthanized humanely,
and their brains were removed, paraffin-embedded, and
subjected to immunohistochemical staining. All animal
research conducted in this study was approved by the
Institutional Animal Care and Use Committee (IACUC)
of Nanjing Medical University, following the necessary
regulations. The research was conducted in accordance
with approved protocols and guidelines, with approval
number 2210021.

Human tissues and immunohistochemical (IHC) staining
Shanghai Outdo Biotech provided human glioma tissues.
All patients gave their informed consent, and the Biotech
Ethics Committee of Shanghai Outdo (Shanghai, China)
authorized all use of human tissues in this study.

Servicebio Technology (Wuhan, China) used the indi-
cated antibodies to conduct IHC analysis. Through the
use of Case Viewer and 3DHISTECH QuantCenter 2.1
software, staining was evaluated. Tumor samples col-
lected from mice were fixed and prepared for IHC stain-
ing. The percentage of positively stained cells was scored
based on the following criteria: 0 (0%), 1 (1%—24%), 2
(25%—49%;), 3 (50%—74%), and 4 (75%—100%). The fol-
lowing criteria were used to determine the staining
intensity scores: 0, negative; 1, weak; 2, moderate; and 3,
strong staining. Finally, the two scores were multiplied to
obtain the final score, which was then categorized into
two grades: low expression (score: 0—4); and high expres-
sion (score:5—12).

(See figure on next page.)
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Statistical analysis

GraphPad Prism software (Version 7.0) was used to
conduct statistical analysis. The means and standard
deviations between the values for the control and experi-
mental groups were analysed using two-tailed unpaired
or paired Student’s t test. The Kaplan—Meier method was
used to evaluate the survival rate. Data are expressed as
the means + SDs and P values of 0.05 or less were consid-
ered to indicate a significant difference.

Results

S-palmitoylation maintains the membrane localization

of FAK

To investigate the palmitoylation of FAK, we conducted
a metabolic incorporation assay. Our findings confirmed
that endogenous FAK undergoes S-palmitoylation,
which occurs through the formation of thioester bonds
that can be cleaved by treatment with hydroxylamine
(HAM) (Fig. 1A and Figure S1A). Additionally, FAK can
be labelled with high efficiency using Alk-C16 or Alk-C18
(Fig. 1B). However, it exhibits lower labelling efficiency
with C14 or C20 chain length probes (Fig. 1B and Fig-
ure S1B), suggesting that FAK is predominantly modi-
fied with palmitoyl (C16) or stearoyl (C18) groups, while
other chain lengths may have lower affinity or specificity
for FAK. To further explore the palmitoylation levels of
FAK, we used an acyl-PEG exchange (APE) assay. Upon
treatment with 2-bromopalmitate (2-BP), a paninhibi-
tor of PATs, the palmitoylation level of endogenous FAK
was significantly decreased (Fig. 1C and Figure S1C).
Moreover, in pulse-chase experiments, we observed that
the turnover half-life of FAK palmitoylation was approxi-
mately one hour, while the overall protein level remained

Fig. 1 S-palmitoylation maintains the membrane localization of FAK (A) FAK palmitoylation was examined in lysates obtained from U251 cells
that were metabolically treated with a palmitoylation probe (50 uM alkynyl palmitic acid [PA]) for a duration of 4 h. The analysis was carried
out through click reaction and streptavidin bead pulldown, both in the absence and presence of hydroxylamine (HAM). The subsequent
immunoblotting (IB) was performed using the indicated antibodies. B FAK fatty acylation levels were investigated using different chemical
reporters of fatty acylation, ranging from Alk-C14 to Alk-C20. The analysis involved the use of streptavidin bead pulldown to isolate acylated
FAK, followed by IB. C APE assays were conducted to examine the levels of FAK palmitoylation in U251 cells following treatment with 50 uM
2-BP, both in the absence and presence of HAM. D FAK palmitoylation studies were conducted in U251 cells that were metabolically labeled

with 50 uM alkynyl PA for a duration of 4 h. The cells were treated either in the absence or presence of PalB (5 uM). After the specified time period,
the cells were collected for further analysis of FAK palmitoylation. E FAK palmitoylation was analyzed using the APE assay after fractionation

to distinguish between the cytoplasmic and membrane fractions. ATP1A1 and a-tubulin were used as controls for the membrane and cytoplasmic
fractions, respectively. Quantification of FAK palmitoylation percentage in the cytoplasm and membrane in APE assays. All the data are presented
as the mean£SD, n=three independent experiments, and two-tailed Student’s t test. F U251 and T98G cells were treated with dimethyl sulfoxide
(DMSO) or 50 uM 2-BP for 8 h, and the cellular localization of endogenous FAK was visualized using immunofluorescence staining. Scale bar, 1 um.
G U251 and T98G cells were subjected to treatment with either DMSO or 50 uM 2-BP for 8 h. The levels of FAK in the membrane and cytoplasmic
fractions were evaluated using IB with the indicated antibodies. ATP1A1 and a-tubulin were used as membranal and cytoplasmic fraction
controls, respectively. WCL refers to the whole-cell lysate, Mem refers to the membrane, and Cyto refers to the cytoplasm. H U251 and T98G cells
were treated with DMSO, 50 uM 2-BP, or 2.5 uM PalB. Then, IB was performed for the indicated proteins. 1 U251 and T98G cells were pretreated
with 2-BP or DMSO as a control and then incubated with cycloheximide (CHX). Immunoblotting was used to analyze the FAK and 3-actin levels

at the specified time points. J U251 and T98G cells were cotransfected with HA-Ub and treated with DMSO, 50 uM 2-BP, or 5 uM PalB for 8 h. U251
and T98G cells were subjected to IP-IB and IB for the indicated proteins
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unchanged, indicating that FAK S-palmitoylation is a
dynamic process (Fig. 1D and Figure S1D). Interest-
ingly, the acyl-PEG exchange (APE) assay showed that
membrane FAK was substantially palmitoylated (~80%)

U251 T98G

compared to cytoplasmic FAK (~20%) (Fig. 1E and Fig-
ure S1E), suggesting a direct correlation between the
palmitoylation and membrane localization of FAK. To
further verify this hypothesis, we monitored its cellular



Wang et al. Cell Communication and Signaling (2024) 22:46

distribution following 2-BP treatment via immunofluo-
rescence (IF) staining and found that FAK was redistrib-
uted from the membrane to the cytoplasm upon 2-BP
treatment (Fig. 1F). Consistently, immunoblot analysis
confirmed that the membrane localization of endogenous
FAK was significantly reduced upon treatment with 2-BP
in U251 and T98G cells, whereas the total level of FAK
protein remained unchanged (Fig. 1G).

It is established that membrane-bound FAK is primed
for activation [35]. Upon the association of FAK with
the membrane, FAK autoinhibition is released, lead-
ing to efficient autophosphorylation at Tyr397 [35, 36],
which consequently activates downstream pathways of
FAK, including the PI3K/AKT, ERK, and Paxillin signal-
ling pathways [37-39]. Given the above results, we next
determined whether palmitoylation is required for FAK
activation. U251 and T98G cells treated with palmostatin
B (PalB), an inhibitor of deacylating enzymes, exhibited
elevated levels of phosphorylated FAK, AKT, ERK, and
Paxillin (Fig. 1H). In contrast, inhibition of FAK palmi-
toylation with 2-BP dramatically decreased the levels of
p-FAK, p-AKT, p-ERK, and p-Paxillin (Fig. 1H). Addi-
tionally, we found that neither 2-BP treatment nor PalB
treatment altered the decay rate or polyubiquitination
level of FAK (Fig. 1I and J). Taken together, these data
suggest that FAK undergoes S-palmitoylation, which is
required for maintaining its membrane localization.

ZDHHCS5 regulates FAK S-palmitoylation by directly
binding to FAK

To recognize the potential palmitoyl acyltransferase tar-
geting FAK, a series of siRNAs designed to target PATs
were introduced into U251 cells and we found that
knockdown of ZDHHC5 but not other PATs almost
completely abolished the S-palmitoylation of FAK, sug-
gesting that ZDHHCS5 is the major PAT that mediates
FAK palmitoylation in GBM cells (Fig. 2A). Moreover,
coimmunoprecipitation (Co-IP) assays revealed endog-
enous and exogenous interactions between ZDHHC5
and FAK (Fig. 2B and C). Furthermore, the GST pull-
down assay and in vitro binding experiment showed that
both WT ZDHHCS5 and its catalytically inactive C134S
mutant could interact with FAK (Fig. 2D and Figure
S2A), which demonstrated a direct interaction between
ZDHHC5 and FAK. To identify the regions required
for this interaction, we generated a series of truncation
mutants of Myc-ZDHHC5 and Flag-FAK (Fig. 2E). We
found that ZDHHCS5 interacts with FAK through an
N-terminal sequence (amino acids 1 to 200). Remark-
ably, ZDHHC5 ADHHC had the same affinity for FAK
as the full-length ZDHHCS5 protein, suggesting that the
ZDHHC5-FAK interaction is not dependent on the PAT
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activity of ZDHHC5 (Fig. 2F). Accordingly, we gener-
ated four Flag-FAK truncation mutants lacking either
the FERM domain, kinase domain, Pro-rich region, or
FAT domain. The coimmunoprecipitation assay revealed
that Myc-ZDHHCS5 could be immunoprecipitated by the
Akinase, APro-rich region, and AFAT Flag-FAK trunca-
tion mutants. However, when FAK lacked the FERM
domain, the interaction between ZDHHC5 and FAK was
significantly diminished (Fig. 2G). These results indicate
that ZDHHCS5 binds directly to FAK.

ZDHHC5 maintains FAK membrane localization

and activation via S-palmitoylation

To further confirm that ZDHHCS5 regulates the S-pal-
mitoylation of FAK, we performed a metabolic incor-
poration assay and an APE assay. Silencing ZDHHC5
abrogated FAK S-palmitoylation (Fig. 3A-C and Fig-
ure S3A), and this effect was reversed upon introduc-
tion of WT ZDHHCS5, but not the ZDHHC5 C134S
mutant (Fig. 3D and E). These findings indicate that
the enzymatic activity of ZDHHCS5 is crucial for the
S-palmitoylation of FAK. Moreover, immunofluores-
cence analyses confirmed that ZDHHC5 knockdown
by shRNA significantly inhibited the association of
FAK with the membrane and that this association was
restored by introduction of WT ZDHHCS5, but not the
C134S mutant (Fig. 3F and Figure S3B). The findings
were additionally validated through cellular fractionation
assays (Fig. 3G and H). Consistently, silencing ZDHHC5
significantly decreased the phosphorylation of FAK
and the activation of downstream signalling pathways
(Fig. 31 and S3C). Taken together, these findings reveal
that ZDHHCS5 facilitates the S-palmitoylation of FAK,
maintains its membrane localization and promotes its
activation.

FAK is palmitoylated at Cys456

To investigate the site of FAK palmitoylation mediated by
ZDHHCS5, we mutated all cysteine (C) residues in FAK to
serine (S) and found that the overexpression of ZDHHC5
had no impact on the palmitoylation level of the FAK
C456S mutant (Fig. 4A), suggesting that ZDHHC5 medi-
ates the palmitoylation of FAK at C456. Notably, the amino
acid sequence surrounding C456 exhibits marked species
conservation (Fig. 4B). Consistent with this finding, the
Flag-FAK C456S mutant displayed decreased a level of
palmitoylation compared to that of Flag-FAK WT in U251
and T98G cells, as determined by the metabolic incorpora-
tion assay and APE assay (Fig. 4C-E and Figure S4A).

We next investigated whether palmitoylation of FAK at
C456 regulates its membrane localization and activation.
The cellular fractionation assay confirmed that the FAK
C456S mutant predominantly localized in the cytoplasm
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Fig. 2 ZDHHC5 regulates FAK S-palmitoylation by directly binding to FAK (A) U251 cells infected with siRNAs targeting different zZDHHC proteins.
The cells were metabolically labeled with alkynyl PA (50 uM) for 4 h. FAK palmitoylation levels were assessed by click reaction and streptavidin

bead pulldown, followed by IB. B Cell lysates from U251 and T98G cells were analyzed by IP using antibodies against FAK and ZDHHCS and then
subjected to IB analysis. IgG was used as the isotype control. C HEK293T cells transfected with Flag-FAK and/or Myc-ZDHHC5 were subjected to IP-IB
and IB using the indicated antibodies. D In vitro protein binding assays with purified ZDHHCS and FAK protein. The purities of ZDHHC5 and FAK
were examined by SDS-PAGE and Coomassie Blue Staining. E Schematic representations of ZDHHCS5, FAK, and their shortened mutants. F HEK293T
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compared to FAK WT, resembling the effects observed
following treatment with 2-BP (Fig. 4F and G). Moreover,
we examined the activation of FAK and found that over-

expression of FAK WT but not the FAK C456S mutant

promoted the phosphorylation of FAK and the activa-
tion of downstream signalling pathways (Fig. 4H and
I). This finding suggests that ZDHHC5 mediates FAK
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for a duration of 4 h.The levels of FAK palmitoylation were analyzed by performing a click reaction and streptavidin bead pulldown, followed by IB.
C An APE assay was performed to analyze FAK palmitoylation in ZDHHC5-knockdown U251 cells. D and E ZDHHC5-knockdown U251 and T98G cells
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S-palmitoylation at C456, which promotes FAK mem-
brane localization and activation.

ZDHHC5-mediated FAK S-palmitoylation promotes cell
proliferation, cell invasion and EMT in vitro

To determine the role of ZDHHC5 in GBM, we silenced
ZDHHCS5 expression in U251 and T98G cells in U251

and T98G cells with ZDHHC5 knockdown (Fig. 5A). The
results of CCK8 assays demonstrated that knockdown
of ZDHHCS5 significantly suppressed cell proliferation
(Fig. 5B), which was further validated through colony for-
mation assays (Fig. 5C). Subsequently, we investigated the
influence of the ZDHHCS5 shRNA on the migration and



Wang et al. Cell Communication and Signaling (2024) 22:46

A 6 GO L L COLH L0
’\é\é\%\’ﬁ‘&’q‘?%rﬁ‘ VR RS &S FE

Flag-FAK = o I T T TITE&ES
Myc-ZDHHC5 - - + o+ o+ o+ o+ o+ o+ + o+ o+ o+ o+ o+ 4+ o+
Alkynyl PA -+ o+ o+ o+ o+ o+ o+ o+ + 0+ o+ o+ o+ o+ o+ o+

Strepstavidin | 100kDa -l - !- b | l- - - . - ‘- q | Palm-Flag
|

pulldown

100kDa-l--—----—

—||—--—-1h—-—-|':lag

Input 70kDa-J ——————

,H-----—-- | Myc

40kDa.l-------.' ||----- ——— | B-actin

HEK293T

Flag-FAK C456S - - +

FlagFAKWT + + - Flag-FAK C456S - - +

RmylPA -+ ¢ i

DMSO + - - yD:/ISO
T + - -
Strepstavidin _II] Strepstavidin
pulldown I 100kDa RejnFlag F;)Julldown I 100kDa-lI| Palm:Flag

Input

U251
WCL Cyto Mem
Flag-FAKWT  + - + - + -

Flag-FAK C456S - + - + - +
100kDa-I-- i |Flag
100kDa_|—- — J— _.lATP1A1
55kDa -|- - —— ] a-Tubulin

U251
G WCL Cyto Mem
Flag-FAKWT + - + - +

Flag-FAK C456S - + - + - +

100kDa-| —en e ]Flag

100kDa | S e - ATP1AT

55KDa  wm o | o-Tubuiin

T98G

Input
00 [smemem | i

Y T98G
Flag-FAK C4568 - - +
FlagFAKWT - + -

Vector + - -
100kDa.|E] :’T‘Cg’;)
100kDa-E| Flag
55kDa-|_;£] p-AKT
aokDa | i o | PERK
40kDa E ERK
70kDa.E] p-Paxillin
70kDa.lEl Paxillin
40kDa.EI B-actin

U251

Page 10 of 16

Amino acid sequences of FAK
HUMAN(452-466) AIKTCKNCTSDSVRE
MOUSE(452-466) AIKTCKNCTSDSVRE

RAT(452-466) AIKTCKNCTSDSVRE
CHICK(452-466) AIKTCKNCTSDSVRE
XENLA(465-479)  AIKTCKNCTSDSVRE
Flag-FAK C456S - - + +

Flag-FAKWT + + - -
HAM -+ -+
100kDa
Input
U251
Flag-FAK C456S - -+
Flag-FAKWT -+
Vector + - -
p-FAK

WOKDaE (Tyr397)

70kDa -EI p-Paxillin

T98G

Fig. 4 FAKis palmitoylated at Cys456 (A) U251 cells were cotransfected with Flag-FAKWT or the indicated mutants and/or Myc-ZDHHCS5. The
cells were metabolically labeled with 50 uM alkynyl PA for 4 h. The levels of FAK palmitoylation were analyzed by performing a click reaction

and streptavidin bead pulldown, followed by IB. B Amino acid sequences around the cysteine 456 residue of the FAK protein across different
species. Cand D U251 and T98G cells were transfected with Flag-FAKWT or Flag-FAK C456S and then metabolically labeled with 50 M alkynyl

PA for 4 h. FAK palmitoylation levels were assessed by click reaction and streptavidin bead pulldown, followed by IB. E U251 and T98G cells were
transfected with Flag-FAKWT or Flag-FAK C456S. The APE assay was conducted to analyze FAK palmitoylation in U251 cells with the specified
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invasion capacities of U251 and T98G cells. The wound-
healing assays showed that U251 and T98G cells with
ZDHHCS5 knockdown exhibited a significantly reduced
wound closure area after 24 h compared to the negative
control (NC) cells (Fig. 5D). The transwell assays also

showed consistent results that knockdown of ZDHHC5
resulted in significant decreases in the percentages of
migrated and invaded cells (Fig. 5E). Moreover, our find-
ings revealed notable reductions in the expression levels
of N-cadherin, snail, slug, and p-catenin, along with an
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increase in the E-cadherin level, in ZDHHC5-depleted
U251 and T98G cells compared to the control cells
(Fig. 5F). Remarkably, we found that these inhibitory
effects of ZDHHC5 depletion were largely reversed by
the overexpression of membrane-anchored and constitu-
tively active mutants of FAK (CD2-FAK) [40, 41] but not
by FAK C456S (Figure S5A-F). In addition, in a published
dataset, CGGA, the mRNA level of ZDHHCS5 was signifi-
cantly higher in high-grade tumors (WHO III and WHO
IV) than in low-grade tumors (WHO II) (Figure S5G).
Kaplan—Meier survival analysis revealed that the mRNA
level of ZDHHCS5 had prognostic value for patient sur-
vival (Figure S5H).

To further investigate the role of ZDHHC5-mediated
FAK S-palmitoylation in regulating cell proliferation,
invasion and EMT, we knock down FAK in U251 and
T98G cells and reintroduce Flag-FAK WT or FAK C456S
mutant (Figure S6A). The CCK8 assays revealed a nota-
ble reduction in cell proliferation upon FAK knockdown.
This effect was reversed by the reintroduction of FAK
WT, but not FAK C456S (Figure S6B), as further con-
firmed by colony formation assays (Figure S6C). More-
over, the decreased ability of invasion and migration
caused by FAK silencing was rescued by FAK WT, but
not by FAK C456S (Figure S6D-G). These results dem-
onstrate that ZDHHC5-mediated FAK S-palmitoylation
promotes GBM cell proliferation and EMT.

ZDHHC5 promotes GBM development in vivo

To investigate the role of ZDHHCS5 in vivo, we intrac-
ranially implanted luciferase-expressing U251 and
T98G cells with or without knockdown of endogenous
ZDHHC5 and re-expression of the ZDHHC5 WT or
ZDHHC5 C134S mutant counterpart into athymic nude
mice. Bioluminescence imaging revealed that ZDHHC5
depletion significantly decreased tumor growth in mice
following the injection of U251 and T98G cells (Fig. 6A
and B). This intervention led to a considerable increase in
the survival time (Fig. 6C and D). Moreover, the expres-
sion of EMT-associated proteins, such as Snail, Slug, and
[-catenin was markedly downregulated upon ZDHHC5
knockdown, as demonstrated by the IHC assay (Fig. 6E
and F). However, reconstitution of ZDHHC5 WT but not
ZDHHCS5 C134S prevented these alterations (Fig. 6A-F).

(See figure on next page.)
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Collectively, these results indicate that ZDHHC5 is
required for GBM carcinogenesis.

ZDHHCS5 expression positively correlates

with S-palmitoylated FAK in clinical glioma samples

To evaluate the clinical relevance of ZDHHCS5 and S-pal-
mitoylated FAK, we used metabolic incorporation assay
to assessed the S-palmitoylation level of FAK in 14 paired
tumors (Fig. 7A). Both the protein level of ZDHHC5 and
S-palmitoylation level of FAK were markedly elevated in
glioma tissue compared to normal tissue (Fig. 7B and C).

Discussion

Previous research has demonstrated that FAK remains
in an autoinhibited state within the cytosol and is acti-
vated upon interaction with the membrane [35]. This
observation led to the hypothesis that proper localiza-
tion of FAK to the membrane plays a critical role in
facilitating its related biological processes. Here, we show
that ZDHHC5 mediates the S-palmitoylation of FAK
at Cys456 to maintain the membrane binding of FAK.
Furthermore, the autophosphorylation of membrane-
localized FAK and activation of downstream signaling
pathways are increased, consequently promoting GBM
development (Fig. 7D). These results emphasize the sig-
nificance of protein subcellular localization during can-
cer progression [32, 42, 43].

Palmitoylation, which refers to the reversible covalent
attachment of palmitate molecules to cysteine residues
of proteins, is widely recognized as the most extensively
studied protein lipidation process [44]. It plays a crucial
role in regulating various physiological processes within
the cell and influences the stability, conformation, locali-
zation, and interactions of proteins [32, 45-49]. The
S-palmitoylation of FAK was previously discovered via
proteomic analysis [50]. However, the impact of S-pal-
mitoylation on the function of FAK remains unexplored.
In this study, we determined that ZDHHC5-mediated
S-palmitoylation of FAK is important for its biological
function, especially in regulating its membrane localiza-
tion and phosphorylation in human GBM cells. Impor-
tantly, in our study, the palmitoylation-deficient FAK
mutant was not able to localize normally at the cell mem-
bran, which resulted in a decrease in its phosphorylation,

Fig.5 ZDHHC5-mediated FAK S-palmitoylation promotes cell proliferation, cell invasion and EMT in vitro. A IB for ZDHHCS5 in U251 and T98G cells
transfected with ZDHHCS5 shRNAs or shRNA control. B CCK8 assays of U251 and T98G cells transfected with ZDHHC5 shRNAs or shRNA control. C
Colony formation assay of U251 and T98G cells transfected with ZDHHC5 shRNAs or shRNA control. D Wound-healing assay of ZDHHC5 shRNAs

or shRNA control. scale bars: 25 um. E Invasion of U251 and T98G cells transfected with ZDHHC5 shRNAs or shRNA control; scale bars: 100 um. (F) IB
for the indicated proteins in U251 and T98G cells transfected with ZDHHCS5 shRNAs or shRNA control. Data are represented as the mean+SD (n=3).
Statistical analysis was performed using Student’s t test, *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001
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Fig. 6 ZDHHC5 promotes GBM development in vivo. A and B Luciferase-expressing ZDHHC5-knockdown U251 and T98G cells were injected
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Fig. 7 ZDHHC5 expression positively correlates with FAK expression in clinical glioma samples. A The S-palmitoylation of FAK in glioma samples
(T) and their paired normal tissues (N) were analyzed by metabolic incorporation assay. B and C Relative expression levels of ZDHHC5 (B)

and S-palmitoylation of FAK (C) from (A). Data are represented as the mean +SD (n=3). Statistical analysis was performed using Student’s t test,

*p<0.05; **p<0.01; ***p <0.001; ****p <0.0001. D Schematic representation of the study model. ZDHHC5-catalyzed palmitoylation of FAK leads

to its membrane localization and activation, subsequently promoting EMT and the development of GBM

highlighting the importance of S-palmitoylation in the
FAK signalling pathway.

Significantly, our results revealed that knockdown of
ZDHHCS5 effectively suppressed the migration, invasion,
and proliferation of GBM cells in vitro, and inhibited
GBM development in vivo. These findings suggest that
ZDHHCS5 promotes the malignant development of GBM.

Accumulating evidence indicates that epithelial-mes-
enchymal transition, characterized by the loss of cell
polarity, loss of cell-cell adhesion, and alterations in the
expression of cell surface and cytoskeletal proteins, plays
a crucial role in tumor invasion and metastasis [51, 52].
During EMT, the expression of epithelial markers, such
as E-cadherin, is reduced, while the expression of mes-
enchymal markers, such as N-cadherin, Snail, Slug, and
[-catenin, is increased [51]. However, it is not yet clear
whether palmitoylation is associated with EMT. In this
study, we found that GBM cell migration and invasion

dramatically decreased via suppression of EMT follow-
ing ZDHHC5 knockdown. Reconstitution with expres-
sion of ZDHHC5 WT but not ZDHHC5 C134S restored
the expression of EMT-associated proteins, implying that
ZDHHCS5 enhances invasive and tumorigenic properties
by facilitating EMT in GBM cells.

Conclusions

In summary, our findings reveal the significance of
ZDHHC5-mediated FAK S-palmitoylation as a critical
mechanism in the development of GBM. Targeting the
ZDHHCS5/FAK axis may be a novel and potentially effec-
tive treatment approach for GBM.
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