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High immune-cell infiltration in glioblastomas (GBMs) leads
to immunotherapy resistance. Emerging evidence has shown
that zinc finger Asp-His-His-Cyc-type (ZDHHC) palmitoyl
transferases participate in regulating tumor progression and
the immune microenvironment. In the present study, a large
cohort of patients with gliomas fromThe Cancer Genome Atlas
(TCGA) and Rembrandt databases was included to perform
omics analysis of ZDHHCs in gliomas. CCK-8, flow cytometry,
quantitative real-time PCR, western blotting, and transwell as-
says were performed to determine the effects of ZDHHC inhi-
bition on glioma cells and microglia. We found that
five (ZDHHC11, ZDHHC12, ZDHHC15, ZDHHC22, and
ZDHHC23) out of 23 ZDHHCs were aberrantly expressed in
gliomas and might play their roles through the phosphatidyli-
nositol 3-kinase/protein kinase B (PI3K/AKT) signaling
pathway. Further results indicated that inhibition of
ZDHHCs with 2-bromopalmitate (2-BP) suppressed glioma-
cell viability and autophagy, as well as promoted apoptosis.
Targeting ZDHHCs also promoted the sensitivity of glioma
cells to temozolomide (TMZ) chemotherapy. In addition, the
inhibition of ZDHHCs weakened the migratory ability of mi-
croglia induced by glioma cells in vitro and in vivo. Taken
together, our findings suggest that the inhibition of ZDHHCs
suppresses glioma-cell viability andmicroglial infiltration. Tar-
geting ZDHHCs may be promising for glioma treatments.

INTRODUCTION
Gliomas are the most lethal and common tumors in the central ner-
vous system. Following surgical interventions and aggressive chemo-
radiotherapeutic treatments, many patients with glioblastomas
(GBMs) still exhibit poor prognoses.1,2 In recent years, immune-
checkpoint inhibitors, such as programmed cell death-1/programmed
cell death-ligand 1 (PD-1/PD-L1) and cytotoxic-T-lymphocyte-asso-
ciated antigen-4 (CTLA-4) inhibitors, have been used as cancer im-
munotherapies and have made a breakthrough in improving clinical
treatments.3 In a phase I clinical trial, intracerebral administration of
CTLA-4 inhibitor ipilimumab and PD-1 inhibitor nivolumab in com-
bination with intravenous administration of nivolumab following
maximal safe resection of recurrent GBMs was feasible, safe, and asso-
ciated with encouraging overall survival.4 In a single-arm phase II
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clinical trial, a presurgical dose of nivolumab followed by postsurgical
nivolumab could remodel the tumor immune microenvironment in
resectable GBMs.5 However, high immune-cell infiltration mediated
by GBM cells establishes an immunosuppressive tumor microenvi-
ronment, which can induce immunotherapy resistance.6,7 Hence, it
is critical to identify novel targets associated with high immune-cell
infiltration in gliomas.

S-palmitoylation is a reversible post-translational lipid modification,
which is a universal feature of human cells that controls the localiza-
tion, stability, and function of various proteins.8 Protein palmitoyla-
tion involves the covalent attachment of fatty acyl chains, typically a
palmitate (C16:0), to internal cysteine residues of a protein via labile
thioester linkages, and palmitoyl transferases catalyze this reac-
tion.9,10 Palmitoyl transferases are a zinc finger Asp-His-His-Cys-
type (ZDHHC) family containing 23 distinct genes (named
ZDHHC1–ZDHHC24, excluding ZDHHC10) in mammals.11,12

Emerging evidence has shown that ZDHHC-mediated protein palmi-
toylation participates in regulating tumor progression and the im-
mune microenvironment. For example, loss of ZDHHC9 has been
shown to prevent the oncogene, N-Ras, from transforming bone
marrow cells in a ZDHHC9-knockout mouse model.13 In colorectal
cancer, ZDHHC3 has been found to be upregulated and to promote
protein PD-L1 palmitoylation, which weakens T cell immune re-
sponses against tumors. Furthermore, inhibition of PD-L1 palmitoy-
lation can activate anti-cancer immunity.14 A recent study showed
that IFNGR1 palmitoylation stabilized IFNGR1 to drive immune
evasion and immunotherapy resistance in tumors.15 In the central
nervous system, compared with that in normal brain tissues, glioma
tissues exhibit aberrant protein palmitoylation.16 Previous studies
have found that several ZDHHCs indeed participated in regulating
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Omics analysis of ZDHHCs in gliomas

Genes
RNA expression levels (tumor
versus normal)

Protein expression levels (percent
account for total included glioma
cases)

Protein expression levels (normal
cerebral cortex)

Methylation levels (IDH mutant
versus wild type)

Mutation
frequency

ZDHHC1 no significance not detected not detected hypermethylation 0

ZDHHC2 upregulated
not detected: 50%
low: 50%

not detected hypermethylation 0.6%

ZDHHC3 no significance

not detected: 25%
low: 8%
medium: 58%
high: 9%

medium hypermethylation 1.4%

ZDHHC4 upregulated
not detected: 91%
medium: 9%

not detected hypermethylation 1.2%

ZDHHC5 no significance

not detected: 25%
low: 58%
medium: 9%
high: 8%

low hypermethylation 0

ZDHHC6 no significance
not detected: 50%
low: 17%
medium: 33%

not detected hypermethylation 1.7%

ZDHHC7 no significance not detected not detected hypermethylation 0.2%

ZDHHC8 no significance
not detected: 46%
low: 54%

not detected hypermethylation 0.6%

ZDHHC9 upregulated
not detected: 36%
low: 28%
medium: 36%

low no significance 1.4%

ZDHHC11 downregulated not detected: 100% low hypermethylation 1.6%

ZDHHC12 upregulated
low: 8%
medium: 75%
high: 17%

medium hypermethylation 1%

ZDHHC13 no significance
not detected: 84%
low: 8%
medium: 8%

not detected hypermethylation 1.6%

ZDHHC14 no significance

not detected: 20%
low: 50%
medium: 20%
high: 10%

medium hypermethylation 2.1%

ZDHHC15 upregulated
not detected: 42%
low: 42%
medium: 16%

not detected no significance 2.9%

ZDHHC16 no significance not detected not detected hypermethylation 0.4%

ZDHHC17 no significance
low: 18%
medium: 73%
high: 9%

high hypermethylation 0.6%

ZDHHC18 no significance
not detected: 27%
low: 18%
high: 55%

not detected hypermethylation 0.2%

ZDHHC19 no significance not available not available hypermethylation 2.9%

ZDHHC20 no significance
not detected: 50%
low: 42%
medium: 8%

not detected no significance 1.9%

ZDHHC21 no significance
low: 8%
medium: 50%
high: 42%

medium hypomethylation 2.3%

ZDHHC22
upregulated in LGGs
downregulated in GBM

not available not available hypomethylation 0.8%

(Continued on next page)
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Table 1. Continued

Genes
RNA expression levels (tumor
versus normal)

Protein expression levels (percent
account for total included glioma
cases)

Protein expression levels (normal
cerebral cortex)

Methylation levels (IDH mutant
versus wild type)

Mutation
frequency

ZDHHC23 downregulated
not detected: 73%
low: 18%
medium: 9%

medium hypomethylation 1.4%

ZDHHC24 no significance
not detected: 58%
low: 42%

not detected hypomethylation 0
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glioma cell survival, transition of stem cells, glycolysis, chemotherapy
resistance, and progression. For example, ZDHHC18 and ZDHHC23
were distributed in the context of their specific niches in different
GBM subsets to regulate the cellular plasticity of these subtypes,
which contribute to the transition of glioma stem cells in GBM and
cell survival under the stressful tumor microenvironment.17

ZDHHC17 could target JNK and p38 mitogen-activated protein ki-
nase (MAPK) to drive GBM chemotherapy resistance.18 Moreover,
ZDHHC5-mediated EZH2 palmitoylation was shown to drive p53-
mutant glioma malignant development and progression.19 A recent
study reported that GLUT1 palmitoylation-mediated DHHC9 pro-
motes GBM glycolysis and tumorigenesis.20 Nevertheless, the expres-
sion profiles and potential biological functions of ZDHHCs, as well as
whether ZDHHCs may represent a drug target in gliomas, have yet to
be well elucidated.

In the present study, we first investigated the expression profiles of
ZDHHCs through corresponding public datasets. Next, we explored
the correlation between the differential expression of ZDHHCs and
survival times of patients with glioma. In addition, we assessed the
potential roles and mechanisms of ZDHHCs in gliomas via
performing Gene Ontology (GO) enrichment analysis, immune-
infiltration analysis, and gene set enrichment analysis (GSEA).
Finally, CCK-8, flow cytometry, quantitative real-time PCR, western
blotting, transwell, and immunofluorescence assays were also
performed.

RESULTS
Expression profiles of ZDHHCs in patients with gliomas

The details of what we have done were summarized and presented in
Figure S1 and Table 1. The ZDHHCs are a gene family comprising
23 distinct genes. We first analyzed Pearson correlations among these
genes. In lower grade gliomas (LGGs) (grades II and III), most
ZDHHCs were positively associated with each other. Only
ZDHHC12 was negatively correlated with other ZDHHCs (except
for ZDHHC5 and ZDHHC19) in LGGs (Figure S2A). In GBMs (grade
IV), Pearson correlations among ZDHHCs were lower than those in
LGGs (Figure S1B). Next, we compared transcriptional levels of
ZDHHCs between glioma tissues and normal brain tissues in The Can-
cer Genome Atlas (TCGA) database. As shown in Figure 1 and Table 1
(column 1), five ZDHHCs (ZDHHC2, ZDHHC4, ZDHHC9,
ZDHHC12, and ZDHHC15) were upregulated and two ZDHHCs
(ZDHHC11 and ZDHHC23) were downregulated in glioma tissues.
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Interestingly, ZDHHC22 was upregulated in LGGs, whereas it was
downregulated in GBMs (Figure 1G). Microarray data from the Rem-
brandt database presented a similar result (Figure S3). However, we did
not observe differential expression levels of ZDHHC9 between normal
brain tissues and glioma tissues in the Rembrandt database (Fig-
ure S3C). In addition to gliomas, data from the TIMER (https://
cistrome.shinyapps.io/timer/) dataset showed that ZDHHC2,
ZDHHC4, ZDHHC9, ZDHHC11, ZDHHC12, ZDHHC15, ZDH
HC22, and ZDHHC23 were also aberrantly expressed in the majority
of tumors (Figure S4).21 In gliomas, compared with those in LGGs,
the expression levels of six ZDHHCs (ZDHHC2, ZDHHC4,
ZDHHC9, ZDHHC12, ZDHHC15, and ZDHHC23) were higher in
GBMs. In contrast, ZDHHC11 and ZDHHC22 expression levels in
GBMs were lower than those in LGGs (Figures S5A–S5H). With the
exceptions of ZDHHC4 and ZDHHC15, there was a difference in
ZDHHCmRNA expression among the three molecular subtypes of gli-
omas (Figures S5I–S5P). Moreover, isocitrate dehydrogenase (IDH)
wild-type and mutant gliomas also presented differential expression
levels of ZDHHCs (Figures S5Q–S5X). We also evaluated these
ZDHHC protein levels through the Human Protein Atlas (HPA) data-
base. There were no data related to ZDHHC22 protein levels in this
database. As shown in Figure 2 and Table 1 (column 2 and column
3), compared with normal brain tissues, ZDHHC2, ZDHHC9,
ZDHHC12, and ZDHHC15 protein levels were upregulated in glioma
tissues, while ZDHHC11 and ZDHHC23 protein levels were downre-
gulated. The protein levels of the five ZDHHCs (ZDHHC2,
ZDHHC11, ZDHHC12, ZDHHC15, and ZDHHC23) were consistent
with their corresponding mRNA levels.

DNA methylation of the CpG island of a gene promoter is the most
common mechanism that results in the repression of gene expres-
sion.22 We explored the methylation levels of ZDHHC promoters
via the MethSurv (https://biit.cs.ut.ee/methsurv/) and Xena Func-
tional Genomics Explorer (https://xenabrowser.net/heatmap/)
tools.23,24 Apart from ZDHHC11, ZDHHC22, and ZDHHC23, we
noticed that other ZDHHCs (e.g., ZDHHC18 and ZDHHC19) ex-
hibited low mRNA levels in both glioma tissues and normal brain
tissues. Next, we investigated the methylation levels of ZDHHC pro-
moters in gliomas. As shown in Figure S6, the promoters of
ZDHHC7, ZDHHC11, ZDHHC18, and ZDHHC19 presented high
methylation levels, which might account for the low expression
levels of these genes in gliomas. However, there were no high
methylation levels of the promoters of ZDHHC22 and
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Figure 1. (A–H) Relative mRNA levels of the dysregulated ZDHHCs in glioma tissues and normal brain tissues. *p < 0.05 ; **p < 0.01
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ZDHHC23. In addition to that, we also compared methylation
levels between IDH wild-type and mutant glioma samples. With
respect to IDH wild-type gliomas, the majority of ZDHHCs pre-
sented higher methylation levels in IDH mutant glioma samples
(Figure S7; Table 1, column 5).

Gene mutations frequently occur during tumor development. Many
patients with LGGs harbor IDH gene-family mutations, which were
consequently included in the classification of newly diagnosed gli-
omas by the World Health Organization in 2016.2 Next, we investi-
gated genomic alterations of each ZDHHC gene in gliomas by using
data available from the cBioPortal (http://www.cbioportal.org/
datasets).25,26 Results presented in Figure S8 and Table 1 (column
6) showed that 21 LGGs and 22 GBMs out of all ZDHHCs harbored
at least one type of genomic alteration (i.e., missense mutation, ampli-
fication, or deep deletion). The overall mutation frequency of
ZDHHCs in LGGs was higher than that in GBMs. Among the 23
genes, ZDHHC14, ZDHHC15, ZDHHC19, and ZDHHC21 were
themost frequently altered genes (2.1%, 2.9%, 2.9%, and 2.1%, respec-
tively) in LGGs. However, there was no significant difference in sur-
vival times between altered and non-altered groups in gliomas (data
not shown).
Prognostic values of ZDHHCs in patients with glioma

After obtaining the expression profiles of ZDHHCs, we then searched
for an association between ZDHHC expression levels and survival
times of patients with glioma. We extracted hazard ratios (HRs)
from TCGA and Rembrandt databases by using an optimized algo-
rithm via the Gliovis tool. As shown in Table 2, patients with glioma
and with high expression levels of ZDHHC1, ZDHHC4, ZDHHC5,
ZDHHC12, ZDHHC13, ZDHHC15, ZDHHC18, ZDHHC23, and
ZDHHC24 had a poor overall survival. In contrast, data from the
Rembrandt database showed that high expression levels of
ZDHHC1, ZDHHC3, ZDHHC4, ZDHHC5, ZDHHC7, ZDHHC8,
ZDHHC9, ZDHHC12, ZDHHC15, and ZDHHC23 were negatively
associated with survival times of patients with glioma (Table 2). In
TCGA database, patients with low expression levels of ZDHHC8,
ZDHHC11, ZDHHC16, ZDHHC17, ZDHHC19, ZDHHC20,
ZDHHC21, and ZDHHC22 showed poor survival times. However,
only ZDHHC11, ZDHHC16, ZDHHC18, and ZDHHC22 expression
levels were positively correlated with the overall survival of patients
with glioma in the Rembrandt database (Table 2).

Combined with the above results, we noticed that there were five
ZDHHCs (ZDHHC11, ZDHHC12, ZDHHC15, ZDHHC22, and
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Figure 2. Relative protein levels of seven ZDHHCs in normal brain tissues and glioma tissues

(A–G) Histograms of ZDHHC expression levels in glioma samples from the Protein Atlas. In total, 11 to 12 samples were analyzed for ZDHHCs. Immunohistochemical (IHC)

staining was evaluated as high, medium, or low staining or not detected. No information could be retrieved for ZDHHC22. (H–N) Representative IHC staining for ZDHHCs in

normal brain tissues and glioma tissues is shown.
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ZDHHC23) that were not only differentially expressed in gliomas but
were also associated with the overall survival of patients with glioma.
Therefore, we used these five ZDHHCs to establish a ZDHHC-related
risk signature via the assistance of a clinical bioinformatics tool (https://
www.aclbi.com/static/index.html#/).27,28 By using the “glmnet” pack-
age in R, the least absolute shrinkage and selection operator (Lasso)
regression model was selected to minimize overfitting and to identify
the most significant survival-associated ZDHHCs in gliomas, which
were found to be ZDHHC12, ZDHHC15, ZDHHC22, and
ZDHHC23 (Figure S9). Risk scores were calculated for each
sample (risk score = 0:4654 � ZDHHC12+ 0:1485 � ZDHHC15+
ð � 0:2919Þ � ZDHHC22+ 0:1888 � ZDHHC23). As shown in Fig-
ure S9, ZDHHC12, ZDHHC15, and ZDHHC23 expression levels
were higher in the high-risk group, while ZDHHC22 expression was
higher in the low-risk group. Kaplan-Meier analysis showed that pa-
tients with glioma in the high-risk group had poorer survival times
compared with those of the low-risk group (Figure 3A). To determine
the prognostic significance of our ZDHHC-related risk signature, time-
dependent receiver operating characteristic (ROC) curve analysis was
performed. The area under the curve (AUC) values for the 1-, 3-,
and 5-year ROC curves each reached 0.8, indicating that our
ZDHHC-related risk signature yielded a good sensitivity and specificity
720 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
for predicting the prognoses of patients with glioma (Figure 3B). We
also evaluated prognostic values of the ZDHHC-related risk signature
in separated IDH wild-type and mutant gliomas. As shown in
Figures S10, 3C, and 3D, ZDHHC-related risk signature also presented
an acceptable sensitivity and specificity for predicting the prognoses of
patients with IDHwild-type gliomas. However, it seems that there were
no values of ZDHHC-related risk signature for predicting the progno-
ses of patients with IDH mutant gliomas (Figures 3E, 3F, and S11).

ZDHHCs are related to immune-cell infiltration and tumor-cell

progression in gliomas

The microarray data from the Rembrandt dataset were used to
perform GO enrichment analysis. Each ZDHHC was divided into
high- and low-expression groups according to the corresponding
expression levels. The top-50 differentially expressed genes between
the high- and low-expression groups of each ZDHHC are shown in
the heatmaps in Figures S12A and S13. We found that ZDHHC11
might regulate cell extracellular matrix organization (Figure S12B).
We observed that ZDHHC12 and ZDHHC22 were related to leuko-
cyte migration (Figures 4A and 4C). In contrast, ZDHHC15 and
ZDHHC23 were mainly involved in regulating the cell cycle and
development (Figures 4B and 4D).

https://www.aclbi.com/static/index.html#/
https://www.aclbi.com/static/index.html#/


Table 2. Prognostic values of ZDHHCs in gliomas

Genes

TCGA Rembrandt

Hazard ratio p value Prognostic value Hazard ratio p value Prognostic value

ZDHHC1 0.28 (0.21–0.38) <0.01 poorer prognosis 0.61 (0.48–0.76) <0.01 poorer prognosis

ZDHHC2 1.27 (0.99–1.65) >0.05 no significance 0.94 (0.75–1.17) >0.05 no significance

ZDHHC3 0.87 (0.68–1.13) >0.05 no significance 0.64 (0.52–0.81) <0.05 poorer prognosis

ZDHHC4 0.36 (0.28–0.48) <0.01 poorer prognosis 0.52 (0.41–0.65) <0.05 poorer prognosis

ZDHHC5 0.3 (0.23–0.40) <0.01 poorer prognosis 0.62 (0.5–0.78) <0.05 poorer prognosis

ZDHHC6 1.11 (0.86–1.43) >0.05 no significance 1.22 (0.98–1.53) >0.05 no significance

ZDHHC7 0.84 (0.65–1.09) >0.05 no significance 0.67 (0.53–0.83) <0.01 poorer prognosis

ZDHHC8 1.31 (1.01–1.7) <0.05 better prognosis 1.24 (0.99–1.55) >0.05 no significance

ZDHHC9 0.8 (0.62–1.04) >0.05 no significance 1.04 (0.83–1.3) >0.05 no significance

ZDHHC11 1.47 (1.13–1.91) <0.01 better prognosis 1.62 (1.3–2.03) <0.01 better prognosis

ZDHHC12 0.22 (0.17–0.3) <0.01 poorer prognosis 0.43 (0.34–0.54) <0.01 poorer prognosis

ZDHHC13 0.43 (0.33–0.65) <0.01 poorer prognosis 1.04 (0.84–1.3) >0.05 no significance

ZDHHC14 0.93 (0.72–1.19) >0.05 no significance 1.15 (0.92–1.44) >0.05 no significance

ZDHHC15 0.5 (0.38–0.65) <0.01 poorer prognosis 0.66 (0.53–0.83) <0.01 poorer prognosis

ZDHHC16 1.48 (1.14–1.91) <0.01 better prognosis 1.61 (1.29–2.01) <0.01 better prognosis

ZDHHC17 2.96 (2.24–3.9) <0.01 better prognosis 0.89 (0.71–1.11) >0.05 no significance

ZDHHC18 0.24 (0.18–0.32) <0.01 poorer prognosis 1.59 (1.27–1.99) <0.01 better prognosis

ZDHHC19 1.49 (1.16–1.93) <0.01 better prognosis 0.87 (0.70–1.09) >0.05 no significance

ZDHHC20 1.33 (1.03–1.72) <0.05 better prognosis 1.04 (0.84–1.3) >0.05 no significance

ZDHHC21 2.39 (1.83–3.11) <0.01 better prognosis 1.68 (1.34–2.11) <0.01 better prognosis

ZDHHC22 6.56 (4.79–9.07) <0.01 better prognosis 3.03 (2.4–3.84) <0.01 better prognosis

ZDHHC23 0.28 (0.21–0.37) <0.01 poorer prognosis 0.76 (0.61–0.94) <0.01 poorer prognosis

ZDHHC24 0.4 (0.31–0.53) <0.01 poorer prognosis 0.93 (0.75–1.06) >0.05 no significance
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To validate whether ZDHHC12 andZDHHC22were indeed associated
with infiltration of immune cells, we performed immune-cell infiltra-
tion analysis. We noticed that ZDHHC12 expression was positively
related to immune-cell infiltration, while ZDHHC22 expression was
negatively related to immune-cell infiltration in pan-cancer
(Figures 5A and 5C). Furthermore, compared with other tumors,
ZDHHC12- or ZDHHC22-associated immune-cell infiltration showed
a high specificity for LGGs and GBMs (Figures 5A and 5C). In gliomas,
higher macrophages and microglia, memory CD4+ T cell, B cell, regu-
latory T cell, myeloid-derived suppressor cell, and natural killer T cell
infiltration were presented in ZDHHC12 high-expression group
compared with that in low-expression group. In contrast, ZDHHC22
expression was negatively related to infiltration of these immune cells
(Figures 5B and 5D). Considering that leukocyte migration is mediated
by chemokines, we then analyzed the correlations between ZDHHC
expression levels and related chemokines. As shown in Figure S14,
ZDHHC12was positively associated withmost chemokines in gliomas,
while ZDHHC22 was negatively associated with the majority of the
chemokines analyzed. These results further support that ZDHHC12
and ZDHHC22 regulated leukocyte migration via chemokines. Impor-
tantly, immune-checkpoint-blockade-mediated cancer immunother-
apies are promising strategies for clinical treatments.29 We found
that ZDHHC12 was positively associated with the immune check-
points, PD-L1, LAG3, and CTLA-4, while ZDHHC22 was negatively
associated with these markers (Figure S15).

Next, we performed a GSEA to explore related biological mecha-
nisms. We found that four out of five ZDHHCs were enriched in
the oncogenic phosphatidylinositol 3-kinase/protein kinase B
(PI3K/AKT) signaling pathway (Figure S16). Low expression levels
of ZDHHC11 and ZDHHC22 were associated with the activation
of PI3K/AKT signaling pathway (Figures S16A and S16D). In addi-
tion, high expression levels of ZDHHC12 and ZDHHC15 were
related to the activation of PI3K/AKT signaling pathway
(Figures S16B and S16C). In contrast, no enriched pathway was
related to the expression of ZDHHC23.

2-BP suppresses cell proliferation and autophagy, as well as

promotes apoptosis, in gliomas

To determine whether ZDHHCs may represent a potential target
for glioma treatment, we treated the GL261 and C6 glioma cell
lines with the ZDHHC-specific inhibitor, 2-bromopalmitate (2-
BP). Relative expression of five ZDHHCs in these two cell lines
was presented in Figures S17A and S17B. Compared with
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 721
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Figure 3. ZDHHC-related risk assessment model for prognostic prediction in gliomas

(A and B) Kaplan-Meier analysis and time-dependent ROC analysis of the ZDHHC-gene signature in gliomas (including IDH wild type and mutant). (C and D) Kaplan-Meier

analysis and time-dependent ROC analysis of the ZDHHC-gene signature in IDH wild-type gliomas are shown. (E and F) Kaplan-Meier analysis and time-dependent ROC

analysis of the ZDHHC-gene signature in IDH mutant gliomas are shown.
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ZDHHC11, ZDHHC12 and ZDHHC15 expression was higher in
both cell lines, which are consistent with the result of our bioinfor-
matics analysis. Nevertheless, there was differently relative expres-
sion of ZDHHC22 and ZDHHC23 between GL261 and C6 cells
(Figures S17A and S17B). Interestingly, when these two cell lines
were treated with 2-BP for indicated times, GL261 cell viability
was inhibited in a dose-dependent manner, and the half-maximal
inhibitory concentration (IC50) was approximately 50 mM
(Figures S17C and S17E). However, C6 cell viability was almost
not altered following 2-BP treatment (Figures S17D and S17F). It
seems that C6 glioma cells were not sensitive to 2-BP (i.e., C6
glioma cells were thus defined as 2-BP-insensitive cells). To deter-
mine whether 2-BP inhibited glioma-cell viability in a time-depen-
dent manner, glioma cells were treated with 50 mM of 2-BP. As
shown in Figures 6A and 6B, 2-BP suppressed GL261 cell viability
and promoted apoptosis in a time-dependent manner. By contrast,
2-BP still showed no influence on cell viability or apoptosis in
2-BP-insensitive cells (Figures 6C and 6D). The cell-proli-
feration-related protein, PCNA, and the anti-apoptosis-related
proteins, Bcl-2 and Bcl-xl, were also decreased following 2-BP
treatment in GL261 cells, whereas the pro-apoptosis protein,
722 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
cleaved-caspase-3, was increased. In 2-BP-insensitive cells, no
such result was observed (Figures S18A–S18E).

Moreover, as shown in Figure 7, compared with those in the control
group, 2-BP decreased beclin-1 protein levels and increased P62 and
LC3B protein levels in both GL261 and C6 cells. This result sug-
gested that 2-BP treatment decreased autophagy levels in glioma
cells. In glioma chemotherapy, temozolomide (TMZ)-induced auto-
phagy is one of the common mechanisms that promote drug resis-
tance.30,31 Hence, we hypothesized that 2-BP-mediated inhibition of
autophagy may promote glioma-cell sensitivity to TMZ. We treated
glioma cells with 200 mM of TMZ combined with 50 mM of 2-BP for
48 h. As shown in Figures 8A and 8B, TMZ inhibited cell viability
and promoted apoptosis in GL261 cells compared with that of the
control group. Compared with TMZ alone, 2-BP in combination
with TMZ strengthened the effects of TMZ on GL261 cells. Interest-
ingly, we found that C6 cells were also insensitive to 200 mM of
TMZ. However, C6 cells treated with 2-BP combined with TMZ in-
hibited cell viability compared with that of TMZ alone (Figure 8C).
We observed no difference in apoptosis among the three groups
(Figure 8D).



Figure 4. GO enrichment of ZDHHC12, ZDHHC15, ZDHHC22, and ZDHHC23 in gliomas

(A) ZDHHC12 is associated with extracellular structure organization, extracellular structure organization, and leukocyte migration. (B) ZDHHC15 is correlated with cell cycle

phase transition, mitotic nuclear division, and neurotransmitter transport. (C) ZDHHC22 is related to extracellular structure organization, extracellular matrix organization,

blood vessel morphogenesis, and leukocyte migration. (D) ZDHHC23 is involved in the regulation of neuron differentiation, signal release, and cell development.
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2-BP inhibits GL261 cell-induced microglial migration

As shown in Figure 5, we found that ZDHHC expression was associ-
ated with immune-cell infiltration. Therefore, we explored the effects
of ZDHHC inhibition on immune-cell migration. Considering that
microglia are the most abundant immune cells in the central nervous
system, we chose BV2 microglia for the following experiments. We
pretreated GL261 and C6 cells with 2-BP for 48 h and then co-
cultured them with microglia BV2 cells, respectively. Compared
with that of the control group, GL261 cells pretreated with 2-BP
exhibited reduced numbers of migratory BV2 cells (Figure 9A). Im-
mune-cell migration is mediated by chemokines. Among these che-
mokines, we noticed that CCL2 and CXCL16, two chemokines asso-
ciated with microglial infiltration, were highly related to both
ZDHHC12 and ZDHHC22 in LGGs (Figure S14). We then investi-
gated the effects of 2-BP on CCL2 and CXCL16 expression levels in
gliomas. GL261 cells treated with 2-BP showed decreased mRNA
levels of CCL2, but not CXCL16, compared with those of the control
group (Figure 9B). Nevertheless, no such result was found in 2-BP-
insensitive cells (Figures 9A and 9C). We have also performed an
intracranial GFP-Gl261 cell implantation experiment in C57BL/6J
mouse model. We found that mice treated with 2-BP presented lower
microglia infiltration compared with those treated with PBS
(Figures 9D and S19). These results suggest that 2-BP indeed in-
hibited microglial migration induced by glioma cells.

DISCUSSION
In the present study, we first explored the expression profiles of
ZDHHCs in glioma tissues. We found that five (ZDHHC2,
ZDHHC11, ZDHHC12, ZDHHC15, and ZDHHC23) out of 23
ZDHHCs were aberrantly expressed at both transcriptional and
translational levels in gliomas. Although no data could be retrieved
for ZDHHC22 protein levels in the HPA database, aberrant
ZDHHC22 mRNA levels were found in both TCGA and Rembrandt
databases. Among these differentially expressed ZDHHCs,
ZDHHC11, ZDHHC22, and ZDHHC23 were downregulated in gli-
omas. DNAmethylation of the CpG islands of gene promoters repre-
sents the most common mechanism that leads to the repression of
gene expression.22 Hence, we also explored the methylation levels
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 723
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Figure 5. Immune-cell infiltration analysis of ZDHHC12 and ZDHHC22 in tumors

(A) Pan-cancer analysis of the correlation between ZDHHC12 and immune-cell infiltration. (B) The differences of immune-cell infiltration between ZDHHC12 high- and low-

expression group is shown. (C) Immune-cell infiltration analysis of ZDHHC22 in pan-cancer is shown. (D) The differences of immune-cell infiltration between ZDHHC22 high-

and low-expression group is shown.

Molecular Therapy: Nucleic Acids
of CpG sites of ZDHHC genes. Interestingly, only ZDHHC11 pro-
moter regions presented high levels of methylation. In contrast, the
promoters of ZDHHC22 and ZDHHC23 did not show high methyl-
ation levels, suggesting that the downregulated expression of these
two genes was not due to hypermethylation of CpG islands. Further-
more, histone acetylation and N6-methyl adenosine also participate
in modulating gene expression and/or mRNA-translational modifica-
tions.32,33 We speculated that histone acetylation and/or N6-methyl
adenosine might be responsible for the low expression levels of
ZDHHC22 and ZDHHC23. Apart from gliomas, ZDHHC2,
ZDHHC11, ZDHHC12, ZDHHC15, ZDHHC22, and ZDHHC23
are also aberrantly expressed in the majority of tumors. In 2016,
theWorld Health Organization released the latest classification of gli-
omas, which divided gliomas into IDH wild-type and IDH mutant
gliomas according to the mutation status of the IDH gene family.
In gliomas, the majority of patients with LGGs and 10% of patients
with GBMs possess IDH gene-family alterations.2 Similar to the
IDH gene family, our present results also showed that the mutation
frequency of the ZDHHC gene family in patients with LGG was
higher than that in patients with GBM. Nevertheless, unlike IDH
724 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
gene-family mutations, global alterations of the ZDHHC gene family
were not associated with survival times of patients with glioma in our
present analysis.

Among these differentially expressed ZDHHCs (ZDHHC2, ZDH
HC11, ZDHHC12, ZDHHC15, ZDHHC22, and ZDHHC23), pa-
tients with high expression levels of ZDHHC12 and ZDHHC15
exhibited poor prognoses, whereas ZDHHC11 and ZDHHC22
expression levels were positively correlated with the overall survival.
Interestingly, downregulation of ZDHHC23 was negatively associ-
ated with survival times of patients with glioma. However, no corre-
lation was observed between ZDHHC2 expression and the prognosis
of patients with glioma in TCGA database. In gastric adenocarcinoma
and hepatocellular carcinoma, patients with low ZDHHC2 expression
have a poor prognosis.34,35 Patients with increased ZDHHC11
expression are predicted to have a superior progression-free survival
rate in bladder cancer.36 In kidney renal clear-cell carcinoma, patients
with decreased ZDHHC15 and ZDHHC23 expression exhibit poor
overall survival.37 These studies reveal that the prognostic roles of
ZDHHCs are tumor dependent. In our present study, we constructed



Figure 6. Impact of 2-BP on glioma-cell viability and apoptosis

(A) Gl261 cells were treated with 50 mM2-BP for indicated times, and cell viability wasmeasured (**p < 0.01; not significant [ns], p > 0.05 compared with the control group). (B)

Gl261 cells were treated with 50 mM 2-BP for indicated times, and effects of 2-BP on GL261 apoptotic rate (Q2+Q3) at 0 h (6.10%), 24 h (10.06%), and 48 h (19.54%) were

evaluated. (C) C6 cells were treated with 50 mM 2-BP for indicated times, and cell viability was measured (ns; p > 0.05 compared with the control group). (D) C6 cells were

treated with 50 mM 2-BP for indicated times, and effects of 2-BP on C6 apoptotic rate (Q2+Q3) at 0 h (3.93%), 24 h (3.40%), and 48 h (5.12%) were evaluated.
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a ZDHHC-related risk signature, and Kaplan-Meier analysis showed
that patients with glioma in the high-risk group had a poorer survival
time compared with those in the low-risk group. Moreover, the AUC
values of 1-, 3-, and 5-year ROC curves reached 0.8, indicating that
our ZDHHC-related risk signature possessed a good sensitivity and
specificity for predicting the prognosis of patients with glioma.

After determining the profiles and prognostic values of ZDHHCs, we
explored the potential roles of five ZDHHCs (ZDHHC11, ZDHHC12,
ZDHHC15, ZDHHC22, and ZDHHC23). Results of GO enrichment
analysis revealed that ZDHHC11, ZDHHC15, and ZDHHC23 were
involved in regulating cell development and extracellular matrix orga-
nization. In gliomas, it has been reported that the inhibition of
ZDHHC15 can impair glioma stem-cell proliferation and self-
renewal via suppression of GP130 palmitoylation.38 Similar to
ZDHHC15, ZDHHC23 also targets glioma stem cells to regulate
cellular plasticity of these subtypes.17 These studies are also consistent
with our present findings. Moreover, we found that ZDHHC12 and
ZDHHC22 mainly participate in modulating leukocyte migration.
Compared with other tumor types, ZDHHC12- and ZDHHC22-
mediated immune-cell migration presented high specificities for gli-
omas. Further results suggested that these two genes were highly
correlated with chemokines, which are known to induce immune-
cell migration.39 To determine potential mechanisms of ZDHHCs
in gliomas, we performed a GSEA. We found that ZDHHC11,
ZDHHC12, ZDHHC15, and ZDHHC22 were enriched in the onco-
genic PI3K/AKT signaling pathway. In our experiments, glioma
GL261 treated with 50 mM 2-BP for indicated times indeed inhibited
PI3K/AKT signaling pathway activation (Figures S18F–S18G). In gli-
omas, the activation of the PI3K/AKT pathway promotes tumor cell
proliferation and invasion and glucose metabolism and inhibits
apoptosis.40 Furthermore, the PI3K/AKT pathway also participates
in modulating chemokine secretion and tumor immune evasion.41–43

Our present results showed that ZDHHC12 and ZDHHC15 were
positively related to the PI3K/AKT pathway, suggesting that these
two genes might play oncogenic roles in gliomas. On the contrary,
ZDHHC22 might act as a tumor suppressor. These results suggest
that ZDHHCs might play their roles in gliomas partially via modu-
lating the PI3K/AKT pathway. Previous study reported that blocking
EGFR palmitoylation suppresses PI3K/AKT signaling pathway.44 In
addition, ZDHHC11 and ZDHHC22 expression was negatively
correlated with EGFR, while ZDHHC12 and ZDHHC15 expression
was positively correlated with EGFR expression in gliomas (data
not shown). We speculated that EGFR might be one of the direct tar-
gets of palmitoylation modulated by ZDHHC inhibition, which need
further exploration in our subsequent study.
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Figure 7. 2-BP inhibits glioma-cell autophagy

(A) Autophagy-related key proteins of GL261 and C6 cells were detected byWestern blotting assay. (B–D) Relative Beclin-1,P62, LC3B protein levels between control and 2-

BP treated groups in GL261 and C6 cells. *p < 0.05; **p < 0.01; ns; p > 0.05 compared with the control group
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In our present study, we also explored the effects of ZDHHC inhibition
or overexpression in gliomas. Take ZDHHC12, for example: overex-
pression of ZDHHC12 promoted glioma C6, GL261, and T98G cell
viability (Figures S20A–S20C). Knockdown of ZDHHC12 inhibited
glioma cell viability (Figure S20D). We then explored whether palmi-
toyl transferase could be a target for glioma treatment. We found
that the palmitoyl transferase inhibitor, 2-BP, suppressed GL261 cell
viability in a time- and dose-dependent manner. In addition, inhibition
of protein palmitoylation suppressed glioma-cell autophagy. At pre-
sent, surgical interventions and aggressive chemoradiotherapeutic
treatments present standard treatments for patients with glioma.1,2

Despite TMZ being the most common chemotherapeutic drug used
in the clinic, as it prolongs the survival time of patients with glioma,
TMZ-induced autophagy can induce drug resistance.30 Interestingly,
in our present study, we found that glioma cells treated with 2-BP
increased cell sensitivity to TMZ. This phenomenon might partially
be due to the inhibition of autophagy induced by 2-BP. Finally, we
also explored the effects of 2-BP on immune-cell infiltration. Microglia
are the resident immune cells in the central nervous system. However,
only limited primary microglia can be obtained from 2- to 3-day-old
mice or rats. Hence, we chose microglial BV2 cell lines in our present
726 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
study. Our results showed that pretreatment of GL261 glioma cells with
2-BP co-cultured with microglia weakened microglial migration.
Moreover, 2-BP decreased CCL2 secretion. Numerous studies have re-
ported that CCL2 secreted by glioma cells is involved in establishing an
immunosuppressive tumor microenvironment via the recruitment of
microglia and other immune cells.45–50 These results reveal that the in-
hibition of ZDHHCs not only suppresses glioma cell viability but also
inhibits glioma-cell-mediated microglial migration. In contrast, no
such results were found in 2-BP-insensitive C6 cells. One reason for
this result may be due to the drug-uptake rate of C6 cells being approx-
imately 10 times lower than that of GL261 cells.51 Another reason for
this result may be due to high levels of S100 protein expression in C6
cells.52 In gliomas as well as other tumors, it is reported that S100
participated in promoting cell survival and preventing cell
apoptosis.53–56 Apart from that, the differential ZDHHC23 or other
ZDHHCs expression between Gl261 and C6 cell lines may be also
another cause.

In conclusion, this study comprehensively analyzed expression pro-
files and prognostic values of ZDHHCs in gliomas. Indeed, we found
that five ZDHHCs (ZDHHC11, ZDHHC12, ZDHHC15, ZDHHC22,



Figure 8. 2-BP promotes the sensitivity of glioma cells to TMZ chemotherapy

(A) Gl261 cells were treated with 50 mM 2-BP and 200 mM TMZ for 48 h, and cell viability was measured (**p < 0.01, compared with the control group; ##p < 0.01, compared

with TMZ). (B) Gl261 cells were treated with 50 mM 2-BP and 200 mM TMZ for 48 h, and effects of 2-BP and TMZ on GL261 apoptotic rate (Q2+Q3) at 48 h were evaluated:

control group (5.82%), TMZ (12.01%), and 2-BP + TMZ (38.90%). (C) C6 cells were treated with 50 mM 2-BP and 200 mM TMZ for 48 h, and cell viability was measured (ns;

p > 0.05, compared with the control group; #p < 0.05, compared with TMZ). (D) C6 cells were treated with 50 mM2-BP and 200 mMTMZ for 48 h, and effects of 2-BP and TMZ

on C6 apoptotic rate (Q2+Q3) at 48 h were evaluated: control group (3.99%), TMZ (7.50%), and 2-BP + TMZ (6.70%).

www.moleculartherapy.org
and ZDHHC23) were differentially expressed in gliomas and expres-
sion of these ZDHHCs were associated with prognoses of patients
with glioma. Our results also demonstrated that ZDHHCs might
regulate glioma progression and immune-cell infiltration via PI3K/
AKT signaling pathway. In addition, inhibition of ZDHHCs sup-
pressed cell proliferation and autophagy, as well as increased cell
sensitivity to TMZ, in gliomas. More importantly, ZDHHC inhibition
weakened microglial migration induced by glioma cells. These results
indicate that ZDHHCs may represent promising therapeutic targets
for glioma treatment. Nevertheless, the limitation of our study is
that we did not provide more in vivo results, which is the field we
will focus on in the subsequent study.

MATERIALS AND METHODS
Downloading of data from public databases

To explore the expression levels of ZDHHCs in glioma tissues and
normal brain tissues, we used the online website Gene Expression
Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/)
tool.57 The HPA (https://www.proteinatlas.org/) was used to obtain
the protein levels of ZDHHCs in glioma samples.58 We downloaded
ZDHHC expression levels and corresponding clinical data of patients
with glioma from TCGA and Rembrandt databases via the GlioVis
(http://gliovis.bioinfo.cnio.es/) data portal.59 This analysis included
1,139 glioma samples (TCGA: 667 patients; Rembrandt: 472
patients).

Survival prognosis analysis

When we performed survival prognosis analysis, glioma samples were
divided into two groups by the median of each ZDHHC expression.
“Survival” module of GlioVis was applied to assess the clinical rele-
vance of each ZDHHC expression, and the Cox proportional hazard
model was used to evaluate the outcome significance of ZDHHC
expression in gliomas.

Differential expression analysis and GO enrichment analysis

We performed differential expression analysis and GO enrichment
analysis via the GlioVis data portal. First, we divided the microarray
data from the Rembrandt database into low- and high-expression
groups according to ZDHHC expression levels. Differentially ex-
pressed genes between the low- and high-ZDHHC-expression groups
were selected when |logFC| R 1 was combined with a p < 0.01. Sub-
sequently, we analyzed related biological processes to gain insights
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Figure 9. Effects of 2-BP on glioma-induced microglia migration

(A) Glioma cells were pretreated with 2-BP for 48 h and then co-cultured with BV2 cells. Effects of 2-BP-treated GL261 and C6 cells on BV2 cell migration were evaluated. (B

andC) Glioma cells were treated with 2-BP for 48 h, and CCL2 andCXCL16 expressionwas detected by qRT-PCR (*p < 0.05; ns; p > 0.05; compared with the control group).

(D) Effects of 2-BP on microglia migration in vivo are shown.
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into the roles of ZDHHCs in gliomas, according to the differentially
expressed genes between the low- and high-ZDHHC-expression
groups.

Immune-infiltration analysis

We performed immune-infiltration analysis through the TISIDB web
server. TISIDB (http://cis.hku.hk/TISIDB/) is a web portal for assess-
ing tumor and immune-system interactions, which integrates multi-
ple heterogeneous data types.60 We evaluated the correlation of
ZDHHC expression with the abundance of immune cells and related
chemokines. To validate the result of immune-cell infiltration in gli-
omas, we applied xCELL methods to infer the infiltration fraction of
different types of immune cells among gliomas. The xCell was a novel
gene-signature-based method, which could infer 64 immune and
stromal cell types.61

GSEA

GSEA was performed with the R software packages, clusterProfiler
and enrichplot. A p < 0.05 was considered statistically significant.
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Reagents

2-BP (18,263-25-7) was purchased from Merck (Darmstadt, Ger-
many). TMZ (HY-17364) was purchased from MedChemExpress
(New Jersey, USA). Antibodies against P62 (1:1,000; ab109012),
LC3B (1:1,000; ab192890), and Bcl2 (1:1,000; ab196495) were pur-
chased from Abcam (Cambridgeshire, England). Antibodies against
Beclin-1 (1:1,000; no. 3495), PCNA (1:1,000; no. 13110), Bcl-xl
(1:1,000; no. 2764), and caspase-3 (1:1,000; no. 9662) were purchased
from Cell Signaling Technology (Massachusetts, USA). Antibodies
against GAPDH (1:1,000; bs-0755R) were purchased from Bioss (Bei-
jing, China). A goat anti-rabbit secondary antibody (1:10,000; lot:
70,100,200) was purchased from Biosharp (Wuhan, China).

Cell culture

C6 and T98G glioma cell lines were obtained from the American Type
Culture Collection. The GL261 glioma cell line was kindly donated by
Professor Jie Luo (Taihe Hospital, Hubei Province, China). BV2 mi-
croglia were purchased from the China Center for Type Culture
Collection. All cells were cultured in Dulbecco’s modified Eagle’s

http://cis.hku.hk/TISIDB/


Table 3. List of primers used for quantitative PCR

Gene Primer sequence

GAPDH (mouse)
forward 50-TGGAGAAACCTGCCAAGTATG-30

reverse 50-CATACCAGGAAATGAGCTTGAC-30

CCL2 (mouse)
forward 50-GATGCAGTTAACGCCCCACT-30

reverse 50-GAGGGCCGGGGTATGTAACT-30

CXCL16 (mouse)
forward 50-GGACCCTTGTCTCTTGCGTT-30

reverse 50-GATCCAAAGTACCCTGCGGT-30

ZDHHC11 (mouse)
forward 50-AAGCCCAGGAAAACAAT
GTGAA-30 reverse 50-GAACACC
CCACCCATCACAATA-30

ZDHHC12 (mouse)
forward 50-CGAGCCCACCCGATCAC-30

reverse 50-AGTAGTCACATAGCCGGGGT-30

ZDHHC15 (mouse)
forward 50-AACCGGGAGTGGAGCTGTA-30

reverse 50-TAACCCATGGGCAGTGATGG-30

ZDHHC22 (mouse)
forward 50-CTGGCACCCAAGTAGGAGGG-30

reverse 50-CATCCTGGATCACATTCCGAGC-30

ZDHHC23 (mouse)
forward
50-TGGACCATCATTGTGTCTGGATA-30

reverse 50-ATGGTGTTCAAGGTCAGCGA-30

GAPDH (rat)
forward 50-GAGTCAACGGATTTGGTCGTT-30

reverse 50-TTGATTTTGGAGGGATCTCG-30

CCL2 (rat)
forward 50-CAGTTAATGCCCCACTCACCT-30

reverse 50-TGAAGACCATCCCTTGTTCTCG-30

CXCL16 (rat)
forward 50-CGGGACTCTTAAACCTCACCC-30

reverse 50-GCAGGACATGAGCTGAATTGG-30

ZDHHC11 (rat)
forward 50-AAGAAACTGCTACCACGCCC-30

reverse 50-CACCCCACCCATCACTAGTACA-30

ZDHHC12 (rat)
forward 50-CGCTGCTCAACTCTGGGATG-30

reverse 50-CATTGACGCAGCTCGGTGT-30

ZDHHC15 (rat)
forward 50-TCGTCACTTGCTGTGGAGTC-30

reverse 50-AGGATCTCTTGAGCTCGGGT-30

ZDHHC22 (rat)
forward 50-CAGTCCCCGAAGCGAAGC-30

reverse 50-TCCTCGATTACATTCCCAGCTC-30

ZDHHC23 (rat)
forward
50-TGGATCACCATTGTGTCTGGATA-30

reverse 50-TCCGTAAACCGAAGTGAGCA-30
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medium (DMEM) (Gibco, USA) and supplemented with 10% fetal
bovine serum (FBS) (WISENT, Canada).

Cell transfection

Using Lipofectamine 3000 (Invitrogen, USA), the ZDHHC12 small
interfering RNAs (siRNAs) (sense:50-GCGCAACCACCCACUCUU
UTT-3’; antisense:5’-AAAGAGUGGGUGGUUGCGCTT-30) were
transfected into glioma cells. The ZDHHC12 empty vector and
ZDHHC12 overexpression plasmid were transfected into glioma cells
according to the Lipofectamine 3000 manufacturer’s protocol.

CCK-8 assay

First, 8,000 glioma cells were seeded in a 96-well plate for 24 h and
were then treated with corresponding drugs and equal volumes of
DMSO for the indicated durations. Next, 10 mL of CCK-8 solution
(HY-K0301; MCE) was added to each well and incubated for 1 h.
The absorbance was measured at 450 nm. Each experiment was repli-
cated three times.

Flow cytometry

Glioma cells were seeded in a six-well plate for 24 h and then treated
with corresponding drugs and equal volumes of DMSO for the indi-
cated durations. Finally, cells were harvested and stained with an-
nexin V-fluorescein isothiocyanate (FITC) and propidium iodide
(PI) for flow cytometry analysis via Cytoflex. Each experiment was
replicated three times.

Transwell assay

First, 5 � 104 BV2 cells were plated onto upper transwell chambers,
after which they were co-cultured with treated glioma cells for 24 h.
The cells in the upper chamber were fixed with 4% paraformaldehyde
for 15min and were then stained with 0.1% crystal violet for 15 min at
room temperature. Migrating cells were imaged by microscopy. Each
experiment was replicated three times.

Quantitative real-time PCR

Total RNA of cells was extracted via Trizol reagent (Ambion, USA).
Reverse transcription and quantitative real-time PCRwere performed
by using a high-quality cDNA reverse-transcription kit (TOYOBO,
Japan) and SYBR Green Master Mix (Biomake, Japan), respectively.
The relative expression of RNA was calculated according to the
2�DDCT method. All primers used in this study are listed in Table 3.

Western blotting

Total proteins of cells were extracted by using radioimmunoprecipi-
tation assay (RIPA) (Beyotime Biotechnology) in combination with a
phosphatase inhibitor cocktail (MCE, USA) and protease inhibitor
cocktail (MCE, USA). Equal amounts of proteins of each group
were separated by 10% sodium-dodecyl-sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred to a polyviny-
lidene fluoride (PVDF) membrane. The PVDF membrane was
blocked with 5% BSA at room temperature for 1.5 h and then incu-
bated with corresponding primary antibodies at 4�C overnight. Sub-
sequently, the membrane was incubated with the secondary antibody
at room temperature for 1.5 h. Finally, themembranes were visualized
with an enhanced chemiluminescence (ECL) solution (34,094;
Thermo Fisher Scientific) and detected by using a Protein Imager
(Find-do�6; Tanon). Each experiment was replicated three times.

Immunofluorescence assay

The immunofluorescence assay was performed as previously
described.62 Briefly, the frozen slice of mouse glioma tissues were
fixed in 4% paraformaldehyde for 20 min, permeabilized with 0.5%
Triton X-100 for 20 min, sealed with 10% BSA (BSA) in room tem-
perature for 30 min, and incubated with IBA1 antibody (1:500;
Wako, Japan; cat. 019–19,741) in a wet box overnight at 4�C in
turn. After that, samples were washed three times with PBST and
incubated with R-phycoerythrin-conjugated secondary antibody
(1:200; 111-116-144; Jackson Laboratory) for 1 h at 37�C. Finally,
these samples were stained with DAPI for 5min at room temperature,
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and images were acquired using a fluorescent-microscope imaging
system.

Intracranial glioma-cell implantation

Six- to eight-week-old male C57BL/6J mice (n = 12) weighing 22–28 g
were randomly allocated to two groups and underwent intracranial
GFP-GL261-cell implantation. Seven days after implantation, mice
were intraperitoneal administered daily with 2-BP (3 mg/kg) or equal
PBS for 2 weeks.16 All animal experiments were approved by the
Ethics Committee of Wuhan University Zhongnan Hospital.

Statistical analysis

In this study, Shapiro-Wilk tests were used to assess the distributions of
variables. If the data followed a normal distribution, Student’s t test or
one-way ANOVA was performed to analyze the data. Otherwise,
Mann-Whitney tests were used to evaluate data that did not exhibit
a normal distribution. SPSS 23.0, GraphPad Prism 8.0, and ImageJ soft-
ware were used for statistical analysis. A p < 0.05 was considered statis-
tically significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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