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ZDHHC9 promotes colon tumor growth
by inhibiting effector T cells
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Abstract. Zinc finger DHHC-type palmitoyltransferase 9
(ZDHHCY9) has been reported to play an important role in
the occurrence and development of several types of cancer.
However, its effects on colon cancer growth remain unclear.
Using Gene Expression Profiling Interactive Analysis and
Tumor Immune Estimation Resource, data obtained from
The Cancer Genome Atlas were analyzed, and the results
showed that ZDHHC9 was highly expressed in colon cancer
and that patients with higher ZDHHC9 expression levels
had a worse prognosis. Inhibition of ZDHHC9 expression
promoted the proliferation of colon cancer cells in vitro
but decreased their growth in vivo. Additionally, inhibition
of ZDHHCY expression in cancer cells enhanced CD8* T
cell-mediated cytotoxicity in vitro and increased CD8* T
infiltration and activation in vivo. Furthermore, ZDHHC9
promoted IFN-y-induced JAK/STATI1 activation and
upregulated programmed death-ligand 1 (PD-L1) expres-
sion in colon cancer cells. In conclusion, the present findings
showed that ZDHHCY9 promoted colon cancer growth by
upregulating the expression of PD-L1 and inhibiting the
function of CD8" T cells.
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Introduction

Immunotherapy has become an important therapeutic strategy
for the management of several types of cancers. Antibodies
against T cell suppressor receptor cytotoxic T lymphocyte
antigen 4 (CTLA4) and programmed cell death protein 1
(PD-1) or its ligand, programmed death-ligand 1 (PD-L1), have
been widely used in cancer immunotherapy (1). The success
of these immune checkpoint inhibitors has demonstrated the
potential of tumor-specific CD8" T cells in the prevention and
treatment of cancer. Unlike the effects usually observed with
oncogene-targeting drugs or standard chemotherapy, reversing
the inhibition of CD8* T cells can lead to tumor regression or
elimination, as well as lasting clinical remission (2). However,
for many indications (lung cancer and colon cancer), only 15%
of patients exhibit a clinical response to checkpoint inhibitors,
such as anti-CTLA4 and anti-PD-1 antibodies, when admin-
istered alone (3). Several factors can limit the use of CD8*
T cell immunotherapy, including the difficulty in recognizing
tumor-specific peptides presented by MHC class I molecules
and the ability of tumor cells to evade being killed by CD8*
T cells (4,5). It is therefore important to elucidate how the
tumor and tumor microenvironment affects the function of
CDS8* T cells, as well as the effect of cancer immunotherapy.
Zinc finger DHHC-type palmitoyltransferase 9 (ZDHHC9)
is an integral membrane protein and a member of the zinc
finger DHHC domain-containing protein family (6). The
encoded protein mediates the palmitoylation of proteins as
a palmitoyltransferase. Palmitoylation is a reversible post-
translational lipid modification that can attach long-chain fatty
acids, such as palmitic acid, to cysteine residues and contribute
to the vesicular transport and subcellular localization of modi-
fied proteins (7). It has been previously reported that ZDHHC9
is associated with neurological and neurodevelopmental
disorders (8). Loss-of-function mutations of ZDHHC9 can
lead to X-linked intellectual disability and an increase in the
incidence of epilepsy (9,10). ZDHHCOY inactivation mitigates
the leukemogenic potential of oncogenic Nras (11), enhancer
of zeste 2 polycomb repressive complex 2 subunit (12), and
TEA domain transcription factor 4 (13). Of note, ZDHHC9
also promotes the growth of breast cancer by palmitoylating
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PD-L1, affecting the stability of PD-L1 and protecting
tumor cells from T-cell immune surveillance (14). ZDHHC9
expression is upregulated in colon cancer, especially in micro-
satellite stable (MSS) tumors (15); however, how it regulates
the development of colon cancer remains unclear. ZDHHC9
regulates PD-L1 expression in breast cancer, but whether it
also regulates the immune microenvironment of colon cancer
is still unclear. Thus, the role of ZDHHCO9 in colon cancer,
especially the role of ZDHHCY in the antitumor immunity of
colon cancer patients, requires further investigation.

In the present study, it was shown that ZDHHC9 inhibited
the proliferation of colon cancer cells in vitro but promoted the
growth of colon cancer in vivo by inhibiting the T cell-medi-
ated tumor immune response. It was also demonstrated that
ZDHHC?9 positively regulated the gene expression of PD-L1
by affecting the activation of the IFN-y-induced JAK/STAT1
signaling pathway in colon cancer.

Materials and methods

Cell culture. MC38 mouse colon cancer cells and human
DLD-1 colon cancer cells were purchased from National
Infrastructure of Cell Line Resource and cultured in DMEM
(HyClone; Cytiva) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.). Cells were incubated with
5% CO, at 37°C. ZDHHC9-knockdown (ZDHHC9-KD) cells
in MC38 were prepared using the CRISPR system with the
pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro plasmid
(cat. no. 71236; Addgene, Inc.) (16). The following sgRNA
sequences were used: ZDHHC9-sgRNA top, 5'-caccGTAGCG
ACTTCTCCCTGACA-3'; ZDHHC9-sgRNA bottom, 5'-aaa
¢TGTCAGGGAGAAGTCGCTAC-3.

sgRNA was phosphorylated, annealed, and ligated with
the plasmid and transformed into E. coli competent DH5a
cells. The clones were selected and then sequenced by Sangon
Biotech, Co., Ltd. Next, the plasmid was prepared and trans-
fected into MC38 cells, and then the ZDHHC9-KD cell line
was screened using puromycin. Control cells were transfected
with empty control plasmid. ZDHHC9-KD DLD-1 cells were
constructed using RNAi. The following siRNA sequences
(Shanghai GenePharma Co., Ltd.) were used: 5-GGGACU
GACUGGAUUUCAUTT-3' (sense) and 5-AUGAAAUCC
AGUCAGUCCCTT-3' (anti-sense). DLD-1 cells were trans-
fected with ZDHHC9 siRNA for 72 h using RNAIMAX
(Invitrogen; Thermo Fisher Scientific, Inc.). The ZDHHC9-OE
cell line was constructed by transfecting the MIGR1-ZDHHC9
plasmid into MC38 cells, control cells were transfected with
empty MIGR1-vector plasmid (cat. no. 27490; Addgene, Inc.).
The sequences of the primers for ZDHHCD9, used to construct
ZDHHCO9-OE cell line, were as follows: Sense, 5'-AATTAG
ATCTCTCGAATGTCTGTGATGGTGGTAAGA-3' and
antisense, 5'-GGGGGGGGCGGAATTCTTCTCAGCTTC
GGATGCCTCCT-3.

Data collection and processing. ZDHHC9 gene expression
in 270 colon cancer tissues and 41 adjacent tissues in TCGA
was assessed using GEPIA (http:/gepia.cancer-pku.cn/). The
patients were divided into a low and a high expression group
based on median ZDHHCY expression. Overall survival
analysis was then performed.

ZDHHC9-related immune infiltration analysis. Tumor Immune
Estimation Resource (TIMER) (https://cistrome.shinyapps.
io/timer/) is a web server for the comprehensive analysis of
tumor-infiltrating immune cells. Based on this database, the
correlation between ZDHHCY expression and CD8* T cells,
neutrophils, and macrophages was analyzed. In addition, the rela-
tionship between ZDHHC9 and IFN-y expression was analyzed.

Cell proliferation assay. The cells were incubated at 37°C for
2 h with 10 1 CCK-8 solution (cat. no. 40203ES60; Dojindo
Molecular Technologies, Inc.), and absorbance was measured
at 450 nm using a microplate reader. Proliferation rates were
determined after 24, 48, 72, or 96 h.

In vitro killing assay. To prepare effector cells, OT-1 mice
were subcutaneously immunized using OVA. All experiments
involving mice were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Scientific Investigation
Board of the Naval Medical University (Shanghai, China). The
mice were kept in a special pathogen-free facility with free
access to drinking water and a pellet-based diet. After 7 days,
mice were euthanized by injection of 150 mg/kg pentobarbital,
and the spleen and mesenteric lymph nodes of OT-1 mice were
collected. CD8* T cells were separated with magnetic beads
that had been activated with anti-CD3/anti-CD28 antibodies.
ZDHHC9-KD and control cells were incubated with 2 gmol/l
OVA (257-264) polypeptide. The supernatant was then washed
out, and the cell count was adjusted to 1x10°/ml. Effector
cells were added to 100 ul target cell suspension according
to different effector-target (E:T) ratios of 1:2, 1:1, and 2:1. The
cells were cultured at 37°C and 5% CO, for 6 h, FVS780 fluo-
rescent antibody (1:1,000; cat. no. 565388; BD Biosciences)
was added, and the cells were centrifuged at 3,000 x g at 4°C
for 30 min and resuspended for flow cytometry (Attune NxT;
Thermo Fisher Scientific, Inc.). Flowjo_v10 (FlowJo LLC)
was used to analyze the data. The specific killing ability
was equivalent to the proportion of FVS780-positive cells.
The above animal experiments were approved by the Ethics
Committee of the Navy Medical University .

Mouse model and tumor studies. For the in vivo studies,
8-week-old male C57BL/6 mice were randomly divided into
groups (n=5 per group). The average starting weight of mice
was ~21 g. Stable ZDHHC9-KD and control cells were digested
and resuspended at a concentration of 1.5x10° cells/200 ul in
PBS. A 200-ul cell suspension was injected into the right hip
of each mouse subcutaneously. A total of 5 mice per group
were raised under the same conditions, and the size of the
tumors was measured every 3 days; the tumor volume was
calculated as follows: Volume=length x width? x0.5. On the
21st day, the mice were sacrificed; mice were euthanized by
injection of 150 mg/kg pentobarbital.

Tumor-infiltrating CD8* T-cell responses. The tumor was
cut into pieces and digested using 200 ug/ml collagenase
(cat. no. LS004188; Worthington Biochemical Corporation)
and 20 pg/ml DNase (cat. no. LS002138; Worthington
Biochemical Corporation) at 37°C for 30 min. The digested
tumor tissue suspension was filtered through a 0.45-um filter,
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Figure 1. ZDHHC9 expression in several types of cancer and its prognostic effect. (A) Differences in the gene expression of ZDHHC9 between tumor and
normal tissues across 33 different types of solid cancers. (B) ZDHHCY expression in colon cancer based on TNM stage. (C) Kaplan-Meier curves of overall
survival for COAD patients with low or high ZDHHC9 expression. The thin lines of data are confidence intervals in the survival analysis. ZDHHC9, zinc finger
DHHC-type palmitoyltransferase 9; TNM, Tumor-Node-Metastasis; COAD, colon adenocarcinoma.

and the filtered single-cell suspension was collected and treated
with Golgiplug Protein Transport Inhibitor (cat. no. 555029; BD
Biosciences), according to the manufacturer's instructions. The
cells were then labeled with CD8 (1:100; cat. no. 11-0081-82;
Ebioscience; Thermo Fisher Scientific, Inc.) and an intracel-
lular IFN-y antibody (1:100; cat. no. 554413; BD Biosciences,
Inc.) at 4°C for 15 min, and assessed using a flow cytometer
(Attune NxT; Thermo Fisher Scientific, Inc.).

RNA isolation and reverse transcription-quantitative PCR
(RT-gPCR). RNA was extracted from cells and reverse-
transcribed into ¢cDNA using an M-MLV RT kit (cat.
no. 2641A; Takara Bio, Inc.) according to the manufacturer's
protocol. The reverse transcription temperature protocol was:
95°C for 10 sec, 58°C for 15 sec and 72°C for 35 sec.

The sequences of the primers used for amplification
were: [-actin forward, 5'-AGTGTGACGTGACATCCGT-3'
and reverse, 5'-GCAGCTCAGTAACAGTCCGC-3' reverse;
ZDHHC9 forward, 5'-~AAGGTGACACGGAAATGGGAG-3'
and reverse, 5'-CGACACTCGAGAGCAAGAAGAA-3"; and
PD-L1 forward, 5-GGTGCCGACTACAAGCGAAT-3' and
reverse, 5'-~AGCCCTCAGCCTGACATGTC-3'.

Western blotting. Total protein was extracted from the cells
using M-per (cat. no. 78505; Thermo Fisher Scientific, Inc.),
and then the concentration of the protein was measured by
BCA assay (cat. no. BCA1; Merck KGaA). The final protein
amount was 15 ug per well. The proteins were separated on
10% gels using SDS-PAGE, transferred to PVDF membranes
(EMD Millipore), and incubated with primary antibodies
overnight at 4°C, followed by incubation with a horseradish

peroxidase (HRP)-conjugated (1:2,000; cat. no. 7076/7074;
Cell Signaling Technology, Inc.) secondary antibody for 2 h at
37°C. Signals were visualized using Western Bright ECL HRP
(EMD Millipore). The following primary antibodies were
used for western blotting: ZDHHCO (1:1,000; cat. no. ab74504;
Abcam, Inc.), STAT1 (1:1,000; cat. no. 14994; Cell Signaling
Technology, Inc.), p-STAT1 (1:1,000; cat. no. 14994; Cell
Signaling Technology, Inc.), JAK1 (1:1,000; cat. no. ab133666;
Abcam, Inc.), p-JAK1 (1:1,000; cat. no. ab133666; Abcam, Inc.)
and GAPDH (1:5,000; cat. no. amab91153; MilliporeSigma).

Statistical analysis. Data are presented as the mean + SD. A
Student's t-test was used for comparisons between the two
groups. A one-way ANOVA followed by post hoc Bonferroni's
correction was used for comparison between multiple groups.
P<0.05 was considered to indicate a statistically significant
difference. All statistical analyses were performed using
GraphPad Prism version 8.0 (GraphPad Software, Inc.).

Results

ZDHHCY expression is upregulated in colon cancer and is
positively associated with a poorer prognosis. The expression
profiles of ZDHHCY in several cancers based on data from
TCGA were analyzed using GEPIA (http://gepia.cancer-pku.
cn/), and the results indicated that ZDHHC9 mRNA was
upregulated in numerous cancers, including colon, lung,
esophageal, and other gastrointestinal cancers. In particular,
the expression of ZDHHC?9 in colon cancer was higher than
that in normal tissues (Fig. 1A). ZDHHC9 expression in tissues
of different TNM stages was analyzed, and the results showed
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Figure 2. ZDHHC9 promotes tumor growth in vivo. (A) Detection of ZDHHC9 knockdown efficiency in MC38 cell lines. Left: reverse transcription-quantitative
PCR analysis of ZDHHC9 expression in MC38; Right: the protein expression levels of ZDHHCY9 were analyzed by western blotting. (B) Effect of ZDHHC9
on the proliferation of MC38 cells was assessed using a CCK-8 assay. (C) Detection of ZDHHC9 knockdown efficiency in DLDI cells. The protein expression
levels of ZDHHCO in DLDI cells were analyzed by western blotting. (D-F) Detection of tumor volume and weight in mice. Subcutaneous tumorigenesis in
8-week-old mice: 1x10° ZDHHC9-KD cells or 1x10° control cells were implanted into the mice. The tumor volume was measured every 3 days (n=5). "P<0.05,
“P<0.01. ZDHHCY, zinc finger DHHC-type palmitoyltransferase 9; NC, negative control; OD, optical density; KD, knockdown.
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that the expression of ZDHHCY in stages 1,2, 3, and 4 of colon
cancer was significantly higher than that in the normal tissues
(Fig. 1B). In addition, data on 270 patients with colon cancer
from TCGA were also analyzed, and it was found that patients
with higher ZDHHC9 expression had markedly lower survival
times (Fig. 1C).

To determine whether ZDHHCO affected colon cancer
growth, CRISPR-mediated knockdown was performed to
knock down the expression of ZDHHC9 in MC38 mouse colon
cancer cells. As shown in Fig. 2A, the mRNA and protein
expression levels of ZDHHCO9 in MC38 cells were markedly
lower following knock down. A cell proliferation assay was
performed to observe the effect of ZDHHCO expression on
the in vitro proliferation of MC38 cells. As shown in Fig. 2B,
knock down of ZDHHCO expression increased the prolifera-
tion of MC38 cells. A transplantation tumor model was then
established in C57BL/6 mice by subcutaneously injecting
ZDHHC9-KD or control MC38 cells. The mice were sacri-
ficed 21 days after injection. ZDHHC9 was then knocked
down in DLDI cells (Fig. 2C). As shown in Fig. 2D-F, the
growth of ZDHHC9-KD MC38 cells in vivo was significantly
decreased compared with that of mice injected with control
MC38 cells. These results suggest that ZDHHCO plays an
important role in the occurrence and development of colon
cancer.

Bioinformatics analysis of the relationship between
ZDHHC9 and the immune system. The data in Fig. 2 shows
that ZDHHC9 differentially affected the growth of MC38
cells in vitro and in vivo. ZDHHC9 has been reported to
protect breast cancer cells from the immune surveillance of
T cells (14). It was hypothesized that ZDHHCO9 promoted the
in vivo growth of MC38 colon cancer cells by affecting the
immune response against MC38 cells. To investigate the role
of ZDHHC9 in immunity against colon cancer, TIMER was
used to analyze the relationship between ZDHHC9 expression
and immune infiltration. As shown in Fig. 3A, ZDHHC9 was
significantly positively correlated with tumor purity in colon
adenocarcinoma (COAD; cor.=0.135, P=6.57x107), indicating
that ZDHHC9 was primarily expressed in tumor cells. By
contrast, a higher ZDHHC9 expression in COAD was signifi-
cantly negatively correlated with the infiltration of immune
cells, particularly CD8* T cells (cor.=-0.166, P=2.36x10"'%),
neutrophils (cor.=-0.126, P=3.62x10""), and macrophages
(cor.=-0.139, P=2.07x10"'%). Consistently, multiple databases
showed that ZDHHC9 expression was significantly negatively
correlated with CD8* T cells in COAD (Fig. 3B). Furthermore,
ZDHHCO9 expression was markedly negatively correlated with
IFN-y and perforin-1 (PRF1) expression in COAD tissues
(Fig. 3C). These results indicated that CD8" T cell infiltration
and activation were negatively correlated with ZDHHC9
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expression in colon cancer tissues. We analyzed the function
of ZDHHCO in the immune system using bioinformatics
tools and found that it affected CD8* T cells, neutrophils, and
macrophages, but the effect on CD8* T cells was the most
notable, thus, CD8* T cells were chosen for further analysis.

ZDHHC9 promotes tumor growth by inhibiting the response
of T cells. To investigate whether ZDHHCO affected the func-
tion of T cells, T-cell killing experiments were performed.
CDS8* T cells were isolated from OT-I mice and co-cultured
with MC38 cells treated with OVA (257-264 aa) peptide.
As shown in Fig. 4A, the mortality rate of MC38 cells was
significantly increased when co-cultured with OT-I T cells at
E:T ratios of 2:1, 1:1, and 1:2 for 6 h. The method of gating
cells is demonstrated in Fig. S1. The inhibition of ZDHHC9
expression significantly increased the mortality of MC38
cells. These data suggested that the expression of ZDHHC9
in tumor cells could protect the cells from an attack by CD8*
T cells, thus playing an important role in suppressing tumor
immunity.

FACS analysis was then used to examine the changes that
occurred in intratumoral immune cell infiltration. The distri-
bution of different immune cell subpopulations was evaluated
in the tumor microenvironment. In tumors harvested from

mice injected with ZDHHC9-KD cells, the percentage of
CD8* cytotoxic T cells was significantly higher than that in
the control group (NC) (Fig. 4B). Flow cytometry was further
used to analyze the effect of ZDHHC9 on the ability of CD8*
T cells to secrete cytokines. It was found that ZDHHCO9
knockdown in MC38 cells markedly increased the secretion
of IFN-y by CD8* T cells (Fig. 4B). These results showed that
ZDHHC9 molecules can modulate the tumor microenviron-
ment by repressing the activation and function of CD8* T cells.

ZDHHC9 promotes PD-LI expression. The above experi-
mental results showed that ZDHHC9 inhibited the activation
of CD8" T cells in the tumor microenvironment in colon
cancer, thus promoting tumor growth in vivo. The mechanism
through which ZDHHCO in tumor cells promoted T cells to
induce immune tolerance was next assessed. The expression
levels of PD-L1 protein were detected in ZDHHC9-KD MC38
cells. The results showed that the expression levels of PD-L1 in
colon cancer cells with ZDHHC9 deletion were lower than that
in control cells (Fig. 5A). ZDHHCY expression was knocked
down in the DLDI1 cells (Fig. 2D). The expression levels of
PD-L1 in DLD-1 cells were reduced following ZDHHC9
knockdown compared with the control cells (Fig. 5B). A
MIGR1-ZDHHC9-MC38 cell line overexpressing ZDHHC9
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was next constructed (Fig. 5C). In MC38 cells overexpressing
ZDHHCO9, the expression of PD-L1 was also increased
(Fig. 5D), which further confirmed the positive regulation of
ZDHHCO on the expression of PD-L1.

To explore the mechanism by which ZDHHC9 upregulated
PD-L1 expression, the effect of ZDHHC9 on the expression of
PD-L1 and activation of the JAK/STAT1 signaling pathway
was measured. As ZDHHCO increased PD-L1 expression, and
as PD-L1 gene expression is regulated by the transcription
factor STAT1 (17), whether ZDHHC9 affected the activation
of STAT1 was assessed. As anticipated, ZDHHC9 knockdown
markedly decreased the phosphorylation levels of STAT1 and
JAK1 in MC38 and DLD-1 cells (Fig. 5E and F).

Discussion

In the present study, data from TCGA was used to analyze
the expression of ZDHHC9 in colon cancer. It was found that
ZDHHCO9 expression was significantly increased in colon
cancer and was negatively correlated with the survival time
of patients with colon cancer. The knockdown of ZDHHC9
expression increased the proliferation of MC38 cells in vitro;
however, the knockdown of ZDHHC9 expression decreased
the growth of MC38 cells in vivo.

The relationship between ZDHHC9 expression and the
activation of the immune system in colon cancer tissues
was analyzed, and it was found that ZDHHC9 expression
in colon cancer was negatively correlated with CD8" T cell
infiltration and the expression of T cell effector molecules,
such as IFN-y.

Next, the effect of ZDHHC9 on tumor growth was
assessed in vivo using a subcutaneous transplantation model
of colon cancer in mice, and it was found that ZDHHC9
promoted tumor growth in mice and significantly increased
the percentage of IFN-y*/CD8* T cells in the tumor micro-
environment. Through a specific T cell killing model, it
was found that ZDHHC9-deficient tumor cells were vulner-
able to cytotoxic T cells in vitro. These in vivo and in vitro
experimental results are consistent with the results of TCGA
correlation analysis, suggesting that ZDHHC9 promotes the
growth of colon cancer by inhibiting the T cell-mediated
tumor immune response.

It has been reported that ZDHHC9 increases the protein
expression of PD-L1 by palmitoylating and stabilizing PD-L1
in breast cancer (14). The expression of PD-L1 in colon
cancer cells was detected, and it was found that ZDHHC9
increased the protein expression levels of PD-L1. Further
experiments showed that ZDHHC9 increased the activation
of the JAK1/STAT1 pathway, which has been demonstrated
to increase PD-L1 expression. It was therefore concluded
that ZDHHCO9 may increase PD-L1 expression and affect the
function of CD8" T cells.

In the present study, it was determined that ZDHHCO can
play a role in tumor immunity and inhibit the killing effect of
CD8* T cells to promote tumor growth in colon cancer. Only
MC38 cells were used to evaluate the effect of ZDHHC9
on cell proliferation and the association with the immune
system. Thus, the lack of evaluation of ZDHHC9 in DLDI1
cells can be considered a limitation and an area for further
study. However, the tumor immune microenvironment is a

complex environment (16,18), with B cells, tumor-associated
macrophages, myeloid-derived suppressor cells, regulatory T
cells, neutrophils, and natural killer cells (19). In addition to
PD-L1, tumor cells express numerous molecules that affect
the tumor immune microenvironment. Whether ZDHHC9
regulates other molecules in addition to PD-L1 to affect
T-cell tumor immunity needs further investigation.

In conclusion, the results of the present study suggested
that ZDHHCO can inhibit CD8" T cells to promote colon
cancer and that it can increase PD-L1 expression through the
JAKI1/STATI pathway.
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