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Palmitoyltransferase ZDHHC6 promotes colon
tumorigenesis by targeting PPARy-driven
lipid biosynthesis via regulating lipidome
metabolic reprogramming
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Abstract

Background The failure of proper recognition of the intricate nature of pathophysiology in colorectal cancer

(CRQ) has a substantial effect on the progress of developing novel medications and targeted therapy approaches.
Imbalances in the processes of lipid oxidation and biosynthesis of fatty acids are significant risk factors for the
development of CRC. Therapeutic intervention that specifically targets the peroxisome proliferator-activated receptor
gamma (PPARy) and its downstream response element, in response to lipid metabolism, has been found to promote
the growth of tumors and has shown significant clinical advantages in cancer patients.

Methods Clinical CRC samples and extensive in vitro and in vivo experiments were carried out to determine the role
of ZDHHC6 and its downstream targets via a series of biochemical assays, molecular analysis approaches and lipid
metabolomics assay, etc.

Results To study the effect of ZDHHC6 on the progression of CRC and identify whether ZDHHC6 is a
palmitoyltransferase that regulates fatty acid synthesis, which directly palmitoylates and stabilizes PPARy, and this
stabilization in turn activates the ACLY transcription-related metabolic pathway. In this study, we demonstrate that
PPARy undergoes palmitoylation in its DNA binding domain (DBD) section. This lipid-related modification enhances
the stability of PPARy protein by preventing its destabilization. As a result, palmitoylated PPARy inhibits its degradation
induced by the lysosome and facilitates its translocation into the nucleus. In addition, we have identified zinc finger-
aspartate-histidine-cysteine 6 (ZDHHC6) as a crucial controller of fatty acid biosynthesis. ZDHHC6 directly interacts
with and adds palmitoyl groups to stabilize PPARy at the Cys-313 site within the DBD domain of PPARy. Consequently,
this palmitoylation leads to an increase in the expression of ATP citrate lyase (ACLY). Furthermore, our findings reveals
that ZDHHC6 actively stimulates the production of fatty acids and plays a role in the development of colorectal
cancer. However, we have observed a significant reduction in the cancer-causing effects when the expression of
ZDHHC6 is inhibited in in vivo trials. Significantly, in CRC, there is a strong positive correlation between the high

fJungi Shan, Xinyu Li and Rungi Sun contributed equally to this work.

*Correspondence:
Yanlai Sun
ylsun@sdfmu.edu.cn; sunyanlai@126.com

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-024-03154-0&domain=pdf&date_stamp=2024-8-14

Shan et al. Journal of Experimental & Clinical Cancer Research

(2024) 43:227

Page 2 of 27

expression of ZDHHC6 and the expression of PPARy. Moreover, this high expression of ZDHHC6 is connected with the

severity of CRC and is indicative of a poor prognosis.

Conclusions We have discovered a mechanism in which lipid biosynthesis is controlled by ZDHHC6 and includes the
signaling of PPARy-ACLY in the advancement of CRC. This finding provides a justification for targeting lipid synthesis

by blocking ZDHHC6 as a potential therapeutic approach.

Keywords Colorectal cancer (CRC), ZDHHC6, PPARYy, Palmitoylation, Lysosomal degradation

Introduction

Colorectal cancer ranks as the third most prevalent form
of cancer in the population and is well recognized as a
significant global public health concern. Colorectal can-
cer has the potential to metastasize from the colon’s sur-
face to the colon tissue and other organs such as the liver,
prostate gland, seminal vesicle gland, and uterus if not
detected early [1, 2]. While much research has been con-
ducted on the molecular process behind the development
of intestinal cancer, additional investigation is required to
identify new and efficient therapeutic approaches. Recent
epidemiological studies have discovered a connection
between metabolic irregularities and numerous colon
disorders, such as ulcerative colitis (UC), Crohn’s disease
(CD), and colorectal cancer (CRC) [3, 4]. The colon, being
a crucial organ for metabolizing the three macronutri-
ents, has been identified as playing a significant role in
these diseases. It is important to mention that the world-
wide occurrence of CRC is experiencing a significant rise,
primarily attributed to the widespread problem of being
overweight and the consequent emergence and advance-
ment of obesity-related generalized metabolic syndrome
[5, 6]. The lipid-rich state has a crucial role in promoting
chronic inflammatory bowel disease (IBD) and colorec-
tal cancer (CRC) driven by metabolic syndrome [7, 8].
Recent reports have extensively characterized the genetic
changes in colorectal cancer (CRC), including mutations
in TP53, KRAS, and EGER [9, 10]. CRC is a very diverse
malignancy with a low response to treatments and a high
fatality rate. The etiology of colorectal cancer (CRC)
and its related tumor formation is not yet fully compre-
hended, however disruption of genetic, immunologi-
cal, and metabolic homeostasis is regarded to be crucial
factors.

Metabolic reprogramming is primarily caused by
the dysregulation of metabolic enzyme expression or
activity. Palmitoylation is an essential posttranslational
modification that controls the breakdown, location,
and activation of metabolic enzymes in cells [11, 12]. It
involves attaching fatty acids to substrate proteins. The
disruption of palmitoylation is intricately linked to cellu-
lar lipid metabolism and facilitates the development and
advancement of several types of malignancies, including
colorectal cancer (CRC) [13]. Recently, there has been
extensive research on a class of acyltransferases called

zinc finger-aspartate-histidine-cysteine (DHHC)-CRD-
type palmitoyl acyltransferases (ZDHHCs) due to their
probable involvement in stabilizing oncoproteins [14].
These enzymes have been investigated in several types
of cancer. S-palmitoylation is a posttranslational modi-
fication that involves the attachment of C16 fatty acid
palmitate (PA) to cysteine (Cys) residues of specific pro-
teins [14, 15]. This process regulates the functionality of
these proteins in different pathological and physiological
situations. Significantly, palmitoylation has been found to
regulate the specific localization and movement of pro-
teins. This biological process relies on the catalytic activ-
ity of a sequence of palmitoyltransferases. ZDHHC2 and
ZDHHC3, which are clearly described enzymes, have
significant involvement in the process of lipogenesis [16,
17]. They directly palmitoylate and stabilize important
lipogenesis components such as stearoyl-CoA desaturase
(SCD), fatty acid synthase (FASN), and nuclear factor
erythroid-2-related factor 2 (Nrf2) during carcinogenesis.
ZDHHCS6, a significant palmitoyltransferase, has been
identified as a cancer signature gene and has high expres-
sion in various types of cancer [18-20]. ZDHHC6 pri-
marily functions as an oncoprotein by increasing AEG-1
palmitoylation, which in turn activates or stabilizes tran-
scription factors involved in cancer progression [21]. In
addition, ZDHHCS6 has a role in promoting cell prolifera-
tion by controlling the flow of calcium ions through sele-
noprotein K during the development of tumor growth
[22, 23]. Nevertheless, the role of ZDHHC6 in lipid
metabolism is largely unknown.

Peroxisome proliferator-activated receptor gamma
(PPARYy) plays a crucial role in controlling lipid metabo-
lism and energy balance, which are important biologi-
cal processes involved in the advancement of colorectal
cancer (CRC) [24, 25]. PPARY has influence on diverse
metabolic pathways and is present in colorectal epithelial
cells, where its activation can stimulate cell differentia-
tion and enhance apoptosis, therefore regulating tumor
formation [26]. Moreover, PPARYy has been recognized
as a crucial agent in the process of adipocyte differentia-
tion, lipid storage, and glucose metabolism, all of which
play a significant role in creating the tumor microen-
vironment and facilitating the survival of cancer cells
[27, 28]. The abnormal lipid metabolism in cancer cells
is currently acknowledged as a distinguishing feature of
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cancer and has a substantial impact on facilitating rapid
cell growth and spread to other parts of the body [29].
CRC cells frequently undergo significant modifications
in both fatty acid synthesis and degradation, which play
a role in membrane biosynthesis, energy storage, and sig-
nal transmission. These changes ultimately support the
formation and progression of cancer. PPARy agonists
have been shown to inhibit the development of colon
cancer, highlighting the receptor’s potential as a target
for therapeutic intervention in the treatment of colorec-
tal cancer (CRC) [30, 31]. Changes in PPARy expression
and activity can influence the development of colorectal
cancer (CRC) by changing the way lipids are processed,
causing inflammation, and impacting insulin sensitiv-
ity. These factors are crucial for cancer cells to adapt and
survive in the intestinal environment. Nevertheless, the
precise involvement of PPARy in cancer biology is not
well understood. Recent research have shown that the
process of phosphorylation of AKT stimulates the pro-
duction of PPARy, which in turn enhances the synthesis
of lipids and the development of tumors in colorectal
cancer (CRC) [32—34]. Our work revealed a correlation
between the overexpression of ZDHHC6 and a substan-
tial increase in lipid biosynthesis in CRC. We demon-
strated that ZDHHC6 promotes the synthesis of fresh
fatty acids and the formation of tumors by palmitoylating
and stabilizing PPARY in colon cancer. The results of our
study offer a potential approach to specifically inhibit the
production of fatty acids, which could have therapeutic
advantages for individuals with elevated ZDHHCS6 levels
in colorectal cancer.

Materials and methods

Research consent and ethical statement

The experimental procedures involving animals in this
study were conducted in accordance with the guidelines
outlined in the Guide for the Care and Use of Labora-
tory Animals (1996, in Chinese). Additionally, these pro-
cedures were approved by the Institutional Animal Use
and Care Committee at Shandong Cancer Hospital and
Institute, Shandong First Medical University, and Shan-
dong Academy of Medical Sciences in Jinan, China. The
study recruited patients with colorectal cancer (CRC)
phenotypes from the Department of Gastrointestinal
Surgery and Clinical Trial Research Center at Shandong
Cancer Hospital and Institute, Shandong First Medi-
cal University, and Shandong Academy of Medical Sci-
ences (Jinan, China). The diagnosis of colorectal cancer
(CRC) was established after a comprehensive evaluation
that included radiologic, clinical, and endoscopic exami-
nations, as well as careful analysis of histology data. The
individuals included in this study had been diagnosed
with Crohn’s disease (CD), ulcerative colitis (UC), or
colorectal cancer (CRC). The determination of ulcerative
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colitis (UC) or Crohn’s disease (CD) was achieved
through the utilization of histological data in conjunction
with radiologic, clinical, and endoscopic assessments.
The specific attributes are outlined in Supplemental
Tables 1 and 2. Each patient donor granted informed
consent, and the research was approved by the Insti-
tutional Research Ethics Committee of Shandong First
Medical University and Shandong Academy of Medical
Sciences (Jinan, China).

Identification of candidates

We screened candidate genes using the following pro-
cedures in order to find genes involved in the progres-
sion and metabolism of colorectal cancer (CRC): (1)
Data Acquisition: The Cancer Genome Atlas (TCGA),
International Cancer Genome Consortium (ICGC), and
Gene Expression Omnibus (GEO) databases provided
gene expression data and pertinent clinical informa-
tion on CRC patients (GEO: GSE254054, GSE231943,
GSE252858, (GSE234804, GSE236678, GSE231436,
GSE197088, and GSE239549). (2) Finding consistently
differentially expressed genes (DEGs): In each data set,
the function ¢-test in R was used to see if there was a sig-
nificant difference in the level of gene expression between
CRC tissues and adjacent or normal tissues. Benjamini-
Hochberg correction was then applied. For the ensuing
analysis, the lists of upregulated or downregulated DEGs
in each of the ten datasets were utilized. (3) Candidate
gene survival study in colorectal cancer: Clinical sta-
tus and follow-up duration were taken from the clinical
data of CRC patients. After excluding patients for whom
there was no overall survival statistics or information, a
survival analysis was carried out using the R packages
“survival” and “survminer” (4) Gene set variation analy-
sis (GSVA): The sample-wise biological processes of gene
ontology (GO) activity variation were estimated using
the GSVA R package. Single-sample GSVA scores were
computed using a gene expression matrix, with each GO
gene set including a minimum of ten genes. The GSVA
scores of biological processes linked to cancer and the
fold change in the expression levels of overlapping genes
were analyzed using the Pearson correlation coefficient.
(5) GSEA, or gene set enrichment analysis: In each data-
set, CRC samples were compared to adjacent normal tis-
sues using the GSEA software. The Molecular Signatures
Database provided the gene set ‘c5.all.v6.2.symbols.gmt,
which was utilized in this investigation. Following the use
of a 0.05 P value criterion and a 0.25 FDR threshold, the
genes found were considered significant. Additionally, we
ran GSEA on CRC tissues with high and low ZDHHC6
expression levels from the TCGA and ICGC databases.
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Cell culture

The human colorectal cancer cell lines SNU-C2A (Cat#:
CCL-250.1), SW48 (Cat#: CCL-231), HT-29 (Cat#: HTB-
38), LS1034 (Cat#: CRL-2158), HCT116 (Cat#: CCL-
247EMT), Caco-2 (Cat#: HTB-37), and the FHC cells
(Cat#: CRL-1831) derived from the human colon were
acquired from the American Type Culture Collection
(ATCC). The mouse-associated CRC cell lines, namely
CT26 (Cat#: CRL-2638), MC38 (Cat#: CVCL_B288),
CMT93 (Cat#: CVCL_1986), MC26 (Cat#: CVCL_0240),
and the normal mouse colon cell line MODE-K (Cat#:
CVCL_B4FG), were acquired from Cellosaurus. The
entire cell line was discovered and confirmed to be
devoid of mycoplasma. CRC cell lines were cultured in
RPMI1640 medium (Cat#: LM87077C, LMAI Bio, China)
supplemented with 10% premium quality fetal bovine
serum (FBS) (Cat#: abs972, Absin, China) and 1Xxpenicil-
lin-streptomycin solution (Cat#: U31-301 C, YOBIBIO,
China). The cells were cultured in culture plates at 37 °C
in a humidified atmosphere with 5% CO2. The FHC or
MODE-K cells were cultured in RPMI-1640 media sup-
plemented with 10% fetal bovine serum (FBS), as speci-
fied in the product and instruction manuals. Following
the transfection process, specific cells were placed in
6-well, 12-well, or 24-well plates with 60% fusion for 24 h
prior to cell transfection. Subsequently, the cells were
transfected using Convoy™ Transfection Reagent (Cat#:
No. 11103, ACTGene Inc.) as instructed in the product
description. Concisely, the transfection mixture was for-
mulated by combining 2 pg of vector, 5 ul of Lipo3000
transfection reagent, and 120 pl of Gibco Opti-MEM™.

Antibodies, chemicals and reagents

The corresponding primary antibodies used in this study
were purchased from Abcam Inc’. The antibodies were
specific to the following target proteins: ACTIN (Catalog
number: ab179467, diluted at a ratio of 1/2500), PPAR
gamma (Catalog number: ab272718, diluted at a ratio of
1/1000), PPAR delta (Catalog number: ab23673, diluted
at a ratio of 1/1000), PPAR alpha (Catalog number:
ab61182, diluted at a ratio of 1/1000), SREBP1 (Catalog
number: ab28481, diluted at a ratio of 1/1000), Myc (Cat-
alog number: ab32, diluted at a ratio of 1/1000), RAB11B
(Catalog number: ab228954, diluted at a ratio of 1/150-
1/1000), LAMP1 (Catalog number: ab24170, diluted at
a ratio of 1/150-1/1000), Lamin Bl (Catalog number:
ab229025, diluted at a ratio of 1/1000). The antibod-
ies against ZDHHC6 (Catalog number: ABIN7162558,
dilution ratio of 1/200-1/1000) and ZDHHCG6 (Catalog
number: ABIN6989238, dilution ratio of 1/200—1/1000)
were acquired from antibodies-online in Limerick, PA,
US. The antibodies against HA (Catalog number: 3724,
diluted at a ratio of 1/250-1/1000) and Flag (Catalog
number: 14793, diluted at a ratio of 1/250—1/1000) were
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acquired from Cell Signaling Technology™ (CST). The
supplementary anti-Na, K-ATPase antibody (Catalog
number: H00000483-B01P) and PPARG antibody (Cata-
log number: NBP2-22106) were acquired from Novus
Biologicals, LLC at a dilution ratio of 1/250-1/1000.

The protein concentration of the samples was deter-
mined using the BCA Protein Assay Kit (Catalog num-
ber: YSD-500T, Yoche-Biotech, China). The western
blotting study employed HRP-tagged secondary anti-
bodies (Catalog number: bs-0297 M-HRP, Bioss, China)
at a dilution ratio of 1/15,000-1/20,000 for visualiza-
tion purposes. The MG-132 (Catalog number: T2154)
and cycloheximide (CHX) (Catalog number: T29590)
were acquired from TargetMol Chemicals Inc., located
in Shanghai, China. The compounds Biotin picolyl azide
(Catalog number: 900912), alkynyl myristic acid (Alk14)
(Catalog number: 1164), alkynyl palmitic acid (Alk16)
(Catalog number: 1165), and alkynyl stearic acid (Alk18)
(Catalog number: 1166) were acquired from Click
Chemistry Tools. We synthesized and manufactured the
alkynyl arachidic acid (Alk20) in our laboratory, achiev-
ing a purity level of above 98%. The compounds 2-bro-
mopalmitate (2-BP) (Catalog number: 21604) and BSA
(Catalog number: V900933) were acquired from Merck
KGaA. The compound known as palmostatin M (Palm
M) (Catalog number: 565407) was acquired from Med-
Koo Biosciences, Inc. The TagMan® Universal PCR Mas-
ter Mix (Catalog Number: P/N4304437) and PowerUp™
SYBR™ Green (Catalog Number: A25742) were acquired
from Applied Biosystems.

The pan palmitoylation-specific antibody was acquired
as a generous gift from the research laboratory of Dr. Xu
at the Chongqing University of Education [35]. In sum-
mary, to create an antibody that specifically targets pan
palmitoylation, a brief peptide containing just two Cys
C-C (pal) bonds (98.5% purity) was produced. One of
the cysteine residues in the peptide was palmitoylated.
This peptide was then utilized as the hapten, following
established techniques and procedures. Subsequently,
the acquired peptide C-C (pal) was linked with keyhole
limpet hemocyanin (KLH) to serve as an extra antigen
for the immunization of New Zealand white rabbits. The
anti-serum was collected following the administration
of three doses of passive immunization. Prior to utiliza-
tion, employ ammonium sulfate precipitation for the
purification of this anti-serum. In order to enhance the
verification of this antibody, we have employed multiple
supplementary validation methodologies. Essentially, the
hydroxylamine buffer liquid can generate free sulthydryl
groups through the thioester linkages formed between
the protein and palmityls. The TS-6B resin was employed
to isolate the palmitoylated valosin-bearing protein
that had been treated in a hydroxylamine buffer. Subse-
quently, an immunoblotting experiment was conducted
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using an anti-valosin-bearing protein antibody. Addition-
ally, the acquired antibody was subsequently employed
to examine the palmitoylation of the short c-terminal
domain phosphatase 1, as detailed in the prior investi-
gation. In this study, the pre-existing antibody was used
to examine the palmitoylated proteins obtained from
cells treated with various drugs, including Palm B, Palm
M, or 2-BP. The aforementioned techniques collectively
enhanced the sensitivity and specificity of the antibody in
detecting the protein palmitoylation process.

Knockout cell and knockdown lines preparation

The pre-existing system for generating knockout cell
lines with targeted gene deficiencies, which is relevant
to the ongoing research, was established as previously
described. Essentially, a CRC cell line was created by
using the CRISPR-Cas9 method to delete the ZDHHC6
or PPARG genes. The pre-designed short guide RNA
(sgRNA) targeting the human ZDHHC6 or PPARG gene
was generated and inserted into pLentiCRISPRV2-GFP
vectors (#98290, Testobio Co., Ltd., China) to produce the
CRISPR-Cas9 sgRNA-packaging lentivirus. The ready-
made CRISPR/Cas9 KO products for human ZDHHC6
plasmid (#sc-418298) and PPARy plasmid (#sc-400030)
were acquired from Santa Cruz Biotechnology, Inc. The
sgRNA oligonucleotides were inserted into pLentiCRIS-
PRV2 vectors that had been cleaved by the BsmBI restric-
tion enzyme. The clones carrying gene deletions were
extracted and identified using western blotting.

Plasmids and vectors preparation

The segments of DNA encoding the sgRNAs were
inserted into PX330 (#PVT6301, Nova Lifetech Inc.)
in order to introduce the N-terminal S-protein-Flag-
Streptavidin binding peptide (SFB) tag at the endogenic
ZDHHC6 gene location. The donor vector for ZDHHC6
knock-in was created using Gibson assembly of 50
homologous arms, Puro-P2A-SFB, and 30 homologous
arms into the pUC19 plasmid (#N3041L, New England
Biolabs). The ZDHHC6 open reading frames of human
origin were produced using PCR amplification using
complementary DNA derived from HCT116 cells. In
addition, full-length Homo sapiens ZDHHC6 cDNA plas-
mids were created using PCR-based ¢cDNA amplifica-
tion. These plasmids were then inserted into pcDNA3.4™
TOPO™ plasmids (#A14697, Thermo Fisher Scientific
Inc.) that were tagged with either 3XxHA or 3xFlag for use
in other in vitro investigations. Expression vectors con-
taining shortened fragments of the PPARG gene, such as
Myc-PPARG WT, Myc-PPARG-AF1, Myc-PPARG-DBD,
and Myc-PPARG-hinge-LBD, were generated as planned.
In addition, to further investigate the functional impacts
of ZDHHCS6 in laboratory conditions, targeted protein
expression vectors were created by loading adenoviruses
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with the use of a pre-made adenovirus packaging kit
(Haixing Biosciences, Suzhou, China). The complete
Homo sapiens ZDHHC6 cDNA plasmids and their corre-
sponding ready-made shRNA targeting human ZDHHC6
(shZDHHC6), shRNA targeting human PPARG (shP-
PARG), human PPARG sequences with the C313S
mutant, and Homo sapiens full-length PPARG sequences
were individually packaged into adenovirus using a com-
mercially available adenovirus packaging kit (Haixing
Biosciences, Suzhou, China). The adenovirus particles
were purified and quantified to a titer of 6.0x10'° PFU
using the Adenovirus Purification Mini Kit (#V1160-01,
Shanghai Juncheng Biotechnology, China) following the
instructions provided in the operation handbook.

Histological analysis

The histopathologic assay was conducted by fixing the
cells or tumor tissue with a 4% formaldehyde solution
called Image-iT™ (#R37814, Thermo Fisher Scientific
Inc.), and thereafter cutting it into transverse sections.
The cell slices were subjected to treatment with the speci-
fied primary antibodies at a temperature of 4 °C for a
duration of 24 h. The Leica DM IL LED microscope was
used to capture histological pictures for examining speci-
men sections, while a confocal laser microscopy system
(Olympus, Japan) was used for investigating immuno-
fluorescence sections after incubating them with the
appropriate secondary antibodies. The tumor specimens
were immersed in a 4% formaldehyde solution for 24 h to
preserve them, and subsequently embedded in an OCT
(optimal cutting temperature) compound. The embed-
ded tissues were sliced into sections of 20 micrometers in
thickness. Xylene was employed for the purpose of elimi-
nating the paraffin from the tissue sections during the
process of IHC staining, followed by subsequent rehy-
dration. Subsequently, they were immersed in a solution
containing 5% normal target serum and 3% BSA (Beyo-
time) for a duration of 1.5 h. The specified primary anti-
bodies were introduced and left to incubate overnight at
a temperature of 4 °C. Following the washing step, a 1:300
dilution of HRP-conjugated secondary antibody (Abcam)
was applied and incubated for 1 h. The DAB substrate
was introduced to analyze the signals. Photographs were
taken with a light microscope.

Immunoprecipitation and S-protein pull down assay

Immunoprecipitation and SFB pull-down experiment
was performed as described previously [42]. Briefly, cells
were lysed in E1A lysis buffer (250 mM NaCl, 50 mM
HEPES [pH 7.5], 0.1% NP-40, 5 mM EDTA, protease
inhibitor cocktail [Sigma]). The antibodie to ZDHHC6
was used for immunoprecipitation. HCT116 cells were
transfected with SFB-tagged protein and lysed in NETN
buffer (200 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.05%
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NP-40, 1 mM EDTA, protease inhibitor cocktail [Sigma])
for 20 min at 4 °C. Crude lysates were subjected to cen-
trifugation at 14,000 X g for 15 min at 4 °C. Supernatants
were incubated with S-Protein Agarose for 4 h (Millipore,
USA). The agaroses were washed three times with NETN
buffer. Proteins were eluted by boiling in 1x SDS loading
buffer and subjected to SDS-PAGE for immunoblotting.

GST pull-down assay

GST pull-down assay was used to detect the direct
interaction between PPARy and ZDHHC6. Briefly,
GST-tagged PPARy (GST-PPARy) and 6xHis-tagged
ZDHHC6 (His-ZDHHC6) or 3xFlag-tagged ZDHHC6
(Flag-ZDHHC®6) proteins were expressed in BL21 (DE3)
Escherichia coli via transforming pGEX-4T-1-GST-
PPARy and pET24a-His-ZDHHC6 or pET24a-Flag-
ZDHHCS6 plasmids, respectively. Then, the E. coli were
collected, sonicated, and purified with cOmplete His-
Tag Purification Resin (Roche) or Purification of Flag kit
(Sigma-Aldrich) to obtain purified ZDHHC6-tagged pro-
tein. GST-PPARYy protein was expressed and immobilized
with BeyoGold™ GST-tag Purification Resin (Beyotime)
following the manufacturer’s instructions. The beads-
PPARy complexes were washed with GST pull-down
binding buffer (50 mM Tris-HCl, 200 mM NaCl, 1 mM
EDTA, 1% NP-40, 1 mM DTT, 10 mM MyCl2, pH 8.0)
and incubated with purified ZDHHC6-tagged protein
at 4 °C for 4 h on a rotating windmill. Finally, the beads
were washed and analyzed by immunoblotting assay.

Quantitative PCR (qPCR) assay

The cells or tissue RNA were obtained and isolated using
TRNzol universal reagent (#DP405-02, TIANGEN Bio-
tech Co., Ltd., Beijing) following the instructions pro-
vided in the operating handbook. The pre-prepared
RNA samples were stored in a refrigerator at a tempera-
ture of -80 °C for a maximum of 10 days (#TSX40086V,
Thermo Fisher Scientific Inc.). The optimal RNA purity
was assessed based on the observation of an absorption
ratio (values>2.00) at 260/280 nm. Subsequently, 1.5 pg
of pure RNA was subjected to reverse transcription
using the PrimeScript™ RT-PCR Kit (#RR014A, Takara)
and the Fast PCR Master Mix (#HY-K0532, MedChem-
Express, Beijing). The reverse transcription process was
conducted at a temperature of 42 °C for a duration of 1 h,
and subsequently, the enzyme was deactivated at a tem-
perature of 70 °C for a period of 10 min. The PCR proce-
dure was conducted utilizing SYBR Green qPCR Master
Mix (#HY-K0501, MedChemExpress, Beijing) and SYBR
qPCR Master Mix (Universal) (#22204, ToloBio, China)
on QuantStudio 7 Pro equipment (Applied Biosys-
tems). The pre-designed, precise primer sequences were
acquired from OriGene Technologies, Inc.
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Western blotting assay

In order to conduct the western blotting assay, the mate-
rials were prepared by homogenizing them with a com-
mercially available RIPA lysis buffer solution (#BL504A,
Biosharp, Shanghai, China). Subsequently, the ultimate
homogenized extraction was condensed using centrifu-
gation at a temperature of 4 °C and a speed of 13,000 rpm
for a duration of 30 min. The protein samples obtained
were standardized using the BCA Protein Assay Kit (Cat-
alog number: YSD-500T, Yoche-Biotech, China), using
lipid-free BSA as the control. The cell lysis samples were
analyzed using a 12% ShineGelTM Plus Tris-Glycine
PAGE kit (#SP0511, Shinegene, China) and transferred
onto a 045 pM hydrophobic polyvinylidene fluoride
transfer membrane (#IPFL00010, Sigma-Aldrich). Immu-
noblotting was performed using the specified primary
antibodies. Afterwards, the PVDF membranes were
subjected to treatment with Western Blocker™ buffer
in a working solution of 1xXTBS, which included 0.1%
Tween-20 (#T104863, Aladdin, China), for a duration of
1 h. Subsequently, the membranes were incubated with
the designated primary antibodies at a temperature of
4 °C for a period of 24 h. The PVDF membranes used in
Western blotting were subjected to exposure using the
ECL Plus kit test (#E266188, Aladdin, China) and sub-
sequently exposed to medical X-ray film (Blue Ocean
Imaging Systems, China). The protein contents were
quantified as gray value levels using Image ], version
1.8.0, and then normalized to ACTIN as a fold change.

Labelling, click chemistry, and palmitoylation identification
The Click-iT™ Palmitic Acid (PA), Click-iT™ Cell Reac-
tion Buffer Kit (#C10269), Click-iT™ Protein Reaction
Buffer Kit (#C10276), and Azide Kit (#C10265) were
acquired from Invitrogen for the purpose of conducting
click chemistry and identifying palmitoylated PPARG,
following the instructions provided with the products.
Following the specified transfection of PPARG WT and
PPARG C313S mutants, the cell media was treated with
100 pum Click-iT PA, azide, and kept in a 5% CO,, 37 °C
environment for 5 h. After a treatment duration of 5 h,
the cells were collected and subsequently rinsed four
times with pre-cooled D-PBS (#abs9340, Absin, China).
This was followed by a combination with lysis buffer
containing 1xprotease and a general phosphatase inhibi-
tor cocktail (#abs9162, Absin, China). The lysates were
thereafter kept at a temperature of 4 °C for a duration of
40 min, after which they were transferred to a centrifugal
tube with a volume of 2 ml. The ultimate cell lysates were
condensed using centrifugation at a temperature of 4 °C
and a speed of 13,500 revolutions per minute for a dura-
tion of 10 min. The protein concentration of the collected
supernatant was verified using the EZQ™ Protein Quanti-
tation Kit (#R33200, Thermo Fisher Scientific) following
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the instructions provided in the product manuals. The
extracted proteins were incubated with biotin-alkyne
using the Click-iT™ Protein Reaction Buffer Kit, follow-
ing the protocols outlined in the production instruction
specification. Subsequently, the biotin-alkyne-palmitic
acid and azide-protein complexes were subjected to
streptavidin-mediated pulldown experiments using
streptavidin magnetic beads (#HY-K0208, MedChemEx-
press, China). The resulting samples were then analyzed
by western blotting using the PPARG antibody.

Furthermore, to enhance the identification of the pal-
mitoylation of PPARG, an additional complementary
approach was employed in this section. The cells were
treated and lysed using a buffer containing 1% Triton
X-100, 150 mM NaCl, 0.2% SDS, 50 mM TEA-HCI at
pH 7.4. The buffer also contained 1xprotease and phos-
phatase inhibitor cocktail. Additionally, a click reac-
tion with biotin azide was performed. The cell proteins
were extracted using 10 volumes of 100% methyl alcohol
at a temperature of -80 °C for a duration of 1.5 h. Sub-
sequently, the proteins were collected again by centrifu-
gation at a speed of 13,500 revolutions per minute for a
period of 15 min. The precipitates were resuspended in
100 ml of a 1xsuspension buffer and subsequently diluted
to a 12-fold immunoprecipitation solution. The immu-
noprecipitation solution consisted of 0.5% Nonidet P
40, 55 mM Tris-HCl, 160 mM NaCl, 6.5 mM EDTA, and
had a pH of 7.5. The cell proteins that were marked with
labels were concentrated using streptavidin agarose at a
temperature of 30 °C, with a gentle swirling motion for a
duration of 1.5 to 2.0 h. The protein-bound streptavidin
agarose beads underwent four washes using an immuno-
precipitation solution. Subsequently, the protein-bound
beads were released using an elution buffer consisting
of 95% formamide and 10 mM EDTA with a pH of 8.2,
heated to 95 °C for a duration of 5 min. The samples were
then analyzed using immunoblotting detection.

Fractionation assay

The separation of components was achieved using the
Nuclear/Cytosol Fractionation Kit (#K266-100, BioVi-
sion, US) or Nuclear/Cytosol Extraction Kit (#ab289882,
Abcam). The nuclear component was disrupted using a
homogenization solution consisting of 5% SDS, 1xprote-
ase inhibitor cocktail, 2.5 mM PMSFE, 160 mM NacCl, 60
mM triethanolamine, 1600 units/ml benzonase nuclease,
pH 7.5. After removing the solution, a final homogeniza-
tion of 6.5 mM was achieved by adding EDTA. Prior to
the subsequent fractionation assay, the cytoplasmic com-
ponent was diluted using a homogenization solution that
contained 6 mM EDTA.
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Cell proliferation detection

The CCK-8 assay was used to measure the proliferation
of cancer cells. The cultured cells were placed in a 96-well
plate and incubated for different lengths of time, with a
density of 2.5x10* cells per well. After each treatment,
the liquid above the culture was removed, and 15 pl of
Cell Counting Kit-8 (CCK-8) from ApexBio Technology
(#K1018) was added to each well. After being kept at a
temperature of 37 °C for 2 h, the fluorescence intensity at
a wavelength of 450 nm was quantified using a microplate
reader. Colony formation was utilized as a technique to
examine cell proliferation. To summarize, the designated
cancer cells were inserted in a 24-well plate, with each
well containing 200 cells. Following a period of 2 weeks,
colonies with a cell count exceeding 50 were visually
observed and measured using crystal violet staining.

Transwell assay

Cell migration and invasion were quantified using Tran-
swell assay. The Corning® Transwell® (#CLS3422, Corn-
ing, USA) was cultured with Matrigel (#356234, BD,
USA). The tumor cells that were identified were culti-
vated again in a medium without serum (#12-725 F,
LONZA, USA) and then placed in the upper chamber
with a density of 6.0 x 10* cells per well. Subsequently, the
medium containing 10% fetal bovine serum (FBS) was
introduced into the bottom chamber, and then adminis-
tered for a duration of 48 h. Subsequently, the cells in the
top chamber were entirely eliminated by means of a cot-
ton swab. The cells that moved into the lower chamber
were washed, treated with a 4% formaldehyde solution
to preserve them, and then colored with a 0.65% crys-
tal violet stain. Finally, the cells were visualized using a
microscope. The migration calculation experiment was
conducted using identical techniques, with the exception
that Matrigel was omitted during the pre-coating of the
upper chamber.

In vivo xenograft models construction

Pathogen-free male BALB/c nude mice (5 weeks old,
20-22 g, Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd., Beijing, China) underwent a subcutaneous
procedure in the flank region, where 1.6x10° HCT116
or SNU-C2A cells were injected in a suspension of 80 pl
PBS. The mice were split into treatment groups at ran-
dom once the xenograft tumors reached the expected
volume. Tumor dimensions were measured at regular
intervals of 2—3 days using a vernier caliper. The tumor’s
volume was determined by applying the formula 1/2xD
(major axis)xd2 (minor axis). Mice were euthanized
without causing pain after the tumor size reached 2 cm?®
or when ulceration was detected. All animal experi-
mental protocols were performed following the Ethical
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Animal Care and Use Committee of Shandong University
(2021sa0541jk).

Triglyceride detection and lipid accumulation in vitro assay
The measurement of TG was conducted using the Tri-
glyceride Quantification Kit (#K622-100, BioVison, US).
A total of 6x10° cells were gathered and subsequently
combined with 1 ml of extraction reagent. The samples
were subjected to ultrasonic treatment for a duration of
1 min, followed by centrifugation at a speed of 9000xg at
a temperature of 4 °C for a duration of 10 min. The liq-
uid portion was collected for analysis in accordance with
the guidelines provided by the manufacturer. The Green
Fluorometric Lipid Droplet Assay Kit (BODIPY-493/503)
was employed to detect lipid deposition in CRC cells.
This kit allowed visualization of the production of lipid
droplets in the specified in vitro tests.

RNA sequencing

The TRNzol universal reagent was used to extract
RNA from HCT116 cells, following the manufactur-
er’s procedure. The quantification of RNA samples
was performed using the BioPhotometer Plus (Eppen-
dorf), while the assessment of RNA integrity was con-
ducted using the Agilent 2100 bioanalyzer system. The
Collibri Stranded RNA Library Prep Kit for Illumina,
provided by Thermo Fisher Scientific, was utilized for
RNA sequencing library preparation, following the
instructions provided by the vendor. The sequencing
process was performed on the Illumina HiSeq instru-
ment utilizing a 2x 150 Paired End configuration, with
35 million reads obtained per sample by GENEWIZ,
LLC. The construction of sequencing libraries was
performed using the Small RNA-Seq Library Prep Kit
(#052.08, Lexogen GmbH, Vienna, Austria) with total
RNA as the starting material. In summary, the mes-
senger RNA (mRNA) was extracted from the whole
RNA using Sera-Mag SpeedBead particles and sub-
sequently subjected to chemical fragmentation. The
RNA fragments were subjected to reverse transcrip-
tion, where they were converted into complementary
DNA (cDNA) using random primers that had a tag-
ging sequence attached to their 3’ ends. The cDNA
libraries were subsequently amplified using the KAPA
high-fidelity DNA polymerase. The validation of the
libraries’ quality was conducted using the Agilent
2100 bioanalyzer. Following that, a high-throughput
sequencing procedure was carried out utilizing an
[llumina NovaSeq 6000. Following the mapping of
sequences using the STAR or HISAT2 software against
Homo sapiens or Mus musculus, a biological pathway
analysis was conducted using Cluster-Profiler. The
RNA sequencing and library creation were carried out
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by the technical personnel at Nanjing Biomed Sciences
Research Bio-Lab.

Metabolomics and lipidomics assay

Approximately 30 milligrams of tissues were com-
bined with 550 pl of a 75% methanol buffer to extract
metabolites. The liquid portion was collected and
subjected to lyophilization. The freeze-dried powder
was dissolved in 60 pL of 80% methanol. Following
centrifugation, the liquid remaining after sedimenta-
tion, known as the supernatant, can be used for analy-
sis with the TSQ Fortis Plus (#TSQ03-10003, Thermo
Fisher Scientific)-Orbitrap Astral High Resolution MS
(Thermo Fisher Scientific). The process of extracting
metabolites from cells involved the following steps:
Firstly, cells collected in a 10-cm dish were washed
with pre-cooled PBS and immediately frozen using
liquid nitrogen. The cells were subsequently disrupted
using 1.5 mL of 80% methanol solution containing
internal standards, and then removed from the dish by
scraping. The liquid portion obtained after spinning
the mixture at high speed and removing the solid par-
ticles was preserved. This liquid was then subjected to
a process of removing moisture by freezing and sub-
sequent drying. The resulting dried material was used
for the examination of small molecules involved in
metabolism using a technique called liquid chroma-
tography-mass spectrometry (LC-MS). The process of
extracting lipids from cells was conducted as follows:
briefly, cells that were gathered in a 10-cm dish were
washed with PBS and immediately frozen using liquid
nitrogen. The cells were subsequently disrupted using
1.5 mL of methanol containing internal standards,
combined with 1.5 mL of chloroform, and vigorously
mixed for 30 s using a vortex. Afterward, 500 puL of
water were added and vortexed for an additional 30 s.
The layer that repels water was gathered and subjected
to freeze-drying. The dehydrated powder was recon-
stituted in 40 pl of an organic solvent mixture (Chlo-
roform: Methanol, 2:1) using a vortex for 30 s, and
then combined with 70 pl of another organic solvent
mixture (Acetonitrile: Isopropanol: Water, 13:6:1). Fol-
lowing centrifugation, the liquid portion can be specif-
ically utilized for TSQ Fortis Plus-Orbitrap Astral MS
analysis.

Glucose [U-13C] tracer assay

The medium was replaced with RPMI 1640 supple-
mented with glucose (2 g/L) labelled with [U-3C]
when the cell density reached around 80%. After 24 h,
the cell culture plates were rinsed with PBS, rapidly
frozen in liquid nitrogen, and kept at a temperature of
-80 °C.
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Statistical analysis

The data were expressed as the mean+SEM (stan-
dard error of the mean) of three independent experi-
ments conducted in triplicate. The software GraphPad
Prism 8.0, developed by GraphPad Software in San
Diego, USA, was utilized for the purposes of creating
visual representations and doing statistical analysis.
Unpaired Student’s t-tests were employed to compare
the two groups. A unidirectional analysis of variance
(ANOVA) was conducted, followed by a Bonferroni
post-hoc test to compare different groups. A P value
less than 0.05 was deemed to be statistically signifi-
cant. The scientists were unaware of the animal geno-
type and grouping information.

Results

Identification of potential genes strongly associated with
the course and prognosis of colorectal cancer (CRC)

We examined the expression matrix of colorectal can-
cer and adjacent healthy tissues in public datasets that
included high-coverage gene profiling data in the TCGA,
ICGC, and NCBI Gene Expression Omnibus (GEO)
databases (GEO: GSE254054, GSE231943, GSE252858,
GSE234804, GSE236678, GSE231436, GSE197088, and
GSE239549) in order to identify intriguing genes that
regulate the progression of colorectal cancer (Fig. 1A).
The CRC tissues exhibited a substantial enrichment of
events linked to tumors and processes related to metab-
olism (Fig. 1B). Across the ten datasets we selected, we
identified 41 differentially expressed genes (DEGs) that
were conservatively upregulated and 101 DEGs that
were downregulated (Fig. 1C). Notably, based on clini-
cal data from the TCGA and ICGC databases, 6 upregu-
lated and 4 downregulated DEGs were identified because
they showed a substantial correlation with survival rates
(Fig. 1D). Additionally connected to molecular processes
influencing the development of colorectal cancer and
metabolic reprogramming are these 6 upregulated and 4
downregulated DEGs (Fig. 1E).

Of the top four elevated DEGs most closely connected
with CRC occurrences, we concentrated on ZDHHCS,
the sole gene having the most underappreciated bio-
logical significance in CRC (Fig. 1E). Using the TCGA
and ICGC datasets, we further confirmed that CRC had
higher levels of ZDHHC6 expression than surround-
ing tissues (Fig. 1F, G). The samples in the TCGA and
ICGC databases were split into two groups based on the
ZDHHCG6 expression value: one group was ZDHHC6
high-expression, and the other ZDHHC6 low-expression.
Crucially, compared to those with low ZDHHC6 expres-
sion levels, those with high ZDHHC6 expression lev-
els had a noticeably worse survival prognosis (Fig. 1H).
There were significantly more biological processes asso-
ciated with cancer growth and metabolic reprogramming
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in the group with high ZDHHC6 expression on a regu-
lar basis. This demonstrated that ZDHHCG6 is potentially
associated with biological processes of CRC (Fig. 1I).

In addition, we examined the potential involvement of
ZDHHCS6 expression in colitis and the advancement of
colorectal cancer (CRC) related with colitis, by analys-
ing the intersection of ZDHHCG6 in many datasets. Colon
samples obtained from persons diagnosed with Crohn’s
disease (CD), ulcerative colitis (UC), and colorectal can-
cer (CRC), as well as from healthy donors (HC), exhibited
markedly elevated levels of ZDHHC6 protein compared
to the healthy individuals in the control group. This was
particularly accurate for individuals with symptoms of
ulcerative colitis (UC) and Crohn’s disease (CD). Indi-
viduals exhibiting characteristics of colorectal cancer
(CRC) demonstrated elevated levels of ZDHHC6 protein
content in comparison to those in the Crohn’s disease
(CD), ulcerative colitis (UC), and healthy control (HC)
groups (Supplementary Fig. 1A). The Pearson multiple
correlation and multiple linear regression analyses dem-
onstrated a positive correlation between ZDHHC6 pro-
tein levels and plasma concentrations of ESR, CRP, and
ProCT. These laboratory markers are commonly used
in the diagnosis of clinic colitis (Supplementary Fig. 1A,
B). Significantly, we also verified a negative correla-
tion between the levels of albumin (ALB) in the blood-
stream, a potential indicator of inflammatory bowel
disease (IBD), and the levels of ZDHHCS6 in the colon.
The results suggest a link between inflammatory bowel
disease (IBD) and the concentrations of ZDHHCS6 in the
tissue of the colon (Supplementary Fig. 1A, B). A similar
observation was documented in mice with colitis caused
by dextran sulphate sodium (DSS), a frequently employed
chemically-induced experimental model for colitis. Also,
a notable elevation in ZDHHCS6 protein levels as the dis-
ease advanced, as observed using the western blotting
experiment (Supplementary Fig. 1C). Furthermore, con-
sidering the various physical characteristics and under-
lying factors that worsen both sudden and long-lasting
inflammation of the colon, the objective of this study was
to investigate whether changes in ZDHHC6 expression
played a role in the advancement of colorectal cancer
(CRC) and the development of chronic colitis caused by
DSS. The control mice were given AOM+DSS treatment
for a period of ten weeks to promote the onset of coli-
tis-associated carcinogenesis (Supplementary Fig. 1D).
Not surprisingly, there was a noticeable and significant
increase in ZDHHC6 expression in colon samples from
the mouse model with the CRC phenotype (Supplemen-
tary Fig. 1D). These findings indicated that abnormally
upregulated ZDHHCG6 levels are correlated with the
severity of colitis and the development of CRC.
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Fig. 1 Identification of potential genes implicated in colorectal cancer (CRC) and cancer metabolism-associated biological processes. (A) A screening
procedure to find putative gene candidates. (B) Colorectal cancer (CRC) samples were found to differ from adjacent controls in terms of physiopathology
and biological processes related to metabolism in a number of databases, including TCGA, ICGC, and the NCBI Gene Expression Omnibus (GEO) datasets
(GEO: GSE254054, GSE231943, GSE252858, GSE234804, GSE236678, GSE231436, GSE197088, and GSE239549). (C) Following gene differential expression
analysis, the total number of differentially expressed genes that crossed over into various databases was counted. (D) Six upregulated and four down-
regulated DEGs were identified based on a survival analysis of differentially expressed genes across six databases.In the databases of TCGA and ICGC,
P<0.05 was deemed statistically significant. (E) Six upregulated and four downregulated DEGs represent the molecular mechanisms impacting the onset
of colorectal cancer and metabolic reprogramming. (F) Palmitoyltransferase ZDHHC6 expression in the ICGC and TCGA databases. (G) Pancarcinoma
analysis using TCGA datasets to measure ZDHHC6 expression levels in various malignancies. (H) The overall survival (OS) of colorectal cancer patients in
the TCGA and ICGC databases according to different ZDHHC6 expression levels. (I) After dividing the TCGA and ICGC samples' ZDHHC6 expression levels
into groups of high and low expression levels, the grouped samples underwent GSEA analysis. The data were expressed as the mean +SEM. A P value less
than 0.05 was considered statistically significant. ***P <0.001
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Disturbed lipid metabolism in human CRC with
upregulated ZDHHC6 levels

In addition to the substantial rise in ZDHHC6 observed
in the TCGA dataset (Fig. 1G) and the ICGC data-
base (Supplementary Fig. 2A), In order to confirm the
increased expression of ZDHHC6 in colorectal can-
cer (CRC), we obtained 73 pairs of CRC samples and
their matching adjacent samples. Our analysis revealed
a significant increase in the mRNA expression levels
of ZDHHC6 in CRC tissues compared to nearby nor-
mal tissues (Fig. 2A). In addition, the analysis of pro-
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and CRC-related cell lines (SNU-C2A, SW48, HT-29,
LS1034, HCT116, and Caco-2) as well as mouse-associ-
ated colon cancer cell lines (CT26, MC38, CMT93, and
MC26) exhibited elevated levels of ZDHHC6 expres-
sion. This finding was further validated through western
blotting and immunofluorescence detection (Fig. 2B-E,
Supplementary Fig. 2B). Hence, we examined potential
processes that could contribute to the overexpression
of ZDHHCS6 in colorectal cancer (CRC). Subsequently,
we identified the changes in its expression profile when
exposed to 2-bromopalmitate (2-BP), a broad inhibitor of

teins revealed that both human CRC tumour tissues protein palmitoylation. The ZDHHCS6 protein expression
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Page 12 of 27



Shan et al. Journal of Experimental & Clinical Cancer Research (2024) 43:227 Page 13 of 27
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Fig. 3 Upregulated ZDHHCE levels contribute to disturbed lipid metabolism in human colorectal cancer (CRC). (A) To identify significantly altered me-
tabolites in ten pairs of colorectal cancer (CRC) samples and adjacent normal samples from CRC patients, a high-throughput LC-MS-based untargeted
metabolomic analysis was carried out. Postoperative pathology confirmed that all patients had colorectal cancer; no other cancers or long-term medical
problems were present. (B) The selected ten pairs of colorectal cancer (CRC) samples and adjacent normal samples from CRC patients were subjected to
principal component analysis (PCA). (C) Heatmap of tumor samples (T) with significantly altered metabolites compared to corresponding normal adja-
cent tissue (N). Significant changes have been observed in 39 metabolites in cancerous tissues. Wilcoxon test with paired two-samples, P<0.05. The fold
change is indicated by -2.0~2.0 (Fc). (D) Based on 39 significantly changed metabolite clusters discovered by pathway analysis (https://www.metabo-
analyst.ca/), the pie chart illustrates the improved metabolic signaling pathways. (E) A chord diagram shows the direction and distribution of data flow
as well as the relationships between different metabolic signaling pathways. (F) Heatmap analysis of the ZDHHCs protein expression fold change (T/N) in
the normal adjacent samples and the CRC samples. Wilcoxon test with paired two-samples, P < 0.05. The fold change is indicated by -2.0~ 2.0 (Fc). (G) The
levels of ZDHHC6 protein and several tumor markers, such as CA125, CA50, CA724, CA199, CEA, CA242, CK-BB, and HCG, significantly correlate, according
to Pearson multiple correlation analyses (n=73 per parameter). (H) Pearson r: multiple linear regression showing the overall association between ZDHHC6
protein levels and other tumor markers, such as CK-BB, HCG, CEA, CA242, CA724, CA199, CA125, and CA50 (n=73 per parameter) Data are expressed as
mean + SEM. The relevant experiments presented in this part were performed independently at least three times. P<0.05 indicates statistical significance

in human CRC cell lines was significantly decreased in a
dose-dependent manner when exposed to a concentra-
tion gradient of 2-BP, as shown in Fig. 2F and G. In addi-
tion, the administration of 2-BP leads to the inhibition of
ZDHHCS6, which is directly associated with the decrease
in Ki67-positive colon cancer cells. This correlation is
supported by the results of an in vitro immunofluores-
cence experiment (Fig. 2H).

Considering the significant impact of ZDHHCG6 on the
advancement of colorectal cancer (CRC) and its prob-
able involvement in the metabolic processes of tumours,
we further examined the influence of ZDHHCS6 on the
molecular metabolism of CRC. To characterise the dis-
rupted metabolic processes in colorectal cancer (CRC),
a high-throughput metabolomics analysis was conducted
to identify the metabolites that were significantly altered
in 10 sets of CRC and adjacent normal tissues (Fig. 3A,
B). In comparison to the adjacent normal tissues, there
are 39 metabolites that exhibit significant changes in the
cancerous tissues. The elevated metabolites consist pri-
marily of lipids and lipid-like compounds, specifically
fatty acids (FAs), phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), lysophosphatidylethanolamine
(LPE), sphingomyelin (SM), and lysophosphatidylcholine
(LPC) (Fig. 3C). An additional analysis was conducted to
determine the enrichment of specific pathways utilising
39 metabolites that showed differential expression. The
results indicated that the production of triacylglycerol,
glycerol phosphate shuttle, and palmitoylated protein
were enriched (Fig. 3D, E). The findings validated that the
lipidome composition exhibited a substantial increase in
CRC tissues. However, the potential explanation for this
abnormally vigorous lipid metabolism in CRC tissues
remains uncertain. To investigate the potential connec-
tion between the abnormally increased lipidome in CRC
and the expression of ZDHHCs, we analysed the expres-
sion of ZDHHCs in the aforementioned pairings of can-
cerous and neighbouring normal tissues. Our findings
revealed that ZDHHC6 was the ZDHHC member with
the highest level of expression, as shown in Fig. 3F. The
modified expression of ZDHHC6 was strongly associated

with the synthesis of lipids and lipid-like metabolites in
SNU-C2A and HCT116 cells when ZDHHC6 was either
suppressed (shZDHHC6) or enhanced (AdZDHHC6)
(Supplementary Fig. 2C, D). The Pearson multiple cor-
relation and multiple linear regression analyses revealed
a significant association between the levels of ZDHHC6
protein and various tumour markers, including CA125,
CA50, CA724, CA199, CEA, CA242, CK-BB, and HCG
(Fig. 3G, H). These findings indicate a potential correla-
tion between elevated levels of ZDHHCS6 and an aberrant
rise in lipid and lipid-like metabolites in CRC. However,
the precise function of ZDHHCS6 in lipid metabolism in
CRC remains uncertain.

ZDHHC6 enhances lipid deposition and carcinogenesis in
CRC cells

Consistent with our previous findings, we conducted
additional experiments to specifically determine the
function of ZDHHC6 in colorectal cancer (CRC). We
investigated the impact of introducing AAZDHHC6 or
AdshZDHHC6 into SNU-C2A and HCT116 cells on their
rate of cell division (Supplementary Fig. 3A, B). Interest-
ingly, SNU-C2A and HCT116 cells that were transfected
with AdshZDHHC6 showed a significant decrease in
cell viability and EAU staining intensity. Conversely, cells
transfected with AdAZDHHC6 exhibited an increase in
cell viability and EdU intensity. These findings suggest
that alterations in ZDHHC6 expression in CRC cells may
have an impact on proliferation in a laboratory setting
(Supplementary Fig. 3C, D). Furthermore, our current
study supports the notion that ZDHHC6 may play a role
in the development of colorectal cancer (CRC) pathogen-
esis. This is consistent with our findings, as demonstrated
by the transwell analysis, which showed a significant
decrease in the invasion and migration of tumor cells
when ZDHHC6 was silenced, compared to the control
group (Supplementary Fig. 3E, F). Consistent with expec-
tations, the levels of epithelial-mesenchymal transition
(EMT)-related markers such as vimentin, N-cadherin,
fibronectin, TGFP1l, and MMPI13 were significantly
reduced in SNU-C2A and HCT116 cells. Conversely, the
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expression of E-cadherin was greatly increased (Supple-
mentary Fig. 3G, H). Furthermore, in vivo experiments
demonstrated that inhibiting ZDHHC6 effectively
decreased the rates of tumor growth and the weights of
tumors in mice that had been implanted with the SNU-
C2A tumor models (Supplementary Fig. 3I). The find-
ings confirmed that the lack of ZDHHCS6 played a role in
inhibiting the growth of colon cancer cells and the pro-
cess of EMT. Afterward, we discovered 36 metabolites
that showed substantial changes in ZDHHC6-deletion
CRC cells. Fatty acid metabolites exhibited a consider-
able drop in HCT116 cells lacking ZDHHC6. Further-
more, we conducted pathway enrichment analysis on the
set of 36 metabolites and observed a significant associa-
tion between ZDHHC6 and the pathways related to fatty
acid production (Fig. 4A-C). Glucose is a crucial source
for the creation of fatty acids through de novo biosynthe-
sis. Subsequently, we employed glucose [U-*C] to moni-
tor the process of fatty acid production. Our findings
revealed that the cells with ZDHHC6 knockdown exhib-
ited a substantial reduction in the labeling of palmitic
acid and stearic acid from the glucose trackers (Fig. 4D,
Supplementary Fig. 4A). In contrast, the HCT116 cells
that had an enhanced expression of ZDHHC6 showed
a considerable increase in the labeling of palmitic acid
and stearic acid from glucose (Fig. 4E, Supplementary
Fig. 4A). In addition, ZDHHC6 markedly enhanced the
formation of triglycerides in HCT116 cells, as demon-
strated by the bodipy staining experiment (Fig. 4F). Addi-
tionally, we conducted analogous tests on SW48, HT-29,
and Caco-2 cell lines. We noted a substantial increase
in the expression of several fatty acids and triglycerides
in the colorectal cancer cells that were overexpress-
ing ZDHHCG6 (Supplementary Fig. 4B, C). Collectively,
these findings offer proof that ZDHHCS is crucial in the
buildup of lipid content and may stimulate the produc-
tion of fatty acids from scratch in CRC cells.
Subsequently, we conducted experiments involving
both loss-of-function and gain-of-function assays on
CRC cell lines to validate the involvement of ZDHHC6
in carcinogenesis. To investigate the role of ZDHHC6
in colorectal cancer (CRC) cells in living organisms,
we implanted ZDHHC6-deficient HCT116 cells and
ZDHHC6-overexpressing HCT116 cells under nude
mice. Tumor sizes and weights were significantly reduced
in animals implanted with ZDHHC6-deficient HCT116
cells compared to those implanted with control cells
(Fig. 4G, H). In contrast, the upregulation of ZDHHC6
enhanced the tumorigenic capacity of HCT116 cells
(Supplementary Fig. 4D). Conversely, the tumours origi-
nating from ZDHHC6-deleted HCT116 cells exhibited
a notable reduction in several lipid metabolites, such
as fatty acids, when compared to tumours formed from
control cells (Fig. 4I). In summary, our data validate that
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ZDHHCS6 significantly contributes to lipid buildup and
carcinogenesis in CRC.

ZDHHC6 specifically targets and interacts with lipid
metabolism key transcription factor of PPARy
To explore the impact of ZDHHC6 on lipid accumula-
tion in colorectal cancer (CRC), we conducted high-
throughput RNA sequencing analysis to examine the
possible effects of ZDHHC6 on key enzymes involved
in fatty acid synthesis in CRC cells. Out of the top 36
genes that showed significant differences in expression,
previously identified genes involved in the production
of free fatty acids (FFA) were shown to be responsive
to the depletion of ZDHHC6 (Supplementary Fig. 5A).
The overexpression of ZDHHC6 was found to be linked
to the process of lipid biosynthesis, as proven by GO-
biological process analysis (Supplementary Fig. 6A).
Subsequent GSEA analysis revealed that the gene sets
related to the production of fatty acids were consider-
ably increased in HCT116, Caco-2, SNU-C2A, and SW48
cells that were transduced with ZDHHC6 overexpres-
sion, as supported by Supplementary Fig. 6B. The abnor-
mal increase in fatty acid synthesis is strongly associated
with the main metabolic enzymes ACLY, ACC, FASN,
and SCD1. To validate the role of ZDHHCS6 in regulating
fatty acid metabolic genes, we conducted qPCR analysis
on CRC cells with ZDHHC6 knockdown and cells with
ZDHHCG6 overexpression. The mRNA levels of ACC,
ACLY, FASN, and SCD1 were reduced in the ZDHHC6-
knockdown HCT116 and SNU-C2A cells, but increased
in the ZDHHC®6-overexpressing cells (Supplementary
Fig. 5B). In addition, we conducted a thorough investiga-
tion to determine the potential involvement of ZDHHC6
in the regulation of fatty acid degradation. To achieve
this, we analyzed the expression of enzymes related to
fatty acid degradation (ACOX-1, CPT1A, LCAD, UCP2,
and MCAD) in stable cells engineered with ZDHHC6.
We employed qRT-PCR and observed that ZDHHC6
indeed influenced the expression of these enzymes in
CRC cells (Supplementary Fig. 6C-G). To verify the role
of ZDHHCG6 in promoting lipidome accumulation via
ACC and ACLY, we introduced ZDHHC6 into HCT116
and SNU-C2A cells that had been depleted of ACC or
ACLY. Our findings indicate that the introduction of
ZDHHCS6 did not significantly enhance the buildup of
intracellular fatty acids and triglycerides in the ACC or
ACLY knockdown cells, as observed in cells transfected
with ZDHHC6 alone (Supplementary Fig. 5C, D). Col-
lectively, these findings suggest that ZDHHC6 enhances
the accumulation of lipid molecules by upregulating the
expression of ACC and ACLY in colorectal cancer.
Subsequently, to determine the precise substrate tar-
geted by ZDHHCS6, which has the ability to control the
production of ACC and ACLY, we employed a method
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Fig. 4 ZDHHC6 facilitates lipid deposition and carcinogenesis in CRC cells. (A) A venn diagram shows the variations in metabolites produced by HCT116
cells with ZDHHC6 knockout (KO) and wild-type (WT) phenotypes. ZDHHC6 and fatty acid synthesis pathways have a significant association, according to
pathway enrichment analysis of the 36 metabolites. Total peak area was used to correct the LC-MS-based untargeted metabolomic study and its findings.
(B) Using these 36 differential metabolites, pathway analysis showed enhanced signaling pathways. (www.metaboanalyst.ca). (C) A heatmap showing
how these 36 significantly altered metabolites changed. Student’s t-test, unpaired, two-tailed, P < 0.05. The fold change is indicated by -2.0~ 2.0 (Fc). (D, E)
The ratios of various isotopic forms of FFA C16:0 (palmitate) in ZDHHC6 (KO) (D) and AdZDHHC6 (E) HCT116 cells after a brief exposure to glucose [U-"3C].
When the cell density was around 85%, the media was changed to RPMI 1640 containing 2 g/L glucose tagged with [U-'C]. Following a 24-hour period,
the PBS-rinsed cell culture plates were quickly frozen in liquid nitrogen and subjected to an LC-MS assay analysis (=4 per group). (F) Representative im-
munofluorescence pictures of HCT116 cells with ZDHHC6 (WT) and ZDHHC6 (KO) phenotypic, demonstrating ZDHHC6 expression, lipid accumulation
(Bodipy staining), and corresponding intracellular triglyceride (TG) levels (n=4 per group). (G, H) ZDHHC6 (WT) and ZDHHC6 (KO) HCT116 cells were
injected into the right flanks of nude mice. Every two days, tumor volumes were measured. On day 22 following dissection, tumor pictures (G), growth
curves, and weight (H) were recorded (n=4 per group). Scale bars, 1 cm. (I) A heatmap utilizing untargeted metabolomic analysis comparing significantly
changed metabolites between tumors originating from ZDHHC6E (KO) HCT116 cells and ZDHHC6 (WT) cell lines. Data are expressed as mean +SEM. The
relevant experiments presented in this part were performed independently at least three times. P < 0.05 indicates statistical significance
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of isolating the ZDHHC®6-associated protein complex in
HCT116 cells using tandem affinity purification, followed
by analysis using mass spectrometry. Notably, PPARy
(PPARG) was ranked at the top of the list (Fig. 5A). In
addition, our research revealed that PPARYy is the sole
counterpart among many transcription factors associ-
ated with lipid metabolism, such as PPARa, PPARS, and
SREBF1 (Fig. 5B). Furthermore, endogenous PPARy was
found in endogenous ZDHHC6 immunoprecipitates
from SNU-C2A, SW48, HT-29, LS§1034, and Caco-2 cells
(Fig. 5C). Through in vitro pulldown tests using puri-
fied recombinant proteins, it was shown that ZDHHC6
directly interacts with PPARY, as depicted in Fig. 5D.
Given significant potential correlation of ZDHHC6 with
PPARYy, we next integrated the ZDHHC6-interacting pro-
teins obtained from the IP-MS experiment and the upreg-
ulated proteins revealed by proteomics analysis, and we
identified PPARY as the protein that interacts with and
is regulated by ZDHHC6 using human HCT116, Caco-
2, SNU-C2A and HT-29 colon cancer cell lines (Fig. 5E).
Moreover, to further demonstrate the specific target of
ZDHHCS6 responsible for its specific function, we per-
formed an additional immunoprecipitation-MS (IP-MS)
analysis of Flag-ZDHHC6 and His-PPARy-transfected
HCT116, Caco-2, SNU-C2A, and HT-29, respectively,
and identified 126 detectable potential ZDHHC6-inter-
acting proteins. We then integrated the ZDHHC6-inter-
acting proteins obtained from the IP-MS experiment and
the upregulated proteins revealed by proteomics analysis,
and we identified PPARY as the key protein that interacts
with and is regulated by ZDHHC6 (Fig. 5E). On the other
hand, Flag-ZDHHC6 and His-PPARy were overexpressed
in HCT116, Caco-2, SNU-C2A, and HT-29, respectively.
Co-immunoprecipitation (Co-IP) experiments dem-
onstrated that ZDHHC6 co-immunoprecipitated with
PPARYy, and vice versa (Fig. 5F). Glutathione S-trans-
ferase (GST) pull-down assay suggested that ZDHHC6
interacts directly with PPARYy in transfected Caco-2 and
SNU-C2A cells, respectively (Fig. 5G). This GST pull-
down result is consistent with the direct protein interac-
tion of ZDHHC6 and PPARy in HCT116 cells (Fig. 5D).
The immunofluorescent staining test demonstrated a
localization of ZDHHC6 (major in the cytoplasm) and
PPARy (major in the nucleus) mostly within the CRC
cells (Fig. 5H). According to reports, PPARY is composed
of three distinct structural domains: AF-1, DBD, and
the hinge region. Pull-down experiments demonstrated
a robust association between ZDHHC6 and the DBD
fragment of PPARy, but only a few interactions were
observed with the hinge-region fragment (Fig. 5I). In
addition, an examination of the TCGA-CRC and ICGC-
CRC databases revealed a substantial correlation between
ZDHHC6 and the PPARy pathway in CRC, as demon-
strated in Fig. 5J. In summary, our findings validate that
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ZDHHCS has a unique interaction with PPARY, a crucial
transcription factor involved in lipid metabolism.

ZDHHC6 palmitoylates and stabilizes PPARy

Given the strong association between ZDHHC6 and
PPARYy, as well as the crucial role of ZDHHCS6 as a pal-
mitoyltransferase in various biological processes, we
hypothesized that ZDHHC6 may regulate the palmi-
toylation of PPARYy in response to alterations in lipid
metabolism that occur during the progression of CRC.
Therefore, to determine the role of palmitoylated PPARy
in the advancement of CRC, we analyzed its expression
patterns and changes in response to 2-bromopalmi-
tate (2-BP), a broad inhibitor of protein palmitoylation.
Upon incubation of HCT116 cells with 2-BP to decrease
the levels of palmitoylated proteins, there was a signifi-
cant decrease in the expression of PPARY, both in terms
of protein abundance and pan-palmitoylation contents
(Fig. 6A). In contrast, the expression levels of PPARy
in HCT116 cells were increased by the overexpression
of palmitoylation by the use of palmostatin B (Palm
B), palmostatin M (Palm M), or ABD957, which is an
inhibitor of depalmitoylase enzymes. This increase in
expression levels was confirmed through colocalization
immunofluorescence analysis (Fig. 6A). In order to assess
the impact of 2-BP on the decrease of PPARy expres-
sion, a click chemistry assay was utilized to visualize the
palmitoylated PPARy (Fig. 6B). The presence of palmi-
toylation on PPARYy was verified using the streptavidin
beads-mediated pulldown and western blotting analysis,
as anticipated (Fig. 6B).

Furthermore, given the significant role of palmi-
toylation in the control of PPARY stability, we were com-
pelled to determine the precise position of palmitoylation
on PPARy. The function investigation involved deter-
mining the anticipated location of the palmitoylation
site on PPARy for Homo sapiens and Mus musculus.
This was achieved through a combined analysis of the
GPS-Palm software (MacOS_20200219) developed by
The CUCKOO Workgroup (http://gpspalm.biocuckoo.
cn/) and the MDD-Palm algorithm (http://csb.cse.yzu.
edu.tw/MDDPalm/). Both methods fortuitously antici-
pated and furnished the foremost 4 palmitoylation sites
for PPARYy, exhibiting distinct confidence intervals and
quality ratings. It is worth mentioning that cysteine 313
(C313) in human PPARy and mouse PPARYy were iden-
tified as the most probable and dependable location for
protein palmitoylation modification (Fig. 6C). Further-
more, the cysteine residue location exhibited significant
conservation across many species taxa, as depicted in
Fig. 6C. The presence of PPARY protein in HCT116 and
SNU-C2A cells was confirmed by detecting the residual
PPARy WT, C176S, C159S, C156S, and C313S mutants
following CHX injection. As predicted, only the C313S
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Fig. 5 ZDHHC6 specifically binds to the lipid metabolism key transcription factor of PPARY. (A) After 24 h of SFB-ZDHHC6 transfection in HCT116 cells,
ZDHHC6-interacting proteins were identified by tandem affinity purification and mass spectrometry (MS). This was accomplished by removing S-protein,
Flag, and streptavidin binding peptide (SFB). (B) ZDHHC6 or IgG antibodies were used to immunoprecipitate HCT116 cell lysates, and PPARy, PPARaq,
PPARS, SREBP1, and ZDHHC6 antibodies were used for western blotting experiments. (C) ZDHHC6 or IgG antibodies were used to immunoprecipitate
cellular lysates of SNU-C2A, SW48, HT-29, LS1034, and Caco-2 cells, and ZDHHC6 or PPARy antibodies were used for western blotting experiments. (D) GST
pulldown assay using GST-PPARy and purified His-ZDHHC6 in HCT116 cells. (E) Schematic of the experimental procedure showing the genes expression
in HCT116, Caco-2, SNU-C2A and HT-29 after adenovirus-mediated ZDHHC6 overactivation (AdZDHHC6). The lower schematic diagram showing the inter-
section of the results from the proteomics and IP-MS analyses. (F) For a duration of 24 h, plasmids expressing Flag-PPARy or Myc-ZDHHC6 individually or
in combination were transfected into HCT116, Caco-2, SNU-C2A and HT-29 cells, respectively. His or Flag antibodies were used for immunoblotting after
cellular lysates had been immunoprecipitated with Flag and/or His antibodies. (G) GST pulldown assay using GST-PPARy and purified Flag-ZDHHC6 in
Caco-2 and SNU-C2A cells, respectively. (H) Assay for immunofluorescence staining demonstrating ZDHHC6 and PPARy co-expression in HCT116, Caco-2,
and SNU-C2A cells. 20 um. (I) In HCT116 cells, vectors containing the hinge-LBD domain, full length (FL), AF-1, DBD, and PPARy were co-expressed with
SFB-ZDHHC6. S-bead pulldown was used to immunoprecipitate cellular lysates. (J) Based on GSEA signaling pathway analysis, an assay of the TCGA-CRC
and ICGC-CRC datasets showed a significant connection between ZDHHC6 and the PPARy pathway in CRC. Data are expressed as mean + SEM. The rel-
evant experiments presented in this part were performed independently at least three times. P<0.05 indicates statistical significance
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Fig. 6 Identification of the palmitoylation site on PPARy at evolutionarily conserved cysteine residues. (A) For a duration of 24 h, HCT116 cells were
exposed to 60 uM 2-BP, 1 uM ABD957, 6 uM palmostatin B (Palm B), and 10 uM palmostatin M (Palm M) treatments. The slices that were fixed underwent
immunofluorescence labeling using PPARy (red) and pan-palmitoylation (green). 10 um scale bars; n=5 per group. (B) Schematic diagram of the Click-iT
assay for palmitoylation measurement of PPARy. HCT116 cells were treated with 100 uM Click-iT PA and azides for five hours. The resulting lysates were
then submitted to Click-iT detection as per the product instructions, and PPARy antibody western blotting analysis was performed. The indicated group’s
expression of PPARY is indicated by the western blotting bands on the right. (C) Using the GPS-Palm program (MacOS_20200219) (The CUCKOO Work-
group, http://gpspalm.biocuckoo.cn/) and the MDD-Palm algorithm (http://csb.cse.yzu.edutw/MDDPalm/), the palmitoylation site on PPARy in Homo
sapiens (upper) and Mus musculus (lower) is predicted to be located. PPARY's lower palmitoylation site contains conserved cysteine residues shared by
Rattus norvegicus, Bos taurus, Canis familiaris, Mus musculus, and Homo sapiens. (D) After incubating Click-iT PA and azides for five hours on HCT116 cells
overexpressing either PPARy WT or PPARy C313S mutant, the corresponding cellular lysates were obtained and Click-iT detection was performed in com-
pliance with the product’s instructions. After the palmitoylated proteins were added to the streptavidin-sepharose bead conjugate for pull-down detec-
tion, PPARy and ACTIN antibodies were used in a western blotting examination. While PPARy C313S was not palmitoylated in top gel, lane 6, or the control
groups, it was for PPARy WT in lane 5. Three separate runs of this experiment were conducted. (E) CHX was cultured with HCT116 cells overexpressing
either the PPARy WT or PPARy C313S mutant for a specific amount of time. PPARy and ACTIN antibodies were used in immunoblotting detection of the
obtained cellular lysates. The relative PPARy remaining ratio (n =4 per group) is displayed in the right curve graph at the specified time point. (F) PPARy WT
or PPARy C313S mutant overexpression was observed in the upper HCT116 cells. Pan-palmitoylation (green) and PPARy (red) immunofluorescent label-
ing were applied to the cell sections. Lower, AdZDHHC6+PPARy C313S mutant or PPARy C313S alone were overexpressed in HCT116 cells, respectively.
The bar graph displays the intensity of PPARy fluorescence in each of the indicated groups (n=5 pictures; P<0.05 vs. PPARy C313S+ AdControl or PPARy
WT). Scale bars, 20 um. (G) In HCT116 cells, PPARy-Flag and ZDHHC6-HA plasmids were transfected. Alk16 labeling was used to determine the palmi-
toylated PPARy expression contents in the presence or absence of hydroxylamine therapy. (H) PPARy-Flag was used to transfect SNU-C2A cells (WT) or
ZDHHC6-deleted SNU-C2A cells, and Alk16 was used to label the cells. Subcellular fraction was extracted, and the levels of PPARy protein were adjusted
to verify that the input cells from the wild type and the knockout cell had the same quantity of PPARy. Immunoblotting analysis was used to evaluate the
palmitoylated PPARy expression contents in the cell membrane (Mem.), cell cytoplasm (Cyto.), and cell nucleus (Nuc.) components. Data are expressed as
mean + SEM. The relevant experiments presented in this part were performed independently at least three times. P<0.05 indicates statistical significance

mutation showed a significant decrease in the amount of
PPARYy, while the other variants did not show any signifi-
cant changes (Supplementary Fig. 7A, B). The impact of
a sequence of genetic alterations on the buildup of lip-
ids in the specified transfected colorectal cancer (CRC)
cells was additionally validated using immunofluores-
cence analysis (Supplementary Fig. 7C, D). Substitution
of the C313 residue with serine completely inhibited the
palmitoylation of PPARYy, as demonstrated by the Click-
iT chemistry experiment (Fig. 6D). The C313S mutant
significantly decreased the expression of PPARy protein

profiles without affecting its mRNA levels (Fig. 6D). The
PPARy with C313S mutant underwent degradation in
parallel with CHX treatment, leading to a progressive
reduction in the remaining PPARY levels (Fig. 6E), which
was comparable to the impact of 2-BP administration.
Considering the identification of C313 as the primary
location for PPARy palmitoylation, we are curious about
the extent to which S-palmitoylation at C16 contributes
to the chemical alteration of PPARY. Hence, a sequence
of alkyl-labeled fatty acids, namely Alk14, Alkl6, Alk1S,
and Alk20, were employed to investigate this biological
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phenomenon. PPARy can be efficiently labeled with
palmitoylation (using Alk16) but shows significantly
lower efficiency when labeled with Alkl4, stearoylation
(Alk18), or Alk20 (Supplementary Fig. 8A-C). This sug-
gests that C16-captured S-palmitoylation is the primary
acyl group involved in the chemical alteration of PPARY.
Having the C313 mutation as the critical site of PPARy
palmitoylation, we next evaluated the functional impact
of these mutants on C16-catched S-palmitoylation over
the duration of alkynyl palmitic acid (Alk16) therapy. In
the CRC cells that were genetically modified, the pres-
ence of PPARy with human C313S effectively eliminated
the labeling of palmitoylation (with Alk16). This was
confirmed by the streptavidin pull-down study, which
showed that C313 was necessary for the S-palmitoylation
of the PPARy protein (Supplementary Fig. 8A-C). Fur-
thermore, the role of ZDHHC6 as the primary target
for PPARy was established using a comparative study.
This analysis demonstrated the anticipated changes in
the quantity of PPARy protein in HCT116 cells when
ZDHHC6 was overexpressed using adenovirus, both
with and without the PPARy C313S mutation. This was
confirmed by an immunofluorescence assay (Fig. 6F).
In addition, the absence of palmitoylation due to the
C313S mutation resulted in a reduction in the simulta-
neous expression of PPARy and pan-palmitoylation, as
indicated in Fig. 6F. Based on our previous findings, we
have determined the interaction between ZDHHCs and
their targeted substrates. The Co-IP test clearly showed
a strong direct binding between ZDHHC6 and PPARYy in
the ectopic expression of CRC cells (Fig. 5). To enhance
the visual representation of PPARy palmitoylation in the
presence of ZDHHC6, we employed Alkl6 as a meta-
bolic marker to assess the impact of ZDHHC6 on palmi-
toylated PPARy and its movement inside cells, similar to
what was shown in Supplementary Fig. 8. The presence of
NH,OH significantly reduced the levels of palmitoylation
on PPARY, suggesting that the increase in palmitoylated
PPARy primarily occurred on cysteine residues and was
caused by the action of ZDHHCG6 (Fig. 6G). Analysis of
fractionation in ZDHHC6 wild-type or ZDHHC6-defi-
cient HCT116 cells indicated that the palmitoylation of
PPARy by ZDHHCEG increased the quantity of the modi-
fied PPARy protein specifically in the cell nucleus, but
not in other cellular components (Fig. 6H). The reliable
outcomes of modifying the level of PPARy through pal-
mitoylation were further validated in HCT116 cells that
overexpressed ZDHHC6 (Supplementary Fig. 8D). The
aforementioned results consistently demonstrated that
ZDHHCS6 plays a crucial role as a primary palmitoyl-
transferase in the formation of palmitoylated PPARY.
Furthermore, its function exhibited a significant correla-
tion with the advancement of colorectal cancer in human
individuals.
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Upregulated ZDHHC6-mediated palmitoylated PPARy
promotes its nucleus translocalization

Following the identification of ZDHHC6 as the primary
palmitoyltransferase for PPARYy, the subsequent step was
examining the impact of ZDHHC6 on the nucleus local-
ization of PPARYy. This enzyme had an impact not only
on the stabilization of PPARy throughout the process of
ZDHHC6 knockdown, but also on the palmitoylation
of PPARy (Fig. 7A-C). In addition, the expression of
ZDHHCS6 by ectopic expression in HCT116, SNU-C2A,
SW48, HT-29, and Caco-2 cells led to an increase in the
expression of PPARy protein and a speeding up of its
translocation to the nucleus of the CRC cells (Fig. 7D,
E). The purpose of this investigation was to determine
whether ZDHHCG6 interacts with PPARy in additional
colorectal cancer cells. This was done in consideration
of the determination of the interaction between DHHCs
and their targeted substrates. As a matter of fact, the
Co-IP test demonstrated that the direct interaction
between ZDHHC6 and PPARy could be wonderfully
observed in the ectopic expression of human Caco-2 cells
(Fig. 7F). Furthermore, considering the fact that C313
site has been identified as the primary location for pal-
mitoylation of PPARY, we pose the question of whether
or not the S-palmitoylation that was captured by C16
was the primary contributor to the chemical change of
PPARy. Consequently, to investigate this biological pro-
cess, a series of alkyl-labeled fatty acylation operations,
which included alk-C14, alk-C16, alk-C18, and alk-C20,
were utilized. Palmitoylation (alk-C16) labels are able
to successfully mark the PPARy, whereas labels with
alk-C14 chain lengths, stearoylation (alk-C18), or alk-
C20 labels are significantly less effective in marking the
PPARy (Fig. 7G, H). The findings of this study suggest
that the primary acyl group responsible for the chemi-
cal alteration of PPARYy is C16-catched S-palmitoylation.
After determining that the C313S site mutation is the
most important location for PPARy palmitoylation, we
proceeded to investigate the functional effects of these
mutations on Cl6-catched S-palmitoylation during the
course of treatment with alkynyl palmitic acid (alk-C16).
It was anticipated that PPARy with a human C313S site
mutation would drastically eliminate palmitoylation
(alk-C16) labels, as corroborated by streptavidin pull-
down analysis, which further demonstrated that human
C313S was necessary for S-palmitoylation of PPARy
protein (Fig. 7I). Moreover, to further visualize PPARy
palmitoylation in the presence of ZDHHC6, we utilized
alk-C16 as a metabolic sign to investigate the effects
of ZDHHC6 on palmitoylated PPARy and its nucleus
translocation. This was done in a manner that was com-
parable to the methodology described above. Incuba-
tion with NH,OH resulted in a significant reduction of
palmitoylation levels on PPARy, which suggests that the
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Fig. 7 ZDHHC6-mediated palmitoylated PPARy enhances its nucleus translocalization. (A) ZDHHC6 and PPARy expression were examined in the ZDH-
HC6-deleted HCT116, SNU-C2A and SW48 cells, respectively (n=3 per group). (B) ZDHHC6 and PPARy co-expression in AdshZDHHC6-transfected HCT116
cells, along with the matching fluorescence density as determined by Pearson’s analysis (n=4 per group; P<0.05 vs. AdshRNA). The scale bars are 20 pm.
(C) In ZDHHC6-deleted HCT116 or ZDHHC6-deleted SW48 cells, palmitoylation levels and PPARy expression were analyzed using western blotting assay
(n=4 per group). (D) Western blotting assay using PPARy, ACTIN, and HA antibodies, followed by PPARy overexpressing the HA-tagged ZDHHC6 construct
in various CRC cell lines (n=3 per group). (E) Immunofluorescence pictures demonstrating the co-expression of PPARy and ZDHHC6 in ZDHHC6-overex-
pressed HCT116 cells, together with the matching fluorescence density as determined by Pearson’s analysis (n=4 per group; P<0.05 compared to empty
vector). The scale bars are 20 um. (F) HCT116 cells underwent IP of HA after co-transfecting with PPARy and HA-ZDHHC6. ZDHHC6 and PPARy Mutual
Co-IP shows that endogenous ZDHHC6 and PPARy bind to each other in HCT116 cells. (G) Using various alkyl-labeled fatty acylation, such as alk-C14, alk-
(16, alk-C18, and alk-C20, the palmitoylation of PPARy in the indicated cells was detected. By using streptavidin bead pulldown to identify acylated PPARy,
an immunoblotting experiment using PPARy and ACTIN antibodies (n =6 per group) was performed. (H) To identify acylated PPARy in SW48, LS1034, and
HT-29 cells, the same methodology as in (G) was applied. Following that, the lysates (n=6 per group) were subjected to western blotting analysis using
PPARy and ACTIN antibodies. (I) Using Click reaction-associated streptavidin pulldown, the palmitoylation levels of Flag-labeled PPARy WT, PPARy C313S,
PPARy C156S, PPARy C176S, and PPARy C159S mutants were examined. Three individuals per group underwent an immunoblotting experiment using Flag
and ACTIN antibodies on the relevant lysates. (J) ZDHHC6-HA and PPARy-Flag were the vectors used to transfect the HCT116 cells. Using alk-C16 labeling,
higher, palmitoylated PPARy levels were demonstrated in both the presence and absence of hydroxylamine therapy. The corresponding fluorescence
density and ACLY and PPARy co-expression in HCT116 WT or HCT116 ZDHHC6 (KO) cells are depicted in the lower representative immunofluorescence
images, which were analyzed using Pearson’s method (n=5 per group; P<0.05 vs. WT). The scale bars are 20 um. (K) After transfecting the HCT116 WT
or HCT116 ZDHHC6 (KO) cells with PPARy-Flag, the cells were labeled with alk-C16. To verify that the wild type and knockout cell components for input
had the same quantity of PPARy, subcellular fraction was obtained and PPARy protein levels were adjusted. Western blotting analysis was used to assess
palmitoylated PPARy levels in the cell membrane (Mem.), cell cytoplasm (Cyto.), and cell nucleus (Nuc.) components. Data are expressed as mean £ SEM.
The relevant experiments presented in this part were performed independently at least three times. P<0.05 indicates statistical significance
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upregulation of palmitoylated PPARy mostly happened
on cysteine and was driven by ZDHHC6 (Fig. 7J). An
additional protocol was made by fractionation analysis in
ZDHHC6 wild-type or ZDHHC6-deficient Caco-2 cells,
which indicated that ZDHHC6-mediated palmitoylation
of PPARYy increased the quantity of the modified PPARY
protein in the nucleus, but not in the membrane or cyto-
plasm components (Fig. 7K). The studies presented above
unambiguously demonstrated that ZDHHCS is a signifi-
cant palmitoyltransferase that plays a role in the occur-
rence of palmitoylated PPARY, and the activity of this
enzyme was found to have a favorable correlation with
the progression of colorectal cancer.

Palmitoylation-stabilized PPARy suppresses its lysosome
degradation

Prior report has demonstrated that the significant rise
in PPARYy protein levels effectively halted the process of
lysosome degradation in the face of prolonged metabolic
challenges and stress [36]. PPARY is believed to undergo
many posttranslational modifications that interact either
positively or negatively to influence its protein destiny
during different physiological and pathological states
[36, 37]. Therefore, we examined the impact of palmi-
toylated PPARy on the evolution of its breakdown in the
lysosome. The rapid breakdown of the palmitoylation-
deficient mutant PPARy C313S and the buildup of cel-
lular lipids could be reversed by the lysosomal inhibitors
NH,Cl and Pepstatin A (Pep A), but not by the pro-
teasomal inhibitor MG132 or the autophagy inhibitor
3-Methyladenine (3-MA) (Fig. 8A). In order to validate
the lysosome-dependent mechanism, we utilized 2-BP
to hinder the palmitoylation of naturally occurring
PPARy in HCT116 cells (Fig. 8B). Pep A and NH,Cl, but
not 3-MA or MG132, were able to enhance the stability
of PPAR following depalmitoylation and a decrease in
destabilized PPARy-related lipid accumulation (Fig. 8C,
D).

PPARYy, a nuclear receptor, has been found to have a
significant impact on glucose metabolism and overall
energy balance through its posttranslational alterations
[38]. Upon transportation to the cell nucleus, PPARy can
undergo various modifications such as phosphorylation,
ubiquitination, and acetylation [39, 40]. These modifica-
tions can affect its activity, stability, and interaction with
other molecules. Additionally, PPARy may be internal-
ized into recycle endosomes or degraded through the
late endosome-lysosome pathway [41]. To investigate the
impact of (de)palmitoylation on the movement of PPARY,
we inhibited the palmitoylation process of PPARy and
examined its distribution across various subcellular com-
partments. Consistent with expectations, the use of 2-BP
significantly reduced the overlap of PPARy with recy-
cling endosomes indicated by Rabll, while increasing

(2024) 43:227

Page 21 of 27

its overlap with lysosomes labeled by Lampl and late
endosomes labeled by Rab7b (Fig. 8E-G). The results
consistently showed that depalmitoylation facilitated the
degradation of PPARY through the lysosomal pathway.

ZDHHC6-mediated fatty acid biosynthesis promotes CRC
carcinogenesis by upregulating PPARy

To ascertain the impact of increased production of fatty
acids on cell proliferation, we manipulated the expression
of PPARYy in cells that either had ectopically produced
PPARy or had been subjected to ZDHHC6-knockdown.
In our study, we examined the process of glucose oxi-
dation converting into fatty acid synthesis. We accom-
plished this by cultivating cells with glucose that was
consistently enriched with carbon-13 ([U-3C] glucose).
We specifically focused on cells that had reduced levels
of PPARy and overexpressed ZDHHC6. Our findings
showed that when ZDHHC6 was overexpressed alone, it
greatly enhanced the labeling of fatty acids from glucose
tracers. However, when ZDHHC6 was overexpressed
along with the co-transfection of shPPARYy, the knock-
down of PPARy significantly reduced the labeling of
fatty acids from glucose tracers (Fig. 9A). In contrast, the
introduction of PPARy-transduction greatly enhanced
the process of labeling fatty acids from glucose tracers
in HCT116 cells with ZDHHC6 knockdown (Fig. 9B).
Furthermore, the analysis of bodipy green staining and
PPARy co-expression revealed a consistent pattern of
lipid buildup in the aforementioned CRC cells (Fig. 9C,
D). To further investigate the relationship between
PPARy and ZDHHC6, we manipulated the expression of
PPARYy in cells lacking ZDHHCE6 or cells overexpressing
ZDHHCS6 by co-transfecting them with a mutant form
of PPARy (PPARy C313S). We conducted an experi-
ment where we cultured cells with consistently labeled
[U-13C] glucose in two different types of cells: ZDHHC6-
knockout HCT116 cells and cells with ZDHHC6 resto-
ration and AdPPARG C313S mutant co-transfection. As
expected, we observed glucose oxidation leading to fatty
acid biosynthesis in both types of cells. However, when
PPARy C313S expression was present, it counteracted
the increase in fatty acid synthesis regulated by ZDHHC6
and significantly reduced the labeling of fatty acids from
glucose tracers (Supplementary Fig. 9A). In ZDHHC6-
knockdown HCT116 cells, there is no significant detec-
tion of enhanced fatty acid labeling from glucose
tracers when PPARy C313S mutant-transduction is used
(Supplementary Fig. 9B). Furthermore, the immuno-
fluorescence assay revealed a consistent pattern of lipid
accumulation in the aforementioned CRC cells, as dem-
onstrated by the co-expression of PPARy and the bodipy
green staining (Supplementary Fig. 9C, D). These findings
indicate that ZDHHC6 enhances the production of fatty
acids by stabilizing PPARy. To additionally confirm the
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Fig. 8 Palmitoylation obscures an inherent lysosomal sorting signalling in PPARy. (A) Using immunofluorescence analysis through CHX-chase stud-
ies in the presence of lysosome inhibitors such as NH,Cl and Pepstatin A (PepA), autophagy inhibitor (3-MA), and proteasome inhibitor (MG132), the
degradation and residual amount of PPARy or the PPARy C313S mutant in HCT116 cells was assessed. n=5 per group. The scale bars are 20 um. (B) Im-
munofluorescence analysis demonstrating the intensity quantification based on the remaining relative level of PPARy. Three separate independent runs
of this experiment produced findings that were comparable. n=5 per group. Scale bars: 20 um. (C) In HCT116 cells, the effects of lysosome inhibitor,
autophagy inhibitor, and proteasome inhibitor were measured to evaluate the intracellular TG contents and relative levels of PPARy remaining after (A).
P<0.05 compared to WT; n=5 per group. (D) In HCT116 cells, the relative amounts of residual PPARy and the intracellular TG contents associated with (B)
were measured. P <0.05 compared to WT; n=5 per group. (E) The colocalization of PPARy with Rab11, Rab7b, Lamp1, and 58 Kin HCT116 cells treated with
2-BP or DMSO control was statistically determined. P< 0.05 compared to DMSO; n=5 per group. (F) Typical immunofluorescence pictures demonstrating
the colocalization of endosome recycling marker Rab11b and ectopically produced PPARy in HCT116 cells after a 2-BP challenge. Each group has n=5
per group. Scale bars: 10 um. (G) Typical immunofluorescence pictures demonstrating the colocalization of lysosome marker Lamp1 and ectopically pro-
duced PPARy in HCT116 cells during 2-BP stimulation. Each group has n=5 per group. Scale bars: 10 um. Data are expressed as mean + SEM. The relevant
experiments presented in this part were performed independently at least three times. P<0.05 indicates statistical significance

role of ZDHHCS6 in promoting tumor formation through ~ ZDHHC6-overexpressing HCT116 cells developed larger
the activation of fatty acid production, we performed tumors in comparison to those implanted with control
xenograft tumor tests utilizing the aforementioned cell HCT116 cells. However, HCT116 cells that were simulta-
lines. Significantly, mice that received implantation of neously overexpressed with ZDHHC6 and co-transfected
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Fig. 9 ZDHHC6-driven lipid biosynthesis contributes to CRC carcinogen-
esis by upregulating PPARY. (A, B) In HCT116-related stable cells (Control,
ZDHHC6, and ZDHHC6+shPPARy) (A) and HCT116-related stable cells
(shControl, shZDHHC6, and shZDHHC6+PPARy) (B), the percentages of
different isotopomers of FFA C16:0 following exposure to [U-'*C] glucose
are shown. Each group has n=5. (C, D) The relative TG content and PPARy
expression abundance in the aforementioned cell lines from (A) and (B)
are displayed in representative immunofluorescence pictures. Each group
has n=5. The scale bars are 20 um. (E) In null mice, right flanks were in-
jected with ZDHHC6 + shPPARy, ZDHHC6, and Control, stable cells related
to HCT116. Every two days, tumor volumes were measured. Weight and
tumor growth curves were measured 22 days following dissection. Each
group has n=5. (F) The right flanks of null mice were injected with shCon-
trol, shZDHHC6, and shZDHHC6+ PPARY, stable cells linked to HCT116.
Every two days, tumor volumes were measured. Weight and tumor growth
curves were measured 22 days following dissection. Each group has n=5.
(G) Kaplan-Meier curves representing the survival analysis based on TCGA
CRC prognostic data for ZDHHC6-positive, PPARy-positive, and ZDHHC6 &
PPARy co-positive patients. (H) Based on the prognosis information from
the ICGC CRC database, Kaplan-Meier curves were used to analyze the sur-
vival of ZDHHC6-positive, PPARy-positive, and ZDHHC6 & PPARy co-posi-
tive patients. Data are expressed as mean + SEM. The relevant experiments
presented in this part were performed independently at least three times.
P<0.05 indicates statistical significance
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with shPPARy or PPARy C313S mutants exhibited lower
rates of tumor growth (Fig. 9E; Supplementary Fig. 9E).
In addition, mice that had been implanted with HCT116
cells in which ZDHHC6 had been suppressed and PPAR
had been overexpressed exhibited higher rates of tumor
formation compared to the CRC cells that had only been
transfected with shZDHHC6 (Fig. 9F). In addition, the
mice carrying the ZDHHC6 knockdown and mutant
PPARy C313S HCT116 cells exhibited significantly sup-
pressed tumor formation compared to the mice with
shControl (Supplementary Fig. 9F). The results demon-
strate that increased expression of ZDHHC6 can stimu-
late the production of fatty acids in living organisms by
activating PPARYy, hence promoting the advancement of
colorectal cancer.

On top of that, we have found a strong positive corre-
lation between ZDHHC6 and PPARY, PPARY and ALCY,
and PPARy and ACC transcript levels in the ICGC CRC
and TCGA CRC databases. This correlation confirms the
relationship between PPARy and its associated factors
during CRC formation (Fig. 1 and Supplementary Fig. 5).
Subsequently, we assessed the predictive significance of
ZDHHC6 and PPARY in these datasets of colorectal can-
cer tissue microarrays (TMA). It is worth mentioning
that patients with elevated levels of ZDHHC6 or PPARY
experienced significantly shorter overall survival com-
pared to patients with low levels of ZDHHC6 or PPARyY
in the TCGA CRC and ICGC CRC databases (Fig. 9G, H).
To better understand the impact of PPARY on the prog-
nosis of ZDHHC6-positive CRC patients, we conducted
an analysis of the prognostic value of ZDHHCS6 in four
different CRC databases: CGWB, UCSC, CANEVOLVE,
and COSMIC. This analysis included a total of 671
patients, with those who died within 5 months or were
followed up for less than 3 months being excluded. Addi-
tionally, we examined the correlation between ZDHHC6
and various factors such as pathologic state (I-IV), race,
gender, and age in the indicated CRC datasets (Supple-
mentary Fig. 9G-K). CRC patients exhibiting a single
elevated level of ZDHHC6 demonstrated an unfavor-
able prognosis. Also, individuals with elevated levels of
ZDHHCS6 have poorer overall survival compared to those
with lower levels of this factor. Furthermore, there is a
positive association between ZDHHCS6 levels and patho-
logical state but no significant correlation with race, age,
or gender. Together, we discovered a previously unknown
harmful connection between ZDHHC6 and the variables
that regulate the production of fatty acids and the bal-
ance of lipid oxidation, specifically related to PPARY, in
patients with colorectal cancer.
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Discussion
Disruption of cellular metabolism is a characteristic fea-
ture of the advancement of cancer. Alongside increased
glycolysis, there are often abnormalities in fatty acid
production and lipid oxidation in developing tumors,
which are necessary to fulfill their metabolic needs [42,
43]. Fatty acid production is less active in quiescent cells,
which primarily take up lipids from the extracellular cir-
culation. On the other hand, de novo lipogenesis (DNL),
particularly the production of new fatty acids, plays a
significant role in providing tumor cells with a source
of lipids [44]. In this study, we have discovered that
ZDHHC6 functions as a palmitoyltransferase enzyme
that controls the production of fatty acids. Specifically,
ZDHHC6 directly adds palmitoyl groups to PPARy, a
protein involved in regulating gene expression. This
palmitoylation process stabilizes PPARYy, leading to the
activation of ACLY expression and the subsequent devel-
opment of lipid buildup-related carcinogenesis (Fig. 10).
Alteration of the equilibrium in lipid oxidation and
lipid synthesis is becoming a more significant contributor

®

PPARG
stability increase

(2024) 43:227

Fatty acid systhesis
e, Large

Inhibition of Tumor P S
fatty acid oxidation growth ; ' “
® LI
[\. ‘: f

PPARG =
signaling { o @ PPARG nuclear

activation translocation

e %
@
PPARG

ON ( ZDHHC6 )

©

O] -

Palmitoylation -
upregulation

. >
L ] (;,’.
ZDHHC6 b
ON Cancer

Page 24 of 27

to the development of colorectal cancer (CRC) [45].
This highlights the intricate relationship between can-
cer metabolism and cellular signaling pathways. The
upregulation of enzymes like ACLY is responsible for
this metabolic change, which not only supplies essen-
tial lipids for the formation of cell membranes but also
enhances cancer-causing signaling pathways involved in
cell survival, growth, and specialization [46, 47]. More-
over, the production of particular lipid species can influ-
ence the activation of these pathways, so strengthening
a cancer-promoting milieu. Elevated fatty acid synthesis
also affects cellular energy production and can modify
the tumor microenvironment, so promoting a favor-
able setting for cancer advancement and spread. Inhib-
iting this process of lipid production has demonstrated
encouraging outcomes in impeding tumor growth and
is a tempting target for therapeutic intervention [48, 49].
Unraveling the exact ways in which fatty acid production
and signaling pathways come together could reveal new
possibilities for focused treatments in managing CRC
[50]. The latest findings align with prior studies, although

®

tumor
Q oy
N
Tumor-bearing mice \\
Ky : 2 ) D
& > 4 \
ZDHHC6 ON ZDHHC6 OFF

( ZDHHCS )

stablitiy
Increase

\st’ablmy decrease
=]
e ) =+ G
_}:.i Ly oﬁa&al
PPARG) 2

Transcription OFF

degradation

Transcription ON
Fatty acids synthesis
-tumorigenesis

Tumor growth

Inhibited Tumor Growth

Fig. 10 Palmitoylation stabilizes PPARy by ZDHHC6 via blocking its lysosomal degradation to promotes lipid biosynthesis-associated CRC development.
As a palmitoyltransferase enzyme, ZDHHC6 regulates the synthesis of fatty acids. To be more precise, ZDHHC6 directly attaches palmitoyl groups to PPARY,
a protein that controls the expression of genes. By stabilizing PPARy and blocking its lysosomal degradation, the palmitoylation mechanism triggers the
production of ACLY and subsequently leads to the development of lipid buildup-related CRC carcinogenesis
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they are even more noteworthy. This intensifies our curi-
osity about the sample set and motivates us to investigate
the underlying factors.

Aberrant expression or activation of associated
enzymes leads to alterations in lipidome metabolic bal-
ance [51]. Currently, there is significant research being
conducted on the involvement of zinc finger-aspar-
tate-histidine-cysteine (DHHC)-CRD-type palmitoyl
acyltransferases (ZDHHCs) in the stabilization of onco-
proteins and their impact on the advancement of cancer.
Homo sapiens and Mus musculus encode a combined
total of 23 ZDHHCs. Multiple lines of evidence sug-
gest that ZDHHCs have crucial functions in the pro-
cess of lipogenesis [35, 52]. ZDHHC?2 exhibits aberrant
upregulation in renal cell carcinoma and plays a role in
lipid production and carcinogenesis by modulating the
ZDHHC2-AGK signaling axis [53]. ZDHHCI18 functions
as a palmitoyltransferase for MDH2, promoting the for-
mation of ovarian cancer by maintaining mitochondrial
respiration and reinstating the growth and clonogenic
potential of ovarian cancer cells [54]. ZDHHC3 exacer-
bates the development of nonalcoholic steatohepatitis
(NASH) and the progression of hepatocellular carcinoma
(HCC) associated to NASH by boosting the accumula-
tion of lipids regulated by IRHOM2 and the production
of lipids mediated by FASN signaling [35]. Furthermore,
we have discovered a distinct variation in the expression
of ZDHHC6 between colorectal cancer (CRC) and nor-
mal tissues. Notably, this difference in ZDHHC6 expres-
sion exhibits a substantial association with ACLY and
the biological processes associated to lipid production.
ZDHHCS6 acts as an oncogenic protein in the process of
tumor formation. It is significantly upregulated in various
types of malignancies, including CRC. ZDHHC6 exhib-
its an oncogenic role in conjunction with AEG-1 under
specific circumstances. ZDHHC6 has also been identi-
fied as a predictive gene in the human pathology atlas.
Prior research has shown the varied impacts of ZDHHC6
on biological mechanisms linked to the advancement of
cancer [21]. ZDHHCS6 plays a crucial function in can-
cer by exerting its impact on the growth and viability of
cells. Evidence demonstrates that it stimulates the prolif-
eration of cancerous cells by augmenting the functional-
ity of growth factor receptors, such as epidermal growth
factor receptor (EGFR) and platelet-derived growth fac-
tor receptor (PDGFR) [55, 56]. Furthermore, ZDHHC6
plays a vital role in palmitoylating the PI3K/Akt path-
way, which is essential for cellular longevity and the abil-
ity to fight apoptosis [57, 58]. In addition, ZDHHCG6 has
the ability to regulate metastasis, which is a significant
factor in cancer-related fatalities [14, 59]. It enhances
the invasive and migratory properties of cancer cells via
controlling the production and function of matrix metal-
loproteinases (MMPs) and focal adhesion kinase (FAK).
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ZDHHCG6 also participates in epithelial-mesenchymal
transition (EMT), a biological mechanism linked to
heightened metastatic capability. Moreover, ZDHHC6
has been discovered to influence angiogenesis, the pro-
cess of creating new blood vessels that are necessary
for the development of tumors [58, 60]. It enhances the
release of pro-angiogenic substances such as vascular
endothelial growth factor (VEGF), which stimulates the
growth and creation of blood vessels by increasing the
number of endothelial cells. Nevertheless, our findings
indicate that ZDHHCS6 facilitates the production of fatty
acids from scratch in colorectal cancer (CRC). Further-
more, the atypical buildup of lipids induced by ZDHHC6
was partially reliant on the heightened expression of
ACLY. ACLY, a pivotal enzyme regulating the production
of new lipids, enhances the progression of CRC. Further-
more, the heightened expression of ACLY enhances the
production of fatty acids and stimulates the formation
of tumors. Our investigation revealed that specifically
reducing the activity of ACLY significantly suppressed
the promotion of tumor growth and the enhancement
of fatty acid production induced by overexpression of
ZDHHCe.

PPARYy is a crucial transcription factor that controls
the production of lipids by increasing the transcription
of enzymes involved in lipid synthesis, such as ACLY
[61]. It exhibits significant expression in adipocytes and
plays a role in the absorption, production, and retention
of lipids. In this study, we discovered that PPARy plays
a role in the upregulation of ACLY by ZDHHCS6 in the
nucleus. Additionally, we showed that the palmitoylation
of PPARy by ZDHHC6 is essential for stabilizing
PPARy and allowing its incorporation into the nucleus.
Increased expression of PPARy stimulates the production
of lipids and the development of tumors, together with
the activation of ACLY in colorectal cancer (CRC). Our
work discovered that ZDHHC6 may function as a pre-
cursor to ACLY. Nevertheless, regardless of the presence
or absence of ACLY, ZDHHCS still enhances the expres-
sion of PPARy. Thus, ZDHHCS6 has a role in stabilizing
PPARy regardless of ACLY expression, indicating that
ZDHHCE is involved in numerous regulatory pathways.
Furthermore, during transportation to the cell nucleus,
PPARy can undergo several posttranslational changes
that can impact its activity, stability, and interaction with
other molecules. ZDHHC6’s role in colon cancer lipid
metabolism underscores a multifaceted regulatory mech-
anism that supports tumor growth and survival. Under-
standing the precise molecular interactions and pathways
modulated by ZDHHC6-mediated palmitoylation will
be essential for developing targeted therapies. Future
research should focus on elucidating these mechanisms
and exploring the therapeutic potential of ZDHHC6 inhi-
bition in colon cancer treatment.
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In summary, we demonstrate that ZDHHC6 stabilizes
PPARy through enhancing palmitoylation and greatly
reducing its lysosomal degradation progress. The Cys-
313 location at the DBD domain of PPARy has been
determined to be significant for the palmitoylation of
PPARy by ZDHHC6. PPARY knockdown, in the mean-
time, eliminated the increase in ACLY expression and
significantly reduced both carcinogenesis and fatty acid
production induced by ZDHHCS6 overexpression in CRC
cells and xenograft tissues. Furthermore, patients who
have colorectal cancer (CRC) and exhibit high expres-
sion levels of both ZDHHCG6 and PPARYy tend to have an
unfavorable prognosis and lower overall survival rates.
To summarize, we have discovered a previously unknown
signaling pathway called ZDHHC6-PPARy pathway.
This signaling is crucial in the process of lipid biosynthe-
sis and CRC carcinogenesis. It also presents a potential
target for cancer therapy that focuses on inhibiting fatty
acid production.
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