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The highly expressed GOLPHS3 in colorectal cancer cells activates
smoothened to drive glycolysis and promote cancer cell growth
and radiotherapy resistance
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Background: Colorectal cancer (CRC) is a frequently diagnosed cancer across the world and has
increased in prevalence over the last decade. This study aimed to assess the biological roles, influences on
radiosensitivity, and possible molecular mechanism of Golgi phosphoprotein 3 (GOLPH3) in CRC.
Methods: Western blotting, quantitative real-time polymerase chain reaction (QRT-PCR), and
immunohistochemistry (IHC) were used to examine GOLPH3 expression. In vive and in vitro assays were
carried out to clarify the function of GOLPH3 in CRC. The differentially expressed genes (DEGs) in CRC
cells with knockdown of GOLPH3 were identified through RINA sequencing (RNA-seq). Based on the DEGs
associated with GOLPH3 knockdown and the data from The Cancer Genome Atlas (TCGA) database,
the pathways that could be regulated by GOLPH3 were predicted via Kyoto Encyclopedia of Genes and
Genomes (KEGGQG) enrichment analysis.

Results: In CRC, GOLPH3 was upregulated, and GOLPH3 upregulation was predictive of a poor
prognosis. GOLPH3 knockdown inhibited CRC cell proliferation, migration, and invasion but promoted
apoptosis and reduced radiotherapy resistance. Conversely, in CRC cells with GOLPH3 overexpression,
malignant biological behavior and radiotherapy resistance were enhanced. In vivo, GOLPH3 knockdown
impeded tumor growth. Mechanistically, GOLPH3 promoted the localization of smoothened (SMO) on the
cell membrane, thereby activating AMP-activated protein kinase (AMPK)-mediated glycolysis. Additionally,
the final product of glycolysis, lactate, induced H3 lysine 18 lactylation (FI3K18), which could be enriched
on the promoter of GOLPH3 and stimulate the transcription of GOLPH3.

Conclusions: GOLPH3 promoted CRC progression and enhanced radiotherapy resistance via glycolysis
mediated by the SMO-AMPK axis.
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Introduction

As a frequently diagnosed cancer, colorectal cancer (CRC)
accounted for approximately 550,000 new cancer cases and
286,000 deaths in China in 2020 (1). Over the past decade,
CRC prevalence has declined in industrialized nations but
has risen in China (2). In patents with CRC, the primary
causes of treatment failure and death are distant metastasis
and recurrence (1,3). Most patients with late-stage CRC
are defined as initially unresectable, and the 5-year overall
survival (OS) rate of these patients is less than 20% (4-6).
Despite the significant progress made in refining molecular
and immunological methods, the prognosis and treatment of
advanced CRC remain unsatisfactory (7,8). In recent years,
the standard treatment for CRC, especially local advanced
rectal cancer, has included neoadjuvant radiotherapy (7,9).
However, in clinical practice, treatment failure often occurs
due to original or gradually adaptive radiotherapy resistance
(10,11). Therefore, clarifying the molecular mechanisms
related to radioresistance is critical for improving the
prognosis of patients with CRC.

Golgi phosphoprotein 3 (GOLPH3) is located on the
opposite sides of the Golgi apparatus, and its role involves
protein glycation, protein classification, vesicle transport,
and maintenance of the Golgi banding structure (12-14).
Recently, GOLPH3 has been reported to affect the

progression of various cancers. For example, in breast
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cancer (BC), GOLPH3 expression has been shown to be
upregulated and its high expression associated with the poor
prognosis (15). In pancreatic ductal adenocarcinoma (PDAC),
GOLPH3 interacts with stress-induced phosphoprotein 1
and regulates telomerase activity to upregulate cell cycle-
related proteins and facilitate tumor cell growth (16). In non-
small cell lung cancer, GOLPH3 overexpression increases
tumorigenicity and metastasis through activating Wnt/
B-catenin pathway (17). In addition, GOLPH3 knockdown
sensitizes lung adenocarcinoma cells to X-ray irradiation (18).
The interaction between GOLPH3 and myosin-18A causes
Golgi dispersal, impairing Golgi trafficking to enable cell
survival after DNA damage (18). Gao et 4/. found that
GOLPH3 promotes sorafenib resistance and angiogenesis
in hepatocellular carcinoma (19). Yu et a/. reported that
oxaliplatin resistance of colon cancer cells could be reversed
via the inhibition of GOLPH3, which may be related to the
suppression of the phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of the rapamycin (mTOR) pathway (20).
However, whether GOLPH3 is involved in the radiotherapy
resistance of CRC cells has not yet been fully determined.

In this study, we assessed GOLPH3 expression in terms
of its prognostic value for CRC. Next, we examined the
biological and radiosensitivity regulating effects of GOLPH3
on CRC cells by performing 7z vitro experiments. To further
clarify the molecular mechanisms underlying GOLPH3’s
role in CRC, Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis was performed based on the
data from RNA sequencing (RNA-seq) and The Cancer
Genome Atlas (TCGA) database. Finally, GOLPH3’s roles
and the related molecular mechanisms were confirmed
in vivo. We present this article in accordance with the
ARRIVE and MDAR reporting checklists (available at
https://jgo.amegroups.com/article/view/10.21037/jgo-
2025-193/rc).

Methods
Bioinformatics analysis

The messenger RNA (mRNA) expression data and
related clinical data of CRC in TCGA were obtained
from the UCSC Xena database (http://xena.ucsc.edu/).
Differential expression analysis was performed using the
R package “DESeq2” version 1.44.0 (The R Foundation
of Statistical Computing, Vienna, Austria). The R package
“clusterProfiler” version 4.12.2 was used for KEGG
enrichment analysis. The graphical visualization was
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implemented via the R package “ggplot2” version 3.5.1. All
statistical analyses were conducted using R software version
4.4.1. Statistical significance was defined as a P value
less than 0.05. The differences between the two groups
were compared using the Wilcoxon test. Survival analysis
was performed through the Kaplan-Meier method. For
correlation analysis, the Spearman correlation coefficient
was calculated.

Human specimens

This study was conducted in accordance with the
Declaration of Helsinki and its subsequent amendments.
The study was approved by the Ethics Committee of
Shandong Cancer Hospital & Institute Affiliated to
Shandong First Medical University (No. SDTHEC
2023006022) and informed consent was taken from
all the patients. CRC tissue and adjacent tissue from
41 patients were collected at Shandong Cancer Hospital &
Institute Affiliated to Shandong First Medical University
between July 2023 and June 2024. None of the patients
underwent antitumor therapy, including immunotherapy,
chemotherapy, targeted therapy, and surgery.

Cell culture

Human CRC cell lines (LoVo, SW480, HT-29, and HCT-
116) were purchased from Nanjing Cobioer Biosciences
Co., Ltd. (Nanjing, China). LoVo and SW480 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM,;
Sigma-Aldrich, St. Lous, MO, USA). HT-29 and HCT-
116 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma-Aldrich) and McCoy’s 5a
medium (Sigma-Aldrich), respectively. All media were
mixed with 10% fetal bovine serum (FBS; Sigma-Aldrich).
At 37 °C, all cells were grown in an incubator with a 5%

CO, atmosphere.

Cell transfection

According to the manufacturer’s instructions, transfection
was carried with Lipofectamine 3000 (Invitrogen, Themo
Fisher Scientific, Waltham, MA, USA). HCT-116 cells
were transfected with GOLPH3 overexpression vector
(OE-GOLPH3) and negative control vector (OE-NC).
SW480 cells were transfected with small interfering
RNA (siRNA) targeting GOLPH3 (sil-GOLPH3,
5'-GTGGCTGTATGTTAATTGAAT-3"; si2-GOLPH3,
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5'-GCATTGAGAGGAAGGTTACAA-3") and scrambled
siRNA (si-NC, 5'-GTGTTAAATCTAGTGTGAGTT-3").
OE-GOLPH3, OE-NC, sil-GOLPH3, si2-GOLPH3,
and si-NC were synthesized by Shanghai GenePharma Co.,
Ltd. (Shanghai, China).

Radiosensitivity assay

HCT-116 and SW480 cells were subjected to different
doses of X-ray (0, 2, 4, and 6 Gy) via a 6-MV linear
accelerator (Elekta, Stockholm, Sweden). To assess
GOLPH3’s effects on CRC radiotherapy resistance, HCT-
116 and SW480 cells were subjected to ionizing radiation
(IR) after transfection.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Through TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA), RNA was extracted from tissues and cells.
Next, complement DNA (cDNA) was generated with a
PrimeScriptRT reagent kit (Takara Bio, Kusatsu, Japan).
Power SYBR Green PCR master mix (Applied Biosystems,
Thermo Fisher Scientific) was employed for performing
qRT-PCR. The quantification of GOLPH3 expression

was calculated according to Pt

method. The primers’
sequence information is as follows: GOLPH3 forward,
5'-AAGGACCGCGAGGGTTACAC-3"; GOLPHS3 reverse,
5'-CGTCTCATTCCACAAGCCTCT-3"; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) forward,
5'-GAATGGGCAGCCGTTAGGAA-3'; and GAPDH

reverse, 5'-CCCAATACGACCAAATCAGAGA-3'.

Western blotting

Proteins in cells and tissues were extracted using RIPA lysis
buffer (Beyotime Biotechnology, Nantong, China). After
being subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (Thermo
Fisher Scientific). The membrane was incubated at
4 °C with primary antibodies acquired from Proteintech
[GOLPH3, 19112-1-AP; GAPDH, 10494-1-AP; B cell
lymphoma-2 (Bcl-2), 12789-1-AP; BCL2-associated X
(Bax), 50599-2-Ig; cleaved (C)-caspase-3, 82707-13-RR;
E-cadherin, 20874-1-AP; N-cadherin, 22018-1-AP;
Vimentin, 80232-1-RR; AMP-activated protein kinase
(AMPK), 10929-2-AP; phosphorylated (p)-AMPK, 83924-
1-RR; pyruvate kinase M2 (PKM2), 15822-1-AP; Histone
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H3, 17168-1-AP; Rosemont, IL, USA], PTM Biolabs [H3
lysine 18 lactylation (H3K18la), PTM-1406RM; Chicago,
IL, USA], and Abcam (Snail, ab216347; Cambridge,
UK) after being blocked with 5% nonfat milk. The
next day, a secondary antibody (ab7090; Abcam) was
used to incubate the membrane for 1 hours. After being
visualized by an enhanced chemiluminescence (ECL) kit
(Thermo Fisher Scientific), protein bands were gauged
via Image] software (US National Institutes of Health,
Bethesda, MD, USA).

Cell Counting Kit-8 assay (CCK-§)

After being seeded in 96-well plates, HCT-116 and
SW480 cells were cultured for 12, 24, 48, and 72 hours,
respectively. Subsequently, cells were exposed to CCK-8
reagents (Dojindo, Kumamoto, Japan). Two hours later, at a
wavelength of 450 nm, the optical density (OD) was tested
with a microplate reader (Thermo Fisher Scientific).

Colony formation

HCT-116 and SW480 cells were seeded in six-well
plates. Two weeks later, cells were fixed and stained in
4% paraformaldehyde (PFA; Solarbio, Beijing, China)
and crystal violet (Sigma-Aldrich), respectively. Finally,
the number of colonies with more than 50 cells was
counted.

S-Ethynyl-2-deoxyuridine (EAU) assay

HCT-116 and SW480 cells were inoculated in 24-
well plates. After being exposed to EdU assay (RiboBio,
Guangzhou, China) for 2 hours, cells were fixed by 4% PFA
and then treated with 0.5% Triton X-100 (Sigma-Aldrich).
Subsequently, cell nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI; Beyotime Biotechnology). Under
a fluorescence microscope (Olympus, Tokyo, Japan), we
observed EdU-positive cells.

Flow cytometry

After indicated treatment, HCT-116 and SW480 cells were
resuspended in Annexin V-FI'TC binding buffer (Beyotime
Biotechnology). Annexin V-FITC and propidium iodide (PI)
were used for incubating cells in the dark. Twenty minutes

later, cell apoptosis was analyzed via flow cytometry (BD
Biosciences, Franklin Lakes, NJ, USA).
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Wound bealing assay
HCT-116 and SW480 cells were inoculated into six-

well plates and cultured in serum-free medium. A wound
was created with a 200-pL sterile pipette tip when cell
confluence reached 100%. Twenty-four hours later, the
images of wound healing were recorded under a microscope
(Leica, Wetzlar, Germany).

Transwell assay

HCT-116 and SW480 cell migration and invasion were
assessed through the use of Transwell chambers (Costar-
Corning, NY, USA). In brief, a serum-free cell suspension
was added into the upper compartment of a migration
(Matrigel-uncoated insert) or invasion (Matrigel-coated
insert) chamber, and medium supplemented with 10% FBS
was added into the lower chamber. After 24-hour culturing,
the migrated and invaded cells were fixed and stained
with 4% PFA and crystal violet, respectively. Finally, the
number of migrated and invaded cells was recorded under a
microscope.

Microarray analysis

RNA in SW480 cells with si-GOLPH3 or si-NC
transfection was extracted for second-generation RINA-seq.
Through TRIzol, total RNA was separated and purified.
The amount and purity of total RNA were measured using
the NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific), and the integrity of RNA was tested with the
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA). When the concentration was >50 ng/pL, RNA
integrity number (RIN) value >7.0, and total RNA >1 pg,
the subsequent experiments were performed. The mRNA
with PolyA was specifically captured through two rounds
of purification using oligo magnetic beads (Thermo Fisher
Scientific). The obtained mRNA was fragmented using
the NEBNextR Magnesium RNA Fragmentation Module
(New England Biolabs, Ipswich, MA, USA) at 94 °C for
5-7 minutes. The fragmented RNA was synthesized into
c¢DNA via SuperScript II Reverse Transcriptase (Invitrogen,
Thermo Fisher Scientific). Next, Escherichia coli DNA
polymerase I (New England Biolabs) and RNase H (New
England Biolabs) were used for second strand synthesis, and
then these complex double-strands of DNA and RNA were
to converted into DNA double strands. Moreover, dUTP
solution (Thermo Fisher Scientific) was incorporated into
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second strands. The blunt ends of double-stranded DNA
were filled, and then an A base was added to each end to
enable it to be connected to a linker with a T base at the
end. The fragment size was screened and purified using
magnetic beads. The second strand was digested with
UDG enzyme (New England Biolabs), and then subjected
to polymerase chain reaction (PCR) to form a library with
a fragment size of 300+50 bp (strand-specific library). The
PCR protocol was as follows: predenaturation at 95 °C for
3 minutes, denaturation at 98 °C for a total of 8 cycles of
15 seconds each, annealing at 60 °C for 15 seconds, extension
at 72 °C for 30 seconds, and final extension at 72 °C for
5 minutes. Finally, we used the Novaseq'" 6000 (Illumina,
San Diego, CA, USA) under the PE150 sequencing mode to
perform double-end sequencing.

Measurement of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR)

The changes of ECAR and OCR in HCT-116 and SW480
cells were assessed with the Seahorse XFp Metabolic
Analyzer (Agilent). In brief, cells (1x10’ cells per well) were
cultured in a Seahorse XFp cell culture plate (Agilent)
overnight. Before OCR measurement for 1 hour in a CO,-
free incubator, cells were maintained in XF base medium
containing 10-mM of glucose, 2-mM of glutamine, and
1-mM of pyruvate. Next, cells were incubated with 2-pM of
oligomycin, 1-pM of carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), and 0.5 of pM rotenone
and antimycin A. For ECAR measurement, cells were
maintained in XF base medium containing 2-mM of
glutamine for 1 hour. Next, the cells were incubated with
10-mM of glucose, 1-pM of oligomycin, and 50-mM of
2-deoxyglucose 2DG).

Measurement of glucose uptake

Glucose uptake was determined via a glucose uptake
colorimetric assay kit (ab136955; Abcam). Briefly, after
glucose starvation, HCT-116 and SW480 cells were
exposed to 2DG for 20 minutes, washed with phosphate
buffered saline (PBS), and then lysed with extraction buffer.
The lysates were incubated with neutralizing buffer. After
centrifugation, the supernatants were incubated with reaction
mix A. One hour later, the samples were extracted and
heated at 90 °C for 40 minutes. After being cooled on ice, the
samples were incubated with reaction mix B. At 412 nm, the
absorbance was recorded by a microplate reader.
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Measurement of lactate level

The lactate level was determined with the L-Lactate Assay
Kit (ab65331; Abcam). Briefly, after the indicated treatment,
cell culture supernatants were collected and then added
with reaction mix. Thirty minutes later, at 450 nm, the
absorbance was recorded with a microplate reader.

Chromatin immunoprecipitation (ChIP) assay

The Pierce Magnetic ChIP Kit (Thermo Fisher Scientific)
was employed for completing ChIP assay. In brief, cells were
exposed to 1% formaldehyde (Sigma-Aldrich) and then
sonicated to obtain DNA fragments. Next, DNA fragments
were incubated with anti-IgG (30000-0-AP; Proteintech) or
anti-H3K18la-ChIP grade (PTM-1427RM; PTM Biolabs)
at 4 °C. The next day, DNA-protein immunocomplexes
were obtained with protein A/G magnetic beads. After being
eluted and purified, DNA samples were subjected to PCR.

Xenograft mice model

Animal experiments were performed under a project
license (No. SDTHEC 2023006021) granted by the
Animal Ethics Committee of Shandong Cancer Hospital &
Institute Affiliated to Shandong First Medical University,
in compliance with the guidelines of Shandong Cancer
Hospital & Institute Affiliated to Shandong First Medical
University for the care and use of animals. A protocol
was prepared before the study without registration.
Mice (GemPharmatech, Nanjing, China) in the sh-
NC group (n=5) and sh-GOLPH3 group (n=5) were
subcutaneously injected with SW480 cells with sh-NC or
sh-GOLPH3 transfection. The xenograft tumor volume
was measured every 3 days from the 10" day of injection.
At the 31" day of injection, all mice were euthanized, and
tumors were removed to be weighed and subjected to
immunohistochemistry (IHC), immunofluorescence (IF),
terminal-deoxynucleoitidyl transferase mediated nick end

labeling (TUNEL) assay, and Western blotting.

IHC analysis

Tissues were embedded in paraffin after being fixed in 4%
PFA and dehydrated in gradient alcohol. After being cut,
tissue sections were exposed to 3% H,0, and then blocked
through application of 4% normal goat serum (Invitrogen).
Before being incubated with secondary antibody (ab7090),
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sections were incubated at 4 °C overnight with primary
antibodies (GOLPH3, 19112-1-AP; H3K18la, PTM-
1406RM; Ki67, 84432-1-RR; Proteintech). After being
stained with DAB (Beyotime Biotechnology), sections were
counterstained with hematoxylin (Beyotime Biotechnology).
Finally, under a microscope, sections were examined.

TUNEL staining

The One Step TUNEL Apoptosis Assay Kit (Beyotime
Biotechnology) was applied for detecting cell apoptosis. In brief,
tissue sections were incubated for 20 minutes with protease K
without DNase. After being washed with PBS, sections were
exposed to TUNEL reaction mixture for 60 minutes in the
dark. DAPI was applied for counterstaining sections. Under a
fluorescence microscope, TUNEL positive cells were surveyed.

IF staining

For tissue, sections underwent antigen retrieval via application
of sodium citrate buffer. For cells, HCT-116 and SW480 cells
were fixed with 4% PFA and permeabilized in Triton X-100.
Before being incubated with primary antibodies, including
smoothened (SMOj; 20787-1-AP; Proteintech), PKM?2 (15822-
1-AP; Proteintech), and H3K18la (PTM-1406RM; PTM
Biolabs), sections or cells were incubated with goat serum for
1 h. subsequently, sections were incubated with secondary
antibodies (ab150077 or ab150080; Abcam) and then stained
with DAPIL. Finally, SMO expression was analyzed under a
fluorescence microscope.

Statistical analysis

Statistical analyses were conducted with GraphPad Prism
software (Dotmatics, Boston, MA, USA). Experiments were
repeated three times independently. All data are displayed
as the mean = standard deviation. A P value less than
0.05 indicated statistical significance. The statistical
significance was determined via a Student’s 7-test and one-
way analysis of variance (ANOVA).

Results

GOLPH3 expression was corvelated with poor survival of
patients with CRC

To investigate the correlation between GOLPH3 expression
and CRC progression, Kaplan-Meier survival analysis
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was performed based on the data from TCGA database.
Superior survival was observed in patients with CRC with
low GOLPH3 expression (Figure 14). Next, we assessed
GOLPHS3 expression in CRC tissues and their corresponding
adjacent tissues. As displayed in Figure 1B-1D, GOLPH3
expression was markedly elevated in CRC tissues.
Furthermore, GOLPH3 was overexpressed in CRC cell
lines; and it was noticed that GOLPH3 was highly expressed
in SW480 cells while weakly expressed in HCT-116 cells

(Figure 1E).

GOLPH3 promoted CRC cell proliferation and inbibited
apoptosis

To further elucidate GOLPH3’s biological functions
in CRC, GOLPH3 overexpression was induced in
HCT-116 cells with lower GOLPH3 expression, and
GOLPH3 was knocked down in SW480 cells with higher
GOLPH3 expression (Figure 2A4). As seen in Figure 2B,
cell viability was promoted by GOLPH3 overexpression
and inhibited by GOLPH3 knockdown. Additionally,
GOLPH3 overexpression facilitated cell proliferation, but
cell proliferation was suppressed by GOLPH3 knockdown
(Figure 2C,2D). Flow cytometry revealed that cell apoptosis
was reduced via GOLPH3 overexpression and increased
by GOLPH3 knockdown (Figure 2E). Moreover, GOLPH3
overexpression increased Bel-2 expression and decreased
Bax and C-caspase-3 expression, but GOLPH3 knockdown
produced the opposite effect (Figure 2F).

GOLPH3 promoted CRC cell migration and invasion

Similar to cell proliferation and apoptosis, CRC cell
migration and invasion were also influenced by GOLPH3.
Cell migration and invasion were promoted by GOLPH3
overexpression and inhibited by GOLPH3 knockdown
(Figure 34,3B). Furthermore, GOLPH3 overexpression
in HCT-116 cells decreased E-cadherin expression and
increased Snail, N-cadherin, and Vimentin expression, while
the reverse was observed in SW480 cells with GOLPH3
knockdown (Figure 3C).

GOLPH3 promoted radiotherapy resistance of CRC cells

Next, we investigated GOLPH3’s change during
radiotherapy for CRC. As shown in Figure 44, X-rays
increased GOLPH3 expression in a dose-dependent
manner. As indicated by CCK-8 assay, colony formation
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Figure 1 GOLPH3 expression was correlated with poor survival in patients with CRC. (A) Based on TCGA database, the correlation
between GOLPH3 expression and survival of patients with CRC was assessed through Kaplan-Meier survival analysis. In CRC and normal
tissues, GOLPH3 expression was examined via (B) IHC, (C) qRT-PCR, and (D) Western blotting. (E) GOLPH3 expression in CRC cell
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chain reaction.

assay, and flow cytometry, GOLPH3 overexpression In addition, GOLPH3’s effects on DNA double-strand
promoted HCT-116 cell viability and proliferation and breaks (DSBs) were detected. GOLPH3 overexpression
inhibited apoptosis under X-ray, but GOLPH3 knockdown in HCT-116 cells reversed the increase of y-H2AX
enhanced radiosensitivity in SW480 cells (Figure 4B-4D). induced by IR, while GOLPH3 knockdown in SW480 cells
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Figure 2 GOLPH3 promoted CRC cell proliferation and inhibited apoptosis. (A) GOLPH3 expression in HCT-116 and SW480 cells was
analyzed via Western blotting. (B) HCT-116 and SW480 cell viability was analyzed using CCK-8 assay. (C) Colony formation assay followed
by crystal violet staining and (D) EdU staining were performed for assessing HCT-116 and SW480 cell proliferation. Scale bar =100 pM.
(E) HCT-116 and SW480 cell apoptosis was analyzed via flow cytometry. (F) Bcl-2, Bax, and C-caspase-3 expression were checked by
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© AME Publishing Company. 7 Gastrointest Oncol 2025;16(2):415-434 | https://dx.doi.org/10.21037/jgo-2025-193



Journal of Gastrointestinal Oncology, Vol 16, No 2 April 2025

423

A HCT-116 SW480
OE-NC OE-GOLPH3 si-NC si1-GOLPH3 si2-GOLPH3 HCT-116 SW480
T =i ; © x 80
s £ 60
E 2 -
ke 3 40
© °
° S 20
> (o]
2 =0
24h S G
o 0
B & PP
HCT-116 Sw480
HCT-116 Sw480
. 500 ! 400
s 5400 8300
=R w  E
g %300 3200 ok
200 = o W
i e 100
: 8100 ©
S o 0
§ ; Migration Invasion Migration  Invasion
= . B OENG BN siNC
B OE-GOLPH3 [ si1-GOLPH3
I si2-GOLPH3
C
O o o
S o S, g Swaeo ‘
FF LY 15 B OE-NC . mm SENG
Snail | e em— - % . e I OE-GOLPH3 < 10 [ si1-GOLPH3
VIMENtin | e e | | e— a—a— b2 1.0 g : £ si2-GOLPH3
N-cadherin S Y
—— | - o 05 -20.5
E-cadherin | e e | o= - - '% ©
GAPDH | qe ws | | e e & 0o ¢ 00
& & & R
HCT-116  SW480 s & &

Figure 3 GOLPH3 promoted CRC cell migration and invasion. (A) HCT-116 and SW480 cell migration were assessed via wound healing
assay. Scale bar =500 uM. (B) HCT-116 and SW480 cell migration and invasion were assessed via Transwell assay followed by crystal violet
staining. (C) Snail, Vimentin, N-cadherin, and E-cadherin expression were checked by Western blotting in HCT-116 and SW480 cells.
**, P<0.01 or ***, P<0.001 vs. si-NC or OE-NC group. OE-NC, overexpression negative control; GOLPH3, Golgi phosphoprotein 3;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CRC, colorectal cancer.

displayed the opposite effect (Figure 4E).

GOLPH3 promoted the membrane translocation of SMO
in CRC cells

To further clarify the molecular mechanism underlying
GOLPH3’s effect in CRC, RNA-seq was performed
in SW480 cells with knockdown of GOLPH3. The
differentially expressed genes (DEGs) between si-NC
and si-GOLPH3 groups are shown in in Figure 5A, while
the upregulated and downregulated genes are shown in
Figure 5B. Next, we conducted KEGG enrichment

© AME Publishing Company.

analysis on these DEGs and found that these DEGs were
enriched in many pathways, including Hedgehog signaling
pathway (Figure 5C,5D). Based on TCGA database, KEGG
enrichment analysis was also conducted. The results
revealed that Hedgehog signaling pathway and glycolysis
were regulated by GOLPH3 (Figure SE,5F). A previous
study indicated that SMO, a key protein in Hedgehog
signaling pathway, could affect the glycolytic process in cells
through regulating AMPK (21). In process of the infinite
proliferation of cancer cells, glycolysis is a key pathological
factor. Therefore, we speculated that SMO/AMPK
pathway-mediated glycolysis might be the underlying
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Figure 4 GOLPH3 promoted the radiotherapy resistance of CRC cells by inhibiting DSBs. (A) GOLPH3 expression was assessed by
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Figure 5 GOLPH3 promoted the membrane translocation of SMO in CRC cells. (A) Heat map and (B) volcano plot of DEGs after RINA-
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RNA sequencing; NC, negative control; TCGA, The Cancer Genome Atlas; NES, normalized enrichment score; OE-NC, overexpression

negative control; IF, immunofluorescence.
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mechanism involved in the oncogenic effect of GOLPH3.
GOLPHS3 is located on the Golgi apparatus and is mainly
responsible for protein transport (22). SMO is mainly
localized on the cell membrane. Through RNA-seq and
TCGA analysis, we found that GOLPH3 affected Hedgehog
signaling pathway and glycolysis but exerted no significant
effect on the expression of SMO protein (Figure 5B).
Therefore, we speculated that GOLPH3 might promote
SMO’s membrane translocation and enhance its activity.
As expected, IF indicated that GOLPH3 overexpression
promoted the localization of SMO on the cell membrane,
while GOLPH3 knockdown inhibited the localization of
SMO on the cell membrane (Figure 5G).

GOLPH3 promoted CRC cell glycolysis via activation of
SMO/AMPK signaling

To verify our hypothesis that GOLPH3 could regulate
CRC cell glycolysis, we examined CRC cell metabolism.
GOLPH3 overexpression increased ECAR level and
decreased OCR level in HCT-116 cells, while GOLPH3
knockdown decreased ECAR level and increased OCR
level in SW480 cells (Figure 6A4). Moreover, GOLPH3
overexpression enhanced glucose uptake and lactate
production, while glucose uptake and lactate production
were inhibited by GOLPH3 knockdown (Figure 6B,6C).
The results of Western blotting revealed that GOLPH3
overexpression raised the levels of p-AMPK/AMPK, and
PKM2, while GOLPH3 knockdown led to the opposite
(Figure 6D). In addition, we used SMO agonist (SAG)
and AMPK agonist (GSK621) to treat SW480 cells with
GOLPH3 knockdown and found that the addition of
SAG and GSK621 could reverse the inhibitory effect
of GOLPH3 knockdown on glucose uptake and lactate
production (Figure 6E).

The lactate produced by CRC cells during glycolysis further
increased GOLPH3 expression through H3K18la

An increasing number of studies have found that the
glycolysis product lactate can cause protein lactylation
modification, thereby affecting protein stability and
expression (23-25), with H3K18la being the most
intensely studied. Through Western blotting analysis, we
found that H3K18la expression was increased in CRC
tissues (Figure 7A4), suggesting that H3K18 lactylation
is common in CRC. Next, we sought to determine
whether the lactylation of H3K18la affected GOLPH3

© AME Publishing Company.
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expression in HCT-116 and SW480 cells. We found
that GOLPH3 expression increased with the increase in
lactate concentration (Figure 7B). In contrast, glycolysis
inhibitor (2DG) and LDHA inhibitor (oxamate) inhibited
GOLPH3 expression in a concentration-dependent manner
(Figure 7C,7D). Furthermore, oxamate inhibited H3K18la
expression, but Nala (sodium lactate) reversed the inhibitory
effect of oxamate on GOLPH3 and H3K18la expression
(Figure 7E). In addition, the results of the ChIP and qPCR
assay indicated that H3K18la was enriched on the GOLPH3
promoter, but 2DG and oxamate reduced the enrichment of
H3K18la in the GOLPH3 promoter (Figure 7E7G).

GOLPH3 knockdown inbibited the oncogenicity of CRC

cells in vivo

To assess GOLPH3’s role in vivo, xenograft tumor experiments
were conducted in mice. Mice in the sh-GOLPH3 group
had smaller tumor volume and weight (Figure 84-8C).
Compared to the sh-NC condition, GOLPH3 knockdown
reduced the number of Ki-67-positive cells and increased
the proportion of apoptotic cells in tumor tissues
(Figure 8D). Additionally, GOLPH3 knockdown decreased
the abundance of SMO, PKM2, and H3K18la-positive cells
in tumor tissues (Figure 8E,8F). Western blot analysis also
confirmed that GOLPH3 knockdown inhibited GOLPH3,
p-AMPK, PKM2, and H3K18la expression in tumor tissues
(Figure 8G,8H).

Discussion

CRC has emerged as a worldwide health concern due to its
high mortality (26,27). Therefore, the mechanism of CRC
pathogenesis and novel targets for CRC treatment urgently
need to be defined. As a phosphatidylinositol 4-phosphate
(PI4P) binding protein, GOLPH3 is required for the
regulation of Golgi glycosylation, vesicle trafficking, Golgi
ribbon structure maintenance, and mitochondrial cardiolipin
production (28,29). Recent studies have demonstrated that
GOLPHS3 expression is elevated in various cancers, such as
BC, PDAC, prostate cancer, and glioma (15,16,30,31). In
our study, we additionally found that GOLPH3 expression
was increased in CRC tissues and cells and that a high
expression of GOLPH3 was predictive of a poor prognosis.
In vitro experiments suggested that GOLPH3 overexpression
promoted CRC cell proliferation, migration, and invasion
but inhibited apoptosis, as evidenced by the increase in
Bcl-2, Snail, N-cadherin, and Vimentin expression and the
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Figure 6 GOLPH3 promoted CRC cell glycolysis via activation of SMO/AMPK signaling. (A) ECAR and OCR levels in HCT-116 and
SW480 cells. (B) Glucose uptake in HCT-116 and SW480 cells. (C) Lactate level in HCT-116 and SW480 cells. (D) AMPK, p-AMPK, and
PKM2 expression were checked by Western blotting in HCT-116 and SW480 cells. (E) Glucose uptake and lactate level in SW480 cells. **
P<0.01, ***, P<0.001 vs. si-NC or OE-NC group. GOLPH3, Golgi phosphoprotein 3; SMO, smoothened; AMPK, AMP-activated protein
kinase; PKM2, pyruvate kinase M2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CRC, colorectal cancer; ECAR, extracellular
acidification rate; OCR, oxygen consumption rate; OE-NC, overexpression negative control; 2DG, 2-deoxyglucose; FCCP, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone.

decrease in Bax, C-caspase-3, and E-cadherin expression. growth iz vive. These findings suggest that GOLPH3 exerts
Meanwhile, GOLPH3 knockdown reduced CRC cell carcinogenic effects within CRC.

proliferation, migration, and invasion but promoted In patients with locally advanced tumor, radiotherapy
apoptosis. Notably, GOLPH3 knockdown suppressed tumor can provide effective tumor control (9,32). However,
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Figure 7 The lactate produced by CRC cells during glycolysis further increased GOLPH3 expression through H3K18la. (A) In CRC and
normal tissues, H3K18la expression was checked using Western blotting. (B-D) GOLPH3 expression was assessed with Western blotting in
HCT-116 and SW480 cells. (E) In HCT-116 and SW480 cells, GOLPH3 and H3K18la expression were assessed via Western blotting. (E,G)
ChIP-qPCR assay was performed for detecting the enrichment of H3K18la on the GOLPH3 promoter. ***, P<0.001 vs. IgG or H3K18la
group. GOLPH3, Golgi phosphoprotein 3; H3K18la, H3 lysine 18 lactylation; N'T, non-tumor; T, tumor; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; IgG, immunoglobulin G; CRC, colorectal cancer; 2DG, 2-deoxyglucose; ChIP-qPCR, chromatin

immunoprecipitation-quantitative polymerase chain reaction.

radioresistance response seriously threatens the quality of
life of patients with CRC. In this study, we found that X-rays
increased GOLPH3 expression in CRC cells. Furthermore,
under IR, GOLPH3 overexpression promoted CRC cell
proliferation and inhibited apoptosis, while GOLPH3
knockdown produced the opposite result. These results
indicate that GOLPH3 enhances radiotherapy resistance in

© AME Publishing Company.

CRC cells. IR primarily eliminates tumor cells by inducing
DNA damage, with DSBs being the most severe type of
DNA damage (33). Tumor cells’ sensitivity to radiation
largely depends on their ability to recognize and respond to
DSBs (34). In our study, GOLPH3 overexpression decreased
y-H2AX (a sensitive DSB marker) expression under IR,
while GOLPH3 knockdown further increased y-H2AX
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Figure 8 GOLPH3 knockdown inhibited the oncogenicity of CRC cells iz vivo. (A) Image of the xenograft tumor. The (B) volume and (C)
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and cell death. (E) SMO expression in tumor tissues was detected through IF staining. (F) In tumor tissues, IF staining was employed
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expression. Taken together, these findings indicate that
GOLPH3 promotes CRC cells’ radiotherapy resistance by
inhibiting DSBs.

Metabolic reprogramming has been considered a
hallmark of invasive cancer cells (35-37). Unlike normal
cells, cancer cells prefer aerobic glycolysis even when
oxygen is abundant (38). Glycolysis (also known as the
Warburg effect) is characterized by a higher rate of glucose
uptake and elevated production of adenosine triphosphate
(ATP) and lactate, which promotes tumor progression
(39,40). Recent studies have revealed that the inhibition
of glycolysis represses CRC progression (41-43), which
highlights the promising role of glycolysis as a target of
therapy. In our study, KEGG enrichment analysis indicated
that glycolysis could be regulated by GOLPH3. The
in vitro experiments showed that GOLPH3 overexpression
decreased OCR and increased ECAR, glucose uptake, and
lactate production, while the opposite was observed in CRC
cells with GOLPH3 knockdown. In addition, GOLPH3
knockdown inhibited PKM2 expression in cells and tumor
tissues. In short, GOLPH3 promotes CRC progression
through accelerating glycolysis.

To further clarify the complex mechanism underlying
GOLPH3’s effect in CRC, we performed RNA-seq in
CRC cells to identify the pathways affected by GOLPH3.
Notably, the DEGs caused by GOLPH3 knockdown
displayed enrichment in Hedgehog signaling pathway.
Meanwhile, based on TCGA database, KEGG enrichment
analysis also identified that Hedgehog signaling pathway
was regulated by GOLPH3. As an evolutionarily conserved
pathway, Hedgehog signaling is central to cell proliferation
and differentiation, tissue development, and organ
formation (44). Numerous studies have confirmed that the
abnormal activation of Hedgehog signaling is related to the
progression of multiple cancers, such as BC, endometrial
cancer, and CRC (45-47). In Hedgehog signaling,
transmembrane protein SMO is a key signal transducer (48).
In the development of novel antitumor drugs, SMO
inhibitors have emerged as an area of intense research in
recent years (49). Teperino et 4l. reported that SMO could
affect the glycolysis process in cells through regulating
AMPK (21). In our study, GOLPH3 overexpression
promoted the localization of SMO on the cell membrane
and increased p-AMPK expression, while GOLPH3
knockdown led to opposite results. In addition, SMO and
AMPK agonists reversed the inhibitory effect of GOLPH3

© AME Publishing Company.
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knockdown on glucose uptake and lactate production. In
summary, we for the first time demonstrated that GOLPH3
activated the glycolysis of CRC cells through SMO/AMPK
signaling. Further experiments including treating GOLPH3
knockdown cells with SAG and GSK621 to explore the
mechanisms underlying the radiotherapy resistance of CRC
are required in the following. Moreover, the regulation
between GOLPH3 and glycolysis might be complex and
multiple other signaling are involved. In addition to SMO/
AMPK signaling, other signaling pathways involved in
should be investigated further.

As a byproduct of glycolysis, lactate triggers histone lysine
lactylation, thereby stimulating gene transcription (50). Recent
studies have reported that histone lactylation, especially
H3K18la, is involved in oncogenesis, tumor progression,
tumor cellular metabolism reprogramming, and tumor
immune escape (51-54). In our study, H3K18la expression
was found to be increased in CRC tissues, suggesting that
H3K18 lactylation is common in CRC. Furthermore,
GOLPHS3 expression was elevated by lactate treatment but
reduced by 2DG and oxamate. Furthermore, the addition of
Nala reversed the inhibitory effect of oxamate on GOLPH3
and H3K18la expression. In addition, ChIP and qPCR assay
confirmed that H3K18la was enriched in the GOLPH3
promoter but that 2DG and oxamate partially reversed
this effect. Overall, H3K18la mediated by lactate can be
enriched on the GOLPH3 promoter, thereby promoting
GOLPH3 expression.

Conclusions

GOLPH3 was upregulated in CRC tissues, and low
GOLPH3 expression was predictive of a better prognosis.
Moreover, GOLPH3 knockdown inhibited malignant
biological behaviors, reduced radiotherapy resistance, and
impeded tumor growth in CRC. In terms of mechanism,
GOLPH3 activated AMPK mediated glycolysis by
promoting the localization of SMO on the cell membrane;
meanwhile, lactate, the final product of glycolysis could
induce H3K18 lactylation, and H3K18la was enriched
in GOLPH3 the promoter, further increasing GOLPH3
expression (Figure 9). Our findings suggest that targeting
the GOLPH3-SMO-AMPK axis has potential clinical
value for CRC treatment. The feasibility of therapeutic
strategies targeting GOLPH3 should be further validated

in clinic.
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