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Background: Glycolytic metabolism has been identified as a facilitator of tumor cell proliferation. Therefore, this study
aims to investigate the mechanisms by which the sperm-associated antigen 4 (SPAG4)/cellular myelocytomatosis oncogene (c-
Myc)/sulfotransferase 2B1 (SULT2B1) axis regulates glycolytic metabolism and influences the viability of HT29 cells.
Methods: SPAG4, c-Myc, and SULT2B1 levels were assessed in HT29 cells using Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR) and Western blot analyses. Moreover, overexpression and knockdown in HT29 cell models were success-
fully established. Furthermore, cell viability and proliferation were evaluated using Cell Counting Kit-8 (CCK-8) and colony
formation assays. Various key parameters such as glucose uptake, lactate production, Adenosine Triphosphate (ATP)/Adenosine
Diphosphate (ADP) ratio, and the expression levels of Glucose transporter 1 (GLUT1) and Lactate dehydrogenase A (LDHA)
were determined to examine glycolytic metabolism. Additionally, the relationship between SPAG4, c-Myc, SULT2B1, and gly-
colysis was assessed using the immunofluorescence staining approach and 2-Deoxy-D-glucose (2-DG) therapy.
Results: The expression levels of SPAG4, c-Myc, and SULT2B1 were significantly elevated in HT29 cells (p < 0.05). Moreover,
silencing SPAG4 and c-Myc substantially reduced glycolytic metabolism and suppressed HT29 cell viability and colony formation
capability (p < 0.05). Additionally, elevated SULT2B1 expression effectively counteracted the glycolytic reduction induced by
silencing SPAG4 and c-Myc, enhancing cellular viability and colony formation capability (p < 0.05).
Conclusions: In summary, SPAG4 knockdown effectively suppresses HT29 cell proliferation and colony formation ability by
decreasing SULT2B1 expression through the downregulation of c-Myc, leading to the reduction of glycolytic metabolism.

Keywords: colon cancer; glycolysis; sperm-associated antigen 4; cellular myelocytomatosis oncogene; sulfotransferase 2B1; prolifera-
tion

Introduction

Colon cancer (CC) is a malignant tumor with a sig-
nificantly high global mortality rate, with its pathogen-
esis intricately intertwined within complex cellular sig-
naling pathways and molecular regulatory networks [1,2].
Recently, research has increasingly investigated sperm-
associated antigen 4 (SPAG4) [3]. Initially known for its
crucial role in the reproductive system, emerging evidence
underscores its substantial contribution to the onset and pro-
gression of various cancers [4,5]. However, a comprehen-
sive understanding of the precise function of SPAG4 and its
molecular mechanisms in CC remain unexplored, necessi-
tating further thorough investigation.

Glycolysis, a fundamental metabolic pathway crucial
for sustaining the survival and proliferation of cancer cells,
plays a pivotal role in CC development [6,7]. Previous stud-
ies have reported a strong correlation between the downreg-
ulation of SPAG4 and a substantial reduction in glycolytic
metabolism in CC cells [5,8]. The cellular myelocytomato-

sis oncogene (c-Myc), a key transcription factor, is strongly
linked to the overactivation driving the onset and progres-
sion of various cancers [9,10]. Moreover, research sug-
gests that downstream effectors of c-Myc, particularly Sul-
fotransferase 2B1 (SULT2B1), may modulate key steps of
glycolysis, thereby impeding the proliferation of CC cells
[11].

This comprehensive exploration of SPAG4 in CC en-
hances our understanding of its novel functions in cancer
biology, unveiling valuable insights for identifying thera-
peutic targets. By assessing the correlation between SPAG4
and the c-Myc/SULT2B1 signaling pathway, we envisage
laying a theoretical foundation for developing more precise
and personalized treatment strategies. Furthermore, a com-
prehensive understanding of SPAG4’s role in the metabolic
regulation of CCmay open new avenues for anticancer drug
research. Through this study, we aim to advance knowledge
in cancer metabolism regulation, ultimately providing more
effective treatment options for patients.
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Table 1. Transfection sequences used in this study.
Sense (5′-3′) Antisense (5′-3′)

Sh-NC GCGCGCTTTGTAGGATTCGCAAGCTGACT
GACCTTTCAAGAGAAGGTCAGTCAGCTTG
CGAATCCTACAAAGCGCGC

GCGCGCTTTGTAGGATTCGCAAGCTGACT
GACCTTCTCTTGAAAGGTCAGTCAGCTTG
CGAATCCTACAAAGCGCGC

Sh-SPAG4 GATCCGCATCTTCCAGGAAGAGTACTCGA
GTACTCTTCCTGGAAGATGCTTTTTTG

AATTCAAAAAAGCATCTTCCAGGAAGAGT
ACTCGAGTACTCTTCCTGGAAGATGCG

Sh-c-Myc GATCCGAGTCTAGTTGAGGAGGAAGTGA
GGAGGAGGAAGAGCTCATAGTGGCCTGC
TGAAAGCTTCA

AGCTTGAGCTTTCAGCAGGCCACTATGAG
CTCTTCCTCCTCCTCACTTCCTCCTCCTCA
ACTAGACTC

Ov-NC GATCTCGAGCGGCCGCTCGAG AATCTCGAGCGGCCGCTCGAG
Ov-SPAG4 CCAAGCTTGCCACCAGGATGCGGCGAAGC

TCCCG
GCCTCGAGATGGGGCCCCTGTGCACTGC

Ov-c-MYC GATCTCGAGCCACCATGGAACAAAAACTC
ATCTCAGAAGAGGATCTG

AATCTCGAGAGATCCTCTTCTGAGATGAG
TTTTTGTTCCATGGTGGCTCGAG

Ov-SULT2B1 GATCCCGGGCCACCATGGAGGAGGCTGCT
GCT

AATTCAGCAGCAGCCTCCTCCATGGTGGC
CCGGG

SPAG4, Sperm-associated antigen 4; c-Myc, cellular myelocytomatosis oncogene; SULT2B1, sulfotransferase 2B1.

Table 2. Primer sequences used in qRT-PCR.
Prime name Prime sequence (5′-3′)

SPAG4-F CCGCCACCAGGATGCGGCGAAGCTCCCG
SPAG4-R GGAAATGGGGCCCCTGTGCACTG
c-Myc-F CTGAGACAGATCAGCAACAACC
c-Myc-R TTGTGTGTTCGCCTCTTGAC
Ki67-F TATCAAAAGGAGCGGGGTCG
Ki67-R ACCCCTTCCAAACAAGCAGG
LDHA-F CGTCAGCAAGAGGGAGAAAG
LDHA-R GCCACGTAGGTCAAGATATCC
GLUT1-F CGGGCCAAGAGTGTGCTAAA
GLUT1-R TGACGATACCGGAGCCAATG
β-actin-F TCATGAAGTGTGACGTTGACATCCGTAAAG
β-actin-R CGTAGAAGCATTTGCGGTGCACGATGGAGG
qRT-PCR, Quantitative Real-Time Polymerase Chain Reaction; Ki67, Marker of
Proliferation Ki-67; LDHA, Lactate dehydrogenase A; GLUT1, Glucose trans-
porter 1; F, Forward; R, Reverse.

Materials and Methods

Cell Culture
The human CC cells (HT29, iCell-h078) and colon

epithelial cells (NCM460, iCell-h373) were sourced from
the iCell Bioscience Inc (Shanghai, China) and cultured
in a CO2 incubator at 37 °C. These cells were cultured in
their specific medium (such as HT29 in iCell-h078-001b,
iCell Bioscience Inc, Shanghai, China, and NCM460 in
iCell-h373-001b, iCell Bioscience Inc, Shanghai, China).
Lentiviral constructs (pLVX) for SPAG4 and c-Myc (both
overexpression and knockdown), SULT2B1 (overexpres-
sion), and a control vector were acquired from Sangon
Biotech Co., Ltd. (Shanghai, China). Transfection se-
quences are shown in Table 1. Cells were transfected fol-
lowing the lentiviral transfection protocol provided by the
manufacturer using an appropriate lentivirus quantity at a

multiplicity of infection (MOI) of 5. After forty-eight hours
of incubation, puromycin (60210ES25, Yasen Company,
Shanghai, China) was introduced to establish stable cell
lines. A Quantitative Real-Time Polymerase Chain Reac-
tion (qRT-PCR) was conducted to validate SPAG4, c-Myc,
and SULT2B1 expression levels, ensuring the efficiency of
the established cell lines. All cell lines employed in this
studywere authenticated using Short TandemRepeat (STR)
analysis and tested for mycoplasma contamination.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis

Total RNA was isolated using the TRNzol Univer-
sal reagent (DP424, TIANGEN BIOTECH CO., Ltd., Bei-
jing, China). Genomic DNA elimination and complemen-
tary DNA synthesis were achieved using the FastQuant
cDNA first strand synthesis kit (KR116) and SuperReal flu-
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orescence quantitative premix reagent (FP205, TIANGEN
BIOTECH CO., Ltd., Beijing, China). mRNA expression
levels were determined using the PikoRealTM Real-Time
PCR system (LightCycler96, Roche, Basel, Switzerland).
Moreover, relative quantification was conducted employ-
ing the 2−∆∆Ct method, with all data normalized to the
internal reference β-Actin. Specific primer sequences uti-
lized in this study are shown in Table 2.

Western Blot Analysis
Protein quantification was performed utilizing the

BCA assay kit (E112-01, Vazyme, Nanjing, China). For
electrophoresis, 30 µg of total protein was loaded onto
a 10% polyacrylamide gel and run at 80–120 V for 90
min. The proteins were then transferred onto a Polyvinyli-
dene fluoride (PVDF) membrane at a constant voltage of
100 mV. The membrane was immersed in a 5% bovine
serum albumin solution at 25 °C for 1 hour followed
by overnight incubation at 4 °C with primary antibod-
ies against SPAG4 (1:1000; 19721-1-AP), c-Myc (1:1000;
10828-1-AP), SULT2B1 (1:1000; 29185-1-AP), and β-
tubulin (1:1000; 80713-1-RR). All primary antibodies were
purchased from Proteintech (Wuhan, China). The next day,
the membrane was rinsed and incubated with secondary an-
tibodies (1:2000; ZB-2305, ZB-2301; ZSGB-BIO, Beijing,
China) at 25 °C for 1 hour. Finally, proteins were detected
using a chemiluminescence enhancement kit (P0018AS)
from Beyotime (Shanghai, China), with GAPDH serving as
the internal reference. ImageJ software (version 1.5f, Na-
tional Institutes of Health, Bethesda, MD, USA) was em-
ployed to analyze the grayscale values of the target bands.

Cell Counting Kit-8 (CCK-8) Assay
Following the transfection with lentiviruses, the 3 ×

103 HT29 cells were cultured in 96-well plates (Servicebio,
Wuhan, China) and incubated at 37 °C in the presence of 5%
CO2. CCK-8 solution (MA0218, Dalian Meilun Biotech-
nology Co., Ltd., Dalian, China) was applied at intervals
of 72 hours, followed by incubation in the dark for 2 hours.
Finally, absorbance was examined at 450 nanometers (nm),
employing a microplate reader (Cmax plus, Molecular De-
vices, Silicon Valley, CA, USA). Cell viability was deter-
mined using the following formula:

Cell viability (%) = (A1−A0)/(A2−A0)× 100

A0: Blank hole absorbance; A1: Absorbance of trans-
fected cells; A2: No transfected cell absorbance.

Clone Formation Assay
A total of 1 × 103 HT29 cells in the logarithmic

growth phase underwent trypsinization using 0.25% trypsin
to create a homogeneous single-cell suspension. Following
cell counting, 1000 cells were carefully seeded into each
well of a 12-well plate and uniformly distributed through

gentle agitation. Subsequently, the cells were incubated at
37 °C with 5% CO2, with regular medium replenishment
every 2 days. The experiment was concluded once more
than 50 distinct cell colonies were observed under the mi-
croscope, typically within 7 to 14 days.

After colony formation, the cells were meticulously
fixed with 4% paraformaldehyde for 15minutes and stained
with 1% crystal violet for 10 minutes. After discarding
the crystal violet staining solution, the wells were gently
washed with running water, and the cells were air-dried.
Finally, the colonies were photographed using an Olym-
pus CX53 microscope (Tokyo, Japan), and the number of
colonies per well was then accurately documented.

Glucose Uptake Assay
Lentivirus-transfected HT29 cells were seeded to a 6-

well plate at a density of 1 × 105 cells/well containing a
serum-free medium. After 24 hours of incubation, culture
media was centrifuged to obtain the supernatant. Glucose
uptake was determined using a glucose assay kit (BC2505,
Solaibao Technology Co. Ltd., Beijing, China), and the
absorbance level of each sample was measured at 505 nm
employing a spectrophotometer (Cmax plus, Molecular De-
vices Corporation, Silicon Valley, CA, USA). Total glucose
uptake was calculated as follows:

Glucose Uptake =

(C × V 1)× (A1−A)÷ (A2−A)÷ (5× V 1÷ V 2)

C: Glucose standard tube concentration (2 µmol/mL);
A: Blank hole absorbance; A1: Sample hole absorbance;
A2: Glucose standard absorbance; V1: Sample volume;
V2: Total sample volume.

Lactic Acid Production Assay
Following the protocol of the lactic acid determina-

tion kit (BC2235, Solaibao Technology Co. Ltd., Beijing,
China), a standard curve was generated using lactate stan-
dards (20 µmol/mL). HT29 cells were seeded in a 96-well
plate at a density of 5000 cells per well. A 20 µL of super-
natant, 26 µL of buffer, and 2 µL of lactate enzyme were
thoroughly mixed, followed by incubation at room temper-
ature for 30 minutes. Subsequently, the absorbance at 570
nm was ascertained using a microplate reader (Cmax plus,
Molecular Devices Corporation, Silicon Valley, CA, USA).
Lactic acid levels in the supernatant were determined uti-
lizing a standard curve, enabling an accurate evaluation of
lactic acid production by the cells. This method precisely
determines the lactic acid concentration based on the es-
tablished standard curve, providing valuable insights into
cellular metabolic activity.
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Adenosine Triphosphate (ATP)/Adenosine
Diphosphate (ADP) Assay

Transfected HT29 cells into a 6-well plate at a den-
sity of 1 × 105 cells/well. After incubation in a serum-
free medium for 24 hours, the media was centrifuged
to collect the supernatant. The Adenosine Triphosphate
(ATP)/Adenosine Diphosphate (ADP) ratio was assessed
using the corresponding assay kit (MAK135-1KT, Merck,
Darmstadt, Germany), following the manufacturer’s in-
structions. Finally, chemiluminescence was observed using
Microplate Readers (Cmax plus, Molecular Devices Corpo-
ration, Silicon Valley, CA, USA).

TUNEL Assay
HT29 cell apoptosis was assessed using the TUNEL

kit (T2130, Solarbio, Beijing, China). After culture in
12-well plates, the 5 × 107 cells were washed twice
with phosphate-buffered saline (PBS) (C1088, Beyotime
Biotechnology, Shanghai, China) and then fixed in 4%
paraformaldehyde for 25 minutes. After soaking in Tri-
ton X-100 for 10 min, the cells underwent staining with 50
µL Terminal deoxynucleotidyl transferase (TdT) solution
and 450 µL fluorescein-labeled Deoxyuridine triphosphate
(dUTP) solution for 60 min in the dark. The cells were then
stained with 4′, 6-diamino-2-phenylindole (DAPI) for 15
min, and the positive cells were observed under a fluores-
cence microscope (LY19, Olympus, Tokyo, Japan).

EdU Assay
The proliferation of HT29 cells (1 × 104 cells/well,

1 mL/well) after different treatments was determined using
the 5-Ethynyl-2′-deoxy uridine (EdU) kit (C10310, RIBO-
BIO, Guangzhou, China). The growth phase cells were iso-
lated and inoculated into 96-well plates at a density of 1 ×
105 cells per well. Then, 100 µL 50 µM EdU medium was
added to each well and incubated for 2 h. The EdUmedium
was then discarded, and the cells underwent two washes
with PBS. Each well was added with 50 µL cell fixative
(PBS containing 4% paraformaldehyde) and incubated at
room temperature for 30 min. After this, 100 µL penetrant
(PBS of 0.5% TritonX-100) was added, followed by a 10-
minute incubation in a shaker. The cells were then stained
with DAPI (D1306, Invitrogen, Carlsbad, CA, USA), and
the positiveHT29 cells were examined under a fluorescence
microscope (LY19, Olympus, Tokyo, Japan).

Immunofluorescence Staining
HT29 cells were immobilized on a slide with 4%

paraformaldehyde, impregnated with 0.5% Triton X-100
for 20 minutes, and blocked with 2% goat serum for 1
hour. The cells then underwent an overnight incubation
at 4°C with the primary antibodies against c-Myc (1:1000,
700648), SPAG4 (1:1000, PA5-49730), and SULT2B1
(1:1000, MA5-55948).

The following day, the cells were incubated with the
secondary antibodies (1:2000, A32723, or A-31573) at
room temperature for one hour in the dark. All antibod-
ies were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). The cells were treated with 5mM2-DG for 24h.
[12]. The cells were observed under a fluorescence micro-
scope (LY19, Olympus, Tokyo, Japan) to record the images,
and the fluorescence intensity was analyzed using ImageJ
(version 1.5f, National Institutes of Health, Bethesda, MD,
USA).

Statistical Analyses
Statistical analyses were performed utilizing Graph-

Pad Prime software 8.0 (GraphPad Prime Inc, San Diego,
CA, USA, accessible at https://www.graphpad-prism.cn/).
The results were expressed as mean ± standard deviation.
T-tests and Analysis of Variance (ANOVA) with Tukey’s
post hoc analysis were used to statistically examine signifi-
cant differences and trends. Statistical significance was es-
tablished at a p-value of <0.05.

Results

Downregulation of SPAG4 Inhibited the Proliferation
of HT29 Cells

To comprehensively evaluate the expression profiles
of SPAG4 and c-Myc in HT29, their expression in HT29
and normal colonic epithelial cells was analyzed using qRT-
PCR and Western blot analyses. As shown in Fig. 1A–E,
SPAG4 and c-Myc were substantially upregulated in HT29
cells compared to normal colonic epithelial cells (p< 0.05).

To delve deeper into the interaction between SPAG4
and c-Myc in HT29 cells, a stable SPAG4 knockdown
model was established. This analysis allowed us to as-
sess the regulatory influence of SPAG4 on c-Myc expres-
sion and its functional attributes in HT29 cells. As depicted
in Fig. 1F–H, SPAG4 knockdown significantly reduced c-
Myc protein levels (p< 0.05). Furthermore, SPAG4 knock-
down substantially decreased the expression of Ki67 (p <

0.05, Fig. 1I). Additionally, the inhibition of SPAG4 sig-
nificantly suppressed the proliferation and colony-forming
capability of HT29 cells (p < 0.05, Fig. 1J–L).

Knocking Down SPAG4 Suppressed the Proliferation
of HT29 Cells by Downregulating c-Myc

To further substantiate the role of SPAG4 in promot-
ing proliferation within HT29 cells through the regulation
of c-MYC, both SPAG4 knockdown and c-Myc overexpres-
sion strategies were implemented. As shown in Fig. 2A–C,
a significant reduction was observed in SPAG4 and c-Myc
protein expression levels following SPAG4 knockdown in
HT29 cells (p < 0.05, Supplementary Fig. 1A,B). How-
ever, after administering Sh-SPAG4, the introduction of
Ov-c-Myc significantly increased the c-Myc protein level
in HT29 cells (p < 0.05), while changes in SPAG4 lev-
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Fig. 1. The SPAG4 knockdown inhibited the expression of c-Myc and the proliferation of HT29 cells. (A,B) mRNA expression
levels of SPAG4 (A) and c-Myc (B) in HT29 cells and NCM460 cells were assessed using qRT-PCR. (C–E) Western blot analysis was
used to examine the protein expression levels of SPAG4 and c-MYC in both HT29 cells and NCM460 cells. (F–H) After SPAG4 gene
knockout, the changes in SPAG4 and c-Myc protein expression levels across HT29 cells were determined usingWestern blot analysis. (I)
qRT-PCR was utilized to measure the mRNA levels of Ki67 to determine proliferative activity. (J) A Cell Counting Kit-8 (CCK-8) assay
was executed to examine the viability of HT29 cells. (K,L) A colony formation assay was performed to evaluate the colony-forming
ability of HT29 cells (n = 3) (**p < 0.01, ***p < 0.001). SPAG4, Sperm-associated antigen 4; c-Myc, cellular myelocytomatosis
oncogene; Ki67, Marker of Proliferation Ki-67.

els remained insignificant (p> 0.05). Additionally, CCK-8
assay, colony-forming experiment, and qRT-PCR analysis
demonstrated a substantial enhancement in cellular viability
(p < 0.05), colony formation (p < 0.05), and Ki67 expres-
sion (p < 0.05) in HT29 cells following Sh-SPAG4+Ov-

Myc treatment (Fig. 2D–G). Intriguingly, this effect was
counteracted by Ov-c-Myc treatment (p< 0.05), highlight-
ing a strong interaction between SPAG4 and c-Myc in reg-
ulating key cellular processes during CC.
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Fig. 2. SPAG4 knockdown downregulated c-Myc and inhibited the proliferation of HT29 cells. (A–C) Western blot analysis was
used to examine the expression levels of SPAG4 and c-Myc proteins in HT29 cells. (D) qRT-PCR was employed to evaluate the mRNA
expression of Ki67 in HT29 cells. (E) CCK-8 assay was implemented to determine the viability of HT29 cells. (F,G) The colony
formation assay was conducted to evaluate the colony-forming ability of HT29 cells (n = 3) (ns, no significant difference, **p < 0.01,
***p < 0.001).

Knocking Down c-Myc Decreased SULT2B1
Expression and Inhibited the Glycolytic Metabolism
of HT29 Cells

Western blot analysis revealed a significant upregu-
lation of SULT2B1 expression in HT29 cells compared

to colonic epithelial cells (p < 0.05, Fig. 3A,B). More-
over, lentivirus-mediated suppression of c-Myc in HT29
cells led to a substantial reduction in c-Myc and SULT2B1
expression levels (p < 0.05, Fig. 3C–E). Further explo-
ration into glycolytic metabolism indicators showed that c-

https://www.discovmed.com/


756

Fig. 3. c-Myc knockdown decreased SULT2B1 expression and inhibited the glycolytic metabolism of HT29 cells. (A,B) SULT2B1
protein expression in HT29 cells and normal colonic epithelial cells was assessed using Western blot analysis. (C–E) Protein expression
of c-Myc and SULT2B1 in HT29 cells was determined using Western blot analysis. (F) Measurement of glucose levels in HT29 cells.
(G) An evaluation of lactate production in HT29 cells. (H) The Adenosine Triphosphate (ATP)/Adenosine Diphosphate (ADP) ratio in
HT29 cells. (I,J) qRT-PCR was employed to measure the mRNA expression of GLUT1 and LDHA in HT29 cells (n = 3) (*p< 0.05, **p
< 0.01, ***p < 0.001).

Myc knockout substantially decreased glucose uptake (p<
0.05), lactate production (p < 0.05), ATP/ADP ratio (p <

0.05), and the expression levels of GLUT1 and LDHA (p
< 0.05) in HT29 cells (Fig. 3F–J). These findings under-
score the pivotal regulatory role of c-Myc in modulating

glycolytic metabolism in HT29 cells. In summary, the in-
creased expression of SULT2B1 in HT29 cells is closely
linked with its downregulation of SULT2B1 and the inhi-
bition of glycolytic metabolism after c-Myc knockdown.
These observations provide valuable insights into the intri-
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Fig. 4. The inactivation of the c-Myc/SULT2B1 axis disrupted glycolytic metabolism, thereby reducing the viability of HT29 cells.
(A–C) The expression of c-Myc and SULT2B1 proteins in HT29 cells was analyzed using Western blot analysis. (D,E) qRT-PCR was
employed to determine the mRNA expression of GLUT1 and LDHA in HT29 cells. (F) The quantification of glucose content in HT29
cells. (G) The assessment of lactate production in HT29 cells. (H) The determination of the ATP/ADP ratio in HT29. (I) The CCK-8
assay was utilized to assess the viability of HT29 cells. (J,K) The colony formation assay was used to evaluate the colony-forming ability
of HT29 cells. (L) qRT-PCR was conducted to assess Ki67 mRNA expression in HT29 cells (n = 3) (ns, no significant difference, *p <
0.05, **p < 0.01, ***p < 0.001).

https://www.discovmed.com/
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Fig. 5. Silencing SULT2B1 inhibited HT29 cell proliferation by overexpressing c-Myc. (A,B) Silencing the proliferation of HT29
cells with c-Myc and overexpression of SULT2B1. (C,D) immunofluorescence staining of c-Myc and SULT2B1 (n = 3) (ns, no significant
difference, ***p < 0.001). DAPI, 4′, 6-diamino-2-phenylindole; EdU,5-Ethynyl-2′-deoxy uridine.

cate association between SULT2B1 and c-Myc in shaping
the metabolic dynamics of HT29 cells.

Knocking Down c-Myc Suppressed HT29 Cell
Proliferation by Suppressing Glycolytic Metabolism
Through the Reduction of SULT2B1 Expression

To delve deeper into the regulatory role of c-Myc in
glycolytic metabolism and its influence onHT29 cell prolif-
eration through SULT2B1, we successfully established cell
lines with c-Myc knockdown and SULT2B1 overexpres-

sion (p< 0.05, Fig. 4A–C, Supplementary Fig. 1C,D).We
observed that SULT2B1 overexpression did not alter c-Myc
expression levels after c-Myc silencing. However, crucial
indicators of glycolytic metabolisms, such as glucose up-
take (p < 0.05), lactate production (p < 0.05), ATP/ADP
ratio (p < 0.05), and the expressions of glycolytic-related
genes GLUT1 (p < 0.05) and LDHA (p < 0.05), were
significantly decreased after c-Myc silencing but were re-
stored after SULT2B1 overexpression (p < 0.05, Fig. 4D–
H). These results suggest that SULT2B1 overexpression re-
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instates the inhibitory effect of c-Myc knockdown on gly-
colysis. Furthermore, the CCK-8 assay and colony forma-
tion assay collectively revealed that SULT2B1 overexpres-
sion counteracts the suppressive effects of c-Myc knock-
down on HT29 cell proliferation (p < 0.05, Fig. 4I–K).
Moreover, Ki67 mRNA expression was significantly de-
creased after c-Myc silencing (p < 0.05) but increased af-
ter SULT2B1 overexpression (p < 0.05, Fig. 4L). This
comprehensive analysis underscores the close link between
c-Myc, SULT2B1, and glycolytic pathways, highlighting
their collective role in modulating the proliferative behav-
ior of HT29 cells.

Silencing SULT2B1 Inhibited HT29 Cell
Proliferation

As shown in Fig. 5A,B, HT29 cell proliferation was
enhanced after c-Myc overexpression, while HT29 cell pro-
liferation was decreased after SULT2B1 silencing (p <

0.05). Furthermore, c-Myc overexpression significantly in-
creased the fluorescence intensity of c-Myc and (p < 0.05,
Fig. 5C,D). However, SULT2B1 silencing did not signifi-
cantly affect the fluorescence intensity of c-Myc (p> 0.05),
while it significantly reduced the fluorescence intensity of
SULT2B1 (p < 0.05). These observations, in combination
with previous results, reveal that c-Myc function upstream
of SULT2B1.

Knocking Down SPAG4 Suppressed Glycolytic
Metabolism by Downregulating the c-Myc/SULT2B1
Axis, Thereby Inhibiting HT29 Cell Proliferation

We successfully developed cell lines with SPAG4
knockdown and SULT2B1 overexpression (p < 0.05)
(Fig. 6A–D). We observed that SULT2B1 overexpression
did not change c-Myc or SPAG4 expression levels (p >

0.05). Moreover, SULT2B1 overexpression significantly
increased glucose uptake, lactate production, ATP/ADP
ratio, and the expression of GLUT1 and LDHA (p <

0.05, Fig. 6E–I). Additionally, the CCK-8 assay, colony
formation assay, and Ki67 expression analysis revealed
that SULT2B1 overexpression counteracts the reduction in
HT29 cell viability induced by SPAG4 knockdown (p <

0.05, Fig. 6J–M).

SPAG4 Overexpression Promoted HT29 Cell
Proliferation, Whereas SULT2B1 Silencing Inhibited
Their Proliferation

As illustrated in Fig. 7A,B, SPAG4 overexpression
significantly enhanced the proliferative ability of HT29
cells, whereas SULT2B1 silencing decreased their prolif-
eration (p < 0.05). To further demonstrate the associa-
tion of SULT2B1 and SPAG4, immunofluorescence stain-
ing was performed. As shown in Fig. 7C,D, SPAG4 over-
expression significantly enhanced the immunofluorescence
intensity of SPAG4 and SULT2B1, while SULT2B1 si-
lencing significantly decreased the immunofluorescence in-

tensity of SULT2B1 (p < 0.05) but did not change the
immunofluorescence intensity of SPAG4 expression (p >

0.05). Furthermore, the glycolysis inhibitor 2-DG treat-
ment significantly enhanced apoptosis in HT29 cells (p <

0.05, Fig. 7E,F). These results suggest the potential mecha-
nistic pathway (Fig. 8), where SPAG4 promotes c-Myc ex-
pression, which upregulates SULT2B1 expression, thereby
promoting glycolysis.

Discussion

This study investigates the mechanistic interplay of
SPAG4/c-Myc/SULT2B1 in CC tumors, uncovering that
SPAG4 depletion leads to c-MYC downregulation, conse-
quently diminishing the transcription of SULT2B1. Con-
sistent with the previous study, c-Myc may directly regu-
late SULT2B1, while SPAG4 may exert direct regulatory
control over c-Myc [11]. This cascade ultimately impedes
glycolytic metabolism, thereby reducing the proliferative
capacity of CC cells. Further investigations reveal that
SPAG4 expression is increased in CC tissues and inversely
linked to patient survival outcomes. Furthermore, these
findings indicate that SPAG4 overexpression actively stim-
ulates glycolytic metabolism, supporting CC cell prolifera-
tion [5,8].

Moreover, recent research has uncovered the role of
SPAG4 in tumor growth, transformation, and progression
across diverse cancer cell types, highlighting its multi-
faceted significance in tumorigenesis and cancer cell devel-
opment [13]. Previous research has indicated that SPAG4
is upregulated in renal cell carcinoma (RCC), where it’s
knocking down reduces the invasive capability of RCC cells
in vitro, while overexpression increases tumor cell migra-
tion and invasion [14]. Similarly, results by Liu et al.
[15] indicated that SPAG4 is overexpressed in hepatocel-
lular carcinoma tissues and holds prognostic value. Wang
et al. [16] further suggested that SPAG4 is overexpressed
in lung squamous cell carcinoma compared to adjacent tis-
sues, serving as a prognostic marker related to glycolysis.

In this context, we suggest that SPAG4 plays a vital
role in the glycolytic metabolism and proliferation of HT29
cells. Given that Ki67 is widely known as a biomarker
of cellular proliferation, with decreased Ki67 expression
closely associated with reduced cancer cell proliferation
[17], our results support the hypothesis that SPAG4 affects
the metabolic and proliferative dynamics of HT29 cells.
Another study has identified SPAG4 as a novel biomarker
for glioblastoma, where its silencing significantly inhibits
tumor cell proliferation and migration [18]. Based on these
findings, we propose that SPAG4 knockout can reduce gly-
colytic metabolism and proliferation in HT29 cells.

Previous research has reported c-Myc as a crucial
oncogenic transcription factor associated with the repro-
gramming, proliferation, and chemoresistance of various
cancer cell types [19–21]. A recent study has indicated
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Fig. 6. Blocking the SPAG4/c-Myc/SULT2B1 axis suppressed glycolytic metabolism, thereby reducing HT29 cell viability. (A–D)
Expression levels of SPAG4, c-Myc, and SULT2B1 proteins in HT29 cells were determined using Western blot analysis. (E,F) qRT-PCR
was employed to measure the mRNA expression levels of GLUT1 and LDHA in HT29 cells. (G) Lactate production in HT29 cells. (H)
Glucose content in HT29 cells. (I) The ATP/ADP ratio in HT29 cells was determined following c-MYC knockdown. (J) qRT-PCR was
used to examine mRNA Ki67 expression levels in HT29 cells. (K) The CCK-8 assay was utilized to evaluate HT29 cell viability. (L,M)
The colony formation assay was applied to assess the colony-forming ability of HT29 cells (n = 3) (ns, no significant difference, *p <

0.05, **p < 0.01, ***p < 0.001).
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Fig. 7. SULT2B1 silencing inhibited HT29 cell proliferation by overexpressing c-Myc. (A,B) HT29 cell proliferation following
SPAG4 silencing and SULT2B1 overexpression. (C,D) Immunofluorescence staining of SPAG4 and SULT2B1. (E,F) TUNEL staining
determining the anti-apoptotic ability of HT29 cells after 2-Deoxy-D-glucose (2-DG) treatment (n = 3) (ns, no significant difference, *
p < 0.05, ***p < 0.001).

https://www.discovmed.com/


762

Fig. 8. SPAG4, the relationship between c-Myc and SULT2B1 and the underlying mechanism affecting HT29 cells.

that the upregulation of c-Myc significantly accelerates tu-
mor metastasis [22]. In our study, we observed that SPAG4
knockdown reduced c-Myc expression, thereby suppress-
ing glycolytic metabolism and proliferation of HT29 cells,
a finding being observed for the first time. Lin et al. [23] re-
ported that c-Myc activation significantly facilitates the via-
bility, metastasis, and glycolysis of pancreatic cancer cells.
Similarly, the downregulation of c-Myc has been shown
to reduce the proliferation of HT29 and SW480 CC cells
while inhibiting aerobic glycolysis, consistent with our re-
sults [24]. Moreover, the persistent expression of c-Myc
is believed to be a pivotal driver of glycolytic metabolism,
thereby fostering the proliferation and tumorigenic growth
of colorectal cancer cells. This mechanism contributes sig-
nificantly to the metabolic shifts that support the rapid divi-
sion and progression of CC cells [25]. However, the precise
mechanism behind c-Myc’s involvement in the glycolytic
metabolism of CC remains to be fully explored.

The findings from our study propose a novel per-
spective, indicating that c-Myc suppression leads to re-
duced glycolytic metabolism through the downregulation
of SULT2B1, ultimately inhibiting the proliferative capac-
ity of HT29 cells. This observation underscores the need for

further investigations to unravel the detailed mechanisms
underlying c-Mc/SULT2B1/glycolytic pathways in CC. Xu
et al. [26] revealed that SULT2B1 is closely associated with
the physiological function of intestinal cells, while Zhao et
al. [11] reported that SULT2B1 knockdown disrupts CC
cell viability, aligning well with our findings.

In summary, this study suggests that SPAG4 deple-
tion disrupts the activation of the c-Myc/SULT2B1 axis,
leading to glycolytic inhibition and decreased CC cell vi-
ability. This study indicates the upstream and downstream
relationship between the three (SPAG4-c-Myc-SULB2T1),
positions the SPAG4/c-Myc/SULB2T1 pathway as a key
regulatory cascade in glycolytic metabolism and provides
a potential therapeutic target in colon cancer. However, the
role of SULT2B1 in glycolytic metabolism remains limited,
necessitating further research to ascertain whether it plays a
regulatory role in glycolysis across different cancer types.
Additionally, our results show that c-Myc overexpression
may increase SPAG4 expression, while SULT2B1 overex-
pression may increase c-Myc expression. Although these
changes are statistically insignificant, they reveal a poten-
tial negative feedback phenomenon within the SPAG4/c-
Myc/SULT2B1 pathway, which may have some biological
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significance. Further studies are warranted to explore the
significance of this regulatory mechanism and to offer more
compelling evidence supporting our findings.

There are many limitations in this study. Firstly, this
study exclusively relied on cell models, with a limited num-
ber of experimental samples. To further validate our re-
sults, future studies should use clinical samples and animal
models. Secondly, our study focused on a single pathway,
underscoring the need for further investigation to identify
more targets related to this pathway. Lastly, although this
study found that SPAG4 may be a critical therapeutic tar-
get, its practical application in clinical settings remains an
open question. Future studies should investigate the devel-
opment of tailored drugs against SPAG4 and evaluate their
effectiveness through animal experiments.

Conclusions

The potential impact of SPAG4 silencing on
SULT2B1 expression may be achieved through the down-
regulation of c-Myc. This mechanistic pathway potentially
reduces glycolytic metabolism and inhibits the viability
and colony formation ability of CC cells.
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