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Abstract 

Previous studies have demonstrated that diallyl disulfide (DADS) exhibits potent anti-tumor activity. 
However, the pharmacological actions of DADS in inhibiting the growth of colorectal cancer (CRC) cells 
have not been clarified. Herein, we show that DADS treatment impairs the activation of the pentose 
phosphate pathway (PPP) to decrease PRPP (5-phosphate ribose-1-pyrophosphate) production, 
enhancing DNA damage and cell apoptosis, and inhibiting the growth of CRC cells. Mechanistically, DADS 
treatment promoted POU2F1 K48-linked ubiquitination and degradation by attenuating the PI3K/AKT 
signaling to up-regulate TRIM21 expression in CRC cells. Evidently, TRIM21 interacted with POU2F1, and 
induced the K272 ubiquitination of POU2F1. The effects of DADS on the enhanced K272 ubiquitination 
of POU2F1, the PPP flux, PRPP production, DNA damage and cell apoptosis as well as the growth of CRC 
tumors in vivo were significantly mitigated by TRIM21 silencing or activating the PI3K signaling in CRC 
cells. Conversely, the effects of DADS were enhanced by TRIM21 over-expression or inhibiting the 
PI3K/AKT signaling in CRC cells. Collectively, our findings reveal a novel mechanism by which DADS 
suppresses the growth of CRC by promoting POU2F1 ubiquitination, and may aid in design of novel 
therapeutic intervention of CRC. 
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Introduction 
Colorectal cancer (CRC) is the third most 

common cancer and one of the leading causes of 
cancer-related death in both men and women in 
industrialized countries [1]. Currently, therapeutic 
strategies for the intervention of CRC include surgical 
resection of tumors, adjuvant chemotherapies, 
radiotherapy and targeted therapies as well as 
immunotherapies. Unfortunately, the therapeutic 
efficacy of these therapeutic strategies remains 
limited, particularly for those advanced stages of 

CRC. Indeed, the rapid progression and the 
development of chemoresistance are the main causes 
for CRC-associated mortality [2, 3]. Hence, discovery 
of new effective and safe therapies and understand 
their pharmacological actions are of significance in the 
management of CRC patients. Conceivably, 
understanding the pathogenesis of CRC is crucial for 
identifying the key molecular driver events associated 
with CRC tumorigenesis and progression, and for 
uncovering the potential targets for the development 
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of new therapeutic strategies.  
It is widely recognized that tumor cells prefer to 

generate energy through aerobic glycolysis or the 
Warburg effect to support their aggressive 
malignancy [4-6]. Aerobic glycolysis can breach into 
the pentose phosphate pathway (PPP) to generate 
ribulose-5-phosphate and NADPH for DNA and fatty 
acid synthesis. The PPP flux is positively regulated by 
POU2F1 expression [7]. Hence, therapeutic targeting 
the aerobic glycolysis and the PPP regulatory network 
may be valuable for the control of tumor cell growth 
[6]. Currently, several small molecules targeting 
cancer metabolism have been developed for potential 
intervention of cancers, including hexokinase 
inhibitors, fatty acid metabolism inhibitors [8-10]. 
However, the therapeutic efficacy of these inhibitors 
has not been demonstrated in CRC. Accordingly, 
uncovering new therapeutic agents targeting the 
metabolic network will be urgently needed. 

Diallyl disulfide (DADS), an accessible garlic 
extract, has been used for fighting bacterial or fungal 
infection, cardiovascular and cerebrovascular 
diseases, and cancers [11]. Our previous study 
demonstrated that DADS treatment significantly 
inhibited the proliferation metastasis of gastric and 
leukemia cells [12, 13]. In addition, DADS treatment 
suppresses the malignant behaviors of CRC cells by 
attenuating the Rac1-Pak1-LIMK1-Cofilins signaling 
pathway [14]. Hence, DADS is a potential therapeutic 
agent for CRC. More importantly, other studies have 
reported that DADS suppresses cell stemness, 
proliferation, metastasis, glucose metabolism, and 
drug resistance in other types of malignant tumors 
[15-17], suggesting that DADS may be an attractive 
therapeutic strategy for different types of malignant 
tumors. However, the precise mechanisms that 
underlie the pharmacological actions of DADS in 
inhibiting cancer metabolism have not been clarified. 

The current study employes in vitro human CRC 
cells and in vivo xenograft CRC tumor to investigate 
the pharmacological mechanisms by which DADS 
inhibited the growth of CRC. Our findings indicated 
that DADS significantly suppressed the growth, 
glycolysis and the PPP flux in CRC cells in a 
POU2F1-dependent manner. Mechanistically, DADS 
enhanced POU2F1 ubiquitination and degradation by 
attenuating the PI3K/AKT signaling to up-regulate 
TRIM21 expression, leading to an enhanced 
TRIM21-mediated POU2F1 K48-linked ubiquitination 
and inhibition of the PPP flux in CRC cells. Therefore, 
our findings may offer new insights into the 
pharmacological mechanisms that underlie the 
actions of DADS in inhibiting the growth of CRC and 
aid in design of new therapies for CRC by targeting 
the PI3K/AKT/TRIM21/POU2F1 axis. 

Results 
DADS inhibits the growth of CRC cells in vivo 
and in vitro 

Our previous studies have demonstrated that 
treatment with DADS inhibits the metastasis of CRC 
cells by suppressing Rac1-mediated EMT (epithelial 
mesenchymal transition). [13, 14]. In this study, we 
initially tested the impact of DADS treatment on the 
proliferation of CRC cells. We observed that DADS 
treatment significantly suppressed the proliferation 
and clonogenicity of human CRC HT-29, HCT116, 
SW480, and SW620 cells in vitro (P<0.05, Figure 
S1A-B). To gain insights into the biological actions of 
DADS in CRC cells, we conducted a label-free 
quantitative proteomic analysis of vehicle-treated and 
DADS-treated SW620 cells (Figure 1A) and identified 
1552 differentially expressed proteins (DEPs), 
including 706 up-regulated DEPs and 846 
down-regulated DEPs in the DADS-treated cells, 
relative to the vehicle-treated control SW620 cells, 
based on the criteria of an absolute fold change ≥1.2 
and P<0.05 (Figure 1B-C). The gene ontology (GO) 
enrichment analysis exhibited that these DEPs were 
highly relevant to the biological processes of 
apoptosis, glycolysis, and protein stabilization (Figure 
1D), suggesting that DADS might regulate the 
apoptosis of CRC cells. To address it, we performed 
Western blot and TUNEL assay to detect the effect of 
DADS on CRC cell apoptosis, and observed that 
DADS treatment significantly increased the frequency 
of TUNEL apoptotic CRC cells and upregulating Bax 
expression, compared to that of vehicle-treated 
control cells (P<0.05, Figure S1C-D and Figure 1D). 
Additionally, DADS treatment significantly inhibited 
the growth of xenograft CRC tumors in nude mice by 
reducing the tumor volumes and weights, relative to 
that of mice receiving vehicle (P<0.05, Figure 1F and 
Figure S1E). Consistently, immunohistochemistry 
(IHC) displayed that compared with the control 
tumors, lower levels of Ki-67 and Bcl-2 expression, but 
higher levels of Bax and cleaved caspase 3 expression 
were detected in the tumors from the mice receiving 
DADS treatment (Figure 1H and Figure S1F). Hence, 
DADS treatment inhibited the growth of CRC cells by 
inducing their apoptosis in vivo and in vitro. 

DADS enhances DNA damage, contributing to 
the apoptosis of CRC cells 

Next, we explored the pharmacological actions 
of DADS in inhibiting CRC growth and inducing their 
apoptosis. DNA damage and its related genomic 
instability are associated with triggering apoptosis of 
cells. Actually, induction of DNA damage triggers the 
apoptosis of several types of cancer cells [18-20]. 
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Figure 1. DADS inhibits the growth of CRC cells in vitro. (A) A schematic diagram to illustrate the proteomic analysis of vehicle-treated and DADS-treated SW620 cells. 
(B) Heatmap analysis of DEPs in the DADS-treated SW620 cells. (C) The distribution of DEPs in the DADS-treated SW620 cells. The DEPs were determined, based on the 
criteria of absolute fold change ≥1.2 and P-value <0.05. (D) The GO enrichment analysis of the potential functions of 1552 DEPs. (E) Western blot analysis of Bax and Bcl-2 
expression in the indicated cells, which were treated with vehicle DMSO or DADS at 45 μg/mL (SW620), 42 μg/mL (SW480), 32 μg/mL (HCT116) or 30 μg/mL (HT-29) for 48 
h. (F-H) Individual BALB/c nude mice were injected subcutaneously with 5×106 SW620 cells indicated. When the tumors reached at 200 mm3, the mice were injected 
intraperitoneally with normal saline or DADS (100 mg/kg) every other day up to 4 weeks. The dynamic growth of tumors was measured longitudinally (n=5 per group). At the 
end of observation, their tumors were dissected, photoimaged, and weighed. (I) H&E staining and immunohistochemistry images confirmed Ki67 expression (magnification x 200, 
scale bars 50 μm, magnification x 400, scale bars 20 μm). Data are representative images or expressed as the mean ± SD of each group of samples from three separate 
experiments. *P<0.05, **P<0.01, ***P<0.001. 

 
Accordingly, we assessed whether DADS could 

modulate spontaneous DNA damage response in 
CRC cells by immunofluorescence. Notably, DADS 
treatment significantly increased the formation of 
γ-H2AX and 53BP1 (two markers of the early DNA 
damage) foci in CRC cells (P<0.05, Figure 2A and 

Figure S2A). A similar pattern of up-regulated 
γ-H2AX and 53BP1 expression was detected in CRC 
cells by Western blot assays (Figure 2B), suggesting 
that DADS treatment might enhance DNA damage 
and cause genomic instability. Additionally, DADS 
treatment significantly increased the percentages of 
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apoptotic CRC cells and DNA damage, which was 
significantly mitigated or abrogated by treatment 
with AV-153 (an antimutagenic molecule) (P<0.05, 
Figure 2C-E and Figure S2B-D). More importantly, 
AV-153 reversed the inhibitory effect of DADS and 

enhanced the proliferation of CRC cells (P<0.05, 
Figure S2E). Hence, we hypothesized that DADS 
treatment might trigger apoptosis by enhancing DNA 
damage and genomic instability in CRC cells.  

 

 
Figure 2. DADS enhances DNA damage and apoptosis of CRC cells, independent of elevated ROS levels. (A-B) Immunofluorescent and western blot analyses of 
γ-H2AX and 53BP1 expression in the indicated cells (magnification x 1000, scale bars 5 μm). (C) Immunofluorescent analysis of γ-H2AX and 53BP1 expression in the indicated 
cells following treatment with DADS alone or combination with 10 mM AV-153 (magnification x 1000, scale bars 5 μm). (D) Western blot analysis of γ-H2AX and 53BP1 
expression in the indicated cells following treatment with DADS alone or combination with 10 mM AV-153. (E) Flow cytometry analysis of apoptotic cells. (F-G) The intracellular 
ROS levels were detected by flow cytometry in the indicated cells. (H) Sankey + dot plot analysis of DEPs. Data are representative images or expressed as the mean ± SD of each 
group of samples from three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 
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The imbalance between oxidation and 
antioxidant effects can lead to DNA damage in the 
body [21]. Wherein, oxidative DNA damage, 
particularly induced by reactive oxygen species 
(ROS), is one of the most common types of DNA 
damage in cells [21, 22]. Accordingly, we examined 
whether DADS treatment could increase intracellular 
ROS levels in CRC cells. Actually, DADS treatment 
significantly decreased the levels of intracellular ROS 
in CRC cells, relative to that of control cells (P<0.05, 
Figure 2F). Furthermore, DADS treatment enhanced 
the inhibitory effect of GSK2795039 (an inhibitor of 
NADPH oxidase 2) on ROS production in CRC cells 
(P<0.05, Figure 2G), indicating that DADS treatment 
did not promote ROS production to induce DNA 
damage in CRC cells. However, interestingly, the 
proteomic analysis revealed that DEPs were highly 
relevant to the biological processes of DNA 
double-strand break (DSB) repair, DNA replicate and 
DNA biosynthetic process (Figure 2H), suggesting 
that DADS might affect the DSB repair. Collectively, 
DADS treatment promoted the DNA 
damage-mediated apoptosis by regulating DNA 
damage repair, leading to inhibition of CRC growth. 

DADS suppresses the pentose phosphate 
pathway to cause DNA damage repair 
deficiency in CRC cells 

It is well known that the DNA damage repair 
may restore the DNA stability and function and is 
dependent on an efficient dNTP pool [23]. 
Coincidentally, that Gene Set Enrichment Analysis 
(GSEA) analysis of the DEPs from the DADS-treated 
CRC cells unveiled that the DEPs were involved in 
purine- and pyrimidine-metabolism were much 
enriched (Figure S3A) and the GO analysis indicated 
that the changes in protein expression induced by 
DADS were closely associated with nucleotide 
synthesis (Figure S3B). Actually, DADS treatment 
significantly down-regulated the expression of 
nucleotide synthesis-related enzymes, such as ADSL 
(adenylosuccinate lyase), ATIC (formyltransferase/ 
IMP cyclohydrolase), GMPS (Guanine Monophos-
phate Synthase) in CRC cells, compared to the vehicle 
DMSO group (Figure S3C), suggesting that DADS 
might suppress nucleotide synthesis and the DNA 
damage repair. Given that nucleotide synthesis 
heavily relies on the pentose phosphate pathway 
(PPP) to produce 5-phosphate ribose (R5P) [24], we 
therefore examined the effect of DADS treatment on 
the PPP activity in CRC cells. The GSEA and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis revealed that DADS treatment 
significantly altered the expression of many proteins 
involved in the PPP in CRC cells (Figure 3A-C). 

Therefore, we hypothesized that DADS treatment 
might suppress the PPP activity to decrease 
nucleotide synthesis, thereby inhibiting DNA damage 
repair and inducing cell apoptosis.  

To test this hypothesis, CRC cells were treated 
with vehicle or DADS, and the levels of extracellular 
glucose consumption, intracellular glucose-6-phos-
phate (G6P) levels, glucose-6-phosphatedehydro-
genase (G6PD) activity, and NADPH levels in CRC 
cells were examined. We observed that DADS 
treatment significantly mitigated the levels of glucose 
consumption, intracellular G6P levels, intracellular 
G6PD activities, but increased the NADP+/NADPH 
ratios in CRC cells (P<0.05, Figure 3D-H). Con-
sequently, DADS treatment significantly decreased 
the levels of intracellular PRPP (5-phosphate 
ribose-1-pyrophosphate) in CRC cells (P<0.05, Figure 
3I). Similarly, DADS treatment obviously 
down-regulated the relative levels of hexokinase 2 
(HK2), G6PD, and ribose 5-phosphate isomerase A 
(RPIA) expression in CRC cells (Figure 3J). IHC 
analysis revealed lower levels of HK2, G6PD and 
RPIA expression in the DADS-treated xenograft 
tumors relative to the control tumors (Figure S3D). 
Additionally, treatment with G6PD AG1 activator (a 
selective G6PD activator) significantly increased 
G6PD activities and reduced γ-H2AX and 53BP1 
expression, while DADS treatment reversely reduced 
G6PD activities and partially rescued γ-H2AX and 
53BP1 expression in CRC cells (P<0.05, Figure S3E-F). 
Together, these data suggested that DADS treatment 
suppressed the activation of PPP and increased DNA 
damage, resulting in apoptosis of CRC cells. 

DADS reduces the PPP activity by targeting 
POU2F1 in CRC cells 

Next, we explored the mechanisms underlying 
the actions of DADS treatment in suppressing the PPP 
activity in CRC cells. It was notable that POU2F1 was 
one of the down-regulated DEPs in the DADS-treated 
SW620 cells (Figure 4A-B). Interestingly, our previous 
research has shown that POU2F1 can promote the 
proliferation and oxaliplatin resistance of CRC cells 
by enhancing glycolysis and the PPP activity [7]. 
Given the importance of POU2F1 in glycolysis and the 
PPP activity, we assessed whether DADS treatment 
could inhibit POU2F1 expression and the PPP activity 
in CRC cells. Actually, DADS treatment decreased 
POU2F1 protein levels in CRC cells (Figure 4C). 
Furthermore, DADS treatment not only significantly 
decreased glucose consumption, intracellular G6P 
levels and G6PD activities, but also significantly 
mitigated or abrogated the POU2F1 over-expression- 
increased glucose consumption, intracellular G6P 
levels and G6PD activities in CRC HCT116 cells.  
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Figure 3. DADS mitigates the PPP activity and PRPP production in CRC cells. (A) KEGG pathway enrichment analysis of 141 DEPs between DADS-treated and 
control SW620 cells. (B) GSEA analysis of PPP-related genes enriched in control group. (C) Heatmap analysis of the PPP-related DEPs between DADS-treated and control 
SW620 cells. (D-F) The levels of glucose consumption, intracellular G6P levels and G6PD activities in the indicated cells. (G-H) The levels of intracellular NADP+ and NADPH 
and the ratios of NADP+/NADPH in the indicated cells. (I) The levels of PRPP in the indicated cells. (J) Western blot analysis of HK2, G6PD and RPIA expression in the indicated 
cells. Data are representative images or expressed as the mean ± SD of each group of samples from three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 4. DADS inhibits the PPP activity, dependent on reducing POU2F1 protein in CRC cells. (A-B) Volcano plot and heatmap analyses displayed the location of 
POU2F1 in the down-regulated DEPs from the DADS-treated SW620 cells. (C) Western blot analysis revealed that DADS treatment reduced POU2F1 protein in the indicated 
cells. (D-G) The levels of glucose consumption, intracellular G6P levels, G6PD activities, and the ratios of NADP+/NADPH in indicated cells. (H) Representative images of 
18F-FDG PET/CT scanning of wild-type or POU2F1 silencing SW620 tumors in the mice that had been treated vehicle or DADS (100 mg/kg) (n=5 per group). The SUV values in 
the region of interest (ROI) of individual mice were calculated. (I) The levels of PRPP in indicated cells. (J) Western blot analyses of the relative levels of HK2, G6PD and RPIA 
expression in the indicated cells. Data are representative images or expressed as the mean ± SD of each group of samples from three separate experiments. *P<0.05, **P<0.01, 
***P<0.001. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

1132 

In contrast, DADS treatment enhanced the 
POU2F1 silencing-decreased glucose consumption, 
intracellular G6P levels and G6PD activities in CRC 
SW620 cells (P<0.05 for all, Figure 4D-F). Moreover, 
DADS treatment abrogated the POU2F1 over- 
expression-decreased NADP+/NADPH ratios in 
HCT116 CRC cells while the same treatment 
synergistically further elevated the POU2F1 
silencing-increased NADP+/NADPH ratios in SW620 
CRC cells (P<0.05 for all, Figure 4G). The analysis of 
18F-FDG PET/CT in tumor-bearing mice showed that 
that the maximum standard uptake values (SUV max) 
in the region of interest (ROI) were lower in mice with 
POU2F1 silencing tumors than in mice with wild-type 
tumors in the absence of DADS treatment and further 
reduced following DADS treatment (Figure 4H). 
While POU2F1 over-expression significantly elevated 
intracellular PRPP levels in HCT116 cells POU2F1 
silencing dramatically decreased the PRPP levels in 
SW620 cells (P<0.05, Figure 4I). Importantly, DADS 
treatment significantly mitigated the positive 
enhancement of POU2F1 over-expression and 
deteriorated the inhibitory effect of POU2F1 silencing 
on the PRPP production in CRC cells. Similar patterns 
of HK2, G6PD, and RPIA expression were detected in 
the indicated CRC cells following DADS treatment by 
Western blot assays (Figure 4J). Additionally, DADS 
treatment significantly increased DNA damage and 
apoptosis (P<0.05, Figure S4 and Figure S5A-B), and 
inhibited the proliferation of POU2F1 over-expressing 
CRC cells (P<0.05, Figure S5C). Consistently, DADS 
treatment significantly decreased the growth of 
POU2F1 over-expressing CRC in mice (P<0.05, Figure 
S5D-F). IHC analysis revealed lower levels of 
POU2F1, HK2, G6PD and RPIA expression in the 
DADS-treated xenograft tumors, relative to the 
control tumors (Figure S6). Collectively, these data 
indicated that DADS attenuated the PPP activity by 
reducing POU2F1 protein levels to promote DNA 
damage and apoptosis, ultimately causing growth 
inhibition in vitro and in vivo.  

DADS selectively promotes POU2F1 
degradation through the K48-linked 
ubiquitination in CRC cells 

Given that DADS treatment reduced the amount 
of POU2F1 protein in CRC cells (Figure 4C), we 
further investigated how DADS treatment regulated 
the POU2F1 expression. Firstly, DADS treatment did 
not significantly alter the relative levels of POU2F1 
mRNA transcripts in CRC cells (P>0.05, Figure 5A). 
Notably, the DEPs induced by DADS treatment were 
involved in the process of protein stabilization and 
ubiquitin protein ligase binding (Figure 1D). We 
hypothesized that DADS may regulate the 

stabilization of POU2F1 protein in CRC cells. 
Actually, DADS treatment accelerated the decrease in 
the relative levels of PO2F1 protein in CRC cells in the 
presence of protein synthesis inhibitor CHX 
(cycloheximide) (Figure 5B), suggesting that DADS 
treatment might promote the degradation of POU2F1 
protein in CRC cells.  

To further elucidate how DADS treatment 
reduced the POU2F1 protein stability, CRC cells were 
treated with vehicle or DADS alone or together with 
MG132 (a proteasome inhibitor) or 3-MA (an inhibitor 
of lysosome-autophagy pathway) and their POU2F1 
protein levels were analyzed by Western blot assays. 
The results exhibited that DADS treatment reduced 
the POU2F1 protein levels in both untreated CRC and 
3-MA-treated CRC cells, but not in the MG132-treated 
CRC cells (Figure 5C). These data suggest that DADS 
treatment may promote the ubiquitin-proteasome 
degradation of POU2F1 protein in CRC cells. Indeed, 
DADS treatment enhanced the levels of POU2F1 
ubiquitination in CRC cells (Figure 5D). Ub can be 
further ubiquitinated at 1 of the 7 lysine sites (K6, K11, 
K27, K29, K33, K48, and K63) to polyubiquitinate 
substrates by specific E3 Ub ligases [25]. To explore 
the type of Ub chain generated on POU2F1, we 
mutated each of the lysine residues on Ub and 
evaluated their effect on POU2F1 ubiquitination and 
found that only the K48R (Lys48-Arg) mutation in Ub 
completely prevented POU2F1 polyubiquitination in 
293T cells (Figure 5E). Moreover, DADS -mediated 
POU2F1 ubiquitination was linked to K48, but not to 
K63 Ub in HCT116 and SW620 cells (Figure 5F). Thus, 
DADS treatment was like to promote POU2F1 
K48-linked ubiquitination and degradation through 
the proteasome pathway. 

DADS up-regulates TRIM21 expression, 
through the K272 in POU2F1 to induce the 
POU2F1 K48-linked ubiquitination and 
proteasomal degradation in CRC 

Next, we examined molecular mechanisms by 
which DADS treatment enhanced the POU2F1 
ubiquitination in CRC cells. The KEGG pathway 
enrichment analysis unveiled that the DEPs induced 
by DADS treatment were enriched in ubiquitin- 
mediated proteolysis in CRC cells (Figure 6A). The E3 
ligase TRIM21 expression was upregulated in the 
DADS-treated CRC cells (Figure 6B-C). As well 
known, TRIM proteins, as a kind of RING-type E3 
ubiquitin ligases, can transfer ubiquitin to target 
proteins for degradation [26]. Accordingly, we 
reasoned that TRIM21 might be responsible for the 
K48-linked ubiquitination of POU2F1. Evidently, the 
levels of POU2F1 expression were negatively 
correlated with TRIM2F1 expression in 458 colon 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

1133 

adenocarcinoma cases in The Cancer Genome Atlas 
(TCGA) database (r=-0.1568, P<0.001, Figure S7A). 
Secondly, Co-IP assays exhibited that TRIM21 protein 
interacted with POU2F1 in CRC cells (Figure 6D and 
Figure S7B). Furthermore, while TRIM21 over- 
expression enhanced POU2F1 K48-linked ubiquiti-
nation to reduce the levels of POU2F1 protein, 
TRIM21 silencing had an opposite effect in CRC cells 
(Figure 6E). More importantly, re-introduction of 
TRIM21 expression significantly rescued the POU2F1 
ubiquitination in the TRIM21-silenced HCT116 cells, 
while TRIM21 silencing obviously attenuated the 
POU2F1 ubiquitination in the TRIM21 over- 
expressing SW620 cells (Figure S7C). 

TRIM21 promotes its targets for degradation by 
the ubiquitination of lysine residues in the substrates 
[27]. Therefore, we determined the importance of 

lysines in the TRIM21-mediated POU2F1 protein 
ubiquitination. To identify which lysine(s) in POU2F1 
is required for TRIM21-mediated POU2F1 ubiqui-
tination and subsequent degradation, we firstly 
constructed different structural domains of POU2F1 
mutants (Figure 6F), and the results revealed that the 
region (176–351aa) of POU2F1 was essential for the 
TRIM21-mediated POU2F1 ubiquitination in CRC 
cells (Figure 6G-H). Subsequently, we divided these 
lysines in the region (176–351aa) into three subregions 
and mutated each of them to arginine (R) (Figure 6I). 
We found that the mutations of all lysines in the KR-1 
group, but not those in other groups, completely 
abolished the TRIM21-mediated POU2F1 degrada-
tion, suggesting that lysines (K272, 293 and 296) in 
this region of POU2F1 may be critical for the 
TRIM21-mediated POU2F1 ubiquitination in CRC 

 

 
Figure 5. DADS promotes the K48-linked POU2F1 ubiquitination and degradation. (A) RT-qPCR analysis of the relative levels of POU2F1 mRNA transcripts in the 
indicated cells. (B) Western blot analysis of POU2F1 degradation in the indicated cells following treatment with vehicle or DADS in the presence or absence of CHX for the 
indicated time periods. (C) Western blot analysis of POU2F1 protein levels in the indicated cells following the indicated treatments. CRC(D) Co-IP detected the effects of DADS 
on POU2F1 protein ubiquitination in the indicated CRC cells in the presence of MG132CRC. (E) An in vitro ubiquitylation assay was performed using lysine-to-arginine Ub 
mutants (5 μg/ panel). The products were analyzed by Western blot using anti-Ub antibody. (F) Co-IP detected the effects of DADS on the K48- or K63-linked POU2F1 
ubiquitination CRCin the indicated CRC cells. Data are representative images or expressed as the mean ± SD of each group of samples from three separate experiments. Ns: no 
significance.  
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cells (Figure 6J). Further point mutations revealed 
that the mutation of K272R, but not the other lysine 
residues, almost completely abolished the TRIM21- 
mediated POU2F1 degradation in CRC cells (Figure 
6K-L). Similarly, the mutation of K272R in POU2F1 
also abrogated the TRIM21-mediated POU2F1 
ubiquitination in CRC cells (Figure 6M). 

Given that TRIM21 promoted POU2F1 
ubiquitination and degradation, we next investigated 
whether TRIM21 contributed to the DADS-induced 
POU2F1 ubiquitination. As shown in Figure 6N, 
DADS treatment obviously up-regulated TRIM21 
protein expression and enhanced POU2F1 ubiquitina-
tion, decreasing POU2F1 protein levels in CRC 
HCT116 cells, which were reduced in the 
TRM21-silencing HCT116 cells. Furthermore, DADS 
treatment enhanced the TRIM21-increased POU2F1 
ubiquitination, reducing POU2F1 protein levels in the 
TRIM21 over-expressing SW620 cells. These indicated 
that DADS treatment promoted POU2F1 ubiquiti-
nation and degradation by increasing TRIM21 protein 
expression in CRC cells. Together, these data 
indicated that the K272 in POU2F1 was the key 
acceptor site for the TRIM21-mediated POU2F1 K48- 
linked ubiquitination and subsequent degradation in 
CRC cells.  

DADS inhibits the PI3K/AKT signaling to 
up-regulate TRIM21 expression and trigger 
POU2F1 ubiquitination and degradation in 
CRC cells 

How did DADS enhance the TRIM21-mediated 
POU2F1 ubiquitination? A previous study has 
reported that TRIM21 was negatively regulated by the 
PI3K/AKT signaling [28]. Our previous study has 
shown that DADS treatment attenuates the 
PI3K/AKT signaling in CRC cells [14]. Accordingly, 
we tested whether DADS through inhibiting the 
PI3K/AKT pathway up-regulated TRIM21 expression 
in CRC cells. The results displayed that comparison 
with the DMSO-treated control cells, DADS treatment 
up-regulated TRIM21 protein expression, but not 
AKT expression, and reduced PI3Kp110α and AKT 
Ser473 phosphorylation in CRC cells (Figure 7A). 
Furthermore, treatment with 740Y-P to activate the 
PI3K/AKT signaling decreased TRIM21 expression 
while treatment with LY294002 to inhibit the 
PI3K/AKT signaling increased TRIM21 expression in 
CRC cells (P<0.05, Figure 7B). Consistently, DADS 
treatment synergistically increased the LY294002- 
enhanced TRIM21 expression, but decreased TRIM21 
expression in the 740Y-P-treated CRC cells (Figure 
7C-D). Therefore, DADS up-regulated the expression 
of TRIM21 by attenuating the PI3K/AKT signaling in 
CRC cells.  

Finally, we tested how DADS treatment 
modulated POU2F1 ubiquitination in POU2F1 
over-expressing HCT116 cells and POU2F1 silencing 
SW620 cells. Comparison with the MG132-treated 
control cells, DADS treatment enhanced POU2F1 
ubiquitination, which were attenuated by 740Y-P 
treatment, but enhanced by induction of TRIM21 
over-expression in POU2F1 over-expressing HCT116 
cells (Figure 7E). Furthermore, DADS treatment also 
increased POU2F1 ubiquitination, which was 
dramatically enhanced by LY294002 treatment in 
POU2F1 silencing SW620 cells. In contrast, TRIM21 
silencing attenuated the DADS and LY294002- 
enhanced POU2F1 ubiquitination in POU2F1 
silencing SW620 cells (Figure 7E). As a result, 740Y-P 
treatment partially rescued the DADS-decreased 
glucose consumption, intracellular G6P levels and 
G6PD activities, which were significantly mitigated or 
abrogated by inducing TRIM21 over-expression in 
POU2F1 over-expressing HCT116 cells (P<0.05 for all, 
Figure 7F-H). In contrast, treatment with LY294002 to 
inhibit the PI3K/AKT signaling synergistically 
decreased the DADS-reduced glucose consumption, 
intracellular G6P levels and G6PD activities, while 
TRIM21 silencing reversely increased glucose 
consumption, intracellular G6P levels and G6PD 
activities in POU2F1 silencing SW620 cells. 
Additionally, 740Y-P treatment abrogated the 
DADS-increased NADP+/NADPH ratios, which was 
rescued by TRIM21 over-expression in POU2F1 
over-expressing HCT116 cells (P<0.05 for all, Figure 
7I-J). Conversely, LY294002 treatment enhanced the 
DADS-increased NADP+/NADPH ratios, which was 
abolished by inducing TRIM21 silencing in POU2F1 
silencing SW620 cells. Moreover, 740Y-P treatment 
partially rescued the DADS-decreased intracellular 
PPAR levels, which was abrogated by inducing 
TRIM21 over-expression in POU2F1 over-expressing 
HCT116 cells. Conversely, LY294002 treatment 
further reduced the DADS-decreased intracellular 
PPAR levels, which was partially rescued by inducing 
TRIM21 silencing in POU2F1 silencing SW620 cells 
(P<0.05 for all, Figure 7K). These data indicated that 
DADS up-regulated TRIM21 expression by inhibiting 
the PI3K/AKT signaling to enhance POU2F1 
ubiquitination, but to inhibit the PPP flux in CRC 
cells. Functionally, comparison with the control cells, 
DADS treatment significantly inhibited the 
proliferation of POU2F1 over-expressing HCT116 
cells, which was dramatically rescued by 740Y-P 
treatment (P<0.05, Figure S7D). Induction of TRIM21 
over-expression significantly mitigated the 740Y-P 
treatment-enhanced proliferation of POU2F1 
over-expressing HCT116 cells following DADS 
treatment. While DADS treatment significantly 
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decreased the proliferation of POU2F1 over- 
expressing SW620 cells LY294002 treatment 
significantly enhanced the inhibitory effect of DADS 
on the proliferation of both POU2F1 and/or TRIM21 

silencing SW620 cells (P<0.05, Figure S7D). 
Collectively, our data indicated that DADS inhibited 
the growth of CRC cells by inhibiting the 
PI3K/AKT/TRIM21/POU2F1 axis. 

 

 
Figure 6. DADS enhances TRIM21 expression and the K48-linked POU2F1 K272 ubiquitination and degradation in CRC cells. (A-B) The KEGG pathway 
annotation and heatmap analysis displayed the distribution of up-regulated TRIM21 expression in the DEPs of DADS-treated SW620 cells. (C) Western blot analyses of the 
relative levels of TRIM21 expression in the indicated cells. (D) Co-IP revealed the direct interaction between TRIM21 and POU2F1 proteins in CRC cells. (E) Co-IP detected the 
effects of TRIM21 on POU2F1 protein ubiquitination in the indicated cells. (F-H) CO-IP analyses unveiled that the 176-350 region of POU2F1 protein was crucial for the 
TRIM21-mediated POU2F1 ubiquitination in CRC cells. (I-K) Western blot analyses of the mutants indicated that the K272 was an acceptor of POU2F1 for the TRIM21-mediated 
POU2F1 ubiquitination. (L-M) The K272R mutant of POU2F1 abolished the TRIM21-mediated POU2F1 degradation. (N) Co-IP detected the effects of TRIM21 on 
DADS-mediated POU2F1 ubiquitination in the indicated cells.  



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

1136 

 
Figure 7. DADS up-regulates TRIM21 expression to reduce the PPP activity by attenuating the PI3K/AKT signaling in CRC. (A) Western blot analyses 
indicated that DADS up-regulated TRIM21 expression and attenuated the PI3K/AKT activation in the indicated cells. (B) Western blot detected the effects of the PI3K/AKT 
signaling activator (10 μM 740 Y-P) or inhibitor (30 μM LY294002) on TRIM21 expression in the indicated cells. (C-D) RT-qPCR and Western blot analyses detected TRIM21 
expression in the indicated CRC cells following treatment with vehicle or DADS alone or combination with CRC740 Y-P or LY294002. (E) Co-IP detected the effects of DADS, 
740 Y-P, LY294002 and TRIM21 on POU2F1 protein ubiquitination in POU2F1 over-expressing or silencing CRC cells. (F-K) The levels of glucose consumption, intracellular G6P 
levels, G6PD activities, the ratios of NADP+/NADPH, intracellular NADPH levels, and PRPP levels in the indicated cells. Data are representative images or expressed as the mean 
± SD of each group of samples from three separate experiments. *P<0.05, **P<0.01, ***P<0.001. 

 

Discussion 
Various oncogenic pathways contribute to the 

development and progression of colorectal cancer 
(CRC). Hence, identifying the key molecular driver 
events associated with cancer growth will uncover 
new therapeutic targets and allow for developing new 
therapeutic strategies for the management of CRC 
patients [2]. Previous studies have demonstrated that 
DADS has potent anti-tumor activities in various 

types of malignant tumors, such as neuroblastoma, 
breast cancer, CRC, lung cancer, and gastric cancer 
[16, 29-32]. A previous study has indicated that DADS 
treatment causes DNA damage and apoptosis of 
cancer cells, contributing to its anti-cancer effects [33]. 
In this study, we found that DADS treatment 
inhibited the growth of CRC cells in vitro and in vivo 
by inducing their DNA damage-related apoptosis. 
Hence, DADS may provide a novel DNA 
damage-based cancer therapy for CRC. 
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The toxin-conjugated antibodies can release 
toxin to induce DNA damage and microtubule 
inhibition, leading to the targeted tumor cell 
apoptosis and can kill surrounding cancer cells 
through the bystander effect [34]. A previous study 
has reported that high levels of intracellular ROS can 
activate intrinsic apoptosis pathway by increasing 
mitochondrial permeability and inhibiting the PPP 
flux in cancer cells [35]. In this study, we found that 
DADS treatment failed to increase the intracellular 
ROS levels and reversed the inhibition of GSK2795039 
(an inhibitor of NADPH oxidase 2) on DNA damage, 
indicating that DADS treatment enhanced DNA 
damage in CRC cells, independent of elevating 
intracellular ROS levels. However, our proteomic 
results showed that the DEPs in DADS-treated group 
were mainly associated with the DSB (DNA double 
strand break) repair, DNA replicate, and DNA 
biosynthetic pathways. As well known, the process of 
DNA replication is constantly challenged by various 
intrinsic and extrinsic stresses throughout the genome 
[36]. The most frequent events of DNA damage are 
DSB, which severely influenced the cell survival and 
proliferation [37]. Actually, the DSB repair, and DNA 
replication closely depended on DNA biosynthesis, 
on the one hand, but the process of DNA replication 
includes duplex unwinding, followed immediately by 
DNA synthesis, on the other hand, and DNA 
synthesis is disturbed in damaged DNA regions, in 
replication slow zones, or as a result of insufficient 
nucleotide level [38]. Several lines of evidence have 
demonstrated that enhanced nucleotide metabolism 
can promote DNA damage repair to confer growth 
inhibition. For instance, activation of glycolysis, 
especially for the PPP flux, can enhance the nucleotide 
metabolism and promote DNA damage repair [39-41]. 
Interestingly, our proteomic analysis revealed that the 
DEPs involved in the PPP activation were highly 
down-regulated in the DADS-treated CRC cells, and 
DADS treatment decreased the NADPH and PRPP 
production and nucleoside metabolism, thus 
suppressing DNA damage repair, and inducing and 
apoptosis and growth inhibition of CRC cells.  

In general, the PPP flux is particularly active in 
tumor cells to provide energy and nutrients to 
support their growth [42]. Interestingly, our previous 
findings have shown that POU2F1 silencing 
specifically inhibits glycolysis and the PPP activity to 
suppress the ROS-mediated DNA damage and 
apoptosis, promoting the proliferation and oxaliplatin 
resistance in CRC cells [7], suggesting that POU2F1 
may be a promising therapeutic target. In this study, 
we observed that DADS treatment inhibited the PPP 
flux to induce DNA damage and cell apoptosis by 
targeting POU2F1 protein stability. However, it 

remains unclear how DADS affects the POU2F1 
protein stability. Ubiquitin-mediated proteasomal 
degradation is crucial for regulating protein stability 
and functions [43]. we found that DADS treatment 
accelerated POU2F1 degradation by increasing its 
K48-linked ubiquitination in CRC cells. Consistently, 
DADS treatment suppressed the PRPP synthesis and 
nucleoside metabolism, inhibiting the DNA damage 
repair, and the growth of CRC cells. 

Mechanistically, we found that DADS treatment 
up-regulated TRIM21 expression in CRC cells, 
accompanied by enhancing POU2F1 ubiquitination 
and degradation. TRIM21 is a RING finger 
domain-containing E3 ubiquitin ligase and belongs to 
the tripartite motif (TRIM) family. Previous studies 
have reported that TRIM proteins can positively or 
negatively regulate the process of carcinogenesis, 
including the DNA damage response pathway [44, 
45]. However, the precise role of TRIM21 in the 
pathogenesis of CRC remains under debate. It is 
notable that TRIM21 expression is up-regulated in a 
broad spectrum of cancers, including glioma, breast 
cancer and nasopharyngeal carcinoma (NPC) [27, 
46-48]. Surprisingly, we have found that TRIM21 is 
essential for PHB ubiquitination degradation in 
nasopharyngeal carcinoma (NPC) [49]. Conversely, 
TRIM21 expression is down-regulated in CRC and 
negatively regulates intestinal epithelial carcino-
genesis [50], and down-regulated TRIM21 expression 
is associated with enhancement of carcinogenesis and 
worse prognosis of hepatocellular carcinoma and 
breast cancer [51, 52]. Thus, the levels of TRIM21 
expression may vary in different types of malignant 
tumors. More importantly, we found that TRIM21 
interacted with POU2F1 protein and promoted the 
K48-linked ubiquitination of POU2F1 at K272 site and 
degradation in CRC cells. Our findings suggest that 
TRIM21 may be a tumor suppressor and new 
therapeutic target for intervention of CRC.  

A previous study has reported that the TRIM21 
expression levels are negatively correlated with PI3K 
activity in various human cancers, implying that 
TRIM21 may act as a potential tumor suppressor [28]. 
Coincidentally, we have shown that DADS inhibits 
the Rac1-mediated epithelial-mesenchymal transition 
by blocking the PI3K/AKT pathway [14]. In this 
study, we found that DADS treatment inhibited the 
activation of PI3K/AKT signaling to enhance TRIM21 
protein expression and the K48-linked POU2F1 K272 
ubiquitination and subsequent degradation in CRC 
cells. These findings were consistent with the notion 
that activation of the PI3K/AKT signaling down- 
regulates TRIM21 expression [28]. Although AKT 
downstream substrates (FOXO3A) may contribute to 
the PI3K/AKT/mTORC2-regulated TRIM21 expres-
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sion, we did not find an FOXO3A binding sequence in 
the TRIM21 promoter [28]. However, a previous 
study has pointed out that AKT binds to and 
phosphorylates PFKP (PFK1 platelet isoform) at S386 
to inhibit the binding of TRIM21 E3 ubiquitin ligase to 
PFKP and the subsequent TRIM21-mediated PFKP 
polyubiquitylation and degradation [53]. More 
interestingly, a recent study has discovered that 
TRIM21 knockout decreases the expression of PI3K 
phosphorylation and AKT expression [54]. 
Apparently, there is a feedback loop between the 
PI3K/AKT pathway and TRIM21 expression. 
However, the precise regulation between the 
PI3K/AKT signaling and TRIM21 expression remains 
to be further investigated.  

In conclusion, we herein report that DADS 
treatment inhibits the PPP flux by targeting POU2F1 
protein stability in a TRIM21-dependent manner, and 
consequently decreasing PRPP generation and 
nucleotide synthesis. This in turn enhances DNA 
damage and growth inhibition in CRC cells. 
Collectively, our findings may provide new insights 
into the interaction among DADS, cell metabolism, 
and DNA damage, and also suggest that DADS can be 
a safe natural agent for CRC treatment.  

Materials and Methods  
Specific reagents 

The specific reagents included the primary 
antibodies against AKT, POU2F1, and TRIM21 
(Abcam, London, UK); against PI3Kp100α, γ-H2AX, 
53BP1 and p-AKTSer473 (Cell Signaling Technology, 
Danvers, MA, USA); against α-tubulin, BCL-2 and 
BAX (Proteintech, Chicago, USA); horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG or 
goat anti-mouse IgG (Beyotime, Shanghai, China). 
GSK2795039, 3-MA and DADS (oil, ≥98%, and 1.008 
g/mL) were purchased from Sigma, (Saint Louis, 
Missouri, USA), and the DADS was fully dissolved in 
Tween 80 and diluted at 1:100 in physiological saline 
and stored in a -20°C freezer. Additionally, 740Y-P, 
LY49002, MG132, AG activator 1 and cycloheximide 
as well as AV-153, an antimutagenic molecule were 
obtained from Selleckchem, Houston, USA and 
MedChenExpress, Monmouth Junctio, USA, 
respectively.  

Label-free quantitative proteomic analysis  
SW620 cells were treated with vehicle or DADS 

for two days and collected for protein extraction. The 
protein samples were digested with trypsin and 
subjected to label-free quantitative proteomic analysis 
including HPLC fractionation, LC–MS/MS and data 
analysis by Shanghai OE Biotech (China). The study 
identified differentially expressed proteins (DEPs) 

using a fold change of ≥1.2 or ≤ -1.2 and a p-value 
<0.05, determined by R software. The proteomic 
profiles of SW620 cells treated with DADS were 
analyzed using R software and presented in a 
heatmap. The distribution of top DEPs was visualized 
using Volcano maps created with the ggplot2 
package. The cases of CRC in the Molecular Signature 
Database were divided into two groups: scramble and 
sh-POU2F1, based on the median value of POU2F1 
expression. The GSEA software (http://www 
.broadinstitute.org/gsea/index.jsp) was used to 
analyze the transcriptome profiles in gene sets of 
c2.kegg.v6.0.symbols.gmt between the two groups. 

Plasmid construction and transfection 
The plasmid for the expression of POU2F1 was 

made in our laboratory previously [7] and added with 
a Flag-tag. The plasmids for the expression of 
His-TRIM21, HA-Ub WT and mutant K6, 11 27, 29, 33, 
48 and 63 were purchased from GENE (Hong Kong, 
China). All constructs were confirmed by DNA 
sequencing. HEK293 cells were transfected with 
individual types of plasmids using Lipofectamine 
3000 reagent (Invitrogen, Waltham, MA, USA), 
according to the manufacturer’s instructions. 

Similarly, CRC cells were transfected with 
control scramble shRNA or POU2F1-specific shRNA 
using Lipofectamine 3000, as our previous description 
[7]. In addition, CRC cells were also transfected with 
control shRNA: 5′-UUCUCCGAACGUGUCACG 
UTT-3′ and 5′-ACGUGACACGUUCGGAGAATT-3′; 
shTRIM21: 5′-GACUUCACCUGUUCUGUGATT-3′ 
and 5′-UCACAGAACAGGUGAAGUCTT-3′. More-
over, CRC cells were transfected with the control or 
plasmids for the expression of POU2F1 or TRIM21 
using lipofectamine 3000. He transfected cells were 
treated with 2 µg/ml of puromycin (Sigma, Saint 
Louis, Missouri, USA) to generate stable POU2F1 or 
TRIM21 over-expressing or POU2F1 or TRIM21- 
silencing cells.  

Cell viability and colony formation assays 
The proliferation of each group of CRC cells was 

examined by CCK-8 assays. Briefly, each group of 
cells (5000 cells/well) were cultured in 96-well plates 
and treated in triplicate with DADS at 45 μg/ml 
(SW620) or 35 μg/ml (HCT116) for 0, 24, 48 or 72 h 
[55]. After reaction with CCK-8 reagents during the 
last 3-h culture, the cell viability in each well was 
measured for the absorbance at 450 nm in a 
microplate reader. To determine the clonogenicity of 
individual groups of cells, the cells (2000 cells/dish) 
were cultured in triplicate in 6-cm dishes for 10-14 
days, fixed with methanol and stained with 0.1% 
crystal violet. The visible colonies were counted in a 
blinded manner. 
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In vivo and in vitro ubiquitination assays 
Both in vivo and in vitro ubiquitination assays 

were performed as previous report [56]. Briefly, 293T 
cells were transfected with the plasmids for the 
expression of Flag-POU2F1, His-TRIM21 and 
HA-ubiquitin for two days. Their cell lysates were 
prepared and boiled in 1% SDS RIPA buffer for 5 min. 
The same number of proteins from each group was 
immunoprecipitated with anti-HA microbeads and 
after being washed, the bound proteins were resolved 
by Western blot using anti-HA and anti-Flag to view 
POU2F1 ubiquitination. To detect the in vitro POU2F1 
ubiquitination, Flag-POU2F1, His- UbcH5a, and 
HA-ubiquitin that were purified from E. coli were 
reacted with purified E1 (Boston Biochem, USA), E2, 
ubiquitin, His-flag- PIPKIγi2, GST-Smurf1, and 2 mM 
ATP in a final volume of 30 μl at 30 °C for 2 h. The 
reactions were stopped by adding 180 μl of 
denaturing lysis buffer (50 mM Tris-HCl, 150 mM 
NaCl (pH7.5), 0.1% Triton X-100, 1 mM EDTA 
containing 1% SDS and 1% deoxycholate) and heated 
at 70 °C for 20 min. After diluted, the POU2F1 
proteins were immunoprecipitated using anti-Flag 
and protein A/G beads for 2 h at 4 °C. After being 
washed, the bound ubiquitinated POU2F1 proteins 
were analyzed by IB using an anti-Ubiquitin antibody. 

Measurements of glucose consumption, 
lactate production, intracellular G6P levels, 
G6PD activities and NADPH levels 

Following transfection, the CRC cells (1×106 
cells/well) were incubated for 24 h. Glucose levels in 
the supernatants of cultured cells and cell lysates were 
measured using the Glucose Colorimetric Assay Kit 
(BioVision, Milpitas, USA) and the levels of lactate in 
the supernatants of cultured cells were quantified by 
an automatic analyzer. The levels of intracellular G6P 
in cell lysates were analyzed using a G6P Assay kit 
(BioVision, Milpitas, USA). In addition, the levels of 
intracellular G6PD enzymatic activity and NADPH in 
cell lysates were determined using G6PD Assay Kit 
(ab102529, Abcam, UK) and Amplite TM Colorimetric 
NADP/NADPH Ratio Assay Kit (ab65349, Abcam, 
UK), respectively.  

Flow cytometry  
The SW620 and HCT116 cells were treated with 

vehicle or DADS at 45 μg/ml (SW620) or 35 μg/mL 
(HCT116) for 48 h. Their intracellular ROS levels were 
quantified using DCFH2 in a Cytomics FC500 Flow 
Cytometry System (Beckman Coulter, Krefeld, 
Germany).  

The frequency of apoptotic cells was analyzed by 
flow cytometry [57]. Briefly, following treatment, the 
cells in each group were stained with Annexin V-FITC 

and propidium iodide (PI) and the percentages of 
apoptotic cells were analyzed by flow cytometry. All 
flow cytometric data were analyzed using Flow Jo 
software. 

Measurement of PRPP levels 
Following treatment with DADS for two days, 

intracellular PRPP levels were analyzed using a 
5-phosphate ribose 1 pyrophosphate (PRPP) ELISA 
kit (Chemical Book, CB75526517), following the 
manufacturer's instructions. 

TUNEL assay 
The frequency of apoptotic CRC cells was 

determined by terminal dUTP transferase nick end 
labeling (TUNEL) assay using a specific kit (ab66108, 
Abcam), per the manufacturer’s protocol. Briefly, after 
the DADS treatment, the CRC cells were fixed with 
4% paraformaldehyde for 15 min at room 
temperature, washed with PBS, and permeabilized 
with 0.1% Triton X-100 for 5 min at room temperature. 
Subsequently, the CRC cells were stained with 50 μl 
TUNEL reaction mixture at 37°C for 60 min and 
washed with PBS and photoimaged under a confocal 
microscopy (LSM510 META, ZEISS, Germany). 

In vivo xenograft model of CRC and PET/CT 
study 

Female BALB/c nude mice aged 4-6 weeks were 
obtained from the Animal Experiment Center of 
Hunan Cancer Hospital and housed in a specific 
pathogen-free room in the animal research center of 
our hospital. Subsequently, individual mice were 
subcutaneously injected with POU2F1-silencing or 
scrambler siRNA-transfected SW620 cells (5×106 
cells/mice, n= 7/group). After the tumor volume 
reached 200 mm3, the mice were injected i.p. with 
normal saline or DADS (100 mg/kg) every other day 
for 4 weeks [55]. Tumor volumes were measured 
every three days from the start of treatment until the 
mice were euthanized in a blinded manner. The 
formula V=1/2L×W2 was used to calculate tumor 
volumes (V), where W represents the largest tumor 
diameter and L represents the second largest tumor 
diameter. The day before euthanasia, mice were 
individually starved for six hours and underwent 
microPET/CT imaging for one hour using the 
18F-FDG probe at a dose of 6 µCi/g body weight. 
PET-CT (positron emission tomography-computed 
tomography) was used to analyze the data and 
determine the standardized uptake value (SUV) in the 
region of interest (ROI). After euthanizing the mice, 
their tumors were dissected, photoimaged, and 
weighed. Histology and IHC were performed on the 
tumor tissues. 
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Additional materials and method 
The supplementary materials provide additional 

details on the other materials and methods used. The 
primer and antibody information are listed in the 
Table S1, Table S2. 

Statistical analysis 
The data are presented as the mean ± standard 

deviation (SD). The difference between groups was 
analyzed using Student's t-test. All statistical analyses 
were performed using SPSS version 22.0 (SPSS, 
Chicago, IL, USA). A p-value of less than 0.05 was 
considered statistically significant. 

Availability of data and materials 
The public datasets analyzed during the current 

study are available in the repositories listed below: 
• The Cancer Genome Atlas 
TCGA-COAD: 

https://portal.gdc.cancer.gov/projects/TCGA-COA
D  

Supplementary Material 
Supplementary figures and tables.  
https://www.ijbs.com/v20p1125s1.pdf 
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