npj | precision oncology

Article

Published in partnership with The Hormel Institute, University of Minnesota

https://doi.org/10.1038/s41698-024-00724-5

RNF4 mediated degradation of PDHA1
promotes colorectal cancer metabolism

and metastasis

M| Check for updates

Jierong Chen ® '#, Zi-Yue Li?*®, Guansheng Zheng®*%, Lixue Cao®, Yun-Miao Guo®, Qizhou Lian?0<,
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This study investigates the role of RNF4-mediated ubiquitination and degradation of PDHA1 in
colorectal cancer (CRC) metabolism and metastasis. Integrating (The Cancer Genome Atlas) TCGA
and Clinical Proteomic Tumor Analysis Consortium (CPTAC) databases, proteomic, clinical, and
metabolomic analyses were performed, revealing PDHA1 as a prognostic marker in CRC.
Immunohistochemical staining confirmed lower PDHA1 expression in metastatic CRC tissues. In vitro
experiments demonstrated that PDHA1 overexpression inhibited CRC cell proliferation, migration,
and invasion. RNF4 was identified as a key mediator in the ubiquitination degradation of PDHA1,
influencing glycolytic pathways in CRC cells. Metabolomic analysis of serum samples from metastatic
CRC patients further supported these findings. In vivo experiments, including xenograft and
metastasis models, validated that RNF4 knockdown stabilized PDHA1, inhibiting tumor formation and
metastasis. This study highlights the critical role of RNF4-mediated PDHA1 ubiquitination in
promoting glycolytic metabolism, proliferation, and metastasis in CRC.

Colorectal cancer (CRC) is a prevalent malignancy globally, increasing
incidence and mortality rates over time. Consequently, it has become a
noteworthy public health concern'. Despite the substantial progress in early
detection and treatment of colorectal cancer in recent years, the survival rate
for patients with metastatic CRC remains low” ™. Research has indicated that
the metabolic reprogramming of tumor cells plays a crucial role in their high
invasiveness and metastatic potential. Thus, comprehending the metabo-
lism of CRC cells is highly important for developing novel therapeutic
approaches’.

Ubiquitination and SUMOylation are two prominent post-
translational modification pathways in cells, which contribute to the reg-
ulation of protein stability, activity, and subcellular localization®”. RNF4 is a
specialized E3 ubiquitin ligase that targets SUMO-modified proteins for
ubiquitination and degradation®. However, the mechanisms by which RNF4

regulates tumor cells’ metabolism and metastatic potential through the
ubiquitination-dependent degradation of specific target proteins remain
unclear’.

The PDHAL1 protein is pivotal in the pyruvate dehydrogenase complex
and is intricately linked to cellular metabolism, growth, and survival'.
Recent studies have shown that the PDHALI protein is dysregulated in
various types of cancer and is closely linked to tumor cell proliferation,
migration, and invasion'®'". However, the precise mechanism by which the
PDHAL protein is regulated by the SUMO-targeted ubiquitin ligase RNF4
and its impact on the glycolytic metabolism and metastatic capacity of CRC
cells has yet to be fully elucidated".

Metabolomics and proteomics are two branches of modern biology
that offer powerful tools for studying cellular metabolic mechanisms'”.
Furthermore, metabolic dysregulation frequently occurs in various cancer
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cells and has been recognized as a significant hallmark of cancer"”. PDHAL1, a
crucial component of the pyruvate dehydrogenase complex, plays a vital role
in linking glycolysis and the mitochondrial tricarboxylic acid cycle. Previous
studies have revealed a close association between the dysfunction of PDHA1
and metabolic reprogramming in cancer'’. However, the exact role of
PDHALI in metabolism in colorectal cancer (CRC) remains incompletely
understood. Therefore, by integrating metabolomics and proteomics tech-
niques, a more systematic elucidation of the cellular metabolic network and
its connection with protein regulation can be achieved". Furthermore, in-
depth analysis of these data can provide crucial clues for discovering novel
therapeutic targets and strategies for CRC treatment.

This study aims to investigate how the SUMO-targeted ubiquitin ligase
RNF4 mediates the ubiquitination degradation of PDHA1 protein and how
this mechanism affects glycolysis metabolism and the metastatic capacity of
CRC cells, considering the background provided.

Results

Development and validation of an 11-protein prognostic risk
model for predicting survival in colorectal cancer patients
Colorectal cancer (CRC) is a global health concern, ranking second
leading cause of cancer-related death in developed nations. By
employing proteomics, valuable biomarkers could be identified for
the diagnosis, prognosis, and precise management of CRC'. To
identify prognostic-related proteins for colorectal cancer (CRC),
proteomic data and clinical data for CRC patients were obtained from
the TCGA database. The patients were randomly divided into train
and test sets with a 1:1 ratio allocation. Subsequently, univariate Cox
analysis was performed on the training dataset, revealing 29
prognostic-related proteins. These findings are visualized in the
prognostic volcano plot (Fig. 1A). Moreover, implementing LASSO
regression yielded a panel of 19 prognostic proteins along with their

respective LASSO coefficients, as shown in Fig. 1B, C. Consequently, a
prognostic risk model employing the expression levels of 11 proteins
(Sox2, PDHAL1, HSP27, PAIl, GATA6, TFRC, VHL, CYCLINE2,
FOXMI1, MYOSINITA_pS1943, and IGFBP2) was developed. The
Kaplan-Meier curve analysis demonstrated that patients with high-
risk CRC exhibited overall survival (OS) rates that were lower in all
the datasets, including the train and test datasets. Moreover, the high-
risk group of CRC patients in all datasets also displayed lower
progression-free survival (PFS) rates (Fig. 1D-F; Supplementary
Fig. 1A).

Further analysis of the ROC curve revealed that our prognostic risk
model accurately predicts the survival of patients with colorectal cancer
(CRC). The model accurately predicts the 1-year, 3-year, and 5-year survival
rates of CRC patients, outperforming age, gender, and TMN stage (Sup-
plementary Fig. 1B, C). A prognostic composite column plot was con-
structed to predict the overall survival probabilities of colorectal cancer
(CRC) patients at 1, 3, and 5 years. The calibration curve results demon-
strated the composite column plot’s high accuracy in predicting CRC
patients’ survival. The column plot revealed survival rates of CRC patients to
be 0.822 at 1 year, 0.616 at 3 years, and 0.429 at 5 years (Supplementary
Fig. 1D, E).

Finally, we assessed the applicability of the developed prognostic risk
model to colorectal cancer patients across various clinical groups. Kaplan-
Meier curve analysis demonstrated the applicability of the prognostic risk
model we developed in colorectal cancer (CRC) patients across various
characteristics, including gender, age, M, N, and stage. However, the model
only applied to CRC patients with T3-4 stage in T staging (Supplementary
Fig. 2).

The results suggest that a prognostic risk model founded on 11
key proteins could effectively forecast the prognosis of patients
with CRC.
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Fig. 1 | Construction of the prognostic risk model for CRC patients. A Volcano
plot of prognostic-related proteins obtained from univariate COX analysis. Red dots
represent high-risk proteins; blue dots represent low-risk proteins; B LASSO

regression analysis curve, with different colored curves representing different pro-
teins; C Cross-validation error curve of LASSO regression. The x-axis represents the
log(\) value and the y-axis represents the Partial Likelihood Deviance. The number

of proteins retained for each log(\) value used for calculation is shown above the
graph with a dashed line indicating the log(A) value and the number of genes retained
when the Partial Likelihood Deviance is optimal; Kaplan-Meier curves analyzing the
relationship between risk scores of the prognostic risk model and OS in the all (D),
train (E), and test (F) datasets of CRC patients. n =336 (excluding samples with
unknown survival status and survival time of 0).
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Fig. 2 | Selection of prognosis-related differentially expressed proteins in CRC
patients. A Volcano plot of differentially expressed proteins in CRC patients’ tumor
tissue and normal tissue. Normal: # = 100, Tumor: # = 95; B Venn diagram of the
intersection between differentially expressed proteins and prognosis-related pro-
teins in the prognosis risk model; C Violin plots of the differential expression of the
five prognosis-related proteins. Normal: n = 100, Tumor: n = 95; D Kaplan-Meier
curves analyzing the relationship between PDHA1 protein expression and prognosis

1 1 I
Control p-CRC m-CRC

in CRC patients; E Immunohistochemical staining of PDHAL1 protein expression in
adjacent normal tissue, primary CRC tissue, and metastatic CRC tissue (scale
bar=200 pum or 50 um). Control: n = 26, p-CRC: n = 26, m-CRC: n = 28; * indicates
P <0.05; F Western blot to detect the protein expression levels of PDHALI in adjacent
normal tissues, primary colorectal cancer tissues, and metastatic colorectal cancer
tissues. * indicates a statistical significance compared to the FHC group with

a p<0.05.

Differential expression of PDHA1 in CRC and its prognostic sig-
nificance: insights from proteomic analysis and
immunohistochemistry

To further identify prognostically relevant differentially expressed proteins
in CRC patients, we retrieved protein expression data from the CPTAC
database and analyzed protein differential expression. Five thousand seven
hundred thirty-six differentially expressed proteins were identified, con-
sisting of 3059 upregulated proteins and 2677 downregulated proteins (Fig.
2A). The identified differentially expressed proteins were compared to the
proteins in the prognostic risk model, identifying five prognostic-related
differentially expressed proteins. These proteins include HSPB1/HSP27,
IGFBP2, PDHAI, TFRC, and MYH9/MYOSINIIA_pS1943 (Fig. 2B).
Among them, HSPB1, IGFBP2, and PDHAI1 were found to be down-
regulated in tumor tissues of colorectal cancer (CRC) patients, while TFRC
and MYH9 were upregulated in tumor tissues of CRC patients (Fig. 2C).
According to the Kaplan-Meier curve analysis, patients with lower

expression of PDHA1, TFRC, and MYOSINIIA_pS1943 proteins had a
worse prognosis, while patients with higher expression of HSP27 and
IGFBP2 proteins also had a worse prognosis. (Fig. 2D; Supplementary Fig.
3). Based on integrating proteomic differential expression and prognosis
analysis, we discovered PDHA1 to be downregulated in CRC, and its
downregulation is linked to a negative prognosis in patients.

Previous studies have indicated a downregulation of PDHAL in dex-
tran sulfate sodium (DSS)-induced ulcerative colitis'’; however, there is a
lack of research on the expression and function of PDHAL in colorectal
cancer (CRC). Therefore, we further investigated the expression of PDHA1
in both metastatic and primary CRC tissues. Immunohistochemical and
immunoblotting analyses revealed that compared to normal tissues, pri-
mary CRC tissues exhibited a significant decrease in PDHA1 protein
expression. Moreover, the reduction in PDHA1 protein expression was even
more pronounced in metastatic CRC tissues compared to primary CRC
tissues. (Fig. 2E, F).
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Fig. 3 | Effect of PDHA1 on changes in biological functions of CRC Cells.

A Western blot analysis of PDHALI protein expression in various CRC cell lines and
human normal colon mucosal cells (FHC). * indicates difference compared to the
FHC group, P < 0.05; B Western blot analysis of PDHAL1 protein expression in cells
after overexpression or knockdown of PDHA1; C CCK-8 assay measuring changes
in cell viability after overexpression or knockdown of PDHAL at 24, 48, and 72 h;

D Scratch assays measuring cell migration after overexpression or knockdown of

PDHALI (scale bar = 100 pm); E Transwell assay measuring cell migration and
invasion after overexpression or knockdown of PDHAL (scale bar = 50 pm); F RT-
qPCR analysis of changes in mRNA levels of Snail, Slug, Twist, Vimentin, and
E-cadherin after overexpression or knockdown of PDHA1. * indicates difference
compared to the pcDNA group, P < 0.05; # indicates difference compared to the sh-
NC group, P <0.05. Cell experiments were repeated three times.

The results above indicate the downregulation of the PDHA1 protein
in CRC tissue, suggesting that it may be a crucial protein differentially
associated with the prognosis of patients with CRC.

Role of PDHA1 in modulating proliferation, migration, and inva-
sion in CRC cell lines: insights from overexpression and knock-
down studies

To investigate the impact of PDHA1 on the biological functions of CRC
cells, we initially evaluated the expression of PDHA1 in several human CRC
cell lines, namely DLD-1, SW480, SW620, HCT-116, and normal human
colorectal mucosal cells (FHC). The Western blot analysis revealed a
reduction in PDHAL protein expression in all CRC cell lines compared to
FHC cells, with SW620 cells demonstrating the lowest expression levels (Fig.
3A). Thus, we chose SW620 and DLD-1 cells, which exhibited relatively
high protein expression of PDHAI, for further experimental validation.
PDHA1 was overexpressed in SW620 cells, while the knockdown of
PDHA1 was observed in DLD-1 cells. Western blot analysis demonstrated
an increase in the protein expression of PDHA1 in the PDHA1 group
compared to the pcDNA group. Moreover, the protein expression of
PDHALI was reduced in both the sh-PDHA1#1 and sh-PDHA1#2 groups
compared to the sh-NC group, with a more pronounced knockdown effect
in the sh-PDHA1#1 group (Fig. 3B).

Moreover, we investigated the impact of modified PDHA1 expression
or knockdown on CRC cells’ proliferation, migration, and invasion. CCK-8
assays demonstrated that SW620 cells in the PDHAI group displayed
reduced viability compared to the pcDNA group. In contrast, DLD-1 cells in
the sh-PDHALI group exhibited enhanced viability compared to the sh-NC
group (Fig. 3C). The results of the Scratch and Transwell assays demon-
strated that the PDHA1 group had reduced cell migration and invasion
abilities compared to the pcDNA group. Conversely, the sh-PDHA1 group

exhibited enhanced cell migration and invasion abilities compared to the sh-
NC group (Fig. 3D, E). Lastly, the epithelial-mesenchymal transition
(EMT)-related factors were examined. The findings indicated that com-
pared to the pcDNA group, the mRNA levels of Snail, Slug, Twist, and
Vimentin were considerably reduced in the PDHA1 group, while the
mRNA level of E-cadherin was increased. Likewise, the sh-PDHAI group
demonstrated an increase in the mRNA levels of Snail, Slug, Twist, and
Vimentin, accompanied by a decrease in the mRNA level of E-cadherin, in
comparison to the sh-NC group (Fig. 3F).

The results above indicate that the overexpression of PDHALI inhibits
the proliferation, migration, and invasion of CRC cells, whereas the
knockdown of PDHAI promotes the proliferation, migration, and invasion
of CRC cells.

RNF4 mediates the ubiquitination and degradation of SUMOy-
lated PDHAT1 in colorectal cancer cells: insights from SUMOyla-
tion and protein-protein interaction studies

Research reports suggest that the E3 ubiquitin ligase UBE3A/E6AP ubi-
quitinates and degrades PDHA1, thereby influencing the progression of
non-alcoholic fatty liver disease'. However, it remains unclear whether the
decreased expression of PDHAI in CRC is also associated with the
ubiquitin-mediated degradation of the PDHALI protein. Protein ubiquiti-
nation and small ubiquitin-related modifiers (SUMOylation) are currently
areas of intense research in the field of protein post-translational mod-
ification (PTM)". Research has revealed a crosstalk between protein ubi-
quitination and SUMOylation mediated by SUMO-targeted ubiquitin
ligases (STUbLs). Among these ligases, RNF4, a human SUMO-targeted
ubiquitin E3 ligase, has been extensively investigated and demonstrated to
operate in a SUMO?2/3-dependent manner”. Our research has also
demonstrated that the protein level of RNF4 exhibits high expression in
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Fig. 4 | Effect of RNF4-mediated SUMOylation on PDHA1 ubiquitination and
degradation. A Co-transfection of FLAG-PDHA1 and EGFP-SUMO (SUMOL1,
SUMO2, or SUMO3) in SW620 cells, with or without treatment of 20 uM MG132 for
6 h. Ni-NTA analyzed SUMOylation of PDHA1; B Co-transfection of FLAG-
PDHAI-His, HA-Ub, and T7-SUMO3 in SW620 cells, followed by treatment with
CHX (20 pug/ml), MG132 (20 uM), or CHX + MG132 for 6 h. SUMOylation and
ubiquitination of PDHA1 were examined by Ni2+ pull-down assay; C Co-
transfection of SW620 cells with FLAG-PDHA1-His (WT, 2 KR (UMO-deleted
double mutation), K77 (SUMO-deleted single mutation), K186 (another SUMO-

Flag-PDHA1K186

deleted single mutation)), HA-Ub, and T7-SUMO3, followed by treatment with
20 uM MG132 for 6 h and Ni2+ pull-down experiments to detect the SUMOylation
and ubiquitination of PDHAI; D Performance of Western blot analysis to evaluate
the protein expression of PDHA1, SAE1, SAE2, Ubc9, SUMO-1, and SUMO-2 in
different SW620 cell groups; E Transfection of SW620 cells with Flag-PDHA1 WT,
Flag-PDHAI 2 KR, Flag-PDHA1 K77, and Flag-PDHA1 K186 for 48 h. The protein
expression of PDHA1 was measured by Western blot after different incubation
durations with 20 pg/ml CHX. * indicates difference compared to the Flag-PDHA1
WT group, P < 0.05. Cell experiments were repeated three times.

both metastatic and primary colorectal cancer (CRC) tissues and in various
CRC cell lines (Supplementary Fig. 4).

To investigate the potential regulatory role of RNF4 in the progression
of CRC through the proteasomal pathway, we initially referenced estab-
lished methods from previously published literature’*>. Additionally, we
utilized the JASSA and SUMOPLOT websites for the prediction of
SUMOylation sites on PDHALI protein (Supplementary Fig. 5A). We also
determined the SIM of the RNF4 protein (Supplementary Fig. 5B) and
identified the specific ubiquitination site where the RNF4 protein interacts
with PDHALI using the biocuckoo website (Supplementary Table 1).

We then examined the impact of SUMOylation on the degradation of
PDHAI through ubiquitination. Previous research has indicated that
MG132, as an effective inhibitor of proteasomal degradation™*,. Thus, in
SW620 cells co-expressing FLAG-PDHA1 and EGFP-tagged SUMO
homolog, we examined the expression levels of PDHA1 and its SUMOy-
lation status with or without the proteasome inhibitor MG132 treatment.
Analysis from Ni-NTA revealed a significant increase in SUMOylated
(SUMO2/3) PDHALI abundance post MG132 treatment, while the levels of
unmodified and SUMO1-conjugated PDHAI remained largely unaffected
(Fig. 4A). Subsequently, we examined the SUMOylation and ubiquitination
of PDHAL in SW620 cells. The results revealed that in untreated control
cells, SUMOylation bands of PDHA1 were observed, with low levels of
ubiquitination. Following MG132 treatment, the expression of PDHAL,
SUMOylated bands, and ubiquitinated Ub were significantly upregulated,

indicating a noticeable decrease in SUMOylation and ubiquitination levels
of PDHA1 post-MG132 treatment.

Conversely, when cells were treated with CHX alone or in combi-
nation with MG132, the levels of SUMOylation and ubiquitination
bands of PDHA1 markedly decreased, suggesting that these treatments
significantly increased the SUMOylation and ubiquitination levels of
PDHAL (Fig. 4B). Therefore, the above results preliminarily suggest that
the downregulation of PDHA1 expression may be associated with ubi-
quitination degradation following SUMOylation of PDHAI. Further-
more, co-transfection of FLAG-PDHA1-His (WT, 2 KR: SUMOylation
double-site mutants, K77: SUMOylation single-site mutant, K186:
another SUMOylation single-site mutant), HA-Ub, and T7-SUMO3 in
cells showed a significant decrease in SUMOylation and ubiquitination
bands in the 2 KR, K77, and K186 groups compared to the control group
(Fig. 4C). Moreover, we transfected wild-type PDHA1, as well as
PDHAL plasmids with mutations at the K77 and K186 sites, and mea-
sured the expression levels of SUMO El activating enzyme (SAE1/
SAE2), SUMO-conjugating enzyme (Ubc9), and SUMO-1 or SUMO-2.
Immunoblot results indicated that the aforementioned proteins showed
no significant changes (Fig. 4D). Subsequently, analysis of the PDHAL1
protein half-life revealed a significant increase in the half-life of Flag-
PDHALI 2 KR, Flag-PDHAL1 K77, and Flag-PDHA1 K186 compared to
Flag-PDHA1 WT (Fig. 4E). These findings suggest that SUMOylation of
PDHAL1 promotes its ubiquitination degradation.
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Fig. 5 | Verification of the protein interaction between RNF4 and PDHAL. A Co-
immunoprecipitation (co-IP) assay measuring the protein interaction between
RNF4 and PDHALI in SW620 cells after 24 h of transfection or co-transfection with
Myc-RNF4 and Flag-PDHA1; B PLA assay measuring the proximity of RNF4 and
PDHATI in SW620 cells treated with 20 uM MG132 for 4 h (scale bar = 25 pm). Red
fluorescence indicates the proximity of the two proteins. * indicates P < 0.05;

C Western blot analysis of RNF4 protein expression in SW620 cells after knockdown
of RNF4. * indicates difference compared to the sh-NC group, P < 0.05; D PLA assay

measuring the proximity of RNF4 and PDHAL1 in SW620 cells after knockdown of
RNF4 (scale bar = 25 um). Red fluorescence indicates the proximity of the two
proteins. * indicates P < 0.05; E, F Co-IP assay measuring the protein interaction
between RNF4 and FLAG-PDHAL1 (WT, 2 KR, K77, K186) or Myc-RNF4 (WT or
mSIM) in SW620 cells after co-transfection; G Ni2+ pull-down assay measuring the
SUMOylation and ubiquitination of PDHA1 in SW620 cells co-transfected with
FLAG-PDHA1-His and HA-Ub or T7-SUMO3 and Myc-RNF4 (WT or mSIM).
Cell experiments were repeated three times.

To further explore the protein interaction between RNF4 and PDHA1,
the co-immunoprecipitation (co-IP) experiment results showed that both
exogenous and endogenous RNF4 could co-immunoprecipitate with
PDHAI (Fig. 5A), indicating the presence of a protein-protein interaction
between RNF4 and PDHALI. The PLA experiments also detected a PLA
signal in the cytoplasm between endogenous RNF4 and PDHAL. To
enhance protein quality and signal intensity, we treated the cells with MG-

132 and transfected them with RNF4 overexpression plasmids, resulting in
an increased PLA signal (Fig. 5B). After using shRNA to knock down RNF4,
the expression of RNF4 was detected, and compared to the control group,
RNF4 protein expression in the shRNA group was significantly reduced,
suggesting that the decrease in RNF4 levels could reduce the interaction
between RNF4 and PDHALI (Fig. 5C). Moreover, knocking down endo-
genous RNF4 protein levels with specific shRNAs strongly reduced the PLA
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Fig. 6 | The Influence of RNF4 on the biological functions of CRC cells by
regulating PDHA1 protein. A RT-qPCR detection of RNF4 and PDHA1 mRNA
expression in SW620 cells from each group; B Western blot detection of RNF4 and
PDHAT1 protein expression in SW620 cells from each group; C CCK-8 assay to
measure the viability changes of SW620 cells from each group at 24, 48, and 72 h;
D Transwell assay to measure the migration and invasion ability of SW620 cells from

Slug E-cad

each group (scale bar = 50 um); E Scratch assay to measure the migration of SW620
cells from each group (scale bar = 100 um); F RT-qPCR detection of Snail, Slug,
Twist, Vimentin, and E-cad mRNA levels in SW620 cells from each group. * indi-
cates P < 0.05 compared to sh-NC group, # indicates P < 0.05 compared to sh-RNF4
group, & indicates P < 0.05 compared to the sh- PDHAI group. The experiments
were repeated three times.

signal (Fig. 5D). The co-IP experiment results also revealed that the
SUMOylation-defective mutations of PDHA1 (2KR, K77, K186) and the
SIMs mutation of RNF4 (mSIM) significantly inhibited the protein-protein
interaction between RNF4 and PDHAL (Fig. 5E, F).

In conclusion, our study revealed that RNF4 overexpression facilitates
the ubiquitination of SUMOylated PDHAL, leading to a notable increase in
the levels of SUMOylated PDHA1 bands. Conversely, the transfection of
RNF4 SIMs mutant mSIM markedly suppresses the ubiquitination of
PDHAL (Fig. 5G).

The results above indicate that the RNF4 ubiquitin ligase, specifically
targeting SUMO, can facilitate the ubiquitination and subsequent degra-
dation of the PDHAL protein.

Inhibition of RNF4 enhances PDHA1 stability and suppresses
proliferation, migration, and invasion in CRC cells: insights from
combined silencing experiments

Next, we further investigated the impact of RNF4 regulation on
PDHAL protein in CRC cell proliferation and migration. In SW620
cells, simultaneous knockdown of RNF4 and PDHA1 was performed.
RT-qPCR analysis showed that compared to the sh-NC group, the sh-
RNF4 group exhibited a significant decrease in RNF4 mRNA levels,
with no significant change in PDHA1 mRNA levels. In contrast,
compared to the sh-RNF4 group, the sh-RNF4+sh-PDHAL1 group
showed no significant change in RNF4 mRNA levels, while PDHA1
mRNA levels decreased significantly (Fig. 6A). Furthermore, Western

blot analysis confirmed alterations in protein expression when RNF4
and PDHAL1 were individually knocked down and when both were
knocked down simultaneously. Compared to the sh-NC group, the
sh-RNF4 group displayed a marked decrease in RNF4 protein levels
and a significant increase in PDHA1 expression. In comparison, the
sh-PDHAI1 group showed no significant change in RNF4 protein
levels but a notable decrease in PDHA1 expression compared to the
sh-NC group. Additionally, compared to the sh-PDHA1 group, the
sh-RNF4+sh-PDHAL1 group exhibited a considerable decrease in
RNF4 protein levels and a significant increase in PDHA1 expression,
while there was no significant difference in RNF4 protein levels
between the sh-RNF4 group and the sh-RNF4+sh-PDHAL1 group,
indicating a significant decrease in PDHAI expression in the latter
(Fig. 6B).

CCK-8 detection revealed changes in cell viability. The sh-RNF4 group
showed a decrease in cell viability compared to the sh-NC group. Con-
versely, the sh-RNF4+sh-PDHAI group exhibited increased cell viability
compared to the sh-RNF4 group (Fig. 6C). Scratch and Transwell experi-
ments demonstrated that the cell migration and invasion abilities of the sh-
RNF4 group decreased compared to the sh-NC group. In contrast, the cell
migration and invasion abilities increased in the sh-RNF4+sh-PDHAL1
group compared to the sh-RNF4 group (Fig. 6D, E). Analysis of EMT-
related factors revealed that in the sh-RNF4 group, there was a significant
decrease in the mRNA levels of Snail, Slug, Twist, and Vimentin, while the
mRNA level of E-cadherin was notably increased compared to the sh-NC
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Fig. 7 | The regulation of RNF4/PDHAL1 axis on CRC cell glycolysis level.

A Volcano plots showing the differential metabolites between the m-CRC and
p-CRC groups, p-CRC: n =26, m-CRC: n = 28; B Pathway enrichment analysis of
differential metabolites using the MetaboAnalyst database; C Function enrichment
analysis of differential metabolites using the MetaboAnalyst database;

D, E Extracellular acid ratio (ECAR) and oxygen consumption rate (OCR) of cells
overexpressing or knockdown of PDHA1 measured using Seahorse XF; 2-DG: 2-
deoxyglucose, FCCP: Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone;

Time (minutes)

F Lactate production in cells overexpressing or knockdown of PDHA1;

G, H Extracellular acid ratio (ECAR) and oxygen consumption rate (OCR) of SW620
cells from each group measured using Seahorse XF; I Lactate production in SW620
cells from each group. In D-F, * indicates P < 0.05 compared to the pcDNA group, #
indicates P < 0.05 compared to sh-NC group; in G-I, * indicates P < 0.05 compared
to sh-NC group, # indicates P < 0.05 compared to sh-RNF4 group. The experiments
were repeated three times.

group. Compared to the sh-RNF4 group, the sh-RNF4+sh-PDHA1 group
showed a significant increase in mRNA levels of Snail, Slug, Twist, and
Vimentin, and a marked decrease in mRNA levels of E-cad (Fig. 6F).

The above findings suggest that suppressing RNF4 could enhance the
stability of PDHALI protein, leading to the inhibition of proliferation,
migration, and invasion of CRC cells.

RNF4/PDHA1 axis modulates glycolytic metabolism in CRC:
insights from non-targeted metabolomics and cellular glycolytic
activity assessments

To further investigate the pathways by which RNF4/PDHA1 regulates CRC
proliferation and metastasis, we collected serum samples from patients
categorized into the m-CRC and p-CRC groups for non-targeted metabo-
lomics analysis. The differential analysis revealed 30 metabolites that dif-
fered between the m-CRC and p-CRC groups (Fig. 7A). The differential
metabolites were imported into the MetaboAnalyst website for pathway
enrichment analysis. The results of the analysis revealed that these meta-
bolites were predominantly enriched in the pathways associated with
Glyoxylate and dicarboxylate metabolism, Alanine, aspartate, and gluta-
mate metabolism, Purine metabolism, Glycolysis/Gluconeogenesis, as well
as D-Glutamine and D-glutamate metabolism (Fig. 7B, C). According to
research, aerobic glycolysis, commonly known as the Warburg effect, is a
characteristic feature of cancer and has a vital role in the initiation and

spread of tumors. PDHALI is the E1 alpha subunit of the pyruvate dehy-
drogenase complex and is considered one of the crucial enzymes that aid in
the transition from oxidative phosphorylation to aerobic glycolysis. A
deficiency in PDHAL1 could result in mitochondrial dysfunction and pro-
mote glycolysis” . Hence, we hypothesize that glycolysis is a crucial
pathway controlled by PDHAL in the growth and spread of CRC.

In addition, we investigated the alterations in glycolytic meta-
bolism levels in colorectal cancer (CRC) cells that either over-
expressed or knocked down PDHA1. The findings demonstrated that
PDHA1-overexpressing SW620 cells exhibited a noteworthy reduc-
tion in ECAR and lactate production levels, along with a substantial
escalation in OCR levels, compared to the pcDNA group. Similarly,
the sh-PDHAI1 group of DLD-1 cells showcased an elevation in ECAR
levels and lactate production and a considerable decrease in OCR
levels relative to the sh-NC group (Fig. 7D-F).

Additionally, we assessed the glycolytic activity in cells where RNF4
and PDHA1 were simultaneously knocked down. The findings revealed a
reduction in both the ECAR level and lactate production in SW620 cells of
the sh-RNF4 group compared to the sh-NC group. Conversely, the OCR
level was elevated. Moreover, in the sh-RNF4-+sh-PDHA1 group of DLD-1
cells, there was an increase in both the ECAR level and lactate production
compared to the sh-RNF4 group, while the OCR level showed a decrease
(Fig. 7G-I).
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Fig. 8 | The Effects of RNF4/PDHAL1 axis on in vivo growth and metastasis of
CRC cells. A Subcutaneous tumor dissection images of mice from each group on day
35; B Line graph showing the tumor volume growth from day 5 to day 35 in each
group of mice; C Tumor weight statistics on day 35 in each group of mice;

D Immunohistochemical staining detecting the positive expression of proliferation
markers Ki67 and PCNA in subcutaneous tumor tissues of mice from each group
(scale bar = 50 um or 25 um); E IVIS Lumina II imaging system measuring lung

sh-RNF4+sh-PDHA1

metastatic nodules in mice from each group; F Representative images of lung
metastatic nodules in mice from each group, indicated by black arrows;

G Representative images of liver metastatic nodules in mice from each group. n = 8, *
indicates P < 0.05 compared to sh-NC group, # indicates P < 0.05 compared to sh-
RNF4 group.

The results above suggest that the RNF4/PDHA1 axis can enhance
glycolytic metabolism, consequently facilitating the proliferation and
metastasis of CRC cells.

RNF4/PDHAT1 axis influences tumorigenesis and metastasis of
CRC in vivo: insights from orthotopic tumor and metastasis
models in nude mice

Finally, we developed orthotopic tumor models and metastasis models in
nude mice to further confirm the influence of the RNF4/PDHA1 axis on the
growth and metastasis of CRC cells in vivo. The tumor volume and weight
measurement in each group showed that both tumor volume and weight
were lower in the sh-RNF4 group than in the sh-NC group. Furthermore,
the sh-RNF4+sh-PDHAL1 group increased tumor volume and weight
compared to the sh-RNF4 group (Fig. 8A-C). Immunohistochemical
staining results demonstrated a decrease in the expression of ki67 and
PCNA proteins in the sh-RNF4 group compared to the sh-NC group.

Conversely, the sh-RNF4+sh-PDHALI group exhibited increased expres-
sion of ki67 and PCNA proteins compared to the sh-RNF4 group (Fig. 8D).

Additionally, lung metastasis and liver metastasis models were estab-
lished by injecting CRC cells into the tail vein or spleen. The metastasis
status of each group was compared by monitoring lesions with a volume
exceeding 2 mm3 using the IVIS Lumina II imaging system. The results
indicated a reduction in lung metastasis in the sh-RNF4 group compared to
the sh-NC group. Moreover, lung metastasis was increased in the sh-
RNF4+sh-PDHA1 group compared to the sh-RNF4 group (Fig. 8E, F). In
the liver metastasis model, we observed a reduction in liver metastasis in the
sh-RNF4 group compared to the sh-NC group. Moreover, there was a
notable increase in liver metastasis in the sh-RNF4+sh-PDHA1 group
compared to the sh-RNF4 group, as shown in Fig. 8G.

The results above indicate that the destabilization of RNF4 leads to
stabilizing the PDHAL protein, inhibiting tumorigenesis and metastasis in
CRC cells.
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Discussion

This study identified PDHAL1 as a crucial protein marker for CRC patient
prognosis, aligning with the observed downregulation of PDHAI in
metastatic CRC tissues. This finding aligns with prior research, which
suggests that PDHA1 is downregulated in specific cancer types™*. Abnormal
expression of PDHAI, being one of the key enzymes in the glycolytic
pathway, could potentially result in metabolic disorders, consequently
impacting tumor development and metastasis™. It gives us additional clues
to investigate its role in CRC research.

This study demonstrates that the RNF4, a SUMO-targeted ubiquitin
ligase, mediates the ubiquitination and degradation of PDHA1. Further-
more, downregulation of RNF4 expression leads to PDHAL protein stabi-
lization, thereby inhibiting the proliferation, migration, and invasion of
CRC cells. This finding emphasizes the crucial role of RNF4 in governing the
stability of PDHA1 and its involvement in CRC metastasis. Previous studies
did not make clear the direct association between RNF4 and PDHAL.
Consequently, this newly discovered mechanism offers a more precise
therapeutic target™.

The metabolomic analysis indicated that the serum of metastatic CRC
patients contained differentially expressed metabolites mainly enriched in
glycolysis and related pathways’". Glycolysis plays a pivotal role in ener-
gizing cancer cells and serves as a vital fuel for the rapid proliferation of
tumor cells”. Previous studies have reported a significant downregulation of
PDHAL expression in gastric cancer. The main mechanism involves miR-
21-5p directly targeting PDHAL to inhibit its expression. Subsequent
downregulation of PDHAL accelerates glycolytic function in gastric cancer
cells and promotes cancer progression. Moreover, colorectal cancer (CRC),
another crucial malignancy within the digestive system, was found to exhibit
inhibited glycolytic metabolism upon knocking down RNF4 and over-
expressing PDHAL. This inhibition subsequently impacts proliferation and
metastasis, providing further evidence for the critical role of glycolysis in
CRC development.

We tested our hypothesis by transplanting a tumor model sub-
cutaneously in nude mice. This experiment confirmed that the suppression
of RNF4 leads to the stabilization of PDHA1 protein. Consequently, tumor
formation in vivo and liver and lung metastasis in CRC cells was inhibited.
This study provides robust empirical evidence and demonstrates the role of
this mechanism in actual organisms.

This study presents the first comprehensive analysis of the molecular
mechanism through which the SUMO-targeted ubiquitin ligase RNF4
mediates the ubiquitination and degradation of PDHA1. Additionally, it
explores the influence of this process on CRC metastasis, with particular
emphasis on the relationship between RNF4 and PDHA1. Although pre-
vious studies have investigated the correlation between PDHA1 or RNF4
and CRC, the exact association and underlying mechanisms have not been
completely elucidated'™”. Understanding the regulation of PDHAIL by
RNF4 and its role in colorectal cancer (CRC) provides valuable insights for
developing novel therapeutic strategies. In the future, drug or gene therapy
targeting RNF4 or PDHA1 may be effective strategies for inhibiting color-
ectal cancer metastasis.

Based on the above findings, several preliminary conclusions could be
drawn. Firstly, SUMO targets the ubiquitin ligase RNF4 to facilitate the
ubiquitination and degradation of the PDHALI protein. This process pro-
motes the glycolytic metabolism of CRC cells, consequently leading to the
proliferation and metastasis of CRC cells both intra- and extracellularly (Fig.
9). This study revealed that the SUMO-targeted ubiquitin ligase RNF4 is
responsible for mediating the ubiquitin-dependent degradation of the
PDHALI protein, playing a crucial role in colorectal cancer (CRC). This
discovery offers a fresh perspective and expands the knowledge base for
molecular biology research on CRC.

This study uncovers the pivotal roles of RNF4 and PDHAL in the
proliferation and metastasis of CRC cells. This finding suggests that tar-
geting these two proteins or their interaction may serve as a promising
therapeutic strategy, offering new treatment possibilities for patients with
CRC. This study employed proteomic and integrated metabolomic

technology to conduct a comprehensive analysis, offering a novel approach
for future cancer research combining multiple techniques.

While multiple human colorectal cancer cell lines were utilized in this
study, it is important to note that these cell lines may not completely
replicate the complex physiological context of the human body. Hence, the
research findings require additional Validation using animal models and
clinical samples. This study identified metabolites in the serum of patients
with metastatic CRC through metabolomics analysis. However, further
investigation is required to understand these metabolites’ network rela-
tionships and detailed mechanisms. While the interaction between RNF4
and PDHA1 has been confirmed in CRC, whether other unidentified pro-
teins are involved and how these interact remains unknown.

Building upon the findings of this study, future research should explore
the potential of drugs or small molecule inhibitors that target RNF4 and
PDHALI as novel therapeutic options for patients with colorectal cancer
(CRQ). This study presents a model investigating the connection between
SUMOylation, ubiquitination, and metabolic alterations in various cancer
types. This strategy can potentially be applied in future research on different
types of cancer. Metabolomics analysis has revealed that the identified
metabolites are predominantly enriched in pathways, including glycolysis. It
suggests that future research should delve into the specific roles of these
metabolic pathways in CRC and potential alterations in other important
metabolites or enzymes.

Methods

Proteomics data acquisition

The protein expression and clinical data of 358 colorectal cancer patients
(TCGA-COAD) were acquired from The Cancer Genome Atlas (TCGA)
database at https://portal.gdc.cancer.gov/. Retrieve the protein expression
dataset of colon cancer patients from the Clinical Proteomic Tumor Ana-
lysis Consortium (CPTAC) database, available at https://pdc.cancer.gov/
pdc/. The dataset comprises 95 colon cancer tumor tissue samples and 100

34,35

normal tissue samples™.

Prognostic risk model construction and prognosis-related
analysis

This study randomly allocated 336 colorectal cancer (CRC) patient samples
from the TCGA database. Samples with unknown patient survival status
and zero survival time were excluded. The samples were allocated in a 1:1
ratio to the training and test sets, each containing 168 patient samples. We
used the “survival” package in the R language to identify proteins associated
with overall survival using hazard ratio (HR) and univariate Cox regression
analysis. Proteins with a p-value less than 0.05 were selected as candidate
biomarkers.

Based on the univariate Cox analysis results, we generated a prog-
nostic volcano plot using the “ggplot2” package in the R language. Can-
didate proteins were included for further multivariable COX analysis. The
LASSO Cox regression model is employed to ascertain the optimal coef-
ficients and estimate the biased likelihood. A set of prognostic proteins
and their corresponding LASSO coefficients were obtained based on the
highest lambda value (lambda.min) selected through 1000-fold cross-
validation in the LASSO method. These proteins and coefficients were
then used to construct a prognostic risk model based on protein expres-
sion levels. The prognosis score is calculated as the sum of protein
expression values multiplied by their corresponding coefficients. The
prognostic score is calculated as the sum of the product between the
expression level of each protein and its corresponding coefficient (1, 2,
etc.). (Bn x expression level of protein n).

The train, test, and all sets (collectively) are divided into high-risk and
low-risk groups based on the median of the prognostic scores in the training
set. Using Kaplan-Meier survival curve analysis, the study compared the
overall survival (OS) and progression-free survival (PFS) between high-risk
and low-risk groups. Furthermore, it evaluated the variation in OS between
patients with high protein expression and low expression in the prognostic
risk model, using a cutoff value of P < 0.05.
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Fig. 9 | Molecular mechanism diagram illustrating the regulation of glycolysis
and metastasis in colorectal cancer by SUMO-Targeted ubiquitin ligase RNF4
and PDHAL. Created with BioRender.com.

The time-dependent ROC curve of a prognostic risk model for col-
orectal cancer (CRC) patients and the joint ROC curve of clinical features,
including age, gender, T stage, M stage, and N stage, were generated using
the “survivalROC” package in R. The accuracy of the prognostic risk model
in predicting the prognosis of CRC patients was assessed based on the Area
under the Curve (AUC) of the ROC curve.

We constructed a prognostic nomogram to assess the overall survival
probabilities of colorectal cancer (CRC) patients at 1, 3, and 5 years. This
analysis used the “rms” package in R (https://cran.r-project.org/web/
packages/rms/). The calibration curve was plotted to compare the predicted
overall survival (OS) and actual survival. The patients were categorized into
two groups based on clinical characteristics: age, gender, stage, T, M, and N
staging. Kaplan-Meier survival curve analysis was conducted to examine
the applicability of the constructed prognostic risk model across different
clinical groups™.

Differential protein expression analysis

Differential expression analysis was performed on the protein expression
dataset of colon cancer patients obtained from the CPTAC database. The
Wilcoxon test was employed to compare the protein expression differences
between colon cancer tumor tissues and normal tissue samples. Proteins
with a p-value < 0.05 were selected as differentially expressed. Please switch
back to English: Generate volcano and violin plots to visualize differential
protein expression. Construct a Venn diagram depicting the overlapping
sets of differential proteins from the CPTAC database and prognostic risk
model proteins from the TCGA database, utilizing the VennDiagram
package”.

Ubiquitination and SUMOylation site prediction

To predict the SUMOylation sites of PDHALI, the JASSA (http://www.
jassa.fr/) and SUMOPLOT (https://www.abcepta.com/sumoplot) web-
sites were utilized. The JASSA website predicts the SUMO-binding
motifs (SIM) of the RNF4 protein. Ubiquitination sites for the interaction
between RNF4 protein and PDHA1 were predicted using the BioCuckoo
website (http://gpsuber.biocuckoo.cn/online.php). Subsequent experi-
mental validation was conducted on the two highest-ranking loci selected
through a combination of scores, composite scores, and significance

40,41

filtering

Clinical sample collection

The study recruited 28 patients diagnosed with metastatic colorectal cancer
(m-CRC group) and 26 patients diagnosed with primary colorectal cancer
(p-CRC group). The two groups were matched in terms of age and gender.
The m-CRC group had a median age of 59.9 years, comprising 15 males and
13 females. The p-CRC group had a median age of 60.3 years, with 14 males
and 12 females. Metastatic tumor tissues were collected from patients in the
m-CRC group, in situ, tumor tissues were resected from patients in the
p-CRC group, and adjacent normal tissues were collected as well (adjacent
normal tissues refer to tissue samples located within a 3 cm range from the
tumor edge; referred to as the Control-m-CRC group, with a total of 26
cases). These tissue samples were fixed using 4% paraformaldehyde for
immunohistochemical staining.

To enhance the reproducibility of our research, we minimized varia-
tions in patient and sampling parameters, including fasting status and
sampling time. Hence, during the time interval of 8 am. to 9 am., we
collected fasting blood samples from patients in the m-CRC and p-CRC
groups, after obtaining written informed consent and before commencing
any treatment. These samples were collected specifically for subsequent
metabolomic analysis. Clinical information of patients is shown in (Sup-
plementary Table 2). The research involving human participants was con-
ducted in accordance with the Declaration of Helsinki. The study protocol
was approved by the Ethics Committee of Guangdong Provincial People’s
Hospital (Guangdong Academy of Medical Sciences), Southern Medical
University (Approval Number: KY-Z-2021-015-02). Informed consent was
obtained from all participants prior to their inclusion in the study. For
participants under the age of 16, consent was obtained from a parent or legal
guardian.

Immunohistochemical staining

The expression of PDHA1 and RNF4 proteins in the tissues of patients with
colorectal cancer (CRC) was detected using immunohistochemistry with
streptavidin peroxidase (SP) labeling. The expression of proliferation-
related markers Ki67 and PCNA was also examined in subcutaneous
transplant tumor tissues of mice. The paraffin-embedded specimens of
subcutaneous transplanted tumor tissue and tissue samples from CRC
patients were harvested. These specimens were cut into continuous sections
that are 5-pum thick. Immunohistochemical staining was performed after the
routine dehydration process using the standard procedure.

To block endogenous peroxidase, the samples were treated with 3%
hydrogen peroxide at room temperature for 10 min. Following this, normal
goat serum was added and incubated for 10 min. The following antibodies
were added subsequently: rabbit anti-Ki67 (1:2000, 28074-1-AP, Pro-
teintech, Wuhan, China), rabbit anti-PCNA (1:200, ab92552, Abcam, UK),
rabbit anti-PDHA1 (1:200, ab168379, Abcam, UK), or rabbit anti-RNF4
(1:200, HPA049356, Sigma-Aldrich, USA).

Overnight incubation at 4 °C is performed. Subsequently, the solution
is exposed to the biotin-labeled secondary antibody (1:500, BA1003, BioDee,
Wouhan, China) and maintained at 37 °C for 20 min. Following this, 50 pL of
streptavidin-peroxidase solution is added and left to incubate at room
temperature for 10 min. The experimental procedure included DAB
staining, hematoxylin restaining, dehydration, clearing, mounting, and
observation under a light microscope.

The criteria for identifying protein-positive cells entail that normal
positive cells exhibited a brownish-yellow color and be evaluated according
to the extent and intensity of staining. The percentage of positive stained
Area determines the scoring for staining extent. A score of 0 indicates an
extent less than 5%, 1 indicates an extent between 5% and 25%, 2 indicates
an extent between 25% and 50%, 3 indicates an extent between 50% and
75%, and 4 indicates an extent greater than 75%. Staining intensity is clas-
sified into four levels: 0, 1, 2, and 3, representing negative (no staining), mild
(weak), moderate (distinct), and severe (strong) staining, respectively. Next,
calculate the weighted score by multiplying the intensity of staining by the

percentage of Area™*.
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Metabolomics analysis

The serum samples were thawed at room temperature. Next, transfer
300 pL of each sample to 1.5 mL polypropylene tubes. Mix the samples
with 900 pL of a solution containing 80% methanol and 0.1% formic acid,
and vortex them for 2 min. After vortexing, centrifuge the tubes at
12,000 x g for 10 min. Transfer the supernatant into the small vial of the
autosampler.

The Plasma metabolomics analysis combined the LC20 ultra-high
performance liquid chromatography apparatus (Shimadzu, Japan) with the
Triple TOF-6600 mass spectrometer (AB Sciex). Select the Waters
ACQUITY UPLC HSS T3 C18 (100 x 2.1 mm, 1.8 pm) column for chro-
matographic analysis. The column is kept at a temperature of 40 °C, while
elution is carried out with a flow rate of 0.4 mL/min. The mobile phase
comprises an aqueous acetonitrile solution with a 0.1% formic acid con-
centration. The gradient elution program for mobile phase B is 5% from 0.0
to 11.0 min, 90% from 11.0 to 12.0 min, and 5% from 12.1 to 14 min. The
rinse solution is introduced directly into the mass spectrometer without
undergoing fragmentation*.

The conditions employed for mass spectrometry included the fol-
lowing settings: ionization voltage of 5500V, capillary temperature of
550 °C, spray gas flow rate of 50 psi and auxiliary heating gas flow rate of
60 psi. The preprocessed data was analyzed using Orthogonal Partial Least
Squares-Discriminant Analysis (OPLS-DA) and a permutation test with
100 permutations to prevent overfitting. Metabolites with VIP scores greater
than 1 and p-values less than 0.05 in the OPLS-DA model were identified as
differential metabolites (DMs). Furthermore, considering a fold change of at
least 2 or a fold change of at most 0.5, along with univariate analysis,
metabolites with a p-value less than 0.05 in the Student’s t-test were chosen
as the final set of differential metabolites. MetaboAnalyst (Version 5.0) is
utilized to identify relevant metabolic pathways®.

Cell culture

The colorectal cancer (CRC) cell lines employed in this study consist of
DLD-1 (CC-Y1143), SW480 (CC-Y1500), SW620 (CC-Y1502), HCT-116
(CC-Y1194), and the FHC human normal colonic epithelial cell line (CC-
Y1159)*. Human embryonic kidney cells 293T (CC-Y1010) were procured
from Enzyme Research in Shanghai, China. 293T cells were cultured in
DMEM high glucose medium (11965084, Thermo Fisher Scientific, USA),
supplemented with 10% FBS (26140079, Thermo Fisher Scientific, USA)
and 1% antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin).
SW480 and SW620 cells were cultured in Leibovitz’s L-15 medium
(11415064, Thermo Fisher Scientific, USA), supplemented with 10% FBS
and 1% antibiotics. HCT-116 cells were cultured in McCoy’s 5 A medium
(16600082, Thermo Fisher Scientific, USA), supplemented with 10% FBS
and 1% antibiotics. FHC and DLD-1 cells were cultured in RPMI-1640
medium (catalog number 11875101, Thermo Fisher Scientific, USA) sup-
plemented with 10% fetal bovine serum (FBS) and 1% antibiotics. The cell
cultures were maintained at 37°C in a CO2 incubator (model BB15,
Thermo Fisher Scientific, USA)".

CCK-8 assay

The rapidly increasing CRC cells were seeded in 96-well plates at a density of
8 x10° cells per well. The plates were then incubated in a cell culture incu-
bator for specific periods (24 h, 48 h, and 72 h). Subsequently, 10 uL of
CCK-8 solution (96992, Sigma-Aldrich, USA) was added to each well.
Following a 1-h incubation in a humidified incubator at 37 °C, the absor-
bance of each sample at 450 nm was measured using the Bio-Tek Epoch
microplate spectrophotometer (Bio-Tek, Winooski, VT, USA). Each group
consists of six replicate holes, and the experiment is repeated three times***.

Transwell experiment

A Transwell invasion experiment was conducted on CRC cells following
various treatments for 48 h. 50 pL of matrix gel (354234, BD Biosciences,
USA) was added to the Transwell chamber and incubated at 37 °C for
30 min to solidify the gel. Following the rinse of the chamber with FBS-free

medium, the small chamber is prepared. The cells are diluted in FBS-free
medium to 2.5 x10* cells/mL. Subsequently, 100 pL of the cell suspension is
added to each well in the upper chamber, and 500 pL of medium containing
10% EBS is added to the lower chamber. After 24 h, the small chamber was
removed, and a cotton swab was employed to eliminate the cells from the
upper chamber. The cells were then fixed with 4% paraformaldehyde (PFA)
at room temperature for 30 min. Subsequently, a 0.1% crystal violet staining
was conducted for 30 min. Next, five random regions were selected for
inverted microscope imaging (IXplore Pro, Olympus, Japan) and sub-
sequent cell counting™®*". Cell migration experiments do not necessitate the
incorporation of a matrix gel. The subsequent steps mirror those in the
invasion experiment and are replicated three times.

Scratch test

CRC cells were inoculated into a 24-well plate for cultivation. Upon reaching
confluence, they were carefully scraped using a 200 pL pipette tip. The cells
were then washed with PBS and the medium was replaced with FBS-free
RPMI 1640 for an additional 48-h incubation period. Photographs were
taken using an inverted microscope at a magnification of x5 at the beginning
and end of the experiment. The scratch area was analyzed with Image]
software, and the wound healing rate was calculated™”.

Lentivirus and plasmid transfection

The lentiviral plasmids for PDHA1 shRNA and RNF4 shRNA (sh-PDHAL1
and sh-RNF4), as well as their control lentiviral particles (sh-NC), were
obtained from Sigma-Aldrich (USA). 293T cells were transfected with sh-
PDHALI or sh-RNF4 plasmids, together with pCMV-dR8.91 (ZT1466,
Fenghui Biotech, Changsha, Hunan) and pMD2.G (#12259, Addgene,
USA) packaging plasmids, in a 3:3:1 ratio of calcium phosphate. One day
after transfection, the original culture medium was with a small serum-free
medium, and the cells were cultured for 24-30 h. The conditioned medium
was collected, passed through a 0.45 um filter, and concentrated by cen-
trifugation at 80,000 x g for 2 h at 4 °C. The lentivirus was resuspended in a
serum-free culture medium and titrated using the p24 ELISA kit (L00938,
Nanjing, Jiangsu) in accordance with the manufacturer’s instructions.

The supernatant containing the virus was incubated with SW620 or
DLD-1 cells at 100 ng p24 per million cells. Following 72 h of viral infection,
the culture medium was replaced with a medium containing 4 ug/mL
puromycin, and the SW620 or DLD-1 cells were cultured for a minimum of
14 days. The puromycin-resistant cells were amplified in a medium con-
taining 2 ug/mL of puromycin for 9 days. Following this, they were trans-
ferred to a puromycin-free medium to achieve stable knockdown of either
PDHALI or RNF4 in SW620 or DLD-1 cells. The information regarding the
knockdown sequences is as follows: sh-PDHA1#1 (TRCN0000028582;
target sequence: GCCAATCAGTGGATCAAGTTT), sh-PDHA1l#2
(TRCNO0000028602; target sequence: GTGAGAATAATCGCTATGGAA),
sh-RNF4#1 (TRCN0000281894; target sequence: GACAAGCTCA-
GAAGCGAACTC), sh-RNF4#2 (TRCN0000272669; target sequence:
ACGTATATGTGACTACCCATA), and sh-NC (CTCGCTTGGGCGAG
AGTAA)***. To obtain the desired plasmid, the PDHA1 gene was con-
nected to the eukaryotic expression vector pcDNA3.1 (V79520, Invitrogen,
ThermoFisher Scientific, USA). SW620 cells were seeded at a density of
2 x10° cells per well in a 6-well plate and incubated in a CO, incubator for
24 h. Next, the target plasmid was transfected into the SW620 cells using
Lipofectamine 3000 (L3000150, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA).

The plasmid concentration was determined based on the instruction
manual (approximately 50 nM) and then adjusted per specific circum-
stances. Following transfection, the cells were incubated at 37 °C with 5%
CO2 for 6-8 h. Subsequently, the complete medium was replaced, and the
cells were further incubated for an additional 48 h to facilitate the extraction
of RNA and proteins for subsequent experiments™.

The groups were classified as follows: (1) DLD-1 cells were assigned to
sh-NC, sh-PDHA1#1 (sh-PDHAL1), and sh-PDHA1#2 groups, which were
transfected with lentivirus for PDHA1 knockdown and control lentivirus;
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(2) SW620 cells were assigned to pcDNA and PDHA1 groups, which were
transfected with plasmids for PDHAI overexpression and control plasmid;
(3) SW620 cells were assigned to sh-NC, sh-RNF4#1 (sh-RNF4), and sh-
RNF4#2 groups, which were transfected with lentivirus for RNF4 knock-
down and control lentivirus; (4) SW620 cells were assigned to sh-NC, sh-
RNF4, and sh-RNF4+sh-PDHAL1 groups™”’.

Construction of plasmids and their mutants

The human PDHA1 cDNA was inserted into the pBICEP-CMV™-3 vector
containing a Flag tag (E7029, Sigma-Aldrich, USA) to construct the flag-
PDHALI plasmid. Alternatively, specific primers with a His6 tag sequence
could be used to amplify the PDHALI and achieve in-frame fusion at the C
terminus, resulting in the construction of an expression plasmid that con-
tains an N-terminal FLAG tag and a C-terminal His tag for PDHA1 (FLAG-
PDHA1-His). To construct the T7-SUMO3 expression plasmid, the human
SUMO3 (1e92) cDNA was inserted into the pcDNA3.1/T7 vector (138610,
addgene, USA). HA-tagged ubiquitin (HA-Ub, 18712, Addgene, USA) was
expressed using the pMT123 vector. The RNF4 cDNA was cloned into the
pcDNA3.1 Myc vector (176045, addgene, USA) to generate the Myc-RNF4
plasmid. EGFP-tagged SUMO1, SUMO2, and SUMO3 were created by
inserting processed forms of human cDNAs encoding SUMO1 (1-97),
SUMO2 (1-92), and SUMO3 (1-93) into the pEGFP vector (165830,
addgene, USA).

By substituting the lysine residues at positions K77 (LKAR) and
K186 (GKDE)—which have been identified by the website as the
SUMO sites of PDHA1—with arginine, a mutant variant of PDHA1
lacking the SUMO sites (Flag-PDHA1 2KR) was generated. Fur-
thermore, we generated site-specific mutants for K77 (Flag-PDHA1
K77) and K186 (Flag-PDHA1 K186). Site-directed mutagenesis was
performed on the SUMO-binding motifs (SIM) of RNF4 to generate
RNF4 mSIM mutants (Myc-RNF4 mSIM) with the following muta-
tions: aa36-39 IELV/AEAA; aa46-50 IVDL/AADA; aa58-62 VVDL/
AADA; aa67-70 VVIV/AAAA. Flag-PDHAI 2KR and Myc-RNF4
mSIM constructs were produced using site-directed mutagenesis with
the QuickChange® II XL kit from Agilent Technologies. This method
used specific mutation primers and PCR**™°",

SUMOylation and ubiquitination analysis

The analysis of PDHA1 was conducted to examine SUMOylation and
ubiquitination using the nickel-nitrilotriacetic acid (Ni-NTA) pull-down
method. Initially, we co-transfected SW620 cells with FLAG-PDHA1-His,
HA-Ub, T7-SUMO3, and other relevant expression plasmids. After 24 h,
the cells were treated with 20 uM MG132 (474790, Sigma-Aldrich, USA),
20 pg/ml cycloheximide (CHX, 239765, Sigma-Aldrich, USA), or a com-
bination of CHX 4+ MG132 for 6 h. Subsequently, the cells were lysed using
buffer A. His6-tagged PDHA1 was affinity purified using Ni-NTA agarose
beads (78605, Thermo Fisher Scientific, Waltham, MA, USA).

Antibodies including anti-Flag (rabbit; 1:1000; F7425; Sigma-Aldrich,
USA), anti-HA (rabbit; 1:1000; #3724; Cell Signaling, USA; https://www.
cellsignal.cn/), and anti-T7 (mouse; 1:1000; T8823; Sigma-Aldrich, USA)
were used for the detection of total PDHA1 and its ubiquitinated or
sumoylated forms™.

Protein half-life determination

SW620 cells transfected with Flag-PDHA1 WT (Flag-PDHALI), Flag-
PDHALI 2KR, Flag-PDHA1 K77, and Flag-PDHA1 K186 were treated with
20 pg/ml CHX for various durations (0, 2,4, 6, 8,and 10 h) to inhibit protein
synthesis. Subsequently, protein from each group was extracted and
PDHAL protein levels were assessed using Western blot analysis®.

Co-IP experiment detects protein-protein interactions

SW620 cells were utilized for Co-IP experiments to identify the interaction
between endogenous and exogenous proteins. Co-immunoprecipitation
(Co-IP) experiments were conducted in cells transfected with Myc-RNF4
and Flag-PDHALI constructs. Subsequently, the cells were incubated for 24 h

and treated with 20 uM MG-132 for 6 h. Initially, the cells are lysed using an
IP lysis buffer (P0013, Beyotime, Shanghai, China) that includes protease
and phosphatase inhibitors. Next, the cell lysate was centrifuged at
12,000 x g for 20 min at 4 °C. Subsequently, the cell lysates containing
200 g of protein were incubated with the anti-Flag antibody (mouse; 1:50,
F3165, Sigma-Aldrich, USA) or the anti-Myc antibody (mouse; 1:50,
M4439, Sigma-Aldrich, USA) at 4°C for 4 h. Alternatively, the cell lysis
buffer could include either an anti-PDHA1 antibody (rabbit; 1:100,
ab168379, Abcam, UK) or IgG (rabbit; 1:50, #3900, Cell Signaling, USA).
The mixture was incubated overnight at 4 °C. Subsequently, the antibody-
protein complex was captured using Protein A/G Sepharose beads (sc-2003,
Santa Cruz Biotechnology, USA, https://www.scbt.com/zh/home). After
thorough washing, boil the sample in 1x SDS sample buffer and analyze it
using Western blot**.

In situ proximity ligation assay (PLA)

First, SW620 cells were seeded on glass coverslips. After 24 h, cells were
either left untreated or transfected with designated plasmids (Myc-RNF4,
sh-NC, and sh-RNF4), followed by treatment with 10 uM MG-132 for 4 h.
The cells were fixed with 4% paraformaldehyde at room temperature for
20 min, and then washed with 0.1 M Glycine buffer (pH = 7). Permeabili-
zation was done using a PBS solution containing 0.2% Triton X-100 for
10 min, followed by a PBS wash. The proximity between proteins was
detected using the Duolink® In Situ kit (DUO92101, Sigma-Aldrich, USA)
according to the manufacturer’s instructions. Cell analysis was conducted
using an IX53 fluorescence microscope (CLSM; LSM 510 META, Carl Zeiss
AG). Image processing was performed using Image J software. The number
of puncta per transfected cell was estimated on a single slice, with
approximately 100 cells per condition. Automatic estimation was done
using plugins in the Image J software™.

Seahorse XF extracellular flux analysis

The Seahorse XF96 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, MA, USA) was employed, following the manu-
facturer’s instructions, to assess the extracellular acidification rate
(EACR) and oxygen consumption rate (OCR) of cells in vitro.
Inoculate 10,000 cells per well in an XF96 cell culture plate and
incubate at 37 °C overnight. On the second day, the medium was
substituted with L-15 medium that did not include sodium bicar-
bonate but contained 1 mM glutamine. Subsequently, the cells were
incubated in a CO2 incubator at 37 °C for 60 min to attain pH and
temperature equilibrium within the medium. The ECAR and OCR
were monitored under baseline conditions and in the presence of
10 mM glucose, 1puM oligomycin, 5mM 2-deoxyglucose (2-DG),
1uM FCCP, or 0.5uM rotenone/antimycin A. Furthermore, the
values for Glycolysis, Glycolytic Reserve, Basal Respiration, and
Maximal Respiration must be calculated. Data is standardized
according to protein quantification standards®*®.

Lactate production detection

The intracellular lactate levels were measured using the Lactic Acid Assay Kit
II (MAKO64, Sigma-Aldrich, USA). Cell samples were mixed with four times
the volume of lactate assay buffer and dissolved, followed by centrifugation at
13,000 x g for 10 min. The supernatant (50 pL) was transferred to a 96-well
plate, discarding the precipitate. Subsequently, LDH was removed using a
10 kDa ultrafiltration centrifuge tube. Lactate assay buffer (50 puL) was added
to each well and mixed with a pipette. After an incubation of 30 min at room

temperature in the dark, absorbance was measured at 450 nm®.

RT-qPCR

Total RNA was extracted from CRC cells using Trizol reagent (15596026,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The con-
centration and purity of the total RNA were determined using a Nano-
drop2000 micro-UV spectrophotometer. RNA was reverse transcribed into
cDNA following the instructions provided by the PrimeScript RT reagent
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Kit (RR047A, Takara, Japan). The reverse transcription conditions are 42 °C
for 30-50 min and 85 °Cfor 5 s. qRT-PCR detection was conducted utilizing
the Fast SYBR Green PCR Kit (RR820A, Takara, Japan) and the ABI PRISM
7300 RT-PCR System (Applied Biosystems). The reaction conditions con-
sisted of an initial denaturation at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 30 s, annealing at 57 °C for 30 s, and extension at
72 °C for 30 s. Three repetitions are set for each hole. The relative expression
level of a gene using the 27**“ method is analyzed by calculating AACt. It is
achieved by subtracting the average Ct value of the target gene in the
experimental group from the average Ct value of the reference gene in the
experimental group and then subtracting the difference between the average
Ct value of the target gene in the control group and the average Ct value of
the reference gene in the control group®”. The experiment is repeated three
times. The primer sequences are shown in Supplementary Table 3.

Western blot

The cell groups were collected and added individually to RIPA lysis buffer
(P0013B, Beyotime, Shanghai, China) supplemented with 1% PMSF on ice
for 30 min. The mixture was then centrifuged at 14,000 x g at 4 °C, and the
supernatant was collected. Protein extraction was carried out, and the
protein concentration of the samples was determined using the BCA
method (P0012S, Beyotime, Shanghai, China). Add an appropriate amount
of 5x loading buffer to denature the proteins and boil at 100 °C for 10 min.
The protein loading amount was 50 pg. The gel was separated and con-
centrated before electrophoresis. Following electrophoresis, the target pro-
tein bands were transferred onto a PVDF membrane.

The PVDF membrane was immersed in 5% skim milk powder and
sealed at room temperature for 1 h. Afterward, it was incubated overnight
with primary antibodies, which included an anti-PDHA1 antibody (rabbit;
1:1000, ab110330, Abcam, UK), anti-RNF4 antibody (rabbit; 1:1000, 17810-
1-AP, Proteintech, Wuhan Sanying, China), anti-Flag antibody (rabbit;
1:1000, F7425, Sigma-Aldrich, USA), anti-HA antibody (rabbit; 1:1000,
#3724, Cell Signaling, USA), anti-Myc antibody (rabbit; 1:1000, SAB4501941,
Sigma-Aldrich, USA), anti-T7 antibody (mouse; 1:1000, T8823, Sigma-
Aldrich, USA), anti-EGFP antibody (mouse; 1:1000, MAB3580, Sigma-
Aldrich, USA), anti-SAE1 antibody (rabbit; 1:1000, ab97523, Abcam, USA),
anti-SAE2 antibody (rabbit; 1:1000, ab95835, Abcam, USA), anti-UBC9
antibody (goat; 1:1000, ab21193, Abcam, USA), anti-SUMOL1 antibody
(rabbit; 1:1000, S8070, Sigma-Aldrich, USA), anti-SUMO2/3 antibody
(rabbit; 1:1000, 07-2167, Sigma- Aldrich, USA) and anti-a-Tubulin antibody
(mouse; 1:5000, ab7291, Abcam, UK). Alpha-tubulin was used as an internal
reference. After washing with PBST buffer at room temperature, membranes
were incubated with Horseradish Peroxidase (HRP)-conjugated secondary
antibodies, including goat anti-rabbit/goat anti-mouse/rabbit anti-goat IgG
(1:10000, BA1054/BA1050/BA1040, Biod, Wuhan, China), for 1 h at room
temperature. Subsequently, the membranes were washed six times with PBST
for 5 min each. ECL detection reagent (AR1172, Biod, Wuhan, China) was
evenly applied onto the membrane, followed by exposure in an imaging
system (Amersham Imager 600, USA). Then use Image J for grayscale
analysis®*”. The experiment is repeated three times. Please refer to Supple-
mentary 6-52 for original WB images.

Subcutaneous tumor growth and metastasis experiments in
nude mice

Seventy-two male BALB/c nude mice, aged 4-5 weeks and weighing 18-22 g,
were procured from Vital River (401, Beijing, China). Animals in the SPF
animal room were acclimated to the experimental environment by being
raised for one week under constant humidity (45-50%) and temperature
(25-27 °C), with a 12-h light-dark cycle. The mice were subjected to a 12-h
fasting period before the experiment while having unrestricted access to food
and water during all other times. All experiments involving live vertebrates
were conducted in accordance with relevant guidelines and regulations and
approved by the Ethics Committee of Guangdong Provincial People’s Hos-
pital (Guangdong Academy of Medical Sciences), Southern Medical Uni-
versity, and conducted in strict accordance with the Guide for the Care and

Use of Laboratory Animals published by the US National Institutes of Health,
ensuring all efforts were made to minimize animal suffering (Approval
Number: KY-Z-2021-015-02). Additionally, the study adheres to the
ARRIVE Essential 10 checklist, ensuring rigorous reporting standards.

To establish a subcutaneous xenograft model, 1 x10” stably transfected
SW620 cells were injected into the subcutaneous space on the back of nude
mice. A total of 24 nude mice were randomly divided into three groups,
namely the sh-NC group, the sh-RNF4 group, and the sh-RNF4+sh-
PDHALI group, each consisting of 8 mice. To track the progression of
tumors, the width (W) and length (L) of tumors in each group of nude mice
were measured every 5 days using a caliper. Tumor volume (V) was cal-
culated using the formula V = (WA2 x L)/2. On the 35th day after injection,
the nude mice were euthanized, and their tumors were dissected, photo-
graphed, and weighed*”.

For constructing a metastasis model, the remaining 48 mice were
divided into three groups: the sh-NC group, the sh-RNF4 group, and the sh-
RNF4+sh-PDHA1 group, each consisting of 16 mice. Specifically, 8 mice
were used for the construction of the lung metastasis model, while another 8
mice were used for the construction of the liver metastasis model. Stably
transfected SW620 cells were suspended in 20 pL of phosphate buffer and
injected into nude mice’s tail veins to establish a lung metastasis model. The
development of lung metastases was monitored weekly using the IVIS®
Spectrum small animal in vivo fluorescence imaging system (PerkinElmer).
To establish a liver metastasis model, 1 x10° SW620 cells were stably
transfected and injected into the spleen. After 35 days, the mice were
euthanized to evaluate their lung and liver metastatic capabilities’.

Statistical analysis

The research data was subjected to statistical analysis using SPSS software
(version 21.0, IBM, USA). The data is presented as the mean + standard
deviation for each measurement. First, normality and homogeneity of
variance were assessed. If both tests were passed, a non-paired t-test was
used for comparing the two groups. If multiple groups were involved, a one-
way analysis of variance (ANOVA) or repeated measures ANOVA was
conducted, followed by a post-hoc Tukey’s test. Survival curves are com-
pared using the log-rank test. The hazard ratio (HR) and the corresponding
95% confidence interval (CI) for risk were estimated using univariate Cox
regression’*”. A significance level of P < 0.05 indicates that the observed
difference is statistically significant.

Data availability
The data that supports the findings of this study are available in the
manuscript and supplementary materials.
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