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IL6/STAT3 induced GRWD1
mediates aerobic glycolysis via
P53/GLUT1 signal axis in colon
carcinoma

Jin Shang’¢, Hong-Yue Ren%®, Fa-Hui Liu*$, Dong-Hua Liu3, Shi-Hang Tang?,
Guo-Xian Guan*, Guo-Qiang Su**?, Dong-Yan Shen3* & Xin Zhou"’

GRWD1, a novel WD40-repeat-containing protein designated glutamate-rich WD repeat, is highly
expressed in CRC and participates in a series of oncogenic activities. However, the cause of GRWD1
overexpression and its oncogenic mechanism in CRC remains elusive. This study revealed that
GRWD1 was correlated with inflammation and was progressively upregulated during the progression
of Azoxymethane/Dextran sodium sulfate (AOM/DSS) in a mouse model. Moreover, GRWD1 was
activated by the IL-6/STAT3 signal pathway in CRC cells. Besides, it promoted the degradation of p53
and further induced GLUT1 to facilitate aerobic glycolysis in CRC. Taken together, GRWD1 played an
oncogenic role in tumorigenesis of CRC and represented a promising therapeutic target.
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Abbreviations

GRWD1 Glutamate-rich WD40 repeat-containing 1
CRC Colorectal carcinoma

AOM/DSS  Azoxymethane/dextran sodium sulfate
CAC Colitis-associated cancer

GLUT1 Glucose transporter type 1

IL-6 Interleukin-6

ECAR Extracellular acidification rate

OCR Oxygen consumption rate

CHX Cycloheximide

PFT-B Pifithrin-f

According to the latest global cancer statistics, Colorectal Carcinoma (CRC) is the third most prevalent cancer
and one of the leading causes of cancer-related mortality’. Besides, its incidence and mortality rates have steadily
risen in recent decades in numerous countries, including Chinal%. Notably, the incidence of early-onset colon
carcinoma is increasing by 1-4% per year, signifying that it poses a growing threat to young adults!~. Although
early detection of colon cancer and surgery for primary diseases are beneficial to patient survival, the high rate
of metastasis and acquired drug resistance have significantly decreased 5-year survival rates*. Therefore, there
is an urgent need to elucidate the molecular mechanism underlying the pathogenesis of colon carcinoma.

CRC progression involves numerous factors, some of which include an imbalance in microbiomes in the
colon, tobacco, and alcohol consumption, and inflammation®’, while others are genetic changes including
chromosomal instability (CIN), microsatellite instability (MSI) and DNA methylation®. It is well-established that
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patients with inflammatory bowel disease (IBD) have higher odds of developing colon cancer®. IL-6 is a critical
cytokine participating in the development of IBD and colon cancer!’. Indeed, several studies have described that
IL-6 levels were elevated in tumor tissue and the serum of CRC patients'’.

Genetic changes lead to the tumors’ progression from benign to malignant stages which involve many
abnormal stimulating signaling pathways, such as the RAS pathway, the p53 pathway and the inflammatory
pathway'2. In the classic IL-6 signaling pathway, IL-6 binds to its receptor IL-6R, thus inducing the formation
of a heterohexameric complex comprising two molecules each of IL-6, IL-6R, and the IL-6 receptor subunit-p
(gp130). The formation of this complex drives the activation of the JAK/STAT?3 signaling pathway. Notably,
phosphorylated STAT3 is a transcription factor stimulating a series of target genes'>!*. The JAK-STAT3
signaling pathway has recently been shown to play a central role in inflammation-mediated cancer, metabolism,
cell proliferation, and invasion'!.

GRWDI is a novel WD40-repeat-containing protein designated glutamate-rich WD repeat that is likely
to be involved in ribosome biosynthesis'®. Recent studies documented that GRWD1 could negatively regulate
the expression of p53 via direct interaction with the p53 DNA-binding domain. In addition, it also abrogated
RPL11-mediated p53 stabilization and may consequently be a potential oncogene!®!”. Moreover, GRWD1 was
highly expressed in non-small cell lung cancer (NSCLC) and related to poor differentiation and prognosis!®. Our
previous studies determined that GRWD1 was not only highly expressed in colon carcinoma tissues and several
human colon cancer cell lines but also correlated with proliferation, cell cycle arrest, apoptosis, migration, and
invasion!®. However, the underlying molecular mechanisms of GRWD1 remain enigmatic.

Our results revealed that IL-6/STAT3 could induce GRWDI1 expression in CRC cells, which in turn
negatively regulated p53 protein stability, thereby promoting GLUT1 expression and facilitating glycolysis in
colon carcinoma.

Materials and methods

Antibodies and reagents

The primary antibodies used in this study are listed below: GRWD1 (Sigma, #HPA042643), GLUT1 (CST,

#12939), p53 (CST, #9282), p-STAT3 (CST, #9145), STAT3 (CST, #9139), a-actinin (Proteintech, #11313-2-AP).
As for other reagents, Pifithrin-p (#HY-16702), Stattic (#HY-13818) and Cycloheximide (#66-81-9) were

purchased from MCE. Recombinant Human IL-6 (#200-06) was purchased from Peprotech. Azoxymethane

(#A5486) was obtained from Sigma. Dextran sodium sulfate (#0216011080) was purchased from MP Biomedicals.

Data acquisition

To examine the protein expression levels of GRWDI in normal and tumor samples across diverse cancer types,
we employed data from the Clinical Proteomic Tumor Analysis Consortium (CPTAC). Furthermore, to evaluate
the differential mRNA expression of GRWDI in colorectal cancer, we utilized the BEST online analysis platform
(https://rookieutopia.com/app_direct/BEST/) for processing and visualizing the pertinent clinical data.

Spatial transcriptomics analysis
In spatial transcriptomics analysis, cell types within spatial transcriptomics slices were characterized by the
predominant cell type present in each microregion. Specifically, if malignant cells constituted the majority
within a microregion, that region was designated as “malignant cells” Conversely, if endothelial cells were most
prevalent, the region was labeled as “endothelial cells” The cell type exhibiting the highest proportion in each
microregion was determined, and the spatial distribution of microregion information across each slice was
visualized utilizing the SpatialPlot function from the Seurat package. The expression profile of GRWDI across
various microregions was visualized using the SpatialFeaturePlot function from the Seurat package.
Additionally, to assess the expression levels of GRWDI in spatial transcriptomics slices of gastrointestinal
tumors, we calculated the average expression of GRWDI1 for each cell type within each slice. The data underwent
z-score standardization using the scale function, and the outcomes were visualized employing the pheatmap
package. To further validate the expression of GRWDI in colorectal cancer (CRC) using spatial transcriptomics
slices, tissue regions were classified based on the proportion of malignant cells within microregions. Specifically,
a microregion was designated as “malignant” if the deconvolution analysis indicated a proportion of 1 for
malignant cells, as “normal” if the proportion was 0, and as a “mixed malignant region” for any other proportion.
Differences in expression levels between these groups were assessed using the Wilcoxon test, and the mean
expression levels were illustrated through bar charts.

Patient and tissue specimens

A total of 28 paired tissue samples, including CRC tissues, adjacent paranormal tissues, and normal tissues were
collected at The First Affiliated Hospital of Xiamen University. Tissue samples were used for gPCR, Western blot
and THC analyses. This study was approved by the Ethics Committee of The First Affiliated Hospital of Xiamen
University (No. XMYY-2022KYSB097) and was conducted following the ethical guidelines of the Declaration of
Helsinki. Informed consent was obtained from all subjects or their legal guardian(s).

Gene function enrichment

To further investigate the association between abnormal expression of the GRWD1 gene and the biological
functions of CRC, we collected 14 different functional states of tumor cells from the CancerSEA database.
Using the z-score algorithm, we calculated the activity of the given pathways based on the gene sets for these 14
functional states, obtaining the combined z-score. We further standardized the scores using the scale function,
defining them as gene set scores and calculated the Pearson correlation between GRWDI expression and each
of the gene set scores. Additionally, in the TCGA-COADREAD cohort, tumor samples were extracted. Using
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a cutoff value of 0.3, the top 30% of samples with the highest GRWD1 expression were defined as the high-
expression group, and the bottom 30% with the lowest GRWDI1 expression were defined as the low-expression
group. Differential analysis was performed using the limma package to obtain the log2 fold change (log2FC) for
each gene. All genes were sorted according to their log2FC, and GSEA enrichment analysis was performed (c2.
all.v7.5.1.symbols.gmt). Gene signals or pathways with a p-value less than 0.05 were considered significantly
enriched.

Transcriptional regulator analysis

To investigate the transcriptional regulatory pattern of GRWD1, we integrated four tools—hTFtarget, ENCODE,
GTRD, and Chip_Atlas—to explore the potential transcriptional regulatory mechanisms of GRWD1 by analyzing
the overlapping transcription factors across these four datasets.

Survival analysis

To assess the potential relationship between GRWD1 and SLC2A1, we first divided the TCGA-COAD READ
cohort into four groups based on a binary classification: (GRWD1 high, SLC2A1 high; GRWD1 high, SLC2A1
low; GRWD1 low, SLC2A1 high; GRWD1 low, SLC2A1 low). The survival curve differences between the groups
were tested using the log-rank test.

Cell culture and treatment

All cell lines were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Human colon carcinoma cell lines RKO and SW480 were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin sulfate. Cells were incubated
in a humidified atmosphere containing 5% CO, at a temperature of 37 °C.

For experimental treatments, cells were seeded in appropriate plates. To assess protein degradation, cells
were treated with the protein synthesis inhibitor Cycloheximide (CHX) at a concentration of 50 pg/ml for the
indicated times (e.g. 0, 10, 20, 30, 60 and 120 min). To inhibit STAT3 signaling, cells were treated with stattic, a
specific STAT3 inhibitor that blocks STAT3 activation by inhibiting its phosphorylation and dimerization®, at a
concentration of 1 umol/L for 4 h. Stattic was dissolved in DMSO and diluted in culture medium (final DMSO
concentration <0.1%). Control cells received an equivalent volume of DMSO. Following treatments, cells were
harvested for follow-up analysis.

Plasmids and cell transfection
The specific sShRNA targeting GRWD1 was constructed by the Public Protein/Plasmid Library and cloned
into the plko-puro vector, shRNA sequences were shown in Supplementary Table 1. Full-length GRWD1 was
synthesized by the Public Protein/Plasmid Library and cloned into the pLVX-puro vector to generate GRWD1
overexpression.

HEK293T cells were transfected by the resulting lentiviral vectors and packing plasmids using Lipofectamine
2000 (Invitrogen, #11668-019). The medium was replaced after 8 h. After 48 h, supernatants were collected and
filtered. RKO and SW480 cells were infected by viral supernatant and selected using puromycin.

Western blot analysis

Cells and tissue samples were lysed in RIPA lysis buffer supplemented with a protease inhibitor (Roche,
#04693116001), phosphatase inhibitor cocktail (Roche, #04906845001) and PMSE. The lysates were centrifuged
at 12,000 rpm, and the supernatant was collected. Proteins were quantified using a Bicinchoninic Acid (BCA)
Assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, #23227). Cell lysates (10 pg) were separated by
10% SDS-PAGE and transferred to PVDF membranes. After blocking in 5% nonfat milk at room temperature
for 1 h, the membranes were incubated with primary antibodies at 4 °C overnight. Membranes were sequentially
washed 3 times with 1X PBS containing 0.1% Tween20 (v/v), incubated with horseradish peroxidase-conjugated
secondary antibodies at room temperature for 1 h, and washed to eliminate unbound antibodies. Bound antibody
complexes were visualized using the enhanced chemiluminescence detection system (ECL) and imaged using the
Bio-Rad ChemiDoc XRS System. Notably, we used different membranes with parallel loading to detect p-STAT3
and STATS3 respectively. All samples were from the same lysates and processed under the same conditions of
electrophoresis and transmembrane.

Hematoxylin and Eosin (H&E) and Immunohistochemistry (IHC) analysis

Patients’ tissues and the distal colon tissues of CAC mice were fixed in formalin and embedded in paraffin. To
investigate the different stages of colitis and cancer, 5 um-thick sections were used for staining. Hematoxylin
and eosin staining were performed for H&E analysis. For IHC, the samples were deparaffined, endogenous
peroxidase activity was quenched, and antigen retrieval was conducted. After blocking, slices were incubated
with anti-GRWD1 antibody at 4 C overnight. Positive signals were visualized using the DAB kit.

Real-time quantitative PCR

According to the manufacturer’s instructions, total RNA was extracted from cells and tissues using the
RNAsimple Total RNA Kit (TTANGEN, #DP419). The mRNA was reverse-transcribed using the FastQuant RT
Kit (with gDNase) (TIANGEN, #KR116-02). Quantitative real-time RT-PCR was conducted on a 7500 Real-
Time PCR system using SuperReal Premix Plus (SYBR Green) (TIANGEN, #FP205-02). All primers used in this
study were shown in Supplementary Table 2.

Scientific Reports |

(2025) 15:33534 | https://doi.org/10.1038/s41598-025-18114-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Mouse model for colitis-associated cancer (CAC)

Azoxymethane (AOM) and Dextran sodium sulfate (DSS) were used to induce colitis-associated cancer in
mice?!. 8-week-old male mice were purchased from the SLAC (Shanghai, China) and were randomly assigned
to 4 groups (n=>5): normal group, inflammation group, precancer group and tumor group. Experimental mice
were intraperitoneally (IP) injected with 10 mg/kg AOM, and one week later, they were supplied with distilled
water containing 2% DSS for 7 days. Then, they were treated with standard drinking water for 2 weeks. The cycle
was repeated three times. The mice were euthanized by exposure to the gradually increasing concentrations
of carbon dioxide at different time points according to the progression of CAC. Experiments were repeated
independently three times. The animal experiments were approved by the Institutional Animal Care and Use
Ethics Committee of Xiamen University (XMULAC20180077). All methods were reported in accordance with
ARRIVE guidelines (https://arriveguidelines.org) for the reporting of animal experiments.

Glucose uptake and lactate release analysis
The Glucose Uptake Colorimetric Assay Kit (Biovision, #K676) was used according to the manufacturer’s
instructions to detect glycolysis in colon carcinoma cells. Briefly, cells were quantified and plated in a 96-well
plate. After 24 h, cells were starved in a serum-free medium overnight to enhance glucose uptake. Next, glucose-
starved cells were washed with PBS and treated with 2-deoxyglucose (2-DG) for 20 min at 37 °C. Then the
accumulated 2-DG6P was oxidized to generate NADPH, amplified with an enzymatic recycling reaction. The
glucose concentration was analyzed at an absorbance of 412 nm under a microplate reader.

Lactate release analysis was used with the L-lactate Assay Kit (Biovision, #K607). Cells were plated in a 96-
well plate. The medium was collected and added to the reaction mix. Samples were incubated for 30 min at room
temperature and the absorbance values were measured at 570 nm using a microplate reader.

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR)

The Seahorse XF Cell Mito Stress Test Kit (Agilent, #103020) and Glycolysis Stress Test Kit (Agilent, #103015)
were used to examine the cellular mitochondrial function and glycolytic capacity. Following the manufacturer’s
instructions, cells were seeded onto 96-well plates at a density of 2 x 10% and incubated overnight. Then, they were
washed with Seahorse buffer, which consists of DMEM, phenol red, 25 mM glucose, 2 mM sodium pyruvate, and
2 mM glutamine. 10 mM glucose, 1 uM oligomycin, and 100 mM 2-deoxy-glucose (2-DG) were added to detect
extracellular acidification rate (ECAR). 1 uM oligomycin, 1 pM FCCP, and 1 uM rotenone were introduced to
determine the oxygen consumption rate (OCR). The ECAR and OCR were calculated after normalization to the
cell number. All values were expressed as the mean + SD.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism software. Comparisons between groups were analyzed
using a Student’s t-test. Data were presented as mean+SD. A p-value of<0.05 was considered statistically
significant. All methods were carried out in accordance with the relevant guidelines and regulations.

Results

GRWDL1 is overexpressed in the clinical colon carcinoma (CRC) tissues

To detect the association between the expression of GRWDI and the status of patients with CRC, mRNA
expression levels of the GRWDI1 gene in normal versus tumor tissues derived from colorectal cancer (CRC)
within the GSE71187 and GSE87211 datasets were analyzed. The findings revealed a statistically significant
elevation in GRWD1 mRNA expression in tumor tissues compared to normal tissues (Fig. 1A). Subsequently,
we conducted a comparative assessment of GRWD1 expression at the protein level across various cohorts,
distinguishing between tumor and normal tissues. The results indicated that, in CRC, GRWDI1 protein expression
was elevated in tumor tissues, corroborating the transcriptomic analysis (Fig. 1B).

In spatially analyzed tumor tissue sections of gastrointestinal malignancies, we identified a preferential
expression of GRWD1 within the malignant cellular microregions of CRC tissues (Fig. 1C). In representative CRC
sections, the cell-type feature maps revealed the predominant cellular characteristics of distinct microregions,
thereby elucidating the composition of the tumor microenvironment at a sub-resolution scale. Furthermore,
the expression pattern of GRWDI1 closely paralleled that observed in tumor cells, implying that GRWD1 may
predominantly be expressed within the tumor cells of CRC. Additionally, statistical analysis utilizing tissue
region segmentation revealed that GRWD1 expression was significantly elevated in malignant regions (Fig. 1D).
The original HE image from the spatial transcriptomics analysis was presented in Supplementary Figure SI.

Consistent with these findings, qPCR analysis exposed that GRWD1 was highly expressed in tumor tissues of
CRC patients (Fig. 1E). Similarly, the protein expression level of GRWD1 in 28 pairs of CRC and adjacent normal
and para-carcinoma tissues was detected using western blot analysis. The analysis determined that GRWD1
protein expression was significantly upregulated in CRC tissues compared to both normal and para-carcinoma
tissues (Fig. 1F). Besides, tissue samples of CRC patients were examined using IHC, the positive signal of
GRWD1 expression showed brown color, and the nuclei of the cells were stained blue by hematoxylin. In normal
colon tissues, GRWDI1 was hardly expressed, and in tissues from CRC patients, GRWD1 was slightly expressed
in the area of para-cancer tissues, and its expression was significantly elevated in tumor tissues (Fig. 1G). Taken
together, these results indicated that GRWD1 overexpression may be an essential indicator of colon carcinoma.

GRWDL1 is induced in CAC mouse model and correlates with activated STAT3
To investigate the connection between GRWD1 and the malignant features of CRC, we quantified the abilities of
tumors by the z-score algorithm. As indicated, GRWD1 expression was significantly positively correlated with
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Fig. 1. Expression patterns of GRWDI in colon cancer tissues. (A) Analysis of GRWD1 mRNA expression in
normal and CRC tissues using GSE71187 and GSE87211 datasets. (B) Examination of GRWD1 protein levels
across different cancer types, including COAD, utilizing the CPTAC database (**, p <0.01; ***, p<0.001). (C)
Assessment of GRWD1 expression in the malignant cellular microregions of CRC tissues. (D) Investigation
of GRWDI expression pattern in representative CRC sections and statistical analysis of GRWDI in malignant
regions. (E) mRNA levels of GRWDI in colon cancer tissues (T), para-cancer tissues (P), and paired normal
tissues (N) of 16 patients. (F) Western blot analysis of GRWD1 protein expression in clinical patient tissue
samples (N, normal tissue; P, para-cancer tissue; T, tumor tissue). The statistical grey value of GRWD1 protein
expression is displayed in the lower right corner. (G) IHC analysis of normal and tumor tissues (T) of colon
cancer. Red boxes represent enlarged photos of yellow boxes. The area within the red dotted line represents
para-cancer tissue (P).
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the scores of malignant features such as cell cycle, proliferation, and metastasis in CRC which were consistent
with our previous results'®. Notably, GRWDI also correlated with inflammation (Fig. 2A).

As is well documented, chronic inflammation drives tumorigenesiszz. For instance, patients with chronic
inflammatory bowel diseases are at an increased risk of developing colitis-associated cancer (CAC)?*. Therefore,
an AOM/DSS mouse model of CAC was constructed to investigate the role of GRWD1 during CAC progression.
A single injection of AOM was administered to induce mutagenesis, followed by repetitive treatment with DSS,
which could generate pronounced inflammation in the colon. Throughout AOM/DSS treatment, the continuous
process in the colon presented “normal-inflammation-dysplasia-carcinoma” as the development of CRC in
humans, inflammation in the colonic mucosa was observed in week 2, atypical hyperplasia appeared at the
6th week, and at the end of the 18th week, mice developed CRC?. Therefore, we divided mice into four groups

» «

according to their CAC progression stages, namely “normal,” “inflammation,” “precancer,” and “tumor” groups.
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Fig. 2. Expression of activated STAT3 and GRWD1 in the CAC mouse model and CRC tissues. (A) The
correlation analysis between GRWD1 expression and several tumor malignant features. (B) The experimental
scheme of the AOM/DSS mouse model. (C) Appearance of longitudinally opened colons of different groups
(N, normal group; I, inflammation group; P, precancer group; T, tumor group). (D) HE and IHC analysis of
tissues of the AOM/DSS mouse model. The blue arrow indicated lymphocytic infiltration. The green arrow
indicated dysplasia. The red arrow indicated adenomas with hyperchromatic nuclei. The area of red boxes

in photos of 100 x was enlarged to 400 x. (E) qPCR analysis of GRWD1 mRNA expression at different stage
groups of mice (n=5). (F) The identification of potential TFs of GRWD1. (G) The correlation between STAT3
and GRWDI in TCGA-COAD databases. (H) GRWD1, phosphorylated-STAT3 (p-STAT3), and STAT3
expression in distal colon tissues were analyzed by Western blot. The statistical grey value of protein expression
was depicted on the bottom. (I) The correlation of the statistical grey value between GRWD1 and p-STAT3/
STAT3 in clinical patient tissue samples (n=28) was calculated.

Mice of the inflammation group were sacrificed on day 17th, and the precancer group was sacrificed on day 49,
In addition, at the end of the modeling on day 100th, the tumor group was sacrificed (Fig. 2B). Longitudinally
opened colons of different stages were observed. The appearance of the intestines in the normal and inflammation
groups was similar. The distal intestines of mice in the precancer group were congested, presenting as red and
having raised polyps in the distal part of the intestines. AOM-induced tumors occur most frequently in the
left-sided colon and rectum, which is consistent with the predominant localization of CRC in humans?®. As
anticipated, all mice of the tumor group developed CRC, and tumors were found at the distal colon and rectum
in the tumor group (Fig. 2C). HE staining displayed the pathological features of each group. Although there was
no significant difference in the appearance of the intestines of mice in the normal and inflammation groups, HE
staining indicated that compared with the normal group, inflammatory infiltrates especially lymphocytes were
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visualized in the inflammation group. In the precancer group, dysplasia could be observed in representative
images. Besides, features of neoplasia, such as hyperchromatic nuclei and increased nuclei/cytoplasmic ratios,
were identified in the tumor group (Fig. 2D). Furthermore, the expression of GRWDI1 of the distal colon in CAC
progression was examined. The mRNA expression level of GRWD1 was slightly stimulated in the inflammation
and precancer groups and markedly higher in the tumor group (Fig. 2E). On the other hand, THC analysis
indicated that GRWDI1 expression was barely detectable in the normal group and slightly expressed in the
inflammation and precancer groups. In the tumor group, GRWD1 was highly expressed (Fig. 2D).

In order to figure out the reason why GRWDI was gradually upregulated in the CAC mouse model, we
analyzed the putative transcription factors of GRWD1 using datasets including hTFtarget, ENCODE, GTRD,
and Chip_Atlas. The findings revealed the identification of 159, 119, 489, and 535 putative transcription factor
(TF) genes by each respective tool, as detailed in Supplementary File 1. However, the intersection of these tools
resulted in the identification of only 66 target genes including STAT3 (Fig. 2F). In addition, the TCGA database
indicated GRWD1 had an obvious correlation with STAT3 in COAD (Fig. 2G). Previous reports demonstrated
that IL-6 was essential to tumor development of CAC, of which transcription factor STAT3 was the major
protumorigenic of IL-6%°. Therefore we detected the phosphorylated STAT3, which was also induced in the
progression of the AOM/DSS mouse model”’. As expected, p-STAT3 was highly stimulated in experimental
groups. In addition, the protein levels of GRWDI were also gradually induced during the progression of CAC
(Fig. 2H). To further verify the relationship between the IL-6/STAT3 pathway with GRWD1 expression in CRC,
we detected p-STAT3, STAT3 and GRWDI levels in the tissues of CRC patients. The grey value of GRWDI
protein expression had a positive relationship with p-STAT3/STAT3 expression that indicated the level of
activated STAT3 (Supplementary Fig S2, Fig. 2I).

Overall, our results signaled that GRWD1 may play a role in the pathogenesis of CAC and highly correlate
with the activated STATS3.

GRWD1 is up-regulated through the IL-6/STAT3 signaling pathway

To determine whether GRWD1 overexpression was upregulated with IL-6/STAT3 stimulation in colon cancer,
CRC cells SW480 and RKO were exposed to the inflammatory cytokine IL-6. Firstl, GRWD1 mRNA level was
assessed following IL-6 treatment. In SW480 cells, GRWD1 expression was induced after IL-6 therapy for 4 h
(Fig. 3A). Likewise, GRWD1 expression was up-regulated following IL-6 treatment for 2 h in RKO cells (Fig. 3B).
Moreover, changes in protein expression levels were also evaluated after IL-6 stimulation. After IL-6 treatment,
p-STAT3 expression was up-regulated, whilst GRWD1 was marginally upregulated in both colon cancer cells
(Fig. 3C,D). Previous studies demonstrated that the IL-6/STAT3 pathway is aberrantly hyperactivated in several
types of cancer!®. Therefore, IL-6 and the STAT3 inhibitor stattic were used to determine the relationship
between the GRWDI and the IL-6/STAT3 pathway. The results unveiled that GRWD1 expression was induced
following IL-6 treatment and inhibited following exposure to stattic, indicating that IL-6 may regulate GRWD1
expression via STAT3 phosphorylation (Fig. 3E).

GRWD1 knockdown Inhibits aerobic glycolysis of CRC cells

To further elucidate the potential role of GRWD1 in CRC, we performed gene set enrichment analysis (GSEA)
with the high GRWDI expression group. The results indicated biological processes such as “DNA synthesis,”
“cell cycle;” “glucose metabolism,” “aerobic glycolysis,” and “glycolysis and gluconeogenesis” were significantly
enriched in the GRWD1 high expression group (Fig. 4A). As previously reported, tumor cells predominantly
rely on aerobic glycolysis for energy production, even in the presence of oxygen, with increased glycolysis
correlating with aggressive tumor progression, treatment resistance, and unfavorable prognosis in various
cancers'>?%, We hypothesized that GRWD1 affects the aerobic glycolysis of CRC cells and further accelerates
the progression of CRC. To test this hypothesis, GRWD1 knockdown and overexpression cell lines of RKO and
SW480 were established (Fig. 4B,C). Firstly, a Seahorse XFe96 analyzer was employed to determine the effect
of GRWDI on ECAR and OCR. The results uncovered that GRWD1 knockdown reduced the overall glycolytic
flux, and the glycolysis, glycolytic capacity, and glycolytic reserve were also significantly inhibited with GRWD1
knockdown (Fig. 4D). However, in the Cell Mito Stress Test, OCR and several stages including basal respiration,
ATP production, and maximum respiration were higher following GRWD1 knockdown (Fig. 4E). Furthermore
the impact of GRWD1 on glucose uptake and lactate release was investigated. The results showed that glucose
uptake was inhibited in GRWD1-knockdown CRC cells; conversely, GRWD1 overexpression promoted glucose
uptake in CRC cells (Fig. 4F). Concerning lactate release, GRWD1 knockdown repressed lactate release, whereas
overexpression of GRWDI exerted a positive effect on lactate release (Fig. 4G). These data collectively indicated
that GRWD1 promoted glycolytic flux and limited mitochondrial respiratory capacity, signifying that GRWD1
expression activated glycolysis in CRC cells.

GRWD1 upregulates GLUT1 expression in CRC

To discover the underlying relationship between GRWD1 and glycolysis, the TCGA databases were employed to
analyze the correlation between GRWDI1 and the glycolysis-related genes GLUTI (SLC2A1), PGK1, and G6PD
in COAD and READ patients. The results showed GRWD1 expression significantly with G6PD (R=0.493,
p<0.001), SLC2A1 (R=0.273, p<0.001) and PGK1 (R=0.236, p<0.001) (Fig. 5A). Moreover, the correlation
between GRWD1 and glycolysis-related gene expression was further explored in CRC cells. Based on our results,
GRWD1 knockdown inhibited the expression of all three genes, while overexpression of GRWD1 exclusively
upregulated the mRNA expression of GLUT1 (Fig. 5B,C). Transmembrane transporter-GLUT is essential for
glucose transport, which is significantly upregulated in tumor cells to increase glucose uptake. GLUT1 (known
as SLC2A1) is highly expressed in many types of cancers?. Previous studies showed chronic inflammation led to
the reprogramming of the glucose metabolism of cancer cells, which promoted tumorigenesis®’. Combined with
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Fig. 3. GRWD1 expression following IL-6 treatment. qPCR analysis of GRWD1 mRNA expression following
IL-6 (30 pg/L) treatment at pre-defined time points in SW480 cells (A) and RKO cells (B). Western blot
analysis of p-STAT3, STAT3, and GRWDI protein levels after IL-6 treatment at indicated time points in
SW480 cells (C) and RKO cells (D). The statistical grey value of relative protein expression was calculated by
comparing the IL-6 group with the vehicle group, as shown on the right. (E) Western blot analysis of p-STAT3,
STAT3, and GRWDL1 protein expression after treatment with IL-6 (30 pg/L)and the STAT3 inhibitor stattic (1
pmol/L) for 6 h in SW480 cells. The statistical grey value of protein expression is delineated on the right.

our previous study, IL-6 could induce GRWD1 expression in CRC. Therefore, we hypothesized that IL-6 might
affect GRWD1 upregulation and further promote aerobic glycolysis through GLUT1 in CRC cells. To verify
our hypothesis, IL-6 was introduced to stimulate GRWD1-knockdown and -overexpressed cells and detect the
mRNA expression of GLUT1. Interestingly, GLUT1 expression had been affected. Compared with the control
group, GRWD1 knockdown inhibited GLUT1 mRNA. Following IL-6 treatment, the expression level of GLUT1
was increased in the control group, whereas GRWDI knockdown inhibited GLUT1 upregulation even though
under IL-6 treatment (Fig. 5D). Besides, overexpression of GRWD1 further promoted the mRNA expression of
GLUT!1 following IL-6 stimulation (Fig. 5E). Overall, the data indicated that IL-6 influenced GLUT1 through
GRWD1.

Additionally, the Kaplan-Meier survival curve showed the PFS (Progression-Free Survival) and DFS
(Disease-Free Survival) of patients stratified by the expression levels of GRWD1 and SLC2A1. Patients with high
expression of both GRWD1 and SLC2A1 (in red) had significantly poorer survival compared to those with low
expression of both markers (in blue) (Fig. 5F). Besides, we also analyzed all four GRWD1/SLC2A1 subgroups
in both PFS and DFS, in both analyses, the group of GRWD1 +/SLC2A1 + patients had the worst prognosis.
In addition, the GRWD1 +/SLC2A1 - group showed no significant survival difference versus the GRWD1-/
SLC2A1 —. These results reinforced the oncogenic function of GRWDI1 required GLUT1-mediated metabolism
of CRC (Supplementary Fig S3). Taken together, GRWD1 promoted glycolysis of CRC cells, which may correlate
with GLUTI.

GRWD1 promotes glycolysis in a p53/GLUT1-dependent manner

We also figured out the reason why GRWDI had an effect on GLUTI. Previous studies demonstrated that
GRWDI1 negatively regulated p53'7. It was also confirmed that p53 downregulated GLUT1 gene expression®!.
Therefore, changes in the protein and mRNA levels of p53 expression were analyzed. Based on our results,

GRWD1 knockdown promoted the protein expression level of p53. However, p53 expression was lower while
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Fig. 4. The effect of GRWDI on glycolysis in CRC cells. (A) The GSEA enrichment analysis of GRWD1 high
expression with biological processes. GRWDI1 knockdown (B) and overexpression (C) in SW480 and RKO
cells. (D) The values of ECAR, glycolysis, glycolytic capacity and glycolytic reverse in GRWD1 knockdown cells
were represented. (E) The relative OCR, basal respiration, ATP production, and maximum respiration were
shown in GRWD1 knockdown cells. (F) The effect of GRWD1 on glucose uptake. (G) The effect of GRWDI on
lactate release.

GRWDI1 was overexpressed (Fig. 6A). qPCR analysis determined that GRWD1 had no effect on p53 mRNA
level (Fig. 6B), indicating that GRWDI1 chiefly influenced the protein level of p53, consistent with the results
of a previous study'’. Furthermore, the impact of GRWDI1 on the protein stability of p53 was examined.
Cycloheximide (CHX) is a small molecule that could restrict the translation elongation of eukaryotic protein
synthesis. Once protein synthesis is inhibited with CHX, the expression of proteins is decreased by degradation™.
Following CHX treatment, GRWD1 knockdown decreased the degradation velocity of p53 (Fig. 6C).

To determine the influence of GRWDI1 on the glycolysis of CRC cells through GLUT1, the relationship
between p53 and GLUT1 was initially examined. Herein, a specific inhibitor of p53 termed PFT-f was used™.
Western blot analysis showed that following PFT-f treatment, the expression level of GLUT1 steadily increased
(Fig. 6D). As reported, PFT-B could also block p53-dependent transcriptional activity>4. qPCR analysis indicated
that PFT-P promoted an increase in GLUT1 mRNA level (Fig. 6E). Moreover, GRWD1 knockdown upregulated
the expression of p53 and further inhibited that of GLUT1. Of note, the result was reversed after combination with
PFT-B. Following GRWD1 knockdown, GLUT1 expression was induced after PFT-p treatment, demonstrating
that GRWD1 may regulate GLUT1 through p53 (Fig. 6F).

Our previous study established a subcutaneous tumor mouse model, indicating that GRWD1 knockdown
inhibited CRC proliferation in vivo!°. Therefore, the expression of p53 and GLUT1 was examined in tumors, and
the results revealed that p53 was upregulated in the GRWD1 knockdown group. Meanwhile, GLUT1 expression
was lower (Fig. 6G). Besides, the impact of GRWD1 on p53/GLUT1-dependent glycolysis was examined. The
results showed that PFT-p facilitated glucose uptake and lactate release despite GRWD1 knockdown (Fig. 6H,I).
In summary, GRWDI1 facilitated glycolysis by promoting the degradation of p53 and further upregulating the
expression of GLUTI.

IL6/STAT3-activated GRWD1 further affects the p53/GLUT1 axis

Finally, the correlation between IL-6/STAT3 with GRWDI and p53/GLUT1 was analyzed by treating CRC cells
with IL-6 and stattic. The findings demonstrated that p-STAT3 expression was significantly induced in response
to IL-6 treatment. Meanwhile, the expression of GRWD1 and GLUT1 was upregulated, while that of p53 was
inhibited. Indeed, stattic repressed the positive effect of IL-6, which resulted in the down-regulation in the level
of GRWDI1 and GLUT1, whereas p53 expression was increased compared with the control group. In conclusion,
the IL-6/STAT3 signaling pathway positively affected GRWD1 expression, which repressed p53 protein levels
and further induced GLUT1 expression (Fig. 7A).
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Fig. 5. The effect of GRWD1 on GLUT1 expression. (A) The correlation between GRWD1 and SLC2A1,
PGK1, and G6PD mRNA expression was analyzed using the TCGA databases. qPCR analysis of GRWD1
knockdown (B) and overexpression (C) on GLUT1, PGK1 and G6PD mRNA level. qPCR analysis of GLUT1
mRNA expression following IL-6 (30 pg/L) treatment for 4 h in GRWD1 knockdown (D) and overexpression
(E) cells. (F) The four groups of GRWD1 and GLUT1 expression in the TCGA-COADREAD cohort were
represented on the left. The Kaplan-Meier survival curves showed the PFS (on the middle) and DFS (on the
right) by the expression levels of GRWD1 and GLUT1.

Briefly, our research demonstrated that GRWD1 was progressively activated in the inflammatory-associated
pathogenesis of CAC, particularly in the IL-6/STAT3 signal pathway. GRWDI overexpression mediated aerobic
glycolysis by promoting the degradation of p53 and subsequently upregulating GLUT1, which accelerated
various malignant phenotypes in CRC (Fig. 7B).

Discussion

Our earlier study concluded that GRWDI1 was highly expressed in CRC tissues and played an essential
oncogenic role in CRC'®. Previous investigations also focused on GRWDI as an oncogene with high expression
that promoted malignant phenotypes in a variety of cancers. In gastric cancer (GC), GRWD1 upregulated
ADAM metallopeptidase domain 17 (ADAM17) expression and released Notch1 intracellular domain (NICD)
which further facilitated GC cell proliferation and metastasis*. In non-small cell lung cancer and triple negative
breast cancer, GRWD1 activated the Notch pathway that further promoted cell proliferation and migration'®3¢,
However, the reasons why GRWDI is highly expressed in cancers are rarely elucidated. Therefore, our study
aimed to identify the mechanism by which GRWDI1 is overexpressed in CRC.

We analyzed the correlation between GRWDI and the malignant features of CRC, interestingly we found
GRWDI1 had a positive relationship with inflammation. Chronic inflammation has been established as a risk
factor for tumorigenesis. Similarly, infectious diseases, dietary factors, and inflammatory bowel disease (IBD)
can cause CRC?2. The AOM/DSS mouse model is a widely used model for the study of inflammation-associated
colon carcinogenesis®’. In our constructed AOM/DSS mouse model, GRWD1 expression progressively increased
with disease progression, indicating that the inflammatory environment may play an essential role in GRWD1
expression. Besides, IL-6 treatment also induced GRWD1 expression in CRC cells. We noticed the difference in
the temporal kinetics of the p-STAT3 and GRWDI1 protein levels after IL-6 treatment. Although both SW480
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Fig. 6. The effect of GRWDI on the p53/GLUT1 signaling pathway. (A) Western blot analysis of p53 protein
level following GRWD1 knockdown and overexpression. (B) qPCR analysis of p53 mRNA expression
following GRWD1 knockdown and overexpression. (C) Western blot of p53 degradation after treatment with
CHX (50 pg/mL) following GRWD1 knockdown for the indicated times (0, 10, 20, 30, 60 and 120 min). (D)
Western blot analysis of p53 and GLUT1 protein levels following PFT-f (40 pM) treatment for 4 h and 6 h.
The statistical value of the representative expression of the protein is shown on the right. (E) qPCR analysis
of GLUT1 mRNA expression following treatment with the p53 inhibitor PFT- (40 uM) for 6 h. (F) p53 and
GLUT1 protein expression levels were detected following GRWD1 knockdown and PFT-p treatment. Grey
values were analyzed to present a representative expression of the protein. (G) GRWDI, p53, and GLUT1
expression were assessed in tumors of previous nude mouse models, which were subcutaneously injected
with CRC cells. The statistical grey value of protein expression was shown on the right. (H) Glucose uptake
of GRWD1-knockdown cells following PFT-p treatment. (I) Lactate release of GRWD1-knockdown cells
following PFT-p treatment.

and RKO cells are CRC cell lines, they originate from different patients with unique genetic backgrounds and
epigenetics®. Transcriptional activation of target genes downstream of STAT3 and subsequent rates of protein
expression may be influenced by a variety of cellular intrinsic factors. For example, the decrease in GRWD1
observed in RKO cells at 6 h (although p-STAT3 remained high) may suggest the feedback regulation. In contrast,
in SW480 cells, this negative feedback may be absent, resulting in the continued accumulation of GRWDI. It was
also possible that in SW480 cells, it may take longer to accumulate from STAT3 phosphorylation to transcription
of the GRWD1 gene. In contrast, in RKO cells, this signaling may be more efficient, resulting in a faster response.
This also inspired us that the expression of GRWD1, which was a downstream effector of p-STAT3, may also be
regulated by other mechanisms in the different cellular microenvironments.

According to an earlier study, IL-6 is frequently expressed and associated with STAT3 in CRC*. Our data
demonstrated that inhibition of STAT3 phosphorylation using stattic potently suppressed GRWD1 expression,
confirming the GRWD1 upregulation dependent on active STAT3 signaling downstream of IL-6. However,
our current experiments have not yet identified specific regulatory sites where STAT3 directly bound to the
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Fig. 7. The effect of IL-6/STAT3 on GRWD1/p53/GLUT1 axis. (A) RKO cells were treated with IL-6 (30 ug/L)
and stattic (1 pmol/L) for 6 h, and the expression levels of multiple proteins were detected using Western

blot. The statistical grey value of protein expression is shown on the right. (B) The working model for IL-6-
stimulated GRWD1 mediated aerobic glycolysis through p53-GLUT1 of CRC, created by Figdraw.

GRWD1 promoter region. We speculate that several possible mechanisms may also exist. For example, STAT3
may regulate the expression of other transcription factors, which in turn directly bind and activate the GRWD1
promoter. Besides, STAT3 signaling might induce epigenetic modifications of the GRWD1 genomic region, for
example, histone methylation, making it more accessible to other transcription factors, without phosphorylated
STAT3 directly binding. Previous studies have shown that inhibition of STAT3 phosphorylation can reduce
pentraxin-3 (PTX3) enhancer methylation and its expression activity in CRC cells®. Furthermore, the IL-6/
STAT3 pathway frequently interacts with other signaling cascades including Ras, PI3K/AKT, etc*!. STAT3
activation might affect the activity of other signaling pathways that directly regulate GRWD1 transcription. This
hypothesis needs to be further verified in future studies.

Malignant cells typically require more energy, thus accelerating malignant phenotypes, including cell
proliferation, migration, and apoptosis. Irrespective of the oxygenation status, tumor cells present high glycolytic
activity?®. Glycolysis is faster and more efficient in generating ATP, which can rapidly provide energy to tumor
cells. Metastasis is a leading cause of CRC-related death. Several studies have evinced that colon cancer metastasis
is closely associated with glycolytic metabolism?3*2. Our previous study found that GRWDI1 promotes the
proliferation and metastasis of CRC cells. GSEA further indicated high expression of GRWD1 was associated
with aerobic glycolysis. Therefore, we hypothesized that GRWD1 may affect glycolysis in CRC. As expected,
our results displayed that GRWD1 promoted glucose uptake and lactate release in CRC cells. Additionally, the
results of the ECAR and OCR analyses also pointed out that GRWD1 increased extracellular acidification and
inhibited the oxygen consumption rate. The Warburg effect increases the levels of GLUTSs, including GLUT],
which in turn increases the glucose uptake of tumor cells**. PGK1 is a major glycolytic enzyme that promotes
the proliferation and invasion of cancer cells*!. G6PD, as a limiting-rate enzyme, influences PPP flux, a primary
metabolic pathway of glucose*>*¢. The correlation between GRWD1 and these three genes was analyzed using
the TCGA and GETx database, and qPCR analysis demonstrated that GRWD1 principally promoted GLUT1
expression in CRC. Furthermore, the survival analysis of GRWD1 +/SLC2A1 + patients had the worst prognosis
which demonstrated the clinical relevance of GRWDI affecting the glycolytic pathway through GLUT1 and its
synergistic effect as a poor prognostic factor. In addition, the GRWD1 +/SLC2A1 — group showed no significant
survival difference versus GRWD1 —/SLC2A1 —, which was consistent with our experimental data that GRWD1
relied on GLUT1 to enhance glycolysis and promoted CRC progression. In the absence of GLUT1, high GRWD1
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expression failed to drive tumor progression, explaining why GRWD1 alone would not confer a poor prognosis.
This result indicated that GRWD1 potentially contributed to the glycolysis of CRC cells through GLUT1.

In addition, the mechanism underlying the regulatory relationship between GRWDI and GLUTI was
evaluated. Previous reports evinced that GRWDI1 negatively regulated p53 expression and inhibited the
transcriptional activity of p53!”. Besides, p53 can directly suppress the transcription of GLUT1 and glucose
transport®!. Therefore, we speculated that GRWD1 modulated the levels of GLUT1 through p53. This hypothesis
was validated by treating GRWD1 knockdown cells with the p53 inhibitor PFT-p. Meanwhile, PFT-p treatment
reversed the glycolysis of GRWD1 knockdown cells, which meant GRWDI1 regulated the glucose metabolism
that relied on p53 transcriptional activity. Interestingly, the IL-6/STAT3 signaling pathway stimulated GRWD1
expression, further altering the protein expression levels of the downstream proteins p53 and GLUT1.

In CRC, TP53 is one of the most important driver genes?’. As reported, 43.28% of CRC patients have TP53
variation*®, Most TP53 variations encoded missense mutation proteins with loss-of-function (LOF), dominant
negative effects (DNE) and gain-of-function (GOF)*. The p53 protein in SW480 cells has two point missense
mutations R273H and P309S, and RKO cells express wild-type p53°%°!. The results of our investigation
demonstrated that IL-6 could induce GRWD1 expression in both SW480 and RKO cells. Additionally, GRWD1
facilitated glycolysis in these two cell lines, indicating that GRWD1 had a significant impact on CRC cells
regardless of the p53 expression pattern. We confirmed that IL-6-upregulated GRWD1 may change the level
of p53 and, in turn, affect the expression of GLUT1 in RKO cells. However, it is not clear if this mechanism is
present in mutant p53 colon cancer cells. Indeed, the functions of mutant p53 are involved in various signal
pathways, and even different mutations of p53 have distinct roles, which is a complicated mechanism*’2. As
reported, the two most common hotspots TP53 mutations, p538?73H and p53R!7°H, had different effects on the
development of CRC. Compared with p53%17°H and p53KO cells, p538273H upregulated a unique gene signature
comprising 140 genes in CRC cells**. Therefore, in p53 mutation CRC cells, there may exist other novel pathways
that promote aerobic glycolysis via GRWD1, which require further investigations.

Our findings emphasized that GRWDI1 was an essential oncogene and potential diagnostic target in CRC,
which also provided new strategies for treatment. Our previous study indicated high expression of GRWD1 led to
drug resistance in CRC cells. Therefore, novel small molecular inhibitors targeting GRWD1 could be identified.
Moreover, targeting STAT3 activation that inhibits GRWD1 expression may also contribute to CRC treatment™.
Meanwhile, molecules that disrupt the interaction of wild-type p53 with its E3 ubiquitin ligase may be employed
to treat CRC cells with IL6-stimulated GRWD1 high expression in the future®’. Combining conventional
therapies with these novel target inhibitors may improve drug resistance in GRWD1 high-expression CRC cells.

In summary, GRWD1 was overexpressed in CRC and served as a tumor oncogene. Mechanically, IL-6/STAT3
promoted GRWDI expression that further facilitated the degradation of p53, in turn upregulating GLUT1,
which mediated aerobic glycolysis in CRC cells. Targeting GRWD1 and its associated factors may be promising
for CRC treatment.
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