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SLC11A1 can activate TGF-
B1 signaling pathway to resist
ferroptosis in colorectal cancer
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High expression of Solute Carrier Family 11 Member 1(SLC11A1) leads to a poor prognosis in patients
with CRC, while the specific role of SLC11A1 in CRC remains unreported. Therefore, this study mainly
addressed the preliminary mechanism and specific role of SLC11A1 in CRC. The results showed that

six subsequent genes were successfully screened by the line database, and the abnormal expression
of SLC11A1 was the most obvious in colorectal cancer patients. Following phenotypic experiments
demonstrated that SLC11A1 promoted proliferation, invasion and migration of colorectal cancer cells.
SLC11A1lls also able to downregulate Acyl-CoA Synthetase Long Chain Family Member 4 (ACSL 4),
Cyclooxygenase-2 (COX2), NADPH Oxidase 1 (NOX1) and upregulate the expression levels of Hypoxia-
Inducible Factor 1 (FIH1), Glutathione Peroxidase 1 (GPX1) protein, inhibit the expression levels of
MDA and Fe?* in colorectal cancer cells, and resist ferroptosis in colorectal cancer cells. SLC11A1
Overexpression can up-regulate the protein expression level of TGFB1 (Transforming Growth Factor
Beta 1), p-Smad 2 / 3, activate TGFfB1 signaling pathway activity, and promote colorectal cancer

cell progression. In conclusion, we successfully demonstrated that SLC11A1 confers resistance to
ferroptosis in colorectal cancer cells, providing a potential target for the clinical treatment of colorectal
cancer.

Keywords Colorectal cancer, Solute carrier family 11 member 1, Transforming growth factor beta 1
signaling pathway, Ferroptosis, Invasion and metastasis

Abbreviations

CRC Colorectal cancer

SLC11A1  Solute carrier family 11 member 1

ACSL4 Acyl-CoA synthetase long chain family member 4
COXx2 Cytochrome c oxidase subunit IT

FIH1 Factor inhibiting hypoxia-inducible factor 1 alpha
GPX4 Glutathione peroxidase 4

NOX1 NADPH oxidase 1

Smad2/3 Family Member2/3

TGFp1 Transforming growth factor beta 1

Colorectal cancer (CRC) is the third commonly diagnosed cancer and the second cause of cancer death
worldwide!. 20% of newly diagnosed CRC patients have distant metastases at presentation, and another 25% of
CRC patients will have metastases during the course of their disease?. Approximately 90% of stage IV patients
present with liver, lung, brain, or peritoneal metastases®. Metastatic colorectal cancer remains a deadly disease,
with a 5-year survival rate of about 14%*. Currently, targeted therapies for CRC include surgery, immunotherapy,
targeted therapy, and chemotherapy®. With the progress of treatment methods, the mortality rate of colorectal
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cancer patients has decreased in developed countries®, but the early screening and late treatment of colorectal
cancer are particularly important, and the development of new targeted drugs is urgently needed.

The regulatory mechanism of TGFp signaling pathway is very complex, involving the interaction of multiple
molecules and signaling pathways’. For example, TGF signaling pathway can be regulated by other signaling
pathways, such as MAPK signaling pathway, PI3K/Akt signaling pathway, and Wnt/B-catenin signaling
pathway®. In addition, the TGFp signaling pathway can also be regulated by a variety of intracellular and
extracellular factors, such as cytokines, growth factors, hypoxia and oxidative stress’. A large number of studies
have shown that TGFp signaling pathway plays an important role in the occurrence, development and metastasis
of colorectal cancer!’. For example, TGFp signaling can promote the proliferation, migration, and invasion of
colorectal cancer cells, and inhibit apoptosis'!. In addition, TGFp signaling can also promote angiogenesis and
immune escape, thereby promoting the growth and metastasis of colorectal cancer. Inhibition of TGFp signaling
pathway is a new way to treat colorectal cancer!?-14.

In this study, we performed a systematic bioinformatics analysis using single-cell RNA sequencing (scRNA-
seq) and bulk RNA-seq data to identify monocyte / neutrophil marker genes and construct a diagnostic
signature to verify its diagnostic value through an external validation cohort. In addition, we also selected a
genetic diagnostic feature for further functional exploration. Overall, our study may help to identify a novel
metastasis-specific biomarker for colorectal cancer.

Materials and methods

Dataset acquisition and processing

ScRNA-seq data from 6 primary CRC samples of GSE188711 were obtained from the GEO database and used
to determine the monocyte/neutrophil marker genes of CRC. In addition, transcriptome expression profiles of
GSE81558, GSE41258 and GSE81581 were downloaded as well. GSE81558, included 23 tumor tissues and 19
paired liver metastases, was served as training set, GSE41258, included 186 tumor tissues and 47 paired liver
metastases, was served as validation set, and GSE81581 (miRNA dataset), included 23 tumor tissues and 19
paired liver metastases, was used to construct the ceRNA network.

Identification of monocyte/neutrophil marker genes by scRNA-seq analysis

ScRNA-seq data of GSE188711 was analyzed using the “Seurat” and “SingleR” packages in R software. A total
of 33,482 cells from 6 primary CRC samples were included in this analysis. Quality control for the scRNA-seq
data was performed by removing genes expressing less than 3 single cells, cells with less than 200 mapped genes
and cells with more than 5% of mitochondrial genes. Gene expression of remaining cells was normalized using
a linear regression model, and then the top 1500 genes with highly variable characteristics were screened by
ANOVA. Principal component analysis (PCA) was performed on single-cell samples, and the top 20 principal
components (PC) were selected for subsequent analysis. T-distributed stochastic neighbor embedding (t-SNE)
was used for dimensional reduction and unsupervised clustering. The limma packages in R software was used to
compare the differences of gene expression between a cluster and all other clusters. To identify the marker genes
for each cluster, [log, (fold change)| >1 and adjusted p <0.05 were used. Finally, the “SingleR” package was used
to annotate the cell subpopulations of the different clusters.

Identification of hub genes

With limma package, the differentially expressed genes (DEGs) between CRC and CRLM in GSE81558 were
obtained (p <0.05). Heatmaps and volcano plots of DEGs were visualized using pheatmap and ggplot packages
in R, respectively. The hub genes were acquired by overlapping monocyte and neutrophil marker genes with
DEGs, respectively. Functional enrichment analysis for these hub genes were conducted with DAVID database
(p<0.05). PPI network was constructed for these hub genes with STRING database.

Tumor immune microenvironment (TIME) analysis

With single sample gene set enrichment analysis (ssGSEA), the relative abundance of immune cell in TIME
of CRC and CRLM were quantified. Enrichment scores calculated by ssGSEA analysis were used to represent
the relative abundance of immune cell in TIME of patients to observe differences between monocytes and
neutrophils in CRC and CRLM. In addition, the correlation between hub genes and monocyte/neutrophil was
analyzed by the Pearson correlation coefficient.

Construction and validation of a diagnostic signature

To minimize overfitting, least absolute shrinkage and selection operator (LASSO) logistic regression algorithm
was employed to select feature genes and construct diagnostic signature for CRLM via using “glmnet” package.
Then, receiver operating characteristic (ROC) curves were used to assess the prediction ability of the signature
using pROC package. The predictive ability of the signature was validated in validation set as well.

Construction of CeRNA network and TF regulatory network

Based on ENCORI database, the miRNA-mRNA and miRNA-IncRNA interaction pairs for the feature genes
were predicted. The differentially expressed miRNAs between CRC and CRLM were obtained in GSE81581
(p<0.05). The correlation analysis between IncRNAs and feature genes were performed (p<0.05). For the
purpose of obtaining more reliable prediction results, only the miRNA differentially expressed in GSE81581 and
IncRNAs associated with feature genes were selected to construct the ceRNA network. A transcription factor
(TF) subset was obtained from Cistrome, and corresponding TF expression values were obtained from the
training set. With correlation analysis, TFs associated with the feature genes (|r| >0.5, p <0.05) were selected for
the construction of TF regulatory network.
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Cell lines and cell culture

The human CRC cell lines (CACO2, HCT116, HT29, LOVO, SW480, SW620) and normal colorectal mucosa
cell line (NCM460) were used in this study. These cell lines were cultured in medium containing 10% of fetal
bovine serum, 1% of double antibiotics and 5% of CO, at 37 °C. The cell lines used in this study were purchased
from Wuhan Prosai Life Technology Co., Ltd (China). All methods were performed in accordance with the
relevant guidelines and regulations.

RT-qPCR in human subjects and cell lines

Formalin-fixed, paraffin-embedded (FFPE) specimens of 5 colorectal adenocarcinomas and 5 paired liver
metastases were obtained from 5 patients with CRLM after informed consent had been given by each subject.
Total RNA from FFPE specimens was extracted from recently cut 5-10 pm FFPE sections using the RNAprep
pure FFPE Kit (TIANGEN, Beijing, China) according to the manufacturer’s protocol, using 2-8 sections per case
depending on assay. Total RNA was isolated from cells in cell lines (NCM460, SW480 and SW620) with TRIzol
reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). RT-qPCR was performed in an ABI StepOne
Plus System with SuperReal PreMix Plus (SYBR Green) (TIANGEN, Beijing, China). The reaction was set at
95 °C for 15 min for pre-denaturation, then at 95 °C for 10 s, at 55 °C for 30 s, and 72 °C for 32 s repeating 40
cycles. Relative gene expression was analyzed by 2724CT method!®. GAPDH and ACTB were used as endogenous
controls. The primers of RT-qPCR were listed in Table S1.

Cell transfection

For transfection of siRNA and overexpression plasmid, siRNA and overexpression plasmid targeting human
SLC11A1 were synthesized from HippoBio (Huzhou, China) (see Table S2 for sequence information). One 106
cells was plated in a 6-well plate and cultured in 37 C. When the cell concentration reached 50%, the specific
siRNA and the overexpression plasmid were transfected with Lipo8000TM (Shanghai Biyuntian Biological
Co., Ltd Biotech, Shanghai, China). Forty-eight hours after transfection, the mRNA and protein expression of
SLC11AL1 were determined by RT-qPCR and Wesetern blot.

Experimental groups
To further explore the targeted regulatory effect of SLC11A1 on the TGFp1 signaling pathway, three experimental
conditions were set in HCT116 cells: the Vector group, the oe-SLC11A1 group, and the LSKL (an inhibitor of
the TGFP1 pathway) combined with oe-SLC11A1 group. In the LSKL combined treatment group, 5 pmol/L
LSKL (HY-P7118, MedChemExpress, China) was added 48 h after transfection, and the cells were cultured for
an additional 24 hours'®.

In HT?29 cells, the experiments were divided into the si - NC group, the si - SLC11A1-1 group, and the si-
SLC11A1-1 combined with TGFp1 (10 ng/mL) group!’. In the combined treatment group, 10 ng/mL TGFp1
(HY-P0299, MedChemExpress, China) was added 48 h after transfection, and the cells were cultured for another
24 h to activate the TGFp1 signaling pathway.

RT-gPCR and WB

Total RNA was isolated from cells with TRIzol reagent according to the manufacturer’s procedure. RT-qPCR was
performed in an ABI StepOne Plus System with SuperReal PreMix Plus (SYBR Green). Relative gene expression
was analyzed by 2722C¢T method. The protein was extracted from cells to determine protein concentration,
followed by SDS-PAGE gel electrophoresis and then transferred to a polyvinylidene fluoride (PVDF) membrane.
The membranes were blocked with 5% BSA at room temperature and incubated with primary and secondary
antibodies. Protein detection was achieved with the ECL chemiluminescence kit for further analysis of bands.
Primer sequences for RT-qPCR are detailed in Table S1. For detailed information on the antibodies and their
dilution ratios used in the Western blot experiments, please refer to Table S2 in the Supplementary Materials.

Cell counting Kit-8 (CCK-8) assays

The cell viability was detected using the CCK-8 assay kit (K2268, APExBIO, USA). HCT116 and HT29 cells
in the exponential growth phase were selected for the experiment. After successful transfection, trypsin
(CA1210, Beijing Solarbio Science&Technology Co.,Ltd, China) was added to digest the cells. The cells were
then centrifuged at 1200 g for 3 min. Subsequently, culture medium was added to make a cell suspension, and
the cell density was calculated using a cell counter (Countess, Thermo Fisher Scientific, China). The cells were
seeded into 96-well plates at a density of 3x 10° cells per well and cultured for 24 h, 48 h, and 72 h respectively.
Subsequently, 10 uL of CCK-8 solution was added to each well, and the cells were incubated at 37 °C for 4 h. After
that, the absorbance was measured at 450 nm.

Transwell assays

Before the experiment, the cells were starved in serum-free medium for 12 h. Cells were treated with trypsin,
resuspended in PBS and cell density was adjusted to 2 x 10°/ml in serum-free medium containing 0.1% of BSA.
100 pl cell suspensions were seeded into a transwell chamber (BD, USA), which was coated with (invasion) or
without (migration) Matrigel (Yeasen, Shanghai, China). After 48 h incubation, the cells were fixed in 4% tissue
cell fixation solution for 20 min, and then stained with crystal violet at room temperature for 5 min. Microscope
photography was performed.

EDU staining
The exponentially growing colorectal cancer cells were added with EDU solution (Shanghai Biyuntian Biological
Co., Ltd, C0075S, China) and incubated at a final concentration of 10 umol/L for 2 h, and then the cells were
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fixed for 30 min by removing the cell medium and adding 4% paraformaldehyde (Shanghai Biyuntian Biological
Co., Ltd, P0099, China). The cell culture medium was removed, and the cells were incubated with 0.5%Triton
X-100(Shanghai Biyuntian Biological Co., Ltd, P0096, China) for 10 min, and DAPI dye (Shanghai Biyuntian
Biological Co., Ltd, C1002, China) for 5 min. After incubation, photos were taken by fluorescence microscope,
and the EDU positive cells were statistically analyzed by Image J 1.5.2a.

Cell wound scratch assay

Using a sterile pipette wash, the hair is gently brushed across the exponentially growing colorectal cancer cells,
creating a straight scratch. The detached cells were washed with sterile PBS and fresh medium was added. At
different points in time, the scratched area is viewed with a microscope and photographs are taken. The photos
were statistically analyzed by Image J 1.5.2a software.

Electron microscopy

Cells were digested and centrifuged as described, and treated cells from each group were collected and fixed
with glutaraldehyde(Shanghai Mailin Biochemical Technology Co., Ltd, G849973, China) for 30 min, before
4°C transport to Wuhan Servicebio Technology CO.,LTD (China) for electron microscopy for mitochondrial
morphology changes. The next step is simply to remove the excess fixative with a phosphate buffer. Osmium
acid was added to the rinsed cells and dehydrated with increasing concentrations of ethanol, after which the cell
mitochondrial morphology changes were observed by electron microscopy.

MDA and Fe?* detection

The cell samples were processed according to the requirements of iron content (Elabscience, E-BC-K881-M,
China) and MDA (Elabscience, E-BC-K028-M, China) detection kit, and the content of Fe?* and MDA in the
cells was detected. The Fe** content was determined and the OD value (593 nm) was detected using SpectraMax
Mini multifunctional enzyme marker. The OD value (532 nm) of MDA content was detected using SpectraMax
Mini multifunctional enzyme marker. The formulas for calculating the Fe** and MDA contents are detailed in
the Supplementary Materials.

Co-immunoprecipitation (Co-IP) experiment

HCT116 and HT29 cells were treated according to the description of the cell experimental groups. After the
treatment, trypsin solution was added to collect the cell suspension, which was then centrifuged at 1200 g for
3 min. Protein A + G magnetic beads were prepared according to the instructions of the immunoprecipitation kit
(P2179, Shanghai Biyuntian Biological Co., Ltd Biotechnology, China). 500 pL of the antibody working solution
or 500 pL of the normal IgG working solution was incubated at 25 °C for 1 h, and then washed three times with
500 pL of TBS. 20 pL of the magnetic bead suspension was added to every 500 L of the protein sample, and the
mixture was incubated overnight at 4 °C. After incubation, the sample was placed on a magnetic stand for 10 s
for separation. The supernatant was collected into a new centrifuge tube, and the obtained protein sample was
subjected to Western blot analysis.

Statistical analysis

All experiments were independently repeated at least three times, and the data are presented as the
mean + standard deviation (SD). All methods were performed in accordance with the relevant guidelines and
regulations. Statistical analysis was performed using GraphPad Prism 9.0 software. A two-tailed Student’s t - test
was used for comparisons between two groups. For comparisons among multiple groups, one-way analysis of
variance (ANOVA) was applied, followed by Tukey’ s multiple-comparison test for post-hoc analysis. For high-
throughput data involving multiple statistical comparisons, the Bonferroni correction was applied to control
the false-positive risk resulting from multiple hypothesis testing. The predictive performance of the diagnostic
model was evaluated using receiver operating characteristic (ROC) curve analysis, and the area under the curve
(AUC) was presented with a 95% confidence interval (CI). The correlation between variables was evaluated by
the Pearson correlation coefficient. P-value < 0.05 was considered to indicate a statistically significant difference.

Results

Identification of monocyte/neutrophil marker genes by scRNA-seq analysis

The analysis ideas and procedures for the online database are shown in Fig. S1. According to quality control
criteria, low-quality cells and genes were excluded, leaving 11,330 cells for subsequent analysis (Fig. 1A). A
total of 22,852 genes were detected in all cells, with 1500 highly variable genes (Fig. 1B). The PCA method
was used for dimensionality reduction, and 20 PCs with p <0.05 were selected for further analysis (Fig. 1C).
Afterwards, the core cells were classified into 14 independent cell clusters using the t-SNE algorithm (Fig. 1D).
Different cell clusters have distinct gene expression profiles, and some genes differentially expressed among the
14 clusters. The “singleR” algorithm was applied to annotate cell subpopulations, clusters 6 and 7 were defined
as neutrophil and monocyte subpopulations, respectively (Fig. 1E). Ultimately, 345 neutrophil marker genes and
122 monocyte marker genes were obtained with [log,FC| >1 and adjusted p-value <0.05.

Identification of hub genes

With p<0.05, 1546 DEGs between CRC and CRLM in GSE81558 were obtained (Fig. 2A-B). By overlapping
122 monocyte and 345 neutrophil marker genes with 1546 DEGs, 37 hub genes were obtained. To elucidate the
potential functions of these hub genes, functional enrichment analysis was performed (Fig. S2A-B). GO analysis
revealed that the biological processes (BP) mainly involved cytoplasmic translation, aging and inflammatory
response. In terms of cellular component (CC), these genes were mainly implicated in cytosol, cytoplasm and
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Fig. 1. Identification of monocyte/neutrophil marker genes by scRNA-seq analysis. (A) Quality control of
scRNA-seq data from 6 CRC samples. (B) The variance plot showed 22,852 genes in all cells, red dots represent
the top 1500 highly variable genes. (C) 20 PCs were identified based on p <0.05. (D) 14 clusters were visualized
based on the t-SNE algorithm. (E) Cell subpopulations identified by marker genes.

nucleus. In molecular function (MF), protein binding, RNA binding and structural constituent of ribosome were
the predominant categories. KEGG analysis indicated that these genes were enriched in multiple pathways, such
as MAPK signaling pathway, Lipid and atherosclerosis, Toll-like receptor signaling pathway and HIF-1 signaling
pathway. In addition, the PPI network of hub genes showed the linkage between each hub gene (Fig. S2C).

Immune cell analysis

The ssGSEA was used to estimate the infiltration levels of monocyte and neutrophil in training and validation
set. In the training set, results of the ssGSEA algorithm found that the immune cell infiltration levels of monocyte
and neutrophil were significantly higher in the CRLM group (Fig. 2C). In the validation set, monocytes also
showed a significantly higher degree of infiltration levels, while neutrophils showed a higher trend of infiltration
levels in the CRLM group (Fig. 2D). The correlation analysis indicated that 9 of 17 monocyte marker genes were
related to monocytes, and 3 of 24 neutrophil marker genes were related to neutrophils (Fig. 2E).

Construction and validation of a diagnostic signature

The 9 monocyte marker genes and 3 neutrophil marker genes were assessed by LASSO logistic regression
algorithm (Fig. 3A-B). Then, 6 feature genes were selected to construct the diagnostic signature with the
following formula: Risk score = (1.662 x SLC11A1) + (1.036 x IFRD1) + (0.462 x IL32) + (-1.373 x KYNU)
+(1.344 x TIMP1) + (1.112 x SERPINAL1). The AUC values were 0.986 in training set and 0.893 in validation
set, suggesting that the predictive ability of the risk score achieved well (Fig. 3C-D). The correlation analysis
between risk score and monocyte/neutrophil indicated that risk score was positively correlated with monocyte/
neutrophil (Fig. 3E-F). In the CRLM group, 6 feature genes were significant highly expressed in training set, and
4 of 6 feature genes (SLC11A1, IFRD1, TIMP1 and SERPINA1) were significant highly expressed in validation
set (Fig. 3G-H). The expression of 6 feature genes in each cell cluster was visualized by bubble plots (Fig. 31).

Construction of CeRNA network and TF regulatory network

Based on ENCORI database, miRNAs that may target 6 feature genes were predicted. Then, 399 differentially
expressed miRNAs were obtained between CRC and CRLM in GSE81581. The miRNAs differentially expressed
in GSE56453 and negatively regulated feature genes were intersected, and 12 miRNAs were obtained,
corresponding to 4 feature genes. Similarly, the IncRNAs that might regulate these 12 miRNAs were predicted
based on ENCORI database. The correlation analysis between predicted IncRNAs and 4 feature genes were
performed (p<0.05). Then, 13 predicted IncRNAs that were correlated with 4 feature genes were obtained,
corresponding to 8 miRNAs. Ultimately, the ceRNA network, including 13 IncRNAs, 8 miRNAs and 4 mRNAs,
was established (Fig. 4A). A total of 58 TFs associated with 6 genes were identified to construct TF regulatory
network (Fig. 4B). Among them, SLC11A1 was associated with the most TFs, with 30 TFs, and ADNP and
SLC11A1 had the highest correlation (-0.731).
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Fig. 2. Differential gene analysis. (A) The volcano plot (A) and heatmap (B) of DEGs between CRC and
CRLM in GSE81558. (C) The infiltration levels of monocyte and neutrophil in training set. (D) The infiltration
levels of monocyte and neutrophil in validation set. (E) Correlation analysis between monocyte/neutrophil
marker genes and monocyte/neutrophil.* indicates a comparison between two groups. * P<0.05, ** P<0.01,

*** P<0.001, **** P<0.0001, and ns stands for not significant.

RT-qPCR in human subjects and cell lines

The mRNA expression level of SLC11A1 in SLC11A1, IFRD 1, LI32, KYNU, TIMP 1, normal tissues and
SERPINA1 were detected by RT-qPCR experiments, and the results showed that the expression difference of
SLC11A1 was the most obvious, so we chose SLC11A1 as the main target in subsequent experiments (Fig. 4C).
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(H) set. (I) Expression levels of 6 feature genes for each cell cluster. * indicates a comparison between two
groups. * P<0.05, ** P<0.01, **** P<0.0001, and ns stands for not significant.
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Fig. 4. Differential expression of ceRNA network and SLC11A. (A,B) The ceRNA network and TF regulatory
network. The hexagons, inverted triangles, rhombi, and ellipses indicate IncRNAs, miRNAs, TFs and mRNAs,
respectively. Orange and green color represent up- and down-regulation, respectively. (C) Detection of the
expression levels of SLC11A1, [FRD1, IL32, KYNU, TIMP1 and SERPINA mRNAs in CRC and normal
tissues. (D) Detection of SLC11A1 mRNA expression levels in NCM460, CACO2, HCT116, HT29, LOVO,
SW480, and SW620 cells. (E) After transfection with oe-SLC11A1 plasmid for 48 h in HCT116 cells, the
expression levels of SLC11A1 protein and mRNA were detected. (F) After transfection with siSLC11A1-1

and siSLC11A1-2 interfering RNAs for 48 h in HT29 cells, the expression levels of SLC11A1 protein and
mRNA were detected. * indicates a comparison between two groups. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001, and ns stands for not significant.

We screened for the relative expression levels of SLC11A1 mRNA in different CRC cell lines. The results showed
that HT 29 showed the highest mRNA expression and the lowest HCT116, in order to further explore the
mechanistic studies of SLC11A1 in CRC (Fig. 4D). We constructed SLC11A1 knockdown cell lines in HT 29
cell line and SLC11A1 overexpression cell lines in HCT116 cell line. Assays by RT-qPCR and Western blot
experiments showed successful SLC11A1 knockdown and overexpression cell line construction (Fig. 4E and F).

Knockdown of SLC11A1 was able to inhibit CRC cell proliferation

The results of CCK8 showed that down-regulating SLC11A1 expression in HT29 cell lines could significantly
reduce the proliferation capacity of HT29 cells in a time-dependent manner. However, in HCT116 cell line, the
proliferation ability of SLC11A1 cells was significantly enhanced after overexpression (Fig. 5A). After that, we
further verified the changes of SLC11A1 on the proliferation ability of HT29 and HCT116 cells through EDU
experiment, and the results were consistent with CCK8. This suggests that SLC11A1 knockdown can inhibit the
proliferation of CRC cells. Knockdown of SLC11A1 was able to inhibit the invasion and migration of CRC cells
(Fig. 5B).

Knockdown of SLC11A1 was able to inhibit CRC cell proliferation

The results of scratch experiments showed that down-tapping SLC11A1 expression in HT29 cell lines could
significantly reduce the migration ability of HT29 cells in a time-dependent manner. In HCT116 cell line,
overexpression of SLC11A1 significantly enhanced cell migration (Fig. 5C). Later, we further verified the
changes of SLC11A1’s invasion ability on HT29 and HCT116 cells through Transwell experiment. Our results
showed that SLC11A1 knockdown inhibited the invasion ability of HT29 cells, while overexpression of SLC11A1
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Fig. 5. SLC11A1 induces the proliferation, invasion and migration of CRC cells. (A) CCK8 experiments

the changes in viability of HT29 and HCT116 cells in different time periods. (B) An EDU staining assay was
performed for changes in the proliferative capacity of HT29 and HC116 cells. (C) Changes in the migratory
capacity of HT 29 and HCT116 cells were determined by scratches 48 h after cell transfection. (D)Changes in
the invasive capacity of HT 29 and HCT116 cells were determined by Transwell at 48 h after cell transfection.
# denotes the comparison between the siSLC11A1-2 group and the siNC group, while * represents the
comparison between two groups. * P<0.05, ** P<0.01, *** P<0.001, and # P<0.05.

enhanced the invasion ability of HCT116 cells. This suggests that SLC11A1 can induce CRC cell invasion and
migration (Fig. 5D).

Knockout of SLC11A1 can induce ferroptosis in CRC cells and inhibit the invasion of CRC cells
After verifying that SLC11A1 was able to induce the proliferation, invasion and migration of CRC cells, we
focused on whether it could affect the ferroptosis in CRC cells. We observed the mitochondrial morphology
changes in cells after treatment groups by electron microscopy, and we found no significant changes in
mitochondrial morphology after SLC11A1 overexpression. However, after SLC11A1 knockdown, mitochondrial
morphology is disrupted, as well as outer membrane rupture and reduction or disappearance of mitochondrial
cristae (Fig. 6A). And after knockdown of SLC11A1 also led to the accumulation of MDA and Fe?* in HT29
cells (Fig. 6B), upregulated ACSL4, COX2, NOX1 and downregulated GPX4, and the expression level of FIH
1 protein promoted cell ferroptosis (Fig. 7A). In addition, we also detected the expression of invasion - related
proteins in HCT116 and HT29 cells. In HCT116 cells, compared with the Vector group, the expression level
of E-cadherin in the oe-SLC11A1 group decreased significantly, while the expression levels of N-cadherin
and Vimentin increased significantly. In HT29 cells, compared with the si-NC group, the expression level of
E-cadherin in the siSCL11A1-1 and siSCL11A1-2 groups increased significantly, while the expression levels of
N-cadherin and Vimentin decreased significantly (Fig. 7B). We speculated that the knockdown of SLC11A1 was
able to inhibit CRC cell proliferation, and that invasion and migration were most likely achieved through the
regulation of ferroptosis.
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Fig. 6. Knockdown of SLC11A1 induces iron death in CRC cells. (A) Electron microscopy to observe the
intracellular mitochondrial structure and morphology 48 h after transfection of each group of HT 29 cells and
HCT116 cells (The green arrow represents that the mitochondria have a normal morphology, with abundant
and dense cristae, almost filling the entire mitochondrial matrix. The outer membrane is smooth, and the
outline is clear and continuous. The red arrow represents that the mitochondria are significantly swollen, with
reduced, broken cristae, or even a complete disappearance of cristae, and the outer shape shows breaks). (B)
Changes in intracellular MDA and Fe?* levels were measured 48 h after transfection in each group of HT 29
cells and HCT116 cells. * indicates a comparison between two groups. * P<0.05, ** P<0.01, *** P<0.001, and
ns stands for not significant.

SLC11Al s able to activate the TGFB1 signaling pathway

To confirm that SLC11A1 can target the TGFp1 signaling pathway, we detected the presence of TGFp1 protein
in the SCL11A1 protein complex through the Co-IP assay. The results showed that both TGFf1 and SCL11A1
proteins were present in the protein complexes pulled down by SCL11A1 in HCT116 and HT29 cells. These
findings confirm the interaction between SCL11A1 and TGFf1, providing evidence that SLC11A1 can target the
TGEFpI signaling pathway (Fig. 8A).

We examined key proteins in the TGFp1 signaling pathway by a Western blot assay. The results showed that
SLC11A1 overexpression was able to activate the protein expression levels of p-Smad 2 / 3 and TGFp1, with
no obvious effect on the Smad 2 / 3 proteins. The protein expression levels of p-Smad 2 / 3 and TGFB1 were
repressed upon knockdown of SLC11A1 in HCT116 cells. This also suggests that SLC11A1 is able to activate the
TGFp1 signaling pathway (Fig. 8B).

To further provide evidence that SLC11A1 targets the TGFP1 signaling pathway, we designed a reverse
- validation experiment by introducing LSKL (an inhibitor of the TGFp1 signaling pathway) and 10 ng/mL
TGFPI (an activator of the TGFp1 signaling pathway). The experimental results showed that, in HCT116 cells,
compared with the oe-SLC11A1 group, the ratio of p-Smad2/3 to Smad2/3 and the expression level of TGFp1
decreased in the oe-SLC11A1 + LSKL group. In HT29 cells, compared with the si-SLC11A1-1 group, the ratio of
p-Smad2/3 to Smad2/3 and the expression level of TGFP1 increased in the si-SLC11A1-1+TGFp1 (10 ng/mL)
group (Fig. 8C).

Discussion

We finally chose SLC11A1 for study based on online database and subsequent validation of CRC tissue and
cell samples. SLC11A1 belongs to the solute carrier family 11 family, a proinflammatory factor located in
monocytes that is closely correlated with susceptibility to autoimmune and infectious diseases's. Moreover,
SLC11ALl is associated with various cancers. Polymorphisms of SLC11A1 were implicated in bladder cancer
recurrence'. Zhu et al. indicated that SLC11A1 was related to the increased risk and poor prognosis in prostate
cancer?’. SLC11A1 was identified to serve as a prognostic marker and immunotherapy response indicator in
glioma?®!. Ma et al. suggested that SLC11A1 could serve as a significant indicator for predicting poor prognosis
and immunotherapy efficacy in CRC?2. Despite this, there is no studies to explore the function of SLC11A1 in
CRLM progression, and the potential molecular mechanism is poorly understood. In our study, we found that
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Fig. 7. SCL11A1 can regulate ferroptosis - and EMT - related marker proteins. (A) After 48 h of transfection
with overexpression plasmids and small interfering RNAs in HCT116 and HT29 cells, the relative expression
levels of ACSL4, COX2, FIH1, GPX4, and NOX1 proteins were detected by Western blot assay. (B) The
expression levels of E - cadherin, N - cadherin and Vimentin proteins in HCT116 and HT29 cells (which had
undergone cell transfection according to the requirements of each group) were detected by Western blot assay.
* indicates a comparison between two groups. ** P<0.01, *** P<0.001, **** P<0.0001.
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down by SLC11AL1. (B) After 48 h of transfection with overexpression plasmids and small interfering RNAs

in HCT116 and HT29 cells, the relative expression levels of Smad 2/3, p-Smad 2/3, and TGFp1 proteins were
detected by Western blot assay. (C) In HCT116 cells, after transfecting the over-expression plasmid for 48 h,
LSKL (an inhibitor of the TGF-p1 pathway) was added and the cells were incubated for an additional 24 h. In
HT29 cells, after transfecting siRNA for 48 h, 10 ng/mL TGF-f1 (an activator of the TGF - p1 pathway) was
added. After these treatments for both types of cells, the protein expression levels of Smad 2/3, p-Smad 2/3,
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SLC11A1 was highly expressed in both CRC tissues and cells, and after our SLC11A1 knockdown, CRC cell
proliferation was significantly decreased, and invasion and migration were also significantly decreased. During
the process of tumor invasion, the expression changes of E-cadherin, N-cadherin, and Vimentin are closely
related and jointly regulate the epithelial-mesenchymal transition (EMT) process. As an epithelial marker, the
down - regulation of E-cadherin expression weakens intercellular adhesion, thereby facilitating the detachment
of tumor cells from the primary tumor site**?%. On the other hand, as mesenchymal markers, the up-regulation
of N-cadherin and Vimentin expressions enhances the migration and invasion capabilities of cells?. This shift in
molecular phenotype not only endows cells with greater motility but also helps them break through the basement
membrane and invade surrounding tissues, ultimately promoting tumor metastasis?. The results of this study
show that after overexpressing SLC11A1, the expression level of E-cadherin decreased significantly, while the
expression levels of N-cadherin and vimentin increased significantly. This is consistent with the previous studies.

It has been reported that SLC11A1 is closely related to cellular iron homeostasis, and iron death occurs when
the iron ion balance in the cell is broken, such as iron overload or iron deﬁciency27’28. Some studies have found
that there is iron overload and lipid peroxidation in CRC cells, which may be related to the occurrence and
development of CRC?*3, However, the mechanism by which SLC11A1 mediates iron death in CRC has not been
reported. Our study found that knocking down the expression of SLC11A1 increased the accumulation of MDA
and Fe?* in CRC cells, leading to mitochondrial structure damage and inducing cell iron death. GPX4 is one of
the major intracellular antioxidant enzymes, and the reduced activity of GPX4 leads to increased intracellular
lipid peroxidation!. While the expression of ACSL4 was increased, leading to increased intracellular lipid
peroxidation®2. ROS is believed to play a key role in the process of lipid peroxidation®. NOX1 is an important
ROS (reactive oxygen species) -generating enzyme, which can transfer electrons from NADPH to oxygen
molecules and produce ROS such as superoxide anions***. COX2 and HIF1 are also thought to be closely
related to ROS***. Our study showed that SLC11A1 knockdown was able to downregulate FIH1 and GPX4
and upregulate the expression levels of ACSL4, COX2, and NOX1, inducing cells to undergo iron death, which
further strengthened the evidence that SLC11Al is able to regulate iron death. We then explored the possible
mechanisms of SLC11A1 regulation, focusing on the TGFp1 signaling pathway. It has been reported that high
expression of SLC11A1 in colorectal cancer is significantly enriched in TGFp1 pathway, JAK-STAT pathway and
angiogenesis?2. Abnormal activation of TGFB1 signaling pathway can promote CRC cell invasion, metastasis
and EMT process, and enhance CRC cell proliferation®. Therefore, inhibition of TGFf1 signaling pathway helps
to inhibit the progression of CRC. In addition, the ability of TGFp1 signaling to regulate the ferroptosis process
has been confirmed by numerous studies®. The COIP experiment also confirmed the interaction between
SLC11A1 and TGFp1. In the reverse validation experiment, the addition of LSKL could reverse the activation of
the TGFf1 signaling pathway caused by the overexpression of SLC11A1. Conversely, the addition of TGFB1 (10
ng/mL) could reverse the inhibitory effect on the signaling pathway caused by the knockdown of SLC11A1. This
provides strong evidence that SLC11A1 targets the TGFp1 signaling pathway.

The biggest innovation of this study lies in the revelation that SLC11A1 can promote CRC cell proliferation,
invasion and migration resistance to CRC cell ferroptosis, and the possible mechanism is achieved through the
activation of TGFp1 signaling pathway. Although our results are encouraging, there are still some limitations.
First of all, the conclusions of this study were only verified at the in - vitro experimental level, lacking evidence
from in - vivo experiments. In the future, we will prioritize the establishment of “humanized mouse xenograft
and metastasis models with conditional knockout and overexpression of SLC11A1” in our subsequent research.
Although the changes in the expression of ACSL4 and GPX4 suggest that ferroptosis may be involved, we have
not completely ruled out the potential effects of other forms of cell death, such as apoptosis, pyroptosis, and
cuproptosis. In subsequent studies, we will systematically evaluate the key markers of various types of cell death
to clarify whether SLC11A1 specifically regulates ferroptosis or exerts its effects by coordinating multiple cell
death pathways.

Conclusion

We found that SLC11A1 is aberrantly expressed in CRC. Knockdown of SLC11A1 inhibited TGFp1 signaling,
suppressed CRC cell progression, and promoted MDA and Fe2 +accumulation, thereby inducing ferroptosis.
SLC11A1 may promote resistance to ferroptosis, partially through TGF-p1 signaling, though other mechanisms
(e.g., ROS regulation) may also contribute. These results suggest that SLC11A1 can be used as a clinical drug
target and provide a theoretical basis for subsequent drug development.

Data availability
The data regarding the results of this study can be requested from the corresponding author upon reasonable
request.
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