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Background: It has been established that Spalt-Like Transcription Factor 4 (SALL4) promotes Colorectal Cancer (CRC) cell
proliferation. Furthermore, Amphiregulin (AREG) is crucially involved in cancer cell proliferation and therapeutic resistance
regulation. In this regard, this study aimed to establish whether SALL4 affects the radiosensitization of CRC cells via AREG
expression regulation.

Methods: Transcriptome sequencing and the Human Transcription Factor Database (HumanTFDB) were used to identify the potential
SALLA4 targets. The dual-luciferase reporter analysis was used to confirm the SALL4-induced AREG activation. Western Blot (WB)
and Reverse Transcription quantitative Polymerase Chain Reaction (RT-qPCR) assays were used to examine the effect of X-ray
irradiation on SALL4 and AREG expression. The AREG-KD (Knockdown) stable cell lines were created through lentiviral infection.
Cell proliferation was tracked using Cell Counting Kit 8 (CCK-8) and 5-Ethynyl-2'-deoxyuridine (EdU)-incorporation assays. Cell
cycle and apoptosis were examined through flow cytometry. The cells were exposed to a controlled X-ray radiation dose (6 Gy) for
imaging purposes.

Results: SALL4 could bound to the AREG promoter, enhancing AREG expression. Furthermore, irradiation upregulated SALL4 and
AREG in CRC cells. Additionally, AREG knockdown in CRC cells led to reduced DNA replication efficiency, suppressed cell
proliferation, increased DNA damage, and enhanced G1 phase arrest and apoptosis following irradiation. On the other hand, AREG
overexpression reversed the inhibitory effects of SALL4 downregulation on AREG expression.

Conclusion: In CRC cells, SALL4 downregulation suppressed AREG expression, regulating CRC cell radiosensitivity via the PI3K-
AKT pathway, thus presenting a potential therapeutic pathway for CRC treatment using Radiotherapy (RT).
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Introduction

Colorectal Cancer is a multifactorial malignant disease that progresses through multiple stages. It has been established
that the prognosis of advanced CRC patients, especially those with distant metastases, remains poor.! Surgery and
Radiotherapy are the first-line treatments for such patients, with the latter being a key component in CRC management.”
A key element of the comprehensive treatment for locally advanced rectal cancer is radiotherapy, which greatly enhances
the CRC prognosis.>* However, radiation resistance often diminishes treatment efficacy, making improved patient
responsiveness to RT a key research objective.” A deeper understanding of the molecular mechanisms that govern
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CRC cell survival following irradiation is essential for identifying new molecular targets to enhance the sensitivity of
CRC to radiotherapy.

Spalt-Like Transcription Factor 4 (SALL4), a Transcription Factor (TF) belonging to the SALL gene family, has been
strongly associated with various biological tumor behaviors. For example, SALL4 overexpression in cancers promotes
tumor development via the PI3K/AKT and Wnt/B-Catenin pathways.®® Additionally, SALL4 upregulation induced RT
resistance in Nasopharyngeal Carcinoma (NPC).” Therefore, besides promoting tumor development, SALL4 also plays
a crucial role in radiation resistance incidence.

Amphiregulin (AREG) is an Epidermal Growth Factor Receptor (EGFR) ligand often released in an autocrine or
paracrine manner. According to research, multiple stimuli could activate AREG expression, including inflammation,
ischemia and hypoxia, growth factors, and radiation.'®'? Notably, AREG was first identified in Breast Cancer cells and
has since been shown to promote the proliferation of numerous cell types, primarily by binding to and stimulating EGFR."
Furthermore, AREG is overexpressed in most cancers, and its oncogenic activity has been observed in human epithelial
malignancies, such as lung, breast, ovarian, and colorectal cancers. Furthermore, AREG controls cancer treatment

%15 tumor escape, and radioresistance and is an essential regulatory factor in radiation response in intracranial

resistance,
tumors.'®!” On this basis, AREG has emerged as a potential therapeutic target in RT interventions. For example, interference
with AREG expression significantly lowered the severity of radiation-induced kidney fibrosis, minimizing RT’s harmful
consequences.'® AREG can serve as a promising predictive factor after radiotherapy for locally advanced rectal cancer.'’
Nevertheless, the involvement of AREG in governing CRC cells’ susceptibility to irradiation is yet to be elucidated.

One of our recent investigations revealed that SALL4 promoted CRC cell proliferation in vitro.”’ Herein, SALL4
promoted CRC cell proliferation via AREG expression regulation, presenting an avenue for anti-cancer actions and
enhancing radiation efficacy through the PI3K/AKT signaling pathway. In other words, the SALL4-driven AREG

expression regulation may serve as a pathway for improving CRC cells’ radiosensitivity.

Materials and Methods

Cell Culture, Transfection, and Infection

The HCT116, HT29, and 293T cell lines used in this study were purchased from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). The CRC cells were cultured in McCoy’s SA medium (Hyclone, Thermo Fisher Scientific), whereas 293T
cells were sustained in a DMEM medium (Hyclone, Thermo Fisher Scientific) supplemented with 10% Fetal Bovine Serum
(FBS; Thermo Fisher Scientific) and antibiotics [penicillin (100 units/mL) and streptomycin (100 units/mL)]. A conventional
incubator was used to create a humid environment with 5% CO2 and a constant temperature of 37°C for cell culture purposes.
The shRNA-SALL4 plasmid (GCTAGACACATCCAAGAAAGGTTCAAGAGACCTTTCTTGGATGTGTCTAG
CTTTTTT, sequencing primers: U6 promoter universal primers GGACTATCATATGCTTACCG) (Weizhen Biological
Technology, China) was used to downregulate SALL4, with the negative control (sShRNA-NC) plasmid as a reference.
During plasmid transfection, cells were cultivated in a 6-well plate to 70-80% confluence and then transfected with 2.5 pg
plasmids using Lipofectamine 3000 (Invitrogen, Grand Island, NY, USA) for 15 min, per the manufacturer’s guidelines. The
cells were collected for further assays after 48 h of transfection.

Weizhen Biologicals (Shandong, China) supplied the shRNA-targeting AREG lentivirus vector, which was then used
to infect HCT116 and HT29 cells. Stable transfected cells were cultured in a medium containing 3 pg/mL puromycin
until uninfected cells were eliminated. Western Blotting (WB) and Reverse Transcription quantitative Polymerase Chain
Reaction (RT-qPCR) were used to verify the AREG-KD stable cell lines.

An X-ray linear accelerator (Varian Medical Systems) was used to irradiate CRC cells. The cells were exposed to
high-energy X-rays at a rate of 300 mu/minute. The irradiation dose was 6 Gy, administered at a rate of 3 Gy/minute.

RNA Sequencing Analysis

The HCT116 cell line was transfected with SALL4 knockdown plasmids and cultured for 48 hours. Total RNA was
then extracted using an RNA Isolation kit (Ambion; Thermo Fisher Scientific). RNA purity and concentration were
assessed with a Thermo Fisher Scientific NanoDrop 2000 spectrophotometer. Using 4 pg of RNA as the starting
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material, sequencing libraries were prepared with the TruSeq Stranded mRNA LT Sample Prep kit (Illumina, Inc).
Libraries were sequenced on the [llumina HiSeq X Ten platform, producing 150 bp paired-end reads. Clean reads were
aligned to the human genome using HISAT2.?' Cufflinks** was used to compute each gene’s FPKM value, whereas
HTSeq-count® provided the read counts for each gene. Differentially Expressed Genes (DEGs) were identified based
on a p-value < 0.05 and an absolute log2FoldChange > 1. All sequencing and data analyses were performed by OE
Biotech Co., Ltd.

The Dual-Luciferase Report Assay and AREG Expression Analysis
The Human Transcription Factor Database (HumanTFDB; http://bioinfo.life.hust.edu.cn/HumanTFDB#!/tfbs predict) was
used to identify the SALL4 binding sites in the AREG gene promoter. The dual-luciferase assay was then conducted using

a luciferase reporter system (Promega) to demonstrate the interaction of SALL4 with AREG promoters. The AREG wild-type
(wt) promoter reporter plasmid (RiboBio, China) and the SALL4 plasmid were co-transfected into 293T cells using
Lipofectamine 3000. The cells were then divided into two groups: Normal Control (NC) and SALL4 overexpression. The
activities of firefly luciferase and sea kidney luciferase were quantified using the Dual-Luciferase Reporter Assay System, with
the firefly luciferase to renilla luciferase activity ratios indicating the comparative luciferase activities. AREG and SALL4
mRNA expression data were retrieved from the UCSC Xena database (https://xenabrowser.net/datapages/) and plotted as

expression scatterplots using R software (Version 4.1.1).

The Cell Proliferation Assay

The AREG-KD and control groups of CRC cells were resuspended in 96-well plates at a density of 1 x 10%/well and
exposed to 6Gy X-ray after 24 h. The Cell Counting Kit 8 (CCK-8; MedChemExpress, USA) assay was used to assess
cell viability at 0, 24, 48, and 72 h post-irradiation. The OD value at 450 nm was measured using a versatile microplate
reader (Thermo Scientific, USA), and the results were analyzed and plotted using GraphPad 9.1.1.

The 5-Ethynyl-2'-deoxyuridine (EdU)-Incorporated Assay

The cells were plated in 96-well plates at 1x104 cells/well density and incubated for 24 h before adding EdU (RiboBio,
China). The cells were incubated with EAU for 30 min at room temperature in the dark after adding 1% ApolloR reaction
mix, per the manufacturer’s protocol. The cells were then cultured with Hoechst 33342 for 30 min for nuclei visualization
purposes. Positive cells were observed using a fluorescence microscope (Leica, Wetzlar, Germany).

Flow Cytometric Analysis of Cell Apoptosis

The cells in the logarithmic growth phase were selected and evenly seeded in 6-well plates. The cells were cultured for an
additional 48 h after x-ray irradiation. The experimental groups were designated as follows: shNC, shAREG#1,
shAREG#2, shNC-6 Gy, shAREG#1-6 Gy, and shAREG#2-6 Gy. After gently resuspending the cells in the binding
buffer, Annexin V-FITC and the PI Staining Solution (Yeasen Biotechnology, Shanghai, China) were added, gently
mixed, and incubated for 15 min at RT in the dark, and then the on-board assay (BD Biosciences, San Jose, California,
USA) was completed within 1 h. The results were analyzed using FlowJo software (version 10.8.1).

Flow Cytometric Analysis of the Cell Cycle

The cells were cultured for an additional 48 h following X-ray irradiation. The experimental groups were designated as
follows: shNC, shAREG#1, shAREG#2, shNC-6 Gy, shAREG#1-6 Gy, and shAREG#2-6 Gy. The cells were gently
resuspended in pre-cooled 70% ethanol and fixed overnight at 4°C. Ten volumes of dye PI and ten volumes of RNase
A were added separately to 500 volumes of the staining buffer (Yeasen Biotechnology, Shanghai, China) to prepare
single-cell suspensions. Subsequently, the cells were incubated for 30 min at 37°C, in the dark, and assessed through flow
cytometry (BD Biosciences, San Jose, California, USA). The FlowJo software (version 10.8.1) was employed to analyze
data and prepare graphs.
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Western Blot Analysis

Proteins within cells were separated using Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
transferred to cellulose nitrate membranes, which were then blocked with PBST. Subsequently, the membranes were
incubated with the SALL4 (1:1000, ab29112, Abcam, Cambridge, UK), AREG (1:500, Proteintech, USA), PI3K [1:1000,
ab2302, Cell Signaling Technology (CST), UK], AKT (1:500, ab2324, CST, UK), P-AKT (1:1000, CST, USA), y-H2Ax
(1:1000, ab2893, Abcam, Cambridge, UK), Bcl-2 (1:1000, ab692, Abcam, Cambridge, UK), Cleaved Caspase 3 (1:1000,
ab2302, Abcam, Cambridge, UK), Bax (1:1000, CST, USA), and B-actin (1:1000, GB1201, Servicebio, Woburn, MA, USA)
primary antibodies, with GAPDH (1:1000, ab176560, Abcam, Cambridge, UK) as the internal reference. Subsequently, the
membranes were incubated with goat-targeting secondary antibodies (1:1000), which were acquired from CWBIO (China).

Statistical Analysis

All experiments were replicated at least three times, and data were expressed as Mean + Standard Deviation (SD) unless
otherwise specified. Differences between groups were compared using f-tests. Statistical analyses were performed using
GraphPad Prism version 9.1.1 and R version 4.1.1. Differences were considered statistically significant at *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001.

Results
The Radioresistance Factor, AREG, as a Regulatory SALL4 Target

Our previous study revealed that SALL4 promotes CRC development.”’ However, whether SALL4 is involved in
CRC radiosensitivity regulation remains unknown. Consequently, we downregulated SALL4 in HCT116 cells
which was identified as treat group and performed transcriptome sequencing analysis (Figure 1A). According to
a previous study,'> we selected 20 representative radiation-associated CRC genes, including those that were
upregulated (CXCR4, HBE1, RAC2, LCN2, KLK10, PTGDS, KRT20, CD52, AREG, and GZMB) and those
that were downregulated (ICAM4, PRKCQ, UBE2L6, RGS10, FAM35A, REC8, PRTFDC1, SNORD93, SMO, and
CRMP4). We then compared the sequencing results with the previously identified set of radioresistance-related
genes, ultimately pinpointing AREG as a potential target regulated by SALL4 (Figure 1B). Notably, AREG
expression was markedly higher in CRC tissues than normal tissues (Figure 1C), confirming the regulatory effect
of SALL4 upregulation on AREG expression in the context of CRC suppression or promotion (Figure 1D).

The SALL4 binding site in the AREG promoter was predicted using the HumanTFDB database (Figure 2A). Notably,
the dual-luciferase assay supported the SALL4-AREG association (Figure 2B), and SALL4 overexpression significantly
increased the luciferase activity of the AREG promoter (P < 0.001). Compared to other CRC cell lines, AREG
expression, was higher at the mRNA or protein level in HCT116 and HT29 cells (Figure 2C and D). Consequently,
we used the HCT116 and HT29 cell lines to examine the effect of RT on CRC cells. Compared to the shNC group,
AREG expression was correspondingly lower after transfection of the SALL4-KD plasmid (Figure 2E and F).

X-Ray Irradiation Enhances SALL4 and AREG Expression

To assess the role of AREG in CRC radiosensitivity, we analyzed the changes in SALL4 and AREG expression over
a short period after a single irradiation of CRC cells. After 48 h of cell irradiation, SALL4 and AREG proteins were
significantly upregulated (Figure 3A), and the mRNA level of AREG also increased (Figure 3B).

To further explore the role AREG played in CRC radioresistance, we infected CRC cells with an AREG shRNA
lentiviral vector, selected cells that were successfully infected, and created a stable strain of CRC cells. Cellular Green
Fluorescent Protein (GFP) detection was conducted to verify the infection efficiency of AREG-KD (Figure 3C), The
results were also confirmed by RT-qPCR (Figure 3D) and WB (Figure 3E) experiments.
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Figure | AREG, as a potential regulatory target for SALL4. (A) Heat map of DEGs between the control and treatment groups after SALL4 downregulation in HCT1 16 cells;

(B) Venn plots of the intersection of DEGs and CRC radiation-associated gene sets; and (C) AREG and (D) SALL4 expression in unpaired and paired sample tissues of CRC.
*P<0.05, *P<0.01, **P <0.001, ***P <0.0001.

AREG Knockdown Inhibits Cell Proliferation and Promotes Irradiation-Induced DNA
Damage
We performed an EdU assay to assess the impact of AREG on cell viability and proliferation. The results demonstrated
that AREG knockdown significantly inhibited DNA replication in the cells (Figure 4A). The CCK-8 assay was also
performed after x-ray irradiation, and the results indicated that cell viability was significantly lower in AREG-KD cell
lines than in controls. Furthermore, AREG knockdown significantly increased the radiosensitivity of CRC cells
(Figure 4B). These findings suggest that the targeted inhibition of AREG expression sensitizes CRC cells to RT.
Radiation confers lethality on cells by inducing DNA Double-Strand Breaks (DSB), in which y-H2AX is a sensitive
marker. Herein, y-H2AX expression peaked 30 min after irradiation of CRC cells (Figure 4C). Furthermore, after
combining X-ray irradiation with AREG knockdown, we found that y-H2AX expression was significantly higher in the
treatment group compared to the control group (Figure 4D). These findings suggest that AREG knockdown enhances the
sensitivity of CRC cells to irradiation, probably via augmenting irradiation-induced DNA DSBs.

AREG Knockdown Increases Radiation-Induced Apoptosis and G| Phase Block in
CRC Cells

Radiation-induced DNA damage triggers the G1 or G2 arrest of the cell cycle, allowing the cell time to repair the DNA
damage.** Herein, DNA levels were assessed through PI staining and flow cytometry. The results indicated that AREG
knockdown led to a moderate increase in G1 phase arrest in CRC cells, both in the presence and absence of radiation,
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Figure 2 SALL4 binds to AREG and regulates its expression. (A) The SALL4 binding site in the AREG promoter; (B) Detection of luciferase activity using the dual luciferase
reporter gene assay; AREG mRNA (C) and protein (D) expression in CRC cell lines; and changes in AREG mRNA (E) and protein (F) levels after SALL4 downregulation. *P
<0.05, ¥P <0.01, ¥*P <0.001, ***P <0.0001.

compared to the control group. This finding further supports the notion that reducing AREG expression enhances
radiosensitivity in CRC cells (Figure SA-D).

Cell apoptosis was also evaluated using flow cytometry and WB. According to the results, AREG knockdown
significantly enhanced radiation-induced apoptosis compared to the control group (Figure SE). Furthermore, AREG
knockdown upregulated Cleaved Caspase 3 and Bax and downregulated Bcl-2, which are essential apoptosis indicators
(Figure 5F). Collectively, these findings suggest that AREG knockdown enhanced radiation-induced apoptosis.

AREG Knockdown Suppresses PI3K/AKT Signaling in CRC Cells

The PI3K/AKT signaling pathway is often implicated in tumor radiosensitivity, with its disruption enhancing radiosensitivity
by hindering DNA double-strand break (DSB) repair.®> In this study, we observed that AREG knockdown suppressed PI3K/
AKT protein expression (Figure 6A), indicating that reduced AREG levels may enhance radiosensitivity in colorectal cancer
(CRC). Additionally, AREG overexpression counteracted the suppressive effect of SALL4 downregulation on AREG
expression (Figure 6B), highlighting the regulatory interplay between SALL4 and AREG. Overall, our findings suggest
that the PI3K/AKT pathway is involved in modulating radiosensitivity in CRC through SALL4 and AREG interactions.

Discussion
According to research, SALL4 is a major malignancy driver and a potential target for cancer treatment.®**?” In our
previous study, we observed that SALL4 expression was significantly elevated in CRC tissues compared to normal
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tissues. Furthermore, reducing SALL4 levels led to decreased proliferation, migration, and invasion of CRC cells.”®
Furthermore, higher levels of SALL4 expression induced RT resistance in NPC,” implying that in addition to its
involvement in tumor development, SALL4 may also play a key role in tumor radiosensitivity. Herein, we discovered
that the SALL4-targeted AREG modulated radiosensitivity in CRC cells by regulating the PI3K-AKT pathway. Kong
et al reported that SALL4 relies on zinc finger structures to function as a gene regulator by binding to AT-rich
sequences.”® In our case, SALL4 could bound to the AREG promoter to regulate its expression, indicating a positive
correlation between the expression of the two. Furthermore, AREG overexpression reversed the inhibitory effects of
SALL4 downregulation on AREG expression. Additionally, X-ray irradiation upregulated SALL4 and AREG in CRC
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Figure 4 Influence of AREG on CRC cell proliferation. (A) Immunofluorescence plots of DNA replication capacity tests and statistical plots of differences in DNA
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cells. This phenomenon may be associated with CRC radioresistance, an assumption supported by the fact that AREG
knockdown promoted X-ray-induced DNA damage. Furthermore, AREG knockdown reduced the DNA replication
efficiency of CRC cells and, when combined with X-ray irradiation, resulted in a notable reduction in cell growth.
Additionally, AREG knockdown increased the G1 phase arrest and apoptosis in CRC cells after irradiation.

As an external stimulus, ionizing radiation alters the Tumor Microenvironment (TME), resulting in gene expression
alterations. According to research, DNA DSBs is the most common and severe form of ionizing radiation-induced
damage, posing a great threat to genome integrity and stability.>® Furthermore, DNA DSBs are always accompanied by
histone H2AX phosphorylation and rapidy-H2AX foci formation. It has been established thaty-H2AX correlates
positively with DNA DSBs, highlighting it as a potential biomarker of DNA damage.’® Herein, we found thaty-H2AX
expression in CRC cells peaked 30 min post-irradiation and gradually recovered. Consistent with previous observations,
which revealed that impaired DNA repair could lead to increased radiosensitivity,>'~** our findings revealed that AREG
knockdown significantly upregulatedy-H2AX post-irradiation and promoted X-ray-induced DNA damage.

Although AREG was initially detected in BC cells, it has been found to promote the proliferation of most cell types,
primarily by binding to and activating EGFR."* According to research, AREG is overexpressed in patients with different

types of cancer, and its cancer-causing properties have been observed in typical human epithelial malignancies, including
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AREG knockdown combined with irradiation; (E) Proportion of apoptotic cells in non-transfected and AREG shRNA-transfected cells subjected to 0 and 6-Gy irradiation;
and (F) Expression levels of apoptosis-related proteins (Bax, Bcl-2, and Cleaved Caspase 3). *P <0.05, **P < 0.0, **P <0.001, ****P <0.0001.
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Figure 6 SALL4 downregulation targets AREG and inhibits the PI3K/AKT pathway. (A) A corresponding inhibition of the PI3K/AKT pathway protein expression followed
AREG knockdown; and (B) AREG overexpression reversed the inhibitory effects of SALL4 downregulation on AREG expression.

lung, breast, colorectal, ovarian, and prostate cancers.'#337¢ Furthermore, the involvement of AREG in the regulation of
cancer treatment resistance has been reported.”’ ** For example, AREG induced Epithelial-Mesenchymal Transition
(EMT) in pancreatic cancer cells via the EGFR/ERK/NF-kB signaling pathway.** Moreover, miR-34c-5p inhibited
stemness and drug resistance and blocked ovarian cancer progression by targeting the AREG-EGFR-ERK pathway.*'
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Furthermore, AREG is considered a key gene involved in the regulation of tumor escape and radioresistance, which is
critical to radiation response regulation in intracranial tumors.'®*?

In many tumors, PI3K, an essential signaling protein that operates downstream of various protein kinases, particularly
those from the EGFR family, is often overactive.*’ Protein Kinase B (AKT), a major PI3K kinase, is involved in the regulation
of multiple tumor cell processes, including proliferation, metabolism, invasion, metastasis, angiogenesis, and therapeutic
resistance, by switching intracellular signals and activating the downstream target proteins.”>****® The oncogenic activation of
AKT or stress, such as ionization-induced activation of the PI3K / AKT pathway, can accelerate DNA DSB repair and reduce
ionization-induced cell death, causing treatment resistance.*’** Our findings revealed that AREG knockdown downregulated
the phosphorylated AKT and inhibited PI3K/AKT pathway activation, implying that the targeted regulation of AREG
expression by SALL4 promotes the development of radioresistance in CRC cells via PI3K/AKT signaling pathway activation.

In summary, our results indicate that SALL4 transcriptionally activates AREG in CRC cells. This activation suggests
that the SALL4/AREG/PI3K-AKT signaling pathway may contribute to the development of radioresistance in CRC cells.
These insights contribute to our understanding of CRC treatment with RT.
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